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reziume 
 
silicium-germaniumis monokristaluri Senadnobebi gamoir-

Cevian mikroeleqtronikisa da optoeleqtronikis xelsawyoebsa 
da mowyobilobebSi gamoyenebis farTo perspeqtivebiT, rasac ga-
napirobebs kristaluri mesris parametrisa da akrZaluri zonis 
siganis marTvis potenciuri SesaZleblobebi. 

am garemoebis efeqturad gamoyenebisaTvis aucilebelia ma-
siuri mono- da polikristaluri Si-Ge Senadnobebis miRebisa da 
fundamenturi fizikuri Tvisebebis mravalmxrivi kompleqsuri 
kvleva. aRniSnuli problemis gadawyveta saSualebas iZleva Si-Ge 
Senadnobebis bazaze Seiqmnas fotomimRebebi, rentgenuli da nei-
tronuli gamosxivebis monoxromatorebi, mzis energiis Termo- da 
fotoeleqtruli gardamqmnelebi da sxva rigi eleqtronuli 
xelsawyoebi, romlebSic fuZeSred gamoyenebuli siliciumi Seic-
vleba monokristaluri Si-Ge SenadnobebiT. 

dReisaTvis masiuri Si-Ge Senadnobebis realuri struqtura, 
maTi meqanikuri da eleqtrofizikuri parametrebi, arasakmarisadaa 
Seswavlili. praqtikulad Seuswavlelia Si-Ge SenadnobebSi 
struqturuli defeqtebis Casaxvis, urTierTqmedebisa da moZrao-
bis aqtivaciis energetikuli maxasiTeblebi. 

winamdebare naSromSi pirveladaa warmodgenili n da p tipis 
monokristaluri Si-Ge Senadnobebis mikrostruqturis, eleqtro-
fizikuri maxasiaTeblebis, mikrosisalis, Zvris dinamiuri modu-
lis, grexiTi rxevebis Sinagani xaxunis, relaqsaciuri da 
histerezisuli procesebis erToblivi kvlevis Sedegebi. 

boriTa da dariSxniT cal-calke legirebuli masiuri monok-

ristaluri Si1-xGex (0<x≤0.05) Senadnobebi miRebulia gamdnari 
mdgomareobidan kristalizaciis-Coxralskis meTodiT. optikuri 
mikroskopis gamoyenebiT dadgenilia legirebis da germaniumis 
Semcvelobis gavlena monokristalis (111) sibrtyeze dis-
lokaciebis simkvrivesa da ganawilebaze. agreTve naCvenebia 
mikrosisalis sidideebis cvlilebaTa kanonzomierebani. 

dadgenilia, rom germaniumis koncentraciis gazrdiT mcir-
deba Si-Ge Senadnobebis mikrosisale. naCvenebia, rom boriT 
legireba zrdis mikrosisalis sidideebs, rac ganpirobebulia 
boris atomebTan kristalur meserSi lokalizebuli SekumSvis 
deformaciis gavleniT, atomTaSorisi kavSiris Zalebis gazrdiTa 
da dislokaciebis Casaxvisa da moZraobis damuxruWebiT. 

 dadgenilia maRaltemperaturuli mowviT Senadnobebis meqa-
nikuri simtkicis amaRleba, rac atmosferoebSi dislokaciebis 
blokirebis meqanizmiT aixsneba. 

oTaxis temperaturaze, holis efeqtis meTodiT, Seswavlilia 
legirebuli Si-Ge monokristalebis eleqtrofizikuri maxasiaTeb-
lebi sawyis da Termulad damuSavebul mdgomareobebSi. 

gamokvleulia grexiTi rxevebis infrabgerebis sixSirul 
diapazonSi (0,5-5,0hc) monokristaluri Si-Ge Senadnobebis Sinagani 
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xaxunis procesebisa da Zvris dinamiuri modulis temperaturuli 
da amplituduri damokidebulebebi. 

warmodgenilia sacdeli kristalebis sawyis, Termulad damu-
Savebul da maRal temperaturebze deformirebul mdgomareo-
bebSi struqturulad mgrZnobiare fizikur-meqanikuri Tvisebebis 
cvlilebebis SedarebiTi analizi. 

 Sinagani xaxunisa da Zvris modulis temperaturul speqt-
rebSi gamovlenilia meqanikuri rxevebis energiis gabnevis relaq-
saciuri procesebi da gansazRvrulia maTi aqtivaciuri maxasia-
Teblebi. aseve, dadgenilia aRniSnuli procesebis dislokaciuri 
buneba. gaanalizebulia almasis tipis struqturebisaTvis 
damaxasiaTebeli xraxnuli da 60-gradusiani kiduri dislokacie-
bis Semadgeneli segmentebis, geometriuli da wyvili Runvebis Ca-
axvisa da moZraobis wvlili Sinagani xaxunis relaqsaciuri da 
histerezisuli tipis procesebSi. 

pirveladaa dadgenili siliciumis izovalenturi 
germaniumiT legirebis gavleniT dislokaciuri struqturis 
parametrebis cvlilebaTa kanonzomierebani. naCvenebia, rom 
germaniumis koncentraciis gazrdiT mcirdeba kiduri 60-
gradusiani da xraxnuli orientaciis dislokaciebze 
geometriuli da wyvili Runvebis Casaxvisa da moZraobis 
aqtivaciis energiis sidideebi. 

germaniumis gansazRvruli koncentraciis Si-Ge SenadnobebSi 
gamovlenilia eleqtrulad aqtiuri donoruli da aqceptoruli 
dariSxanisa da boris gavleniT dislokaciuri struqturis Za-
luri da energetikuli parametrebis Semcirebis tendencia. war-
modgenilia jamur aqtivaciis energiaSi dislokaciebis Casaxvisa 
da moZraobis eleqtronuli mdgenelebis gansazRvruli Sedegebi. 

Seswavlilia germaniumis sxvadasxva Sedgenilobis aralegi-
rebuli Si-Ge Senadnobebis Zvris modulis absoluturi mniSvne-
lobebi farTo temperaturul intervalSi. 400 da 600°C tempera-
turebis areebSi gamovlenilia Zvris modulis anomaluri amaR-
leba. dinamiuri modulis aseTi cvlilebebi gaanalizebulia Si-
Ge Senadnobebis kristalur meserSi fazuri gardaqmnis proce-
sebis SesaZleblobebis aspeqtSi. 

Tanamedrove warmodgenebiT siliciumis almasis tipis struq-

turaSi aRmoCenilia პolitipuri struqturuli gardaqmnebi. mo-
sazrebebi heqsagonaluri da rombuli simetriis siliciumis 
fazebis arsebobis Sesaxeb winaaRmdegobrivia da saWiroebs 
struqturisa da Tvisebebis damatebiT gaRrmavebul Seswavlas. 
literaturul wyaroebSi dasabuTebulia siliciumis monokris-
talis zedapirul fenebSi deformaciis zemoqmedebiT fazuri 
gardaqmnebis realoba, rasac adasturebs struqturulad-mgrZno-
biare mikrosisalisa da dinamiuri meqanikuri modulebis tempe-
raturul intervalSi Seswavlis Sedegebi. 

 Sinagani xaxunis histerezisuli tipis procesebis maxasia-
Teblebis analizis safuZvelze dadgenilia, rom fazuri gardaq-
mnebi aseve mimdinareobs Si-Ge monokristalebis moculobaSi upi-
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ratesad Zvris meqanizmiT, rac dasturdeba Zvris modulis anoma-
liisa da relaqsaciur-histerezisuli Sinagani xaxunis procese-
bis Zlieri amplituduri damokidebulebiT. 

eqsperimentulad dadgenilia, rom borisa da dariSxanis da-
bali koncentraciT legireba iwvevs Si-Ge Senadnobebis mikrosi-
salisa da Zvris modulis sidideTa gazrdas. xolo maTi maRali 
koncentraciiT legirebis SemTxvevaSi aRniSnuli meqanikuri maxa-
siaTeblebis sidideebi mniSvnelovnad mcirdeba. meqanikuri maxa-
siaTeblebis cvlilebi warmodgenil naSromSi gaanalizebulia 
dislokaciuri struqturisa da aradrekadi maxasiaTeblebis 
cvlilebebTan urTierTkavSirSi.  

naCvenebia, rom eleqtrulad aqtiuri mcire koncentraciis 
bori da dariSxani, maTi atomuri radiusebis arsebuli 
gansxvavebebis miuxedavad praqtikulad efeqturad amuxruWeben 
dislokaciebs, iwveven axali dislokaciebis generaciis 
energetikuli barieris amaRlebas da ganapirobeben drekadobis 
zRvris mravaljerad zrdas. 

malegirebeli borisa da dariSxanis maRali Semcvelobebis 
monokristaluri Si-Ge Senadnobebis meqanikuri Tvisebebis maxa-
siaTeblebis Tavisebureba gaanalizebulia dislokaciebis birT-
vebSi gawyvetili eleqtronuli bmebis gajerebis daSvebis sa-
fuZvelze, ris Sedegadac 60 - gradusiani kiduri da xraxnuli 
dislokaciebi Tavisufldebian eleqtronuli damuxruWebisagan. 
aseT pirobebSi gaizrdeba dislokaciebis Zvradoba da Sesabami-
sad Semcirdeba meqanikuri Tvisebebis maxasiaTeblebi. 

 dadgenilia, rom malegirebeli minarevebis - borisa da da-
riSxanis koncentraciis cvlilebebiT SesaZlebelia Si-Ge Senad-
nobebis struqturulad-mgrZnobiare meqanikuri Tvisebebis prog-
nozireba da marTva. 

 monokristaluri Si-Ge Senadnobebis dislokaciuri struq-
turis parametrebis marTvis dadgenili kanonzomierebis safuZ-
velze warmodgenilia temperaturul intervalSi arsebuli 
meqanikuri rxevebis energiis gabnevis relaqsaciuri procesebis 
mikroskopuli meqanizmebi. gaanalizebulia {111} kristalogra-
fiuli sistemis sibrtyeebze dislokaciebis Casaxvisa da moZrao-
biT ganpirobebuli relaqsaciuri Sinagani xaxunis aqtivaciis 
energiisa da sixSiris faqtoris cvlilebebi maRaltemeraturu-
li rxeviTi deformaciebis pirobebSi. 

gamovlenilia monokristaluri Si-Ge Senadnobebis Sinagani 
xaxunisa da Zvris modulis cvlilebis kritikuli areebi. gansaz-
Rvrulia amplituduri deformaciis kritikuli sidideebi da 
maTi gamoyenebiT dadgenilia drekadobis zRvris mniSvnelobebi. 
dadgenilia mikroplastiuri deformaciis dawyebis kritikuli 
meqanikuri Zabvis mniSvnelobebi da maTi cvlilebebis sazRvrebi. 

sadisertacio naSromSi Sesrulebulma samuSaoebma gamoav-
lines monokristaluri Si-Ge Senadnobebis damaxasiaTebeli dis-
lokaciuri struqturis ganmsazRvreli roli struqturulad-
mgrZnobiare eleqtrofizikuri, dinamiuri meqanikuri Tvisebebisa 
da relaqsaciuri da histerezisuli Sinagani xaxunis speqtris 
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formirebaSi. Llegirebis, Termuli damuSavebisa da deformaciis 
zemoqmedebiT realuri struqturis da fizikur-meqanikuri Tvi-
sebebis cvlilebebis dadgenili kanonzomierebani SesaZlebelia 
gamoyenebuli iqnas monokristaluri Si-Ge Senadnobebis fuZeze 
axali funqcionaluri xelsawyoebisa da mowyobilobebis 
Sesaqmnelad. 
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Resume 
 

Monocrystalline alloys of the silicon-germanium system are characterized by the wide 
application perspectives in microelectronic and optoelectronic equipments and de-
vices. That is caused by the possibilities of controlling lattice parameters and the 
energy gap. For the effective application of these properties, complex investigations of 
the process of obtaining and the fundamental physical properties of the bulk mono- 
and polycrystalline Si-Ge alloys is important. The solution of the mentioned problems 
gives us possibilities to create photodetectors, X-ray and optoelectronic transducer and 
other electronic devices, in which for substrate instead of Si will be used Si-Ge 
monocrystalline alloys. 
At present, the real structure of bulk Si-Ge alloys, their mechanical and electrophy-
sical parameters have not been complexly investigated. Practically have not been 
investigated also, energetic and activation characteristics of the generation of the 
structural defects, their interactions and motions. 
In the present work we are presented results of the microstructural, electrophysical, 
microhardness, dynamic shear modulus, torsion oscillation internal friction relaxation 
and hysteretic processes investigations for n- and p- types monocrystalline Si-Ge 
alloys. 
Bulk monocrystalline Si1-xGex (0<x<0.05) alloys separately doped by B and As have 
been grown by the crystallization-Czochralski method from the melt. Dependence of 
doping and Ge concentration on the density and distribution of dislocation in the (111) 
plane have been established by using the optical microscope. Regularities of changes 
of value of microhardnes have been shown also. 
It has been established, that increase of Ge concentration cause decrease of 
microhardnes values of Si-Ge alloys. Doping by boron cause increase of 
microhardness values, reason of this are influence of compressive deformation near of 
B atoms in the crystalline lattice; increasing of inter-atomic bonding forces; and 
generation of dislocation and retardation of their motion. 
Increasing of the mechanical hardness by the high temperature annealing have been 
established, which can be explained by the mechanism of blocking by impurities of 
dislocations in the impurity atmospheres. 
 Electrophysical characteristics of doped Si-Ge monocrystals in the initial state and 
after thermal treatment have been studies by the Hole effect at the room temperature. 
 Temperature and amplitude dependence of internal friction and shear modulus of 
monocrystalline Si-Ge alloy in the low frequency (0,5-5,0 Hz) torsion oscillation have 
been investigated.  
Structural sensitive physical-mechanical properties and their comparable analysis of 
the specimens in the initial state, after thermal treatment and under deformation are 
presented. 
Relaxation processes of dissipation of mechanical oscillation energy in the IF and 
shear modulus temperature spectra have been revealed. Dislocation nature of 
mentioned processes and their relaxation characteristics are established. 
Role of generation and motion of geometrical and kink pairs, segments of   screw and 
600 - dislocation which are characterized for diamond type structure on the IF 
relaxation and hysteretic processes has been established. 
 Regularities of changing of the parameter of dislocation structure, caused by the 
doping with isovalent germanium have been established at first. 
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 It has been revealed, that increase of the Ge concentration causes decrease of 
geometrical and kink pairs generations, values of activation energy and motion on the 
dislocations with 600 -edge and screw dislocations. 
Tendency to decreasing of the dislocation structure, force and energetic parameters 
owing to doping by the donor As and acceptor B in the Si-Ge alloys with the definite 
concentration of Ge are established. 
 Absolute value of shear modulus of different contents of Ge for nondoped Si-Ge 
alloys in the wide temperature range has been established. Anomalous increase of 
shear modulus near 400 and 600°C temperatures has been revealed. These anomalous 
are explained in aspect of possibilities of structural transformations in the crystalline 
lattice. 
 Owing to the modern conception in the diamond type Si structure, polytypical 
structural transformation is revealed. Today, opinions about existence of the 
hexagonal and rhombohedral symmetry Si phases are contradictory and needs future 
additional investigation of the structure and properties of material. The reality of the 
phase transformation by the deformation in surface layers of Si monocrystal is evident 
in the literatures data, which are agreed with the results of structure-sensitive 
microhardness and dynamic shear modulus investigations. 
On the base of analysis of characteristic of hysteretic type processes of IF has been 
established, that phase transformation takes place also in the Si-Ge system, mainly by 
the shift mechanism. This idea is confirmed by the anomalous of shear modulus and 
amplitude dependence of the relaxation and hysteretic IF processes which are 
observed. 
 Experiments has shown, that doping by the low- concentration of As and B causes 
increase of the values of michroharness and shear modulus in Si-Ge alloys. But 
doping with the high concentration of As and B causes significant decrease of the 
values of mechanical characteristics.  
 Mechanisms of changing of the mechanical characteristics are analyzed with opinion 
about connection between changes of the dislocation structure and unelastic 
properties. 
 It has been shown, that electrical activity low-concentration B and As, in spite of 
difference between the atomic radius of these elements, practically they very 
effectively causes retardation of dislocation, increasing energetic barrier of generation 
of new dislocations and considerably increase of the elastic limit. 
Peculiarities of characteristic of mechanical properties of monocrystalline Si-Ge 
alloys doped with high concentration of B and As have been analyzed on base of 
assumption saturation of the disconnected electron coupling in the dislocation cores, 
which cause to release of 600-edge and screw dislocations from electron coupling. In 
such condition dislocation mobility increases and respectively decreases 
characteristics of mechanical properties. 
 It is established, that by changing of the concentration of doping B and As impurities 
is possible to control and predict structural-sensitive mechanical properties of Si-Ge 
alloys. 
On the base of regularities of controlling of the dislocation structure parameters of 
monocrystalline Si-Ge alloys, it has been established microscopic mechanism of 
relaxation processes of energy dissipation of mechanical oscillations in the 
temperature interval. 
It has been analyzed changes of frequency factor and relaxation IF activation energy 
in condition of high temperature oscillating deformation caused by the generation and 
mobility of 60°- edge and screw dislocations on {111} crystallographic system planes. 
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Critical area of changing of the internal friction and shear modulus of monocrystalline 
Si-Ge allow has been revealed. Critical values of amplitude deformation and elastic 
limit has been established. Values of critical mechanical stress of beginning of 
microplastic deformation and character of their changing are determined. 
Presented work reveals the role of dislocation structure of monocrystalline Si-Ge 
alloys in formation of structural sensitive electrophysical, dynamic mechanical 
properties and relaxation and hysteretic IF spectra. Regularities of changes of 
physical-mechanical properties, established by doping, thermal treatment and 
deformation can be used for application new equipments and devices based on 
monocrystalline Si-Ge alloys. 
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Sesavali 

 

silicium-germaniumis sistemis masiuri mono- da polikrista-

luri Senadnobebi xasiaTdebian naxevargamtarul xelsawyoTmSe-

neblobaSi praqtikulad gamoyenebis maRali perspeqtiviT. maTi 

potenciuri SesaZleblobebi naTlad aris warmodgenili arsebul 

samecniero publikaciebSi, sadac intensiurad qveyndeba masalebi 

Si-Ge sistemis Senadnobebis masiuri da Txeli firebis monokris-

talebis miRebis teqnologiis, struqturisa da naxevargamtaruli 

Tvisebebis kvlevis Sedegebis Sesaxeb. Si-Ge Senadnobebisadmi 

mzard interess ganapirobebs maTi kristaluri mesris paramet-

risa da akrZaluli energetikuli zonis mdovred cvlilebis Se-

saZlebloba. es garemoeba metad mniSvnelovania naxevargamtarebis 

masalaTmcodneobis problemebis gadasawyvetad, kerZod Si-Ge sis-

temis Senadnobebis struqturuli mdgomareobisa da struqturu-

lad-mgrZnobiare meqanikuri da eleqtrofizikuri Tvisebebis mar-

Tvis da prognozirebis SesaZleblobis aspeqtSi. naxevargamtaru-

li Si-Ge sistemis Senadnobebis ZiriTadi Tvisebebis marTvis Se-

saZleblobis dadgena warmoaCens axal perspeqtivebs rogorc 

principulad axali naxevargamtaruli xelsawyoebis Sesaqmnelad, 

aseve rigi arsebuli xelsawyoebis parametrebis gasaumjobeseb-

lad. 

masiuri monokristaluri Si-Ge sistemis Senadnobebi perspeq-

tiulia rentgenisa da neitronebis gamosxivebis deteqtorebSi, f-

otomimRebebSi, mzis gamosxivebis energiis Termo- da fotoeleq-

trul gardamqmnelebSi, maRalefeqtur diskretul xelsawyoebSi, 

eleqtronikasa da fotonikaSi sxvadasxva daniSnulebis mowyobi-

lobebis Sesaqmnelad. 

dReisaTvis Si-Ge sistemis Senadnobebis farTomasStaburi 

praqtikuli gamoyeneba gaZnelebulia arsebuli teqnologiuri da 

fundamenturi kvleviTi samuSaoebis aSkarad arasakmarisi mocu-

lobis da siRrmis gamo, praqtikulad Seuswavlelia masiuri Si-Ge 
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sistemis monokristalebis struqturaSi dislokaciuri warmoSo-

bis defeqtebis kristalogeometriuli da energetikuli maxasia-

Teblebi, naxevargamtaruli masalebis sxvadasxva tipis struqtu-

ruli defeqtebis Termuli mdgradobisa da eleqtruli aqtiu-

robis gavlenis meqanizmebi. arasakmarisadaa Seswavlili Termu-

li, meqanikuri da radiaciuli zemoqmedebisadmi masiuri Si-Ge sis-

temis Senadnobebis realuri struqturuli mdgomareobisa da 

struqturulad-mgrZnobiare fizikur-meqanikuri Tvisebebis mede-

goba. 

eleqtronul da optoeleqtronul xelsawyoTmSeneblobaSi 

gamoyenebis arsebuli maRali perspeqtiuloba ganapirobebs masi-

uri monokristaluri Si-Ge sistemis Senadnobebis struqturis, 

eleqtrofizikuri da fizikur-meqanikuri Tvisebebis kompleqsu-

rad Seswavlis aucileblobasa da aqtualobas. 

naSromis mizans warmoadgenda boriTa da dariSxaniT legi-

rebuli masiuri monokristaluri Si1-xGex (0<x≤0,05) Senadnobebis 

mikrostruqturis, eleqtrofizikuri da fizikur-meqanikuri Tvi-

sebebis kompleqsuri gamokvleva; legirebis, Termuli damuSave-

bisa da meqanikuri zemoqmedebis gavleniT mikrostruqturis, 

struqturuli defeqtebis Zvradobis, eleqtrofizikuri, meqa-

nikuri da aradrekadi Tvisebebis maxasiaTeblebis cvlilebaTa 

kanonzomierebebis dadgena. dasaxuli miznis misaRwevad warmod-

genil naSromSi gadaWrilia Semdegi amocanebi: 

- legirebuli monokristaluri Si1-xGex (0<x≤0,05) Senadnobebis 

mikrostruqturis, eleqtrofizikuri Tvisebebis maxasiaTeb-

lebisa da mikrosisalis gamokvleva;  

- legirebuli monokristaluri Si1-xGex (0<x≤0,05) Senadnobebis 

Sinagani xaxunisa da Zvris dinamiuri modulis temperatu-

ruli da amplituduri damokidebulebis Seswavla; 

- grexiTi rxevebis energiis gabnevis relaqsaciur da histe-

rezisul procesebSi monawile struqturuli defeqtebis 

Casaxvis, moZraobis aqtivaciisa da urTierTqmedebis maxa-

siaTeblebis dadgena da legirebis, Termuli damuSavebisa 
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da deformaciis gavleniT maT cvlilebaTa kanonzomierebis 

gamokvleva; 

- masiuri monokristaluri Si-Ge Senadnobebis struqturaSi 

damagrebis susti da Zlieri centrebidan dislokaciebis 

mowyvetis kritikuli deformaciis da dislokaciuri 

struqturis parametrebis sidideebis, Zvris dinamiuri 

modulisa da drekadobis zRvris absoluturi mniSvnelo-

bebis gansazRvra. 

naSromis mecnieruli siaxle mdgomareobs SemdegSi: 

- Seswavlilia germaniumis sxvadasxva Sedgenilobis, boriTa 

da dariSxaniT legirebuli monokristaluri Si-Ge Senad-

nobebis mikrostruqturaSi dislokaciebis simkvrive da 

ganawilebis xasiaTi {111} kristalografiuli sistemis sib-

ryeebze; 

- pirveladaa Seswavlili dabalsixSiruli Sinagani xaxunis 

relaqsaciuri da histerezisuli tipis procesebi, romle-

bic ganpirobebulia wertilovan defeqtebTan urTierT-

moqmedi sxvadasxva tipis dislokaciis moZraobiT gareSe 

niSancvladi meqanikuri Zabvis velSi; 

- dadgenilia xraxnul da 60-gradusian kidur dislokacieb-

ze erTeulovani da wyvili Runvebis warmoqmnisa da moZ-

raobis aqtivaciis energiis sidideebi. gansazRvrulia dis-

lokaciuri struqturis parametrebi – wyvili Runvis naxe-

vargani, paierlsis barieris kritikuli Zabva, aqtivaciis 

energiis eleqtronuli mdgenelebi; 

- pirveladaa gansazRvruli temperaturul intervalSi bo-

riTa da dariSxaniT legirebuli monokristaluri Si-Ge 

Senadnobebis Zvris modulis absoluturi sidideebi.  

winamdebare naSromSi warmodgenil kvlevis Sedegebs udavod 

gaaCniaT praqtikuli Rirebuleba, rac mdgomareobs SemdegSi: 

mikrostruqturis, eleqtrofizikuri da meqanikuri Tvisebe-

bis kvlevis Sedegebi mniSvnelovania sxvadasxva saxis zemoqme-

debiT ganpirobebul (legireba, Termuli damuSaveba, maRaltempe-
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raturuli deformacia) masiur monokristalur Si-Ge Senadnobeb-

Si malegirebeli komponentebis da dislokaciebis urTierTqme-

debis meqanizmebisa da fizikur-meqanikuri Tvisebebis diagnos-

tikisa da marTvis SesaZleblobaTa dasadgenad. struqturuli 

defeqtebis aqtivaciuri maxasiaTeblebis, agreTve Zvris dinamiuri 

modulisa da drekadobis zRvris cvlilebis dadgenili kanonzo-

mierebani sasargebloa paierlsis maRali potencialuri barieris 

mqone Si-Ge sistemis monokristalebis plastiurobisa da simtki-

cis Teoriis dasamuSaveblad. drekadi da mikroplastiuri de-

formaciis dadgenili maxasiaTeblebi SesaZlebelia gamoyenebul 

iqnas masiuri monokristaluri Si-Ge sistemis Senadnobebis fuZe-

ze axali naxevargamtaruli xelsawyoebisa da mowyobilobebis 

teqnologiuri da fizikuri parametrebis dasamuSaveblad, aseve 

maTi ekologiuri usafrTxoebis, saimedoobisa da moqmedebis 

xangrZlivobis dasadgenad. 

ukanasknel periodSi mkveTrad gaizarda interesi struqtu-

ruli srulqmnilobisa da stabiluri eleqtrofizikuri maxasia-

Teblebis matarebeli didi diametris monokristaluri Si-Ge 

sistemis Senadnobebis miRebis problemisadmi. 

didi yuradReba eTmoba Si-Ge sistemis SenadnobebSi eleqt-

rulad aqtiuri da araaqtiuri minarevebis ganawilebasa, komp-

leqsebis formirebasa da difuziaze germaniumis koncentraciis 

gavlenis gamokvlevas. aseTi xasiaTis kvlevis Sedegebi xels 

Seuwyobs masiuri monokristaluri Si-Ge sistemis Senadnobebis 

praqtikul gamoyenebas eqstremalur pirobebSi (maRaltemperatu-

ruli Termuli da meqanikuri zemoqmedeba, dasxiveba maRali ener-

giis nawilakebiT) momuSave axali funqcionaluri daniSnulebis 

naxevargamtarul mowyobilobebSi.  

winamdebare naSromSi gadaWrili amocanebi mniSvnelovan 

wvlils Seitans aRniSnuli problemebis gadawyvetaSi. 
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1. literaturuli mimoxilva 

 
1.1. dislokaciebi almasis tipis struqturaSi 

 
almasis tipis struqturebi kubur simetrias ganekuTvnebian. 

maTSi umoklesi veqtorebi, romlebic SesaZlebelia ganvixiloT, 

rogorc biurgersis veqtori, aRiniSnebian Semdegi simboloTi: ½ 

1/2<110>. aseTi veqtoris sigrZe tolia kristalur meserSi or 

eqvivalentur atoms Soris arsebuli manZilis [1]. almasis tipis 

struqturebSi SedarebiT grZeli biurgersis veqtorebis 

dislokaciebi naklebi mdgradobiT xasiaTdebian da realur 

struqturebSi praqtikulad ar vlindebian. umTavresad war-

moiqmnebian xraxnuli da kiduri dislokaciebi. kidur dislo-

kaciebs ganekuTvnebian e.w. 60-gradusiani dislokaciebi. aRniS-

nuli dislokaciis mimarTulebasa da biurgersis veqtors Soris 

kuTxe Seadgens 60° [2]. orive tipis dislokaciisTvis srialis 

sibrtyis indeqsia (111). 60-gradusiani dislokaciis xazis gaswvriv 

gawyvetili bmebis raodenoba kristaluri mesris parametris 

tol manZilze Seadgens 1,41. 

almasis tipis kristaluri mesris mqone realuri struq-

turebisaTvis damaxasiaTebelia agreTve dislokaciuri warmoSobis 

brtyeli defeqtebi – nawilobrivi dislokaciebi, oreulebi da 

marcvlis gamyofi sazRvrebi. nawilobrivi dislokaciebi ganekuT-

vnebian e.w. Soklis tipis dislokaciebs. 60-gradusiani dislokacia 

ori gziT SeiZleba gaixliCos nawilobriv dislokaciad. orive 

SemTxvevaSi nawilobrivi dislokaciebis wyvili erTmaneTTan 

dakavSirebulia wyobis defeqtiT. es ukanaskneli paraleluria 

{111} sistemis sxvadasxva sibrtyis. am sibrtyeebis SeerTebiT maTi 

gadakveTis xazze warmoiqmneba axali tipis nawilobrivi 

dislokacia. maT ar SeeZlebaT sriali da gadacoceba urTierT 

gadakveTis gamo. amitom maT uwodeben mjdar dislokaciebs [3]. 

oreulovani dislokaciuri struqtura aseve {111} sistemis 
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sibrtyeebSi yalibdeba. oreulis Zvris veqtori emTxveva [110] 

mimarTulebas [4]. polikristalur struqturebSi marcvlis  

sasazRvro dislokaciis srialis sibrtye zogjer {100} sistemas 

ganekuTvneba. 

siliciumisa da germaniumis kristalebis realur struqtu-

raSi, metalebisagan gansxvavebiT, marcvlis sazRvrebi upiratesad 

brtyelia da xSirad fiqsirdebian oreulovan orientaciaSi. aR-

saniSnavia, rom kovalenturi kavSirebis gamo sasazRvro dislo-

kaciebis Casaxvisa da moZraobisaTvis metalebTan SedarebiT 

maRali energiebia aucilebeli [5].  

siliciumis struqturaSi dislokaciebis warmoqmnis da 

gamravlebis sakiTxebi eqsperimentulad da Teoriulad ufro 

naklebadaa Seswavlili, vidre maTi moZraobis kanonzomiereba [6]. 

aRsaniSnavia, rom deformaciis procesSi dislokaciis warmoqmnis 

kanonzomierebebi warmoadgenen kristaluri mesris erT-erT 

mniSvnelovan maxasiaTebels. masTan mWidrodaa dakavSirebuli 

struqturaSi sakuTari wertilovani defeqtebis Casaxvisa da moZ-

raobis energetikuli da Zalovani parametrebi. aRniSnuli sakiT-

xebi praqtikulad mniSvnelovania, radganac naxevargamtarul 

kristalebSi Termuli damuSavebisas (daJangva, difuzia), rasac 

adgili aqvs naxevargamtarul xelsawyoebis damzadebis procesSi, 

warmoqmnili dislokaciebi gansazRvraven xelsawyoebis vargisi-

nobas, integraluri sqemebis saimedobas da maTi parametrebis 

stabilurobas [6-9]. 

mniSvnelovania agreTve siliciumis monokristalSi deforma-

ciis sawyiss etapze dislokaciebis moZraobis meqanizmis codna, 

radganac igi dReisaTvis farTodaa gamoyenebuli naxevargamta-

rul xelsawyoTmSeneblobaSi [7]. cnobilia, srialis procesSi 

dislokaciuri maryuJis warmoqmnis ramdenime meqanizmi almasis 

tipis struqturebSi [2]. maTi umravlesoba emTxveva frank-ridis 

dislokaciuri wyaros moqmedebas. isini erTmaneTisagan 

umniSvnelod gansxvavdebian. Cveulebriv, frank-ridis wyaros 

ganixilaven rogorc dislokaciur segments. misi boloebi 
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damagrebulia dislokaciuri badis kvanZebiT, minarevebiT an 

ubnebiT, romlebSic dislokacia gamovida srialis sibrtyidan. 

gareSe meqanikuri Zabvis moqmedebiT segmenti amoizniqeba, wrfivi 

daWimulobis Zala cdilobs igi daubrunos sworxazovan 

konfiguracias. kritikulze ufro dabal Zabvaze miiRweva 

segmentis metastabiluri konfiguracia, rodesac wrfivi 

daWimulobis Zala gadaaWarbebs gareSe Zabvas. 

eqsperimentulma kvlevebma maRal temperaturaze gamoavlines 

germaniumis 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 mqone kristalebSi dislokaciebi cdi-

loben ganlagdnen potencialuri reliefis midamoebSi. 

dislokaciebis moZraobis Seswavla germaniumisa da siliciumSi 

[10-16] Tavdapirvelad daiwyes qimiuri mowamvlis meTodiT. igi 

iZleva dislokaciebis moZraobis siCqaris gansazRvris 

SesaZleblobas. eqsperimentuli monacemebis safuZvelze 

gansazRvruli iqna dislokaciuri naxevarmaryuJisa da sruli 

maryuJis moZraobis siCqareebi [17-20]. 

sruli dislokaciis moZraobis siCqaris temperaturaze 

demokidebuleba Semdegnairia: 

                      )exp(..0 KT
QVV m −= τ                        (1) 

sadac V0 – aris mudmiva mocemuli kristalisaTvis, 

τ – Zvris dayvanili Zabva,  

m = 1,3 – 1,9 damokidebulia temperaturisagan,  

Q – aqtivaciis energiaa, romelic tolia 1,5ev [12,17]. 

sistematuri kvlevebis Sedegad dadgenilia dislokaciuri 

naxevarmaryuJebis xraxnuli da 60-gradusiani segmentebis moZrao-

bis siCqareebi [11]. 
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miRebuli eqsperimentuli Sedegebi saWiroeben Teoriul 

axsnas. almasis tipis struqturaSi dislokaciebis moZraobis 

aRwerisaTvis SemoTavazebulia ramdenime modeli [21-23]. dislo-

kaciebis Zvradoba aixsneba paierlsis potencialuri barieris 

gadalaxviT, ormagi Runvebis warmoqmnisa da misi gverdiTi 

gadaadgilebiT dislokaciis xazis gaswvriv. ormagi Runvebis 

moZraoba dislokacias gadaanacvlebs kristaluri mesris 

potencialuri reliefis mezobel minimumSi. realur kristalebSi 

paierlsis maRali barieris gadalaxva xorcieldeba sagrZ-

noblad dabal Zabvaze τ<<τp. amitom Teoriuli modeli, romelic 

aRwers dislokaciebis moZraobas ormagi Runvebis Termofluq-

tuaciuri warmoqmniTa da dislokaciis xazis gaswvriv maTi gav-

rcelebiT, avlens dislokaciebis moZraobis dawyebas SedarebiT 

dabal Zabvaze. es modeli emyareba dislokaciis siCqaris tem-

peraturisagan eqsponencialur damokidebulebas, rac TanxmobaSia 

eqsperimentul SedegebTan. dislokaciis sigrZis erTeulze orma-

gi Runvebis warmoqmnis albaToba ganisazRvreba calkeuli Run-

vis warmoqmnis energiiT Q0 da parametriT α=2,44⋅10-24 j1/2m3/2; 

literaturuli monacemebiT [6] ormagi Runvis warmoqmnis energia 

siliciumisaTvis Seadgens 2,14–2,30ev. paierlsis meore gvaris 

barieris gadalaxvisaTvis aucilebeli aqtivaciis energia 

SedarebiT mcirea da Seadgens 0,04ev-s[24]. 

 
 

1.2. monokristaluri Si-Ge Senadnobebis 

dislokaciuri      struqtura 

 
dReisaTvis paierlsis reliefSi dislokaciebis moZraobis 

ZiriTadi aspeqtebi upiratesad Seswavlilia siliciumisa da 

germaniumis  monokristalebSi. aRniSnul masalebSi 

dislokaciebis moZraobaSi ZiriTad rols asruleben minarevebi. 

dislokaciebis moZraobaze wertilovani defeqtebis zemoqmedeba 

mravalgvarad vlindeba. minarevebi warmoadgenen dabrkolebebs 
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dislokaciebze arsebuli Runvebis moZraobisaTvis [25]. 

minarevebis xelaxali gadanawileba dislokaciis birTvis 

maxloblobaSi amcirebs dislokaciis energias da iwvevs 

dislokaciebis efeqtur damuxruWebas [26]. dislokaciebis 

gaswvriv wertilovani defeqtebis koncentraciis fluqtuaciebi 

gansazRvraven qaosuri Zabvis velSi erTganzomilebiani Runvis 

moZraobis arasworxazovan xasiaTs [27,28].   

dislokaciebze wyvili Runvis ganviTarebis Sesaswavlad 

iyeneben impulsuri datvirTvis teqnikas [29]. am meTodiT 

SesaZlebelia Runvebis relaqsaciis kinetikis Seswavla mcire 

impulsiT datvirTvis pirobebSi. impulsuri datvirTvis 

monacemebi siliciumis kristalisTvis mniSvnelovnad 

gansxvavdebian germaniumis kristalebis damaxiaTebeli 

Sedegebisagan. siliciumis nimuSSi impulsis periodis gazrdiT 

dislokaciebis sruli damuxruWeba  aixsneba moZrav wertilovan 

defeqtebTan maTi Zlieri urTierTqmedebiT [30]. germaniumis 

nimuSebSi dinamiuri damuxruWeba ara arsebiTi faqtoria da 

eqsperimentuli monacemebiT aRiwerebian Runvis arawrfivi mowes-

rigebuli moZraobiT wertilovani defeqtebis koncentraciis 

gradientis pirobebSi [31]. siliciumis nimuSebSi dislokaciebis 

efeqturi blokirebis mizezi SeiZleba iyos eleqtrulad 

araaqtiuri minarevebi, kerZod Jangbadis atomebi [32]. imisaTvis 

rom, gamoiricxos arakontrolirebadi Canergili minarevebis 

zegavlena, aucilebelia siliciumis legireba izovalenturi 

minareviT, rogoric aris germaniumi. bolo periodSi Si1-xGex 

kristalebis miRebis teqnologiaSi miRweulia progresi. myar 

xsnarSi x Seadgens  ramdenime atomur procents. Si-Ge  

SenadnobebSi sainteresoa germaniumis Semcvelobis zegavlenis 

Seswavla dislokaciebis Runvebis moZraobis maxasiaTeblebze [33-

34]. 

naSromSi [35] gamokvleulia Si-Ge  monokristalebis nimuSebi, 

romlebic amoWrilia zodebis Sida nawilidan (fosforis an 

boris koncentracia ∼ 1015sm-3). dislokaciis naxevari maryuJebi 
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oTaxis temperaturaze miRebulia vikersis indentoris zemoqme-

debiT (111) zedapirze. amis Semdeg, [112] RerZis irgvliv  873K-ze 

ganxorcielda RunviTi deformacia. 60– gradusian dislokacieb-

ze Runvebis dinamika Seswavlilia impulsuri datvirTviT. dat-

virTvis impulsebi gancalkavebulia pauzebiT tp drois xang-

rZlivobiT, rodesac Zvris Zabva aris 0, τp=0. impulsebis mTliani 

xangrZlivobaa Σt;  is ucvlelia da statikuri datvirTvis drois 

tst-is tolia. aRniSnuli drois ganmavlobaSi dislokaciebi 

gadaadgildebian 15–20mkm manZilebze. am pirobebSi datvirTis 

impulsis xangrZlivoba ucvlelia. 

eqsperimentebidan miRebulia daskvna [36], rom dinamiuri 

sawyisi Zabva τs izrdeba germaniumis Sedgenilobis gazrdiT. imis 

gamo, rom dislokaciisa da wertilovani defeqtis 

urTierTqmedebis energia u ar icvleba, germaniumis legirebis 

dros, es gamoricxavs ΔC=(C1 – C2) zrdas.  (C1 – C2 wertilovani 

defeqtebis koncentraciaa). meores mxriv 5,5 at.% Ge Sedgenilobis  

kristalisaTvis urTierTqmedebis xasiaTi msgavsia sufTa 

germaniumis nimuSebSi gamovlenili kanonzomierebis. aRsaniSnavia, 

rom wertilovani defeqtebis dislokaciebTan urTierTqmedebis 

difuziis koeficienti mcirdeba germaniumis koncentraciis 

gazrdiT. 

Teoriis mixedviT [27], dislokaciebisa da wertilovani 

defeqtebis urTierTqmedebas ganapirobebs kritikuli Zvris Zabvis 

arseboba, romelic ganacalkavebs dislokaciebze arsebuli 

Runvebis moZraobis ori sxvadasxva saxeobis meqanizms. rodesac 

τ>τc, maSin adgili aqvs Runvebis Cveulebriv mowesrigebul 

sworxazovan moZraobas: e.i. X= Vk⋅t da siCqare 

                                           Vk=(D/KT)⋅(τ-τc)⋅ab                                                (2) 

sadac τ – aris efeqturi Zabva Runvebze, 

             K –bolcmanis mudmiva, 

             D –dislokaciuri Runvis difuziis koeficienti. 
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maSin rodesac τ<τc, Runvis sigrZis damokidebuleba droze 

xdeba mouwesrigebeli Zvris Zabvis velSi. moZraobis aseT 

pirobebSi xorcieldeba Semdegi damokidebuleba: 

x=x0⋅(t/t0)δ   (3) 
 

sadac,    δ = τ/τ0≤1; 

                     x0= kT/τ0⋅ab; 

                     τ0=(c1+c2)⋅u2(2kTa2b); 

                     t0= /D; 2
0x

                     τc ≅ (τ0+τs); 

                      τs==(c1-c2)⋅u/ ab.  

a warmoadgens Runvis simaRles. 

aRniSnuli meTodiT Runvebis moZraobis parametrebis Sefa-

sebis sizuste igivea, rac miRebulia  dislokaciebis Runvebi-

saTvis wminda siliciumSi [29]. 

χχ /1 p
stl
l

+=  

δ)(1
i

p

st t
t

K
l
l

−= , sadac  

0τ
ττ

δ sp += , 
δ

ττ
τ

−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅

−
=

1

2

0

0

0

t
tK

i

                                         (3)

  es tolobebi erTmaneTTan akavSirebs mikroskopul 

masStabebSi Runvebis moZraobasa da eqsperimentalulad miRebuli 

dislokaciebis gadaadgilebis makroskopul manZilebs. es avlens 

axal saSualebebs dislokaciebze warmoqmnili Runvebis 

dinamikis SeswavlisaTvis. dislokacia – minarevis 

urTierTqmedebis mikroskopuli meqanizmis dadgena 

mniSvnelovania rogorc fundamenturi, aseve praqtikuli 

TvalsazrisiT naxevargamtarebis teqnologiis ganviTarebisaTvis.   

cnobilia, rom dislokacia-Jangbadis urTierTqmedeba 

siliciumSi iwvevs dislokaciebis blokirebas, rac gamowveulia 

upiratesad Jangbadis segregaciiT. naSromSi [37] Seswavlilia 
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dinamiuri urTierTqmedeba dislokaciebsa da minarevebs Soris 

boriTa da germaniumiT legirebuli monikristalur siliciumSi. 

nimuSebi miRebulia Coxralskis meTodiT. didi diametris (80-

100mm) monokristaluri siliciumi miRebulia boris 4⋅1019sm-3 

koncentraciamde Semcveli madedeblis gamoyenebiT. es 

ukanaskneli Tavisufalia dislokaciebisagan. miuxedavad 

aRniSnulisa madedeblisa da kristalis gamyof sazRvarze 

warmoiqmnebian mrude da daxrili dislokaciebi. dislokaciebi 

Caisaxebian agreTve madedeblis struqturaSi. am ukanasknelSi 

dislokaciebis morfologia gansxvavebulia siliciumis 

kristalis morfologiisgan. msgavsi struqturuli cvlilebebi 

vlindebian aseve siliciumis kristalis – madedeblis gamyof 

sazRvarze, roca es ukanaskneli ar aris legirebuli. 

madedebelSi boris SedarebiT maRal koncentraciis dros 

mkveTrad mcirdeba mrude da daxrili dislokaciebis raodenoba. 

meti raodenobiT Cndebian wrfivi dislokaciebi [38]. 

arawrfiv da daxril dislokaciebs gaaCniaT [110] tipis biur-

gersis veqtori srialis {111} sibrtyeze. isini Cndebian gamyof 

sazRvarze Termuli Zabvebis zemoqmedebiT. radganac boris 

atomuri radiusi ufro mcirea (0.088 nm), vidre siliciumisa (0.117 

nm), boriT legireba iwvevs  siliciumis kristalis mesris para-

metris Semcirebas.  boris koncentraciis sxvaobis gazrdiT made-

debelsa da siliciumis kristals Soris izrdeba parametrebis 

gansxvaveba [39]. 

kristaluri mesris parametrebis gansxvaveba efeqturad 

mcirdeba borisa da germaniumis minarevebiT erTdrouli 

legirebiT. aseT pirobebSi adgili aqvs lokalizebuli gamWimavi 

da SemkuSavi Zabvebis urTierTkompensacias. amitom boriTa da 

germaniumiT legirebuli madedeblidan ar xdeba dislokaciebis 

gadasvla siliciumis kristalSi. Znelad gasarCevia agreTve 

siliciumisa da madedebels Soris gamyofi sazRvari. miRebuli 

Sedegebi SesaZlebelia gamoyenebul iqnas dislokaciebisgan 

Tavisufali siliciumis legirebuli kristalebis misaRebad [40]. 

 26



Seswavlilia [41] dabal temperaturebze kritikuli Zabvis 

sididis damokidebuleba borisa da germaniumis koncentraciaze 

siliciumis monokristalSi. dislokaciis warmoqmnisaTvis kriti-

kuli Zabva izrdeba Jangbadis koncentraciis proporciulad da 

aRwevs 8–10 mpa. rodesac boris koncentracia aRwevs 1⋅1019sm-3, 

maSin mkveTrad mcirdeba dislokaciis warmoqmnis albaToba. bo-

riTa da germaniumiT legirebul siliciumSi efeqturad mux-

ruWdeba dislokaciebis warmoqmna. aRsaniSnavia, rom aralegire-

bul Si99,6Ge0,04 monokristalSi dislokaciebis Casaxvis damuxru-

Weba praqtikulad ar vlindeba. 

dislokaciis siCqare V, aralegirebul siliciumSi aRiwereba 

empiriuli kanoniT: 

                                              V=V0⋅(τ/τ0)m ⋅exp(Q/kT),                                     (4) 

sadac V0, m da Q aris mudmivi sidideebi. τ aris 1 mpa, m=1. 

boriT legirebul siliciumSi dislokaciebis siCqare 

izrdeba, roca Zabva miaRwevs kritikul sidides dislokaciebis 

generaciisaTvis, igi iwyebs mkveTrad vardnas. es damaxasiaTebe-

lia arablokirebuli dislokaciis moZraobis procesebisaTvis. 

9000C-ze dislokaciis siCqare boriT legirebul siliciumSi 

izrdeba boris koncenrtaciis zrdiT. germaniumiT legirebul 

siliciumSi sxvadasxva koncentraciis dros dislokaciis siCqare 

daaxloebiT imave rigisaa rogoric aralegirebuli, Coxralskis 

meTodiT miRebuli siliciumSi. siliciumiT mdidar zonuri 

dnobis GeSi SenadnobebSi, agreTve germaniumiTa da boriT 

legirebul siliciumSi dislokaciebis siCqare 900°C-ze 

aralegirebul siliciumSi dafiqsirebuli dislokaciis 

moZraobis siCqaris rigisaa [42]. 

dadgenilia [40], rom germaniumiTa da boriT erToblivad 

legireba anelebs dislokaciebis siCqares siliciumSi 800°C-ze 

dabal temperaturaze. legirebis gavlena sustia amaRlebul 

temperaturebze (900°C). cnobilia [39], rom fosforiT legirebul 
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siliciumSi  dislokaciebis siCqare aris maRali; igi SedarebiT 

mcirdeba Si:B-Si.  

dislokaciebis siCqaris gazrda da Sesabamisad moZraobis 

energiis Semcireba ganpirobebulia donoruli da aqceptorebuli 

minarevebis eleqtruli efeqtiT dislokaciebze Runvebis warmoq-

mnisa da migraciis dros. sayuradReboa, rom 900°C-ze maRal 

temperaturebze boriTa da fosforiT legirebul siliciumSi 

dislokaciebi moZraoben ufro swrafad, vidre Coxralskis meTo-

diT miRebul aralegirebul siliciumSi.  

dadgenilia [43], rom naxevargamtarul masalebSi raime tipis 

minarevebis arseboba ganapirobebs zRurblur Zabvas, romelzedac 

iwyeba dislokaciebis generacia zedapiris nakawridan almasis 

indentoris saSualebiT. aseTi zRurbluri Zabvebi gamovlenilia 

Jangbadis Semcvel siliciumSi [44] da indiumiTa da aluminiT 

legirebul galiumis arsenidSi [45]. aseTi zRurbluri Zabva 

metad Znelad vlindeba GeSi SenadnobebSi, sadac germaniumis 

maRali Semcveloba aris dafiqsirebuli. naSromSi [46] Seswavli-

lia 450-700°C temperaturul intervalSi GeSi  kristalebSi 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 

siliciumis koncentracia 2,2 %-ia. 

eqsperimentuli Sedegebidan cnobilia aseve, rom Si-Ge  Senad-

nobebSi germaniumTan SedarebiT dislokaciebis moZraobis siCqa-

re umniSvnelod Semcirebulia. 60-gradusiani dislokaciebis moZ-

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

Semdeg funqcias [47]: 

                  )exp(.)(
0

0 KT
QVV m −=

τ
τ

                         (5) 
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sadac moZraobis energia Q axlosaa germaniumis 

damaxasiaTebel aqtivaciis energiis sididesTan. 

aRsaniSnavia, rom siliciumis gacilebiT maRal koncent-

raciebze germaniumis kristalur meserSi viTardebian Sorsmoq-

medi Sinagani Zabvebi, romlebic Zireulad cvlian Si-Ge  Senad-

nobebis meqanikur Tvisebebs. aseT SemTxvevaSi dislokaciebis moZ-

raobis siCqaris temperaturuli damokidebuleba gansxvavebuli 

kanonzomierebiT aRiwereba. 

Si-Ge SenadnobebSi sxvadasxva malegirebeli minarevebis (bo-

ri, galiumi, fosfori) koncentraciis, eleqtruli aqtiurobisa 

da segregaciis gaTvaliswinebiT gaanalizebulia dislokaciuri 

struqturis formirebis pirobebi [47]. naCvenebia, rom samive 

minarevis SemTxvevaSi Sio,95Ge0,05   Senadnobis struqturaSi maRali 

simkvrivis dislokaciebi warmoiqmnebian Termuli Zabvebis 

gavleniT madedeblisa da  Si-Ge  Senadnobis gamyof sazRvarze. 

dislokaciebis biurgersis veqtori gamyofi sazRvris 

pareleluria. kristalis zedapirze vlindeba Txeli 

koncentruli wreebis saxiT e.w. stratebi, maTSi minarevebis 

koncentracia maRalia kristalis moculobasTan SedarebiT. aRsa-

niSnavia, rom aralegirebul Sio,95Ge0,05   SenadnobSi dislokaciebi 

warmoiqmnebian agreTve monokristalis periferiul ubnebSi. 

zrdis procesSi Camoyalibebuli dislokaciebis simkvrive 104sm-2-

is rigisaa. 

dReisaTvis arasakmarisadaa Seswavlili malegirebeli mina-

revebis ganawilebis koeficientebi GeSi SenadnobSi. aRniSnuli 

problemisaTvis mniSvnelovania kristalis realuri struqturu-

li mdgomareobis, miRebis teqnologiuri pirobebis, kristalis 

diametrisa da siliciumis da germaniumis gavlenis dadgena mina-

revebis ganawilebaze. naSromSi [48], dadgenilia rom, Si1-xGex 

(0,8≤x≤0,95) SenadnobebSi boris ganawilebis koeficienti 

daaxloebiT tolia 1.  igi SesamCnevad gansxvavebulia wminda 

siliciumSi boris ganawilebis koeficientisagan. 
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vertikaluri kristalizaciis brijmenis meTodiT miRebul 

Sio,95Ge0,05  kristalSi sxvadasxva minarevis  (Al, Ga, Jn, P, As da Sb) 

ganawilebis koeficientis sidideebi axlos arian germaniumSi 

maTive mniSvnelobebTan [49]. SedarebisaTvis avRniSnavT, rom 

galiumis dabali koncentraciis SemTxvevaSi misi ganawilebis 

koeficienti sakmarisad dabalia (≅0,3) monokristalur Si0,95Ge0,05 

SenadnobebSi. 

naxevargamtaruli xelsawyoebis teqnologiis problemisa-

Tvis mniSvnelovania siliciumisa da silicium-germaniumis struq-

turebSi minarevebis, kerZod boris difuziis siCqaris reguli-

rebis SesaZleblobis dadgena. dadgenilia [50], rom arawonas-

worul pirobebSi, rac xorcieldeba  ionuri implantaciiT, 

siliciumis monokristalis zedapirze SesamCnevad maRldeba 

boris difuziis siCqare. aseTi xasiaTis cvlilebas ganapirobebs 

dabobvisas vakansiebis warmoqmna da siliciumis atomebis gada-

nacvleba Canergvis poziciebSi. Canergili siliciumis atomebis 

irgvliv kristaluri meseri ganicdis gaWimvis lokalur defor-

macias. es ukanaskneli da agreTve, vakansia aCqareben implantire-

buli boris atomebis difuzias.  Si-Ge  Senadnobis kristalur me-

serSi implantirebuli boris atomebis difuziis siCqare SesaZ-

lebelia Semcirdes. Sesabamisad izrdeba boris atomebis migra-

ciis da aqtivaciis energiis sidideebi kristaluri mesris 

Canacvlebis poziciaSi. aRniSnul cvlilebebs iwveven mezobel 

Canacvlebis poziciebSi arsebuli didi atomuri radiusis mqone 

germaniumis atomebi [51,52]. 

naSromSi [53] gansazRvrulia Coxralskis meTodiT miRebuli 

masiuri, siliciumiT mdidari, SixGe1-x (0,93≤x≤0,96) SenadnobebSi 

malegirebeli minarevebis segregaciis koeficienti. miRebuli 

monokristalebis diametri 26 mm-ia, xolo sigrZe 50 mm-mde aRwevs. 

malegirebeli minarevebis segregaciis koeficientebi ganisazR-

reba holis efeqtis gazomviT nimuSis kristalizaciis mimarTu-

ebiT. dadgenilia, rom germaniumisa da siliciumis monokris-

alebTan SedarebiT Si-Ge–Si mkveTrad izrdeba Ga. Jn da Sb 
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atomebis segregaciis koeficientebi. SeiniSneba agreTve fosfo-

ris atomebis segregaciis amaRleba, xolo kristalur meserSi 

boris koncentraciis gazrdisas SesamCnevad mcirdeba misi 

segregaciis koeficienti. maSasadame, boris atomebi upiratesad 

rCebian myar xsnarSi Canacvlebis poziciebSi. dariSxanis 

atomebis segregacia umniSvneloa koncentraciis farTo 

intervalSi 1015-1019 sm-3. segregaciis koeficientebis cvlilebebis 

dadgenili kanonzomierebani gaanalizebulia matricisa da 

minarevis atomebis drekadi urTierTqmedebis safuZvelze, rasac 

ganapirobebs kovalentur radiusebs Soris gansxvavebis arseboba. 

 
 

1.3. masiuri Si-Ge Senadnobebis realuri struqtura 

     
naSromSi [54]  warmodgenilia Coxralskis meTodiT miRebuli 

SixGe1-x Senadnobebis masiuri kristalebis ZiriTadi fizikuri 

Tvisebebis Seswavlis Sedegebi. miRebuli Si-Ge Senadnobebi 

(0,80<x<1) Zlierad legirebulia eleqtrulad aqtiuri minareve-

biT, romelTa koncentracia metia 1020sm-3-ze. Seswavlilia krista-

lizaciis siCqaris gavlena struqturis srulqmnilobaze. gansaz-

Rvrulia lokaluri atomuri struqtura da Seswavlilia Termu-

li Zabvebis ganawileba kristalSi. naCvenebia, rom eleqtro–da 

siTbogamtaroba xasiaTdebian minimumebiT saSualo Sedgenilo-

baze (x=0,5–0,7). naCvenebia, rom  Jangbadis minarevebi ganawilebu-

lia Canergvis poziciebSi siliciumis atomebs Soris da warmoqm-

nilia Si-O-Si kvazi-molekulebi. meqanikuri Zabvebis sidideebi 

SenadnobebSi temperaturulad aramgrZnobiarea da damokidebulia 

mxolod germaniumis koncentraciaze  x(1-x)-is proporciulad. 

SixGe1-x Senadnobebis masiuri kristalebi, 0<x<1 koncentraciis 

diapazonSi miRebulia Coxralskis meTodiT, kristalizaciis 

sxvadasxva siCqariT (1-dan 8 mm/sT) argonis  atmosferoSi [42, 47, 

55-58]. miRebulia siliciumiT mdidari SixGe1-x Senadnobebi  

(0,80<x<1), romlebic Zlierad legirebulia minarevebiT (bori, 

 31



galiumi da fosfori) 1020sm-3-is  koncentraciamde [58]. naCvenebia, 

rom kristalizaciis kritikuli siCqare VC, polikristalis 

SemTxvevaSi SeiZleba Sefasebuli iqnas, rogorc x koncenrtaciis 

funqcia, Semdegi tolobiT:   

                                      VC=D⋅∇Q⋅K/∇T⋅X(K-1),      (K>1)                             (6) 

sadac K aris ganawilebis koeficienti, xolo D=(30-24x)⋅10-5 

sm2/wm difuziis koeficientia [61]. ∇Q – nadnobSi temperaturis 

gradientia; ∇T – likvidusis daxriloba[59]. 

cdebiT dadgenilia, rom monokristalebis amozrdis siCqare 

gacilebiT mcirea, polikristalebis zrdis siCqaresTan Sedare-

biT. 

Seswavlilia [60] Si-Ge monokristalis zogierTi teqnolo-

giuri parametri. madedeblidan  20 mm-is daSorebiT monokristal-

Si gamovlenilia  oreulebis Sejgufebebi. oreulebi gamovleni-

lia aseve sxvadasxva Sedgenilobis  SixGe1-x Senadnobebis kris-

talSi (x=0.025; 0,159; 0,752). Si-Ge kristalebSi wyobis defeqtebis 

energia  Ge da Si-is damaxasiaTebeli sidideebis SualedSia 

moTavsebuli [61].  

naSromSi [62] aRniSnulia, rom monokristalis zrdis 

kritikuli siCqare VC aris  1,2 mm/sT. Senadnobis struqturaSi 

Sedgenilobis sivrculi cvlileba gaanalizebulia rentgenuli 

speqtroskopiis meTodiT da dadgenilia, rom 50 mm sigrZis 

nimuSis zrdis mimarTulebiT siliciumis Sedgenilobis 

cvlileba ±3%-ia.  

dadgenilia, rom madedeblisa da nadnobis gamyof sazRvarze 

Sedgeniloba Si-Ge-Si mkveTrad icvleba. kerZod, siliciumis 

koncentracia Warbia madedebelSi da TandaTan mcirdeba 

kristalis siRrmeSi. analogiuri koncentraciuli cvlilebebi 

ar gamovlinda brijmenis horizontaluri  meTodiT miRebul Si-

Ge monokristalSi [63, 64]. Sedgenilobis mkveTri cvlileba 

gamyof sazRvarze dakvirvebuli iqna aseve Coxralskis meTodiT 
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miRebuli Ge-Si SenadnobebSi, romlebic xasiaTdebian siliciumis 

5 da 75% sawyisi SedgenilobiT. 

eqsperimentulad dadgenilia, rom kvarcis tigelSi arsebuli 

Ge-Si nadnobis, zeda nawilSi siliciumis koncentracia maRalia. 

aseT gansxvavebas ganapirobebs siliciumisa da germaniumis 

simkvriveebis mkveTrad gansxvavebuli sidideebis arseboba. es 

faqti dadasturebulia siTxis mdgomareobidan nawrTobi 

Senadnobis Sedgenilobis analiziT. gansazRvruli Sedgenilobis 

Ge-Si monokristalebis miRebisaTvis mxedvelobaSia misaRebi 

komponentebis  (Ge, Si)   woniTi sxvaobiT gamowveuli 

Sedgenilobis cvlileba. Sedgenilobis cvlileba Ge-Si 

kristalis zrdis mimarTulebis gaswvriv SeiZleba aixsnas 

nadnobis sruli Serevis mdgomareobaSi wonasworuli 

ganawilebis koeficientis gamoyenebiT, fazuri diagramidan 

gamomdinare da simZimis Zalis efeqtisa da siliciumis da 

germaniumis atomuri radiusebs Soris arsebuli sxvaobis 

gaTvaliswinebiT. 

naSromSi [62] Seswavlilia Si-Ge  SenadnobebSi malegirebeli 

nivTierebebis ganawilebis koeficientebi. maTi sidideebi 

Sedarebulia siliciumis kristalSi arsebul sidideebTan. 

dadgenilia, rom borisTvis da fosforisTvis ganawilebis 

koeficienti ar aris damokidebuli minarevis koncentraciaze, 

Senadnobis Sedgenilobasa da kristalizaciis siCqareze. 

[65]-Si warmodgenili monacemebiT Al, Ga, In, P, As, Sb 

ganawilebis koeficientebi axlosaa wminda germaniumSi da 

germaniumiT mdidar Si0,05Ge0,95 kristalebSi, romlebic miRebulia 

brijmenis meTodiT. naSromSi [66] mocemulia Sio,15Ge0,85 SenadnobSi 

galiumis ganawilebis koeficientis absoluturi mniSvneloba. [54] 

naSromis Tanaxmad, Zlierad legirebul siliciumiT mdidar Si-Ge 

SenadnobebSi minarevebis ganawilebis koeficienti ufro didia, 

vidre siliciumSi. didi atomuri radiusis germaniumis atomebma 

SesaZlebelia gamoiwvion Si-Ge-Si minarevebis gaZlierebuli 

segregacia siliciumis kristalebTan SedarebiT.  
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rentgenuli topografiis meTodiT Sio,73Ge0,27 kristalebSi 

zrdis RerZis marTobulad gamovlenilia Txeli koncentruli 

wreebi e.w. stratebi. isini ZiriTadad damaxasiaTebelia 

minarevebiT Zlierad legirebuli kristalebisaTvis. maTSi 

dislokaciebis simkvrive, aralegirebul da Zlierad legirebul 

SenadnobebisaTvis meryeobs 103 – 105sm-2 sazRvrebSi.  

Cveulebriv silicium-germaniumis masiuri kristalis zrdas 

gansazRvruli orientaciiT awarmoeben siliciumis an germaniumis 

monokristalis madedeblis gamoyenebiT, es faqti arsebiTia 

realuri struqturisaTvis. marTlac, siliciumiT mdidar 

Si0,98Ge0,02  - Si gamovlenilia  e.w. araTanxvedri dislokaciebi. 

isini ganawilebulia koncentraciebiT gansxvavebul fenaTa 

gamyof sazRvarze. maT warmoSobas ganapirobebs mesris 

parametrebs Soris arsebuli gansxvaveba [38]. madedeblisa da 

mzardi kristalis sazRvarze warmoiqmnebian arasworxazovani 

mrude dislokaciebi, romelsac iwveven Termuli Zabvebi. 

aRniSnuli dislokaciebis simkvrives silicium-germaniumis 

SenadnobebSi aregulirebs mesris parametrebis araTanxvdena 

Senadnobebsa da madedebels Soris, agreTve temperaturuli 

gradienti da SenadnobebSi dislokaciebis Zvradoba. 

rentgenuli speqtroskopiis meTodiT Seswavlilia SixGe1-x   

SenadnobebSi siliciumisa da germaniumis atomebis ganawilebis 

xasiaTi. naCvenebia [67], rom pirvel sakoordinacio sferoSi 

siliciumisa da germaniumis atomebi mouwesrigeblad arian gana-

wilebuli germaniumis Sedgenilobis farTo diapazonSi. germa-

niumis sakoordinacio ricxvidan gamoTvlili mowesrigebis para-

metri germaniumis atomebis irgvliv aris 0.06–0.11 e.i. igi didad 

gansxvavebulia 1-isagan. Ge-Ge, Ge-Si, Si-Si wyvilebis  sigrZeebi 

icvlebian wrfivad, rogorc siliciumis Sedgenilobis funqcia, 

romelic analogiuria sxva naxevargamtaruli masalebis Senadno-

bebis, rogoricaa magaliTad, GaInAs x=0.5 koncentraciaze Si-Ge  

dajgufebis sigrZe aris 2⋅40–2.41 A [68].  
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Si-Ge  SenadnobebSi eleqtruli gamtaroba monotonurad 

mcirdeba sufTa germaniumis mniSvnelobidan siliciumamde sili-

ciumis Sedgenilobis gazrdiT. Sualeduri Sedgenilobis (x=0,5) 

Si-Ge SenadnobebSi  eleqtronebisa da xvrelebis Zvradoba minima-

luria da aris daaxloebiT erTnairi. es garemoeba SeiZleba 

aixsnas kristaluri mesris potencialis fluqtuaciebze, elemen-

taruli nawilakebis gabneviT. analogiurad, siTbogamtaroba 

ganpirobebulia fononebis gabneviT, rac ZiriTadad gamowveulia 

mesris lokaluri damaxinjebiT. eleqtrulad aqtiuri minarevebis 

kompleqsebi amcireben siTbogamtarobas, eleqtronebisa da 

xvrelebis Zvradobas. maRali srulqmnilobis siliciumiT 

mdidari Si0,05Ge0,95  SenadnobebSi miiRweva maRali efeqturobis 

Termoeleqtruli Tvisebebi. igi mniSvnelovania Termoeleqtruli 

xelsawyoebis problemebisaTvis. aRsaniSnavia, rom siliciumis 

fuZeze Si-Ge  SenadnobebSi Termoeleqtruli maxasiaTeblebi 

maRalia, vidre saSualo Sedgenilobis (x=0,5) Si1-xGex Senadnobebis 

aseTive maxasiaTeblebi. savaraudoa, rom am SemTxvevaSi mniSvne-

lovania eleqtronebisa da xvrelebis Zvradobis mkveTrad Semci-

reba, roca  x=0,5 – 0,6 [69].     

Coxralskis meTodiT miRebul silicium-germaniumis kris-

talSi gaxsnili Jangbadis atomebis poziciebisa da koncent-

raciis dadgena ganxorcielebulia infrawiTeli gamosxivebis 

STanTqmis speqtroskopiiT [69].  naCvenebia, rom Jangbadis atome-

bis didi raodenobis (1018sm-3) arsebobas ganapirobebs qimiuri 

reaqciebi siliciumis nadnobsa da kvarcis tigels Soris. Jang-

badis koncentracia germaniumiT mdidar silicium-germaniumis Se-

nadnobSi aris 1015sm-3. Si-Ge struqturaSi Sedgenilobis 0<x<1 dia-

pazonSi Jangbadis atomebs ukaviaT siliciumis atomebs Soris 

Sua  adgili, rac Seesabameba Si – O – Si kvazimolekulas, romlis 

maqsimumi arsebobs 1106 sm-1–is  talRur veqtorze. aseTi Si – O – Si 

kvazimolekula iwvevs antisimetriuli gaWimvis rxevebs oTaxis 

temperaturaze. aRniSnuli maqsimumi gadainacvlebs dabali 
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sixSiris mxareze germaniumis maRal koncentraciis Si-Ge  

SenadnobebSi. 

germaniumis fuZis Senadnobebis monokristalebSi, romlebic 

miRebulia nadnobidan kristalizaciiT, aRmoCenilia kiduri 

dislokaciebi. isini ganlagebulia Txevadi da myari fazebis 

gamyofi zedapiris paralelurad [54]. dislokaciebi warmoiq-

mnebian imis gamo, rom Semcirdes drekadi deformaciis energia, 

mzardi kristalis mezobel fenebs Soris, romlebsac axasiaTebT 

mesris sxvadasxva parametri. aseTi dislokaciebi gamovlenilia 

Senadnobebis monokristalebSi, romlebSic gaxsnilia 6 at.% Si 

da 0,2 at.%B.  

mowamlul zedapirze ormoebi upiratesad ganlagebulia 

paralelur zolebad. isini xSirad gawyvilebulia, rac dakavSi-

rebulia Senadnobis Sedgenilobis cvlilebasTan mezobel fenebs 

Soris. dislokacia warmoiqmneba maSin, rodesac siliciumis kon-

centraciis gradienti aRwevs kritikul mniSvnelobas, rac dakav-

Sirebulia mesris lokalur drekad deformaciasTan. aRniSnul 

dislokaciebs SeuZliaT mniSvnelovnad Seamciron silicium-ger-

maniumis SenadnobebSi denis matareblebis sicocxlis xangrZli-

voba, rac uaryofiTi faqtoria naxevargamtaruli xelsawyoT-

mSeneblobisaTvis. 

rentgenuli topografiis meTodiT dadgenilia siTxisa da 

myari fazebis gamyof sazRvarze defeqtebis araTanabari 

ganawileba. dislokaciebisgan Tavisufali Si-Ge monokristalSi  

(1019 – 1,9⋅1020Ge) germaniumis araTanabari ganawilebis gamo, 

warmoqmnilia Zlieri Zabvebi mezobel Sreebs Soris. maTi 

gamovleniT struqturaSi formirebulia dislokaciebis 

Sejgufebebi, mikrodefeqtebi da wriuli formis stratebi. 

naCvenebia [54], rom AaRniSnuli tipis araTanabrad ganawilebuli 

defeqtebi ganapirobeben Zabvebis relaqsacias dislokaciebis 

warmoqmnis meqanizmiT. 
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1.4. masiuri Si-Ge Senadnobebis meqanikuri Tvisebebi 

 
Si-Ge Senadnobebis meqanikuri Tvisebebi aSkarad arasakmari-

sadaa Seswavlili. arsebuli monacemebi ar iZleva saSualebas 

gaanalizebuli iqnas maTi marTvis SesaZleblobebi. germaniumiT 

mdidar silicium-germaniumis SenadnobebSi dislokaciis 

moZraobis siCqare mcirdeba monotonurad siliciumis 

Sedgenilobis gazrdiT da aRwevs germaniumisaTvis 

damaxasiaTebeli sididis erT meSvideds Si0,2Ge0,8 SenadnobebSi. 

Sio,06Ge0,94 SenadnobSi dislokaciis  siCqare jer izrdeba, Semdeg 

xdeba misi gajereba da bolos igi mcirdeba germaniumis 

Sedgenilobis gazrdis pirobebSi. es cvlilebebi gamovlenilia 

temperaturis 750-900°C da Zabvis 3-30 mpa intervalSi [46]. Zabva – 

deformaciis diagrama SixGe1-x SenadnobebisTvis koncentraciis 

0<x<0,4 diapazonSi msgavsia wminda germaniumis σ-ε diagramisa, 

romelic dadgenilia SedarebiT dabal temperaturebze (<600°C). 

maRal temperaturebSi drekadobis zRvari praqtikulad 

damoukidebelia temperaturisagan. igi izrdeba siliciumis 

koncentraciis zrdasTan erTad.  

aRsaniSnavia, rom SixGe1-x  SenadnobebisTvis, sadac  0,94<x<1, 

Zabva – deformaciis damokidebuleba wminda siliciumis 

damaxasiaTebeli σ - ε diagramis analogiuria 750-900°C 

intervalSi, sadac drekadobis zRvari izrdeba siliciumis 

koncentraciis proporciulad.  igi maqsimaluria Si0,5Ge0,5 

SenadnobSi [59]. zogadad Si-Ge  SenadnobebSi drekadobis zRvari 

icvleba x⋅(1-x) sididis proporciulad. 

germaniumis maRali Semcvelobis masiuri monokristalebis 

miRebis problema jer-jerobiT gadawyvetili ar aris, magram 

miRweuli teqnologiuri done saSualebas iZleva davaskvnaT, rom 

kristalizaciis procesis Tanmxlebi Termuli Zabvebi  da 

Sedgenilobis lokaluri fluqtuaciebi, agreTve dinamiuri 

urTierTqmedeba dislokaciasa da myari xsnaris atomebs Soris, 
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mniSvnelovnad axSoben dislokaciebis aqtiurobas da 

ganapirobeben Senadnobis simtkicis zrdas. 

silicium-germaniumis Senadnobebis monokristalebi xasiaTde-

bian Semdegi ZiriTadi   fizikur-meqanikuri maxasiaTeblebiT: 

Si1-xGex[70]: 

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,  

BBs=(C11+2C12)/3,                     Bs=(97.9-22.8x)⋅10  pa; 9

anizotropuli 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  

σ0=0.278-0.005 x.            

 

 
 

1.5. denis matareblebis Zvradoba Si-Ge SenadnobebSi 
 
naSromSi [71] Seswavlilia Si-Ge kristalebSi holis Zvradoba 

da denis matareblebis koncentracia. sakvlevi aralegirebuli 

Si0,93Ge0,07 da Si0,9Ge0,1 kristalebi xasiaTdebian p-tipis gamtarobiT 

oTaxis temperauraze da iZenen n-tipis gamtarobas 200-300°C 

temperaturis diapazonSi. n- da p-tipis Si0,8Ge0,2 Senadnobebis 
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struqtura polikristaluria, marcvlis zomebiT 50-100 mkm. 

dadgenilia, rom aralegirebuli Si0,93Ge0,07 da Si0,9Ge0,1 kristalebSi 

denis matareblebis koncentracia swrafad izrdeba temperaturis 

proporciulad, rodesac adgili aqvs p- dan n-tipis gamtarobaSi 

gadasvlas. zogierT SemTxvevaSi 8000C temperaturidan sustad 

izrdeba denis matareblebis koncentracia. aseTi xasiaTis zrdas 

ganapirobeben denis sakuTari matareblebi. polikristalur 

fosforiT legirebul Si0,7Ge0,3 kristalSi (n=2,5x1020sm-3) 

eleqtronebis Zvradobis mniSvneloba igive rigisaa rac xvrelis 

Zvradoba dabali simkvrivis, cxlad dawnexil boriT legirebul 

Si0,8Ge0,2 SenadnobSi [72]. oTaxis temperaturaze aralegirebul SiGe 

kristalebSi (0,8<x<1,0) eleqtronis Zvradoba 1500-dan 500sm2/v.wm-

mde da xvrelis Zvradoba 450-dan 250sm2/wm-mde mcirdeba, roca 

izrdeba germaniumis koncentraciebi. isini umniSvnelod 

icvlebian 50-80% siliciumis Sedgenilobis diapazonSi [73]. 

naCvenebia, rom dabal temperaturebze minarevebiT legirebuli 

SiGe SenadnobebisaTvis μe da μp Zvradobebi arian ufro dabali, 

vidre aralegirebul nimuSebSi. maTi mniSvnelobebi izrdebian 

temperaturis SemcirebiT.  

holis Zvradobis temperaturuli damokidebuleba  xasiaTde-

ba  Semdegi TanafardobiT[71]: 

μe da μp ∼ Tn 

sadac n≈1±0.1 300-500K temperaturul intervalSi. ufro maRal 

temperaturaze n≈3 aralegirebul Si0,93Ge0,07 da Si0,9Ge0,1 da n-tipis 

Si0,93Ge0,07 SenadnobebSi. 

n-is miRebuli mniSvneloba dabal temperaturaze 

SesabamisobaSia n-tipis polikristaluri Si0,7Ge0,3 Senadnobis 

aseTive maxasiaTebelTan. aRsaniSnavia, rom boriT legirebul 

Si0,8Ge0,2 SenadnobebSi n≈0,8, 300-950K temperaturul intervalSi. 

Si0,84Ge0,16 da Si0,8Ge0,2 polikristalebSi μe da μp Zvradobebi sustad 

icvlebian. maRal temperaturaze denis matareblis Zvradoba ar 

aris damokidebuli temperaturisagan, minareviT Zlierad 
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legirebul germaniumis maRali Sedgenilobis Si-Ge SenadnobebSi.  

zeebekis koeficientisa da eleqtrogamtarobis urTierTkavSiris 

safuZvelze naCvenebia, rom denis matareblebis gadataniTi 

moZraobas Zlierad legirebul Si-Ge SenadnobebSi aregulirebs 

SenadnobSi arsebuli ganwesrigeba da ionebze gabnevis procesi 

[74]. 

miCneulia, rom minarevebiT Zlierad legirebuli SiGe 

SenadnobebSi μp da μn Zvradobebs axasiaTebT daaxloebiT 

erTnairi temperaturuli damokidebuleba oTaxis temparaturis 

maxloblobaSi. aralegirebul SiGe kristalSi eleqtronis 

Zvradoba mkveTrad mcirdeba temperaturis zrdasTan erTad, 

rasac ganapirobebs denis matareblebisa da fononebis 

urTierTqmedeba da ara minarevebze gabnevis procesi. 

SesaZlebelia davaskvnaT, rom minareviT Zlierad legirebul SiGe 

kristalSi denis matareblis gadataniTi moZraoba umTavresad 

daqvemdebarebulia ionebze gabnevis procesze. aRsaniSnavia, rom 

eleqtronis da xvrelis Zvradoba ufro mcirea SiGe–Si, vidre 

siliciumSi. xvrelis Zvradoba izrdeba siliciumis 

koncentraciis  SemcirebiT SiGe monokristalebSi, romlebSiac 

denis matareblebis koncentracia ≈1020sm-3 [75]. aRniSnulis erT-

erT SesaZleblobas warmoadgens daSveba, rom kristalis 

potencialis fluqtuaciebi Zlier gavlenas axdenen muxtis 

matareblebis gadataniT procesebze. dadgenilia, rom 

aralegirebul Si0,95Ge0,05 da Si0,93Ge0,07 monokristalebSi μn ufro 

didia vidre monokristalur siliciumsa da polikristalur SiGe 

SenadnobebSi. naSromSi [72] naCvenebia, rom rodesac marcvlebis 

sazRvrebis zomebi naklebia 10mkm-ze, maSin maTi gavlena denis 

matareblebis da fononebis gadataniT procesebze Zlierdeba. 

aRsaniSnavia isic, rom sasazRvro areebSi Zlieria eleqtruli 

mouwesrigebloba, rac mniSvnelovnad amuxruWebs eleqtronebisa 

da xvrelebis gadataniT moZraobas wvrilmarcvlovani 

struqturis SiGe SenadnobebSi.      
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1.6. dislokaciuri Sinagani xaxunis Taviseburebebi  

legirebul  siliciumSi 

 

Sinagani xaxunis temperaturuli (Q-1(T)), amplituduri Q-1(ε) 

da sixSiruli damokidebulebebi Seicaven saintereso informacias 

meqanikuri rxevebis gabnevis mravalricxovani mikroprocesebis 

Sesaxeb naxevargamtarul masalebSi. rxevebis energiis gabnevis 

mikroprocesebi dakavSirebulia drekadi talRebisa da 

struqturis mravali saxis defeqtis urTierTqmedebasTan. 

aRniSnuli urTierTqmedebis meqanizmebi specifikuri 

TaviseburebebiT xasiaTdebian [76]. 

legirebul siliciumSi sxvadasxva tipis dislokaciis moZ-

raobiT ganpirobebuli Sinagani xaxunis relaqsaciuri da histe-

reziruli maqsimumebis bunebis analizisaTvis mniSvnelovania 

dislokaciebis Termoaqtivirebuli moZraobis relaqsaciis 

speqtri, romelic dadgenilia myari sxeulebis kristalebis ult-

rabgeriTi datvirTvis pirobebisaTvis [77]. 

relaqsaciis speqtrSi 500K temperaturisaTvis da 1010 wm-1 

sixSiris farglebSi ganlagebulia maqsimumebi, romlebic 

ganpirobebuli arian kristalis zedapirul fenaSi arsebuli 

defeqtebis moZraobiT. aseTi maqsimumebi aRmoCenilia germaniumis 

da siliciumis kristalebSi. 5⋅106 - 108 wm-1 sixSireTa intervalSi 

ganawilebulia bordonis tipis maqsimumebi (B, Si, Ge, SiO2, Bi2Te3). es 

maqsimumebi gaxleCilia or komponentad: erT-erTi maTgani 

gamowveulia Runvebis moZraobiT xraxnul dislokaciebze; meore 

– Runvebis moZraobiT kidur dislokaciebze. sixSireTa ufro 

farTo diapazonSi (3⋅103 - 7⋅105 wm-1) vlindeba energiis STanTqmis 

maqsimumebi, romlebic gamowveuli arian dislokaciebis 

urTierTqmedebiT wertilovan defeqtebTan, ufro zustad, 

geometriuli da siTburi Runvebis moZraobiT wertilovani 

defeqtebis velSi. maTi aqtivaciis energiebi germaniumis da sili-

ciumisaTvis imyofebian 0,2-0,6 ev sazRvrebSi. dabali sixSireebis 

areSi (1-103 hc) relaqsaciis speqtrSi siliciumSi Cndebian rxevis 
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energiis STanTqmis maqsimumebi, gamowveuli geometriuli Run-

vebis warmoqmniTa da moZraobiT. maTi aqtivaciis energia =1.1ev.-ia. 

siliciumis kristalSi daimzireba Sinagani xaxunis maqsi-

mumebis seria procesebis aqtivaciis energiiT 0,04-dan 1,1 ev-mde, 

romlebic aixsnebian dislokaciebze arsebuli geometriuli 

Runvebis moZraobiT [78-80]. energiis STanqmis maqsimumebis 

Sesabamisi aqtivaciis energia realuri kristalebisaTvis 

yovelTvis ar gansazRvravs meore rigis paierlsis barieris 

simaRles, romelic siliciumisaTvis tolia 0,047 ev. [81]. aqti-

vaciis energiebi damokidebulni arian dislokaciebis tipze, aseve 

Canergvisa da Canacvlebis minarevebis koncentraciaze es 

ukanaskneli cvlis dislokaciuri Runvis siganes, da cxadia 

atomebis gadanacvlebis Zabvas Runvis moZraobis procesSi.  

warmodgenilia [82] siliciumis deformirebul kristalebSi, 

meqanikuri rxevebis STanTqmis energiis dislokaciuri procesebis 

gamokvlevis Sedegebi. plastiurad deformirebul siliciumSi 

870K temperaturaze, 843 hc. RunviTi rxevis sixSireze 

gamovlenilia relaqsaciuri procesi 2,3 ev. aqtivaciis energiiT. 

deformaciis gazrdiT maqsimumi gadaadgildeba dabali 

temperaturis mxares. erTdroulad gamokvleulia siliciumis 

Sinagani xaxunis amplituduri damokidebuleba, rogorc 

deformaciis funqcia minareveebis koncentraciis gazrdiT 

mcirdeba foni oTaxis temperaturaze. relaqsaciuri Sinagani 

xaxunis procesebis konkretuli meqanizmi naSromSi 

warmodgenili ar aris.  

p-tipis siliciumis Zafisebur udefeqto kristalebSi, [111] 

zrdis RerZis orientaciiT, 300-800K temperaturaTa intervalSi 

da grexiTi rxevebis ∼1hc sixSireze Sinagani xaxunis speqtrSi ar 

daimzireba raime Taviseburebani. mxolod 850K-s zeviT [83] 

aRiniSneba Sinagani xaxunis fonis zrda da SesamCnevia grexiTi 

plastiuri deformacia. SemdgomSi gaxureba da nimuSSi rxevebis 

aRZvra kritikuli amplitudis dros xels uwyobs Sinagani 

xaxunis fonisa da grexis kuTxis zrdas. aRniSnuli 
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Taviseburebani aixsnebian dislokaciebis Casaxvis da moZraobis 

meqanizmiT [83].  

 siliciumis Zafisebur kristalebSi pirvelad iqna 

gamovlenili 1300K temperaturaze relaqsaciuri maqsimumi. 

procesi xasiaTdeba aqtivaciis energiiT 3,2 ev da sixSiruli 

faqtoriT ∼1013wm-1. SemoTavazebulia relaqsaciuri Sinagani 

xaxunis meqanizmi – dislokaciebis heterogenuli Casaxva, iq 

sadac maqsimaluria grexiTi rxevebiT aRZruli Zabva.  

izoTermuli mrudebis mixedviT grexiTi rxevebis dabali 

sixSireebis diapazonSi (104-10 hc) da 966-1287K temperaturis dros 

gamokvleulia Sinagani xaxuni siliciumSi. siliciumi 

legirebulia boriT da fosforiT [84]. aRmoCenilia sami 

relaqsaciuri maqsimumi. warmodgenilia modeli, romlis 

Tanaxmad pirveli maqsimumi ∼1,75 ev-is toli aqtivaciis energiiT, 

gamowveulia geometriuli Runvebis migraciiT; xolo meore 

maqsimumi, romelic xasiaTdeba 2.0 ev-is toli aqtivaciis energiiT 

dakavSirebulia dislokaciaze Termuli Runvis Casaxvasa da 

urTierTqmedebasTan; mesame maqsimumi ki 2,4 ev-is toli aqtivaciis 

energiiT gamowveulia ormagi Runvebis moZraobiT minarevebis 

velSi. kvlevis Sedegebis analizis safuZvelze Sefasebulia 

ormagi Runvebis warmoSobis energia, romelic 0,9 ev-is tolia.  

eqsperimentebma aCvenes [85], rom Termociklebis procesSi da 

aseve siliciumis Zafiseburi kristalis plastiuri deformaciis 

dros cikluri niSancvladi datvirTiT 1000Κ temperaturaze, 

warmoiqmneba blokuri struqtura mravali asimetriuli 

sazRvrebiT. sasazRvro dislokaciebis moZraobas Tan axlavs 

vakansiebis sruli gadanawileba, xolo Semdeg izrdeba 

simetriuli sazRvrebis wili, romlebic muSaoben rogorc 

vakansiebis brtyeli wyaroebi. warmoqmnili dislokaciebisa da 

vakansiebis urTierTqmedeba ganapirobebs Sinagani xaxunis 

maqsimumebis simravlis warmoSobas 300Κ-ze ufro dabal 

temperaturebebze. aRmoCenili maqsimumi 200-300Κ diapazonSi da 
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amplituduri damokidebulebis histerezisi 210Κ temperaturis 

maxloblad gamowveulia energiis STanTqmis meqanizmiT, romlis 

mixedviTac rxeviTi energiis gabneva xdeba wertilovan 

defeqtebTan dislokaciebis urTierTqmedebis procesSi [84]. 

RunviT deformacia 900-1100Κ temperaturis pirobebSi 

Zafisebur kristalebSi qmnis ganviTarebul dislokaciur 

struqturas Zvris erT, or an sam sistemaSi [111] mimarTulebiT. 

amasTan erTad vlindeba rotaciuli Zvra, romelic iwvevs 

nimuSis grexas [111] RerZis garSemo. grexiTi rxevebis sixSireze 

∼1hc da 950Κ-ze Cndeba Sinagani xaxunis relaqsaciuri maqsimumi, 

romelic gamowveulia 60-gradusian dislokaciebze ormagi 

Runvebis generaciiT da moZraobiT [85]. naSromSi[86]  

Camoyalibebulia siliciumis Zafisebur kristalebSi 

relaqsaciuri procesebis SesaZlebeli meqanizmebi; siliciumis 

monokristalebSi cikluri deformacia, grexiTi Zvris 

deformaciis amplitudiT 10-5-10-3, iwvevs 750Κ -ze relaqsaciur 

maqsimums, romelic aixsneba zedapirze erTeulovani Runvis 

warmoqmnis meqanizmiT. meore maqsimumi 950Κ-ze dakavSirebulia 

dislokaciebze ormagi Termuli Runvebis generaciasTan. 

sxvadasxva orientaciis siliciumis nimuSebSi ultrabgeris 

STanTqmis amplituduri damokidebulebis Seswavlisas, RerZis 

gaswvriv Tavisufali grZivi rxevis meTodiT gamovlenilia Zabvis 

kritikuli amplitudis orientaciuli damokidebuleba [88]. 

savaraudoa, rom dislokaciis segmentis rxeviTi moZraoba 

limitirebulia dislokaciis geometriuli Runvis mowyvetiT 

damagrebis wertilTan. Sefasebis Tanaxmad, dislokaciis kavSiris 

energia misi damagrebis centrTan ∼2 ev-ia. aRniSnulia, rom 

wertilovani defeqtebis koncentraciis amaRleba mowvis 

gavleniT gansazRvravs dislokaciebis damagrebis centrebidan 

Runvis mowyvetis Zabvis sididis amaRlebas.  

monokristalur siliciumSi Sinagani xaxunis speqtrSi 

temperaturis 150-300Κ diapazonSi, rxevis sixSireze ∼2 hc 
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gamovlenilia maqsimumis sami wyvili [89]. naCvenebia, rom 

calkeuli wyvilis Semadgeneli maqsimumebi erTnairad iqcevian 

imasTan damokidebulebiT, Tu rogoria plastiuri deformaciis 

tipi da sidide. siliciumis monokristalSi gamovlenili 

damaxasiaTebeli SedarebiT rTuli Q-1(T) speqtri gamowveulia 

naxevargamtarebis almasis tipis struqturebSi arsebuli 

dislokaciebis specifikurobiT [90]. is Tavs iCens maqsimumebis 

samive wyvilSi, romelTa sixSiruli faqtorebi gansxvavdebian 

ori rigiT, xolo aqtivaciis energiis Sefardeba tolia ∼1,7. 

aseTi situacia damaxasiaTebelia wertilovan defeqtebis da 

dislokaciebis urTierTqmedebisaTvis [91]. 

rogorc cnobilia [90], almasis tipis kristalur meserSi 

dislokaciebze arsebobs sami tipis geometriuli Runva. 

aRniSnuli Runvebi Caisaxebian 60-gradusian da xraxnul 

dislokaciebze. Runvebis orientacia ar emTxveva mWidrowyobis 

mimarTulebas. isini erTmaneTisagan gansxvavdebian kiduri 

konponentisaTvis damaxasiaTebeli urTierTqmedebis energiis 

sididiT [92]. es Taviseburebani gansazRvraven Sinagani xaxunis 

maqsimumebis sami wyvilis warmoqmnas da maT temperaturul 

gancalkevebas dabaltemperaturul ubnebSi. TiToeuli maTganis 

meqanizms safuZvlad aqvs erTeulovani Runvis an Runvebis 

jgufis mowyveta wertilovani defeqtebisagan (vakansia, 

minarevebis atomi) gareSe niSancvladi Zabvis velSi. 

sakuTari sixSirisa da grexiTi rxevebis STanTqmis 

logariTmuli dekrementis registraciis meTodiT gamokvleulia 

polikristaluri siliciumis Zvris dinamiuri modulis 

temperaturuli speqtri da Sinagani xaxuni [93]. ∼1.0 hc- sixSireze 

925Κ temperaturaze aRmoCenilia Sinagani xaxunis relaqsaciuri 

maqsimumi, romelsac Tan axlavs Zvris modulis defeqti sididiT 

∼0,008. relaqsaciuri procesis aqtivaciis energia Seadgens 2,5ev-s, 

sixSiris faqtori –1014wm-1. aqtivaciuri maxasiaTeblebis 

mniSvnelobebi TanxmobaSi imyofebian roberts-barandis marcvlis 

sazRvrebis relaqsaciis modelTan, romlis Tanaxmad Sinagani 
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xaxuni ganpirobebulia marcvlebis sazRvrebze dislokaciebis 

moZraobiT. energiis relaqsaciuri gabnevis mikroskopul 

meqanizmad SemoTavazebulia marcvlebis sazRvrebis moZraoba 

gareSe Zabvis periodul velSi. 

gaanalizebulia siliciumSi [94] ori segmentis Sexebis 

sazRvarze warmoqmnili dislokaciebis reaqcia da warmodgenilia 

Sinagani xaxunis amplituduri damokidebulebis maqsimumis 

warmoSobis meqanizmi. miCneulia, rom maqsimumi gamowveulia 

mesris dislokaciis generaciis procesiT ori segmentis 

sazRvarze da energiis damatebiTi gabneviT marcvalTa gamyof 

sazRvarze. 

amorfuli struqturebis defeqtebi ganapirobeben amorfuli 

siliciumis rTul relaqsaciur speqtrs [95]; masSi 950-970K-ze 

daimzireba rxevebis milevis maqsimumi, romelic dakavSirebulia 

pirveli saxis fazur gadasvlasTan, anu gadasvlasTan 

amorfulidan kristalur mdgomareobaSi. 770K temperaturaze 

aRmoCenilia relaqsaciuri procesi aqtivaciis energiiT 1,7±0,2ev. 

rogorc cnobilia [96], amorful siliciumSi arsebobs atomebs 

Soris mimarTuli kovalenturi kavSirebi. drekadi Zabvis velSi 

SesaZlebelia moxdes dasustebuli kavSiris gawyveta da meore 

kavSiris gajereba, e.i. moxdeba atomebis gadaxtoma barierze – 

kavSiris gadarTva. Tu gadarTvis dro emTxveva niSancvladi 

drekadi Zabvis periods, maSin Sinagani xaxuni maqsimaluria. 770K-

ze arsebuli relaqsaciuri maqsimumis SemoTavazebuli meqanizmi 

eyrdoba aqtivaciis energiis mniSvnelobisa da siliciumis 

meserSi atomTa Soris arsebuli kavSiris energiis (≈1,813) 

tolobis arsebobas. 

zegeris Teoriis [97] Tanaxmad kovalentur kristalebSi 

bordonis tipis maqsimumi mosalodnelia gamovlindes 450-600°C 

intervalSi, rodesac rxevebi ∼1hc sixSiris diapazonSia. 

marTlac grexiTi rxevebis ∼1hc sixSireze siliciumisa da 

germaniumis legirebuli monikristalebis Sinagani xaxunis 
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temperaturul speqtrebSi gamovlenilia dislokaciebis 

moZraobiT ganpirobebuli relaqsaciuri warmoSobis maqsimumebi 

[98]. maqsimumebis Zvradobis cvlilebis analizidan dadgenilia 

[99] dislokacia-wertilovani defeqtis urTierTqmedebis didi 

wvlili deformaciuli bunebis Sinagani xaxunis maqsimumebis 

intensiurobasa da aqtivaciur maxasiaTeblebSi. 

ultrabgerebis diapazonSi rxevebis mileva SesaZlebelia 

ganxorcieldes denis Tavisufal matareblebze. ganixileba 

kovalentur kristalebSi drekadi talRebis denis Tavisufal 

matareblebTan urTierTqmedebis ori ZiriTadi tipi. pirveli 

maTgania rxevebis mileva deformaciis potencialTan 

dakavSirebiT. meore SemTxvevaSi milevis procesi gansazRvrulia 

piezoeleqtruli efeqtiT [100] es ukanaskneli vlindeba iseT 

kristalebSi, romlebSiac ar arsebobs simetriis centri. 

deformaciis procesSi siliciumisa da germaniumis mraval 

velian energetikul zonur struqturaSi mimdinareobs 

eleqtronebis gadanawileba maRali energetikuli velidan dabal 

velebSi. es procesi relaqsaciuria, maSasadame, is ganapirobebs 

rxevebis energiis relaqsaciur milevas. dariSxaniT Zlierad 

legirebul Si:P monokristalSi (n≥1⋅1019sm-3) registrirebulia 

Tavisufal eleqtronebze maRali intensiurobis rxevebis 

energiis milevis foni.  

minareviani naxevargamtarebis umravlesoba xasiaTdeba 

izolirebul centralur atomebTan sustad bmuli eleqtronebiT, 

romlebic agreTve monawileobas iReben gabnevis procesebSi. 

Zvris deformaciiT SesaZlebelia gaixliCos minarevis atomTa 

bmuli eleqtronis energetikuli doneebi sxvadasxva energetikul 

klasebad. ultrabgeris talRa axdens eleqtronebis realur 

gadanawilebas energetikul klasebs Soris [101]. Si-Ge 

SenadnobebSi (Si0,97Ge0,03 da Si0,93Ge0,07) sixSireebis kilohercebis 

diapazonSi 60K temperaturis maxloblobaSi gamovlenilia 

anomaluri xasiaTis STanTqmis procesi. igi vlindeba mxolod 

maSin, rodesac kumSviTi talRebi gavrceldeba [110] 
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kristalografiuli mimarTulebebiT [102]. samwuxarod aRniSnuli 

anomaliis meqanizmi dadgenili ar aris. 

eleqtrulad aqtiuri minarevebiT legireuli Si da Ge 

kristalebSi 40K temperaturaze gamovlenilia bgeriTi talRebis 

STanTqmis mkveTri zrda [100]. gamoTqmulia mosazreba, rom 

aRniSnuli efeqti dakavSirebulia eleqtron-fonur 

urTierTqmedebasTan rac gavlenas axdens angarmonizmze. avtorTa 

mosazrebiT savaraudo meqanizms adasturebs drekadobis mesame 

rigis modulebze legirebis gavlenis Sefasebis Sedegebi. 

sxvadasxva sixSirul diapazonSi bgerebis gavrcelebasa da 

STanTqmis procesebis mikroskopuli meqanizmebi organulad 

dakavSirebulia kovalenturi kristalebis rogorc dabali, aseve 

maRali rigis drekadobis modulebis cvlilebaze farTo 

sixSirisa da temperaturis intervalebSi. swored es garemoeba 

gansazRvravs rxevebis energiis STanTqmis procesebisa da 

meqanikuri modulebis erToblivad kvlevis aucileblobas. orive 

fizikuri maxasiaTeblis cvlilebis Taviseburebebi 

damokidebulia rxevebis sixSirul diapazonze. ultrabgerebis 

sixSirul diapazonSi meqanikuri modulebas da energiis gabnevis 

procesebs ganapirobeben eleqtron-fononuri urTierTqmedeba, 

[103] infrabgerebis sixSirul diapazonSi kristalebis drekad da 

aradrekad Tvisebebs mniSvnelovan wilad akontroleben 

damaxasiaTebeli struqturuli defeqtebis Casaxvisa da 

moZraobis kristalografiuli da energetikuli maxasiaTeblebi 

[26].  

aRsaniSnavia, rom infrabgerebis sixSirul diapazonSi 

naxevargamtaruli masalebis fizikur-meqanikuri Tvisebebi rxevis 

sixSiris, amplituduri deformaciisa da temperaturis farTo 

diapazoSi arasakmarisad aris Seswavlili. praqtikulad 

gamokvleuli ar aris Si-Ge masiuri kristalebis dinamiuri 

meqanikuri Tvisebebi da maTi maxasiaTeblebisa da 

eleqtrofizikuri Tvisebebis urTierTkorelaciuri kavSirebi. 

farTo temperaturul intervalSi gamokvleulia Si-Ge 
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Senadnobebis Zvris modulisa da Sinagani xaxunis temperaturuli 

speqtrebi [104]. gamovlenilia urTierTgadafaruli relaqsaciuri 

da histerezisuli warmoSobis Sinagani xaxunis maqsimumebi. 

maqsimumebis temperaturaze Zvris moduli mcirdeba. Sinagani 

xaxunis intensiurobis proporciulad. siliciumis fuZeze 

miRebuli Si-Ge Senadnobebis Sinagani xaxunis speqtri 

deformirebuli warmoSobisaa, rasac adasturebs rxevebis 

energiis gabnevis procesebis intensiurobis rxevis 

amplitudisagan damokidebulebis arseboba [105]. Si-Ge 

SenadnobebSi gamovlenili aradrekadi Tvisebebis mikroskopuli 

meqanizmebi gaanalizebulia Tvisobrivad da maTi Rrmad ganxilva 

saWiroebs damatebiTi eqsperimentuli monacemebis miRebasa da 

SedarebiT analizs struqturisa da naxevargamtaruli Tvisebebis 

maxasiaTeblebTan urTierTkavSirSi. 

Sinagani xaxunis rTuli temperaturuli speqtri 

damaxasiaTebelia aseve deformirebuli monokristaluri 

germaniumisaTvis da germaniumis fuZeze arsebuli Ge-Si 

SenadnobebisaTvis [106]. deformirebul germaniumSi grexiTi 

rxevebis ∼1hc sixSireze gamovlenilia dislokaciuri warmoSobis 

intensiuri relaqsaciuri maqsimumi da Zvris modulis defeqti. 

orive fizikuri maxasiaTeblis amplituduri damokidebuleba da 

Termuli damuSavebis zemoqmedebiT gamovlenili cvlilebebis 

kanonzomierebebi analogiuria kuburi simetriis metalebSi 

gamovlenili bordonis tipis relaqsaciis. saerTod unda 

aRiniSnos, rom dislokaciebis moZraobasTan dakavSirebuli 

relaqsaciuri procesebi erTnairi bunebisaa sxvadasxva 

simetriisa da atomTaSorisi kavSiris Zalebis matarebel myar 

sxeulebSi [76]. 
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2. Sedegebi da maTi gansja 

  

2.1.  Si-Ge Senadnobebis miReba da kvlevis meTodebi 

 

2.1.1. Coxralskis meTodiT kristalebis miReba 

 
 silicium-germaniumis sistemis moculobiTi mono-

kristalebi miRebulia Coxralskis tipis standartul vakuumur 

danadgarze C-98M. dnobebi Catarebulia heliumis garemoSi 0,5 

atm. wnevis qveS. winaswar xdeba sadnobi vakuumuri danadgaris 

gaiSviaTeba haeris gaiSviaTebiT ~10-4 mm vercxliswylis sv. 

wnevamde. amis Semdeg heliumis neli nakadiT xdeba sadnobi 

kameris gasufTaveba da bolos igi ivseba heliumiT saWiro 

wnevamde, ris Semdeg miewodeba eleqtrodeni. saTanado 

temperaturaze irTveba gamwovi mowyobiloba. inertuli airis 

mowodeba da gawova regulirdeba ise, rom samuSao kameraSi 

gazis wneva eqsperimentis mimdinareobis periodSi mudmivad 0,5 

atm. doneze rCeba. kristalizaciis frontisaTvis optimaluri 

temperaturuli ares SerCevisaTvis kazmis mTlianad gadnobis 

Semdeg pirvel rigSi dgindeba danadgaris siTburi inercia 

(denis Zalis miwodebis Semdeg saWiro dro maxureblidan 

mdnaris centramde siTbos misaRwevad). dadginda, rom 30mm 

diametris kristalis misaRebi masisaTvis danadgaris inercia 7 

wuTs Seadgens. amis Semdeg iwyeba optimaluri temperaturuli 

pirobebis Zieba. aRsaniSnavia, rom yvela gamaxurebels gaaCnia 

erTgvarovani temperaturuli sartyeli, romlis simaRle 

ganisazRvreba ~6mm. amis gamo, kristalizaciis fronti ar 

gamodis aRniSnuli temperaturuli zonis farglebidan. 

 Semdeg iwyeba dakvirveba mdnaris zedapirze temperaturis 

ganawilebaze. amisaTvis TandaTan vamcirebT danadgarze 

mowodebuli denis Zalas manam, vidre ar SeimCneva 

kristalizaciis dawyebis niSani. am SemTxvevaSi SeiZleba 

gamoisaxos sami xasiaTis ganawileba: 1. mdnari zedapiris 

 50



erTdrouli mTliani gadaciveba; 2. mxolod periferiuli 

nawilis gadaciveba; 3. optimaluri radialuri temperaturuli 

pirobebi, rodesac mdnaris centrSi gamoCndeba pirveladi 

kristalis Canasaxi.  

 Tavidan mdnari zedapiri SesaZlebelia moxvdes optimaluri 

temperaturuli zonis zeviT. am dros xdeba mdnari zedapiris 

gadacivebis vizualuri dakvirveba. am SemTxvevaSi saWiroa 

tigeli TandaTanobiT gadaadgildes gamaxureblis siRrmeSi 

vertikaluri RerZis gaswvriv. amis saSualebas iZleva 

specialurad Seqmnili damatebiTi mowyobiloba, romelic 

tigelis damWer RerZTan aris dakavSirebuli. Tu tigelis 

gadaadgilebiT ar moixsna mdnaris gadaxureba – im SemTxvevaSi 

danadgaris inerciis gaTvaliswinebiT unda gaizardos 

miwodebuli denis Zala manamde, vidre mdnaris zedapirze 

warmoqmnili myari fena mTlianad ar gadneba. Semdegi dakvirveba 

tigelis gadaadgilebasTan erTad grZeldeba, vidre mdnaris 

zedapiri ar aRmoCndeba gamaxureblis erTgvarovan temperaturul 

sibrtyeze da mdnaris zedapirze ar miiRweva optimaluri 

radialuri ganawileba temperaturis – e.i. temperaturuli 

izoTermis minimumi unda daemTxves mdnaris zedapiris centrs, 

saidanac unda daiwyos kristalizaciis procesi madedeblis 

Sexebis momentSi. am dros mis garSemo periferia gadaxurebulia 

da gamoricxulia damatebiTi kristalizaciis centrebis Casaxva. 

 amis Semdeg nadnobi unda gadaxurdes da temperaturis 

aweva unda moxdes danadgaris inerciis gaTvaliswinebiT ise, rom 

ar moxdes Zlieri gadaxureba, rac Zlier abrkolebs 

kristalizaciis wonasworul process. saTanado temperaturuli 

pirobebis dadgenis Semdeg mdnaris zedapirze, centris areSi 

neli siCqariT eSveba madedebeli, romelic winaswar 

gacxelebulia, rom Sexebis momentSi ar moxdes gadaciveba 

mdnaris mimdebare SreSi. madedeblis mdnarTan sruli kontaqtis 

Semdeg iwyeba kristalis amowevis procesi. kristalebis amowevis 

siCqare Seadgenda 0,25 mm/wT da kristalis zrdis procesSi 
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temperaturis stabilurobas uzrunvelyofda sistemaSi CarTuli 

“BPT”. amozrdili monokristalebis gaciveba warmoebda 

danadgarTan erTad, romlis gacivebis siCqare Seadgens 20-25°C 

wuTSi. kristalis miRebis procesSi madedeblisa da tigelis 

brunvis siCqareebi tolia Sesabamisad 45br/wT da 10br/wT. 

 

2.1.2. mikrostruqturis kvlevis meTodika 

 
 mikrostruqturis gamokvleva sruldeboda optikur 

mikroskopze MIM-7. 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 SesaZlebelia analogiuri 

TanmimdevrobiT Sesruldes. kerZod, mikrostruqturis 

gamosamJRavneblad, winaswar damuSavebuli Slifebis mowamvlas 

axdenen 25% KOH –is mduRare xsnarSi H2O2 –is damatebiT, Semdegi 

proporciiT 4:1 [107]. 

 

2.1.3. eleqtrofizikuri maxasiaTeblebis gazomvis 

meTodika 

 
 oTaxis temperaturis pirobebSi eleqtrofizikuri 

Tvisebebis maxasiaTeblebi ganisazRvreboda oTxzondiani 

meTodiT, mudmiv magnitur velSi moTavsebul nimuSSi mudmivi 
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sididis denis aRZvris pirobebSi. magnituri velis daZabuloba 

Seadgenda ~1·104 ersteds. sacdeli nimuSis forma – 2X4X12 mm3. 

Tavdapirvelad iangariSeba holis koeficienti [108]:  

    
IH
dVR
⋅
⋅

= h
h                           (7) 

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[108]: 

                              
hRce

n
⋅⋅

=
1

                      (8) 

e – eleqtronis muxtis sididea;  

c – sinaTlis siCqare vakuumSi. 

denis matareblebis Zvradoba gamoiTvleba cnobili 

Tanafardobidan:  
en ⋅

=
σμ                                                      (9) 

sadac eleqtrogamtaroba  σ=
S
I
;  S – nimuSis kveTis farTobia. 

 
2.1.4. mikrosisalis gansazRvris meTodi 

 
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 sruldeboda 

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

okularuli mikrometriT. mikrosisale iTvleboda formuliT 

[78]:     
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                           P
c

H 2
1854

=                                            (10) 

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. 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 

eleqtromagnitbiT. 

 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 

revebis sixSirisa da milevis logariTmuli dekrementis 

registraciis meTodiT. gazomvebSi gamoiyeneboda paralelepipe- 
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dis formis nimuSebi. gazomvebi sruldeboda temperaturaTa 20 _ 

800K 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:  

                      2
0

2

0 f
fGG = ,                           (11) 

sadac G0 da f0 etalonis Zvris moduli da rxevis sixSirea 

gamzom danadgarSi oTaxis temperaturaze, xolo G da fѝѝidenturi 

zomebis sacdeli kristalis modulisa da rxevis sixSiris 

mniSvnelobebia. aRniSnuli meTodebiT Zvris modulis 

gansazRvris cdomilebaa 3%. Sinagani xaxunis sidide 

gamoiTvleba  formuliT [110]:     

                    
NA

AIn
N

Q
n

n

+
=−

π
11 ,                      (12) 

sadac N_ rxevaTa raodenobaa, romelic sruldeba rxevis 

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

procesis aqtivaciis energia gamoiTvleboda formuliT[79]:     

                    
1

2

12

21

f
fIn

TT
TKTH
−

= ,                         (13) 

sadav K –bolcmanis mudmivaa, xolo T1 da T2 relaqsaciuri 

Sinagani xaxunis maqsimumis temperaturebia f1 da ѝf2 sixSireebze. 

relaqsaciuri procesis sixSiris faqtori ganisazRvreboda 

formuliT[110]:    ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=−

max
max

1
0 exp2

KT
Hfπτ ,                        (14) 

sadac H- procesis aqtivaciis energiaa, fmax da Tmax  

maqsimumebze sixSire  da temperatura. 

grexiTi fardobiTi deformaciis sidide gamoiTvleboda 

cnobili SefardebiT:    

                       
lR
rL

=ε ,                             (15) 

 55



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[111]: 

               ⎟
⎠
⎞

⎜
⎝
⎛=

KT
H

Gb
TKC

kn exp3

21

ε ,                           (16) 

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

T- gazomvis temperatura, εkn- Sinagani xaxunis mkveTrad amaRlebis 

Sesabamisi rxevis amplituda, C- dislokaciaze arsebuli 

wertilovani defeqtebis koncentracia, G- Zvris moduli, xolo 

b- biurgersis veqtoria. drekadobis zRvari Sefasebulia 

formuliT: Gknεσ =  

 

 
 
sur. 1. 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. monokristaluri Si-Ge Senadnobebis struqtura da  

    fizikur-meqanikuri Tvisebebi 

 

2.2.1. monokristaluri Senadnobebis mikrostruqtura 

  
masiuri monokristaluri Si-Ge sisntemis Senadnobebis 

mokristruqtura xasiaTdeba araTanabrad ganawilebuli 

dislokaciebiT (111) sibrtyeze, romelic kristalis zrdis 

mimarTulebis marTobulia. dislokaciebis simkvrive miT ufro 

metia, rac ufro axlos aris aRniSnuli sibrtye madedeblisa da 

kristalis gamyof sazRvarTan, struqturuli defeqtebis tipebi 

da koncentracia damokidebulia madedeblis struqturis 

srulqmnilobasa da legirebis siRrmeze. maSin, rodesac miiReba 

boriT legirebuli Si-Ge  Senadnobebi madedeblad gamoyenebulia 

boriT legirebuli [111] mimarTulebis siliciumis madedebeli. 

madedebelSi boris maRali koncentraciis SemTxvevaSi 

dislokaciebis umetesoba warmoiqmneba madedeblisa da 

kristalis gamyof sazRvarTan. isini daxrilia gamyofi 

sazRvrisadmi da gavrcelebulia masiuri kristalis moculobaSi. 

SedarebiT didi diametris (~30-35mm) masiuri silicium-germaniumis 

monokristalebSi dislokaciebis umniSvnelo raodenoba 

SeiniSneba zrdis RerZis maxloblobaSi. maTi simkvrive maRalia 

kristalis periferiul areebSi. aRniSnuli araerTgvarovnebis 

mizezi Termuli Zabvebia, romlebic warmoiqmnebian 

kristalizaciis procesSi radialuri mimarTulebiT gadacivebis 

pirobebSi. 

 siliciumis kristalur meserSi germaniumis koncentraciis 

2at%-mde gazrda SesamCnevad adidebs mesris parametrs. amis gamo 

gamdnari Senadnobebisa da monokristaluri siliciumis 

madedeblis gamyof sazRvarze adgili eqneba ori fazis 

parametrebs Soris gansxvavebas. es ukanasneli ayalibebs Zabvebs, 

romlebic relaqsacias ganicdian dislokaciebis gaCenis gziT. 

mesris parametrebis gansxvavebasTan dakavSirebuli 
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dislokaciebis biurgersis veqtori gamyofi sazRvris 

paraleluria. sasazRvro areebi wriuli terasebis formiT 

vlindebian. savaraudoa, rom aseTi tipis terasebze maRalia 

narCeni minarevebis koncentracia. rodesac minimumamdea 

Semcirebuli madedeblisa da kristalis sazRvarze gansxvaveba 

mesris parametrebs Soris, miRebuli kristalis gare zedapiri 

gluvia da Tavisufali minarevebiT gamdidrebuli wriuli 

formis terasebisagan. miRebuli kristalis (111) sibrtyeze 

dislokaciebis ganawileba erTgvarovania, xolo maTi simkvrive 

102sm-2-s aRwevs. 

 legirebuli Si-Ge monokristalebis miReba xorcieldeba 

aseve aralegirebuli, udislokacio [111] orientaciis siliciumis 

madedeblis gamoyenebiT. gamyof sazRvarTan vlindebian 

kristalis moculobaSi marTi kuTxiT mimarTuli kiduri 

dislokaciebi. maTi ganawileba radialuri mimarTulebiT 

araerTgvarovania, xSirad masiuri nimuSis zrdis RerZis 

maxloblobaSi dislokaciebi saerTod ar SeiniSneba. naSromSi [8] 

rentgenuli topografiis meTodiT dadgenilia, rom Si-Ge masiur 

monokristalebSi gamovlenili wrfivi dislokaciebi biurgersis 

[110] tipis veqtoria da srialis (111) sibrtyiT xasiaTdeba. aqve 

aRniSnulia, rom dislokaciebis gamravleba xorcieldeba 

srialis meqanizmiT Termuli Zabvebis velSi, romelsac 

warmoqmnis nadnobis siRrmeSi madedeblis moZraobis dros 

aRZruli temperaturuli gradienti. 

dariSxaniT legirebuli Si-Ge Senadnobebis kristalizaciis 

pirobebis analizis dros mxedvelobaSia misaRebi is garemoeba, 

rom dariSxanis atomuri radiusi (1.18Å) metia siliciumTan 

SedarebiT (1.17Å). madedeblisa da mdnaris gamyof sazRvarze 

parametrebis gansxvavebis Semcireba n-tipis gamtarobis Si-Ge 

monokristalis miRebis procesSi SesaZlebelia Semdegi gziT 

ganxorcieldes. madedebeli siliciumis kristalur meserSi 

dariSxanis koncentracia sasurvelia iyos 1019-1020sm-3, rac 

gamoiwvevs mesris parametris gazrdas. aseT pirobebSi Si-Ge 
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monokristalis SenadnobebSi ki dariSxanis koncentracia 1016-

1017sm-3 sazRvrebSi unda icvlebodes. es ukanaskneli faqtori 

mesris parametrebs Soris did gansxvavebas ar iwvevs. aseTi gziT 

miRebuli dariSxaniT legirebuli Si-Ge monokristalebi 

xasiaTdebian dislokaciebis SedarebiT dabali simkvriviT 

(~1x103sm-2) da maTi erTgvarovani ganawilebiT (111) 

kristalografiul sibrtyeze (sur. 2). 

 

 

sur.2. Si0.99Ge0.01:As monokristalis mikrostruqtura, x100 
 

amrigad, SesaZlebelia davaskvnaT, rom srulyofili 

struqturis mqone Si-Ge sistemis monokristaluri Senadnobebis 

misaRebad mizanSewonilia minimumamde iqna Semcirebuli 

gansxvaveba mesris parametris sididebs Soris madedeblisa da 

Senadnobis gamyof sazRvarze. aRsaniSnavia aseve is, rom didi 

mniSvneloba aqvs kristalizaciis siCqaris optimizacias. misi 

gavlena kristaluri struqturis srulqmnilobaze Zlierdeba 

germaniumis koncentraciisa da kristalis diametris zrdis 

proporciulad Si-Ge monokristalebis realuri struqturis 

analizis naTeli dadasturebaa optikuri mikroskopiT 

struqturis Seswavlis qvemoT warmoqmnili Sedegebi. 
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sur.3. Si0.99Ge0.01 monokristalis mikrostruqtura, x100 
 

 

sur.4. Si0.98Ge0.02 monokristalis mikrostruqtura, x100 
 

 mikrostruqturis gamokvlevebma aCvena, rom mowamvlis 

dislokaciuri ormoebis ganawileba aralegirebul Si0.99Ge0,01 

monokristalSi araerTgvarovania (sur. 3) germaniumis 

koncentraciis 2at%-mde gazrda iwvevs dislokaciebis 

araerTgvarovani ganawilebis da simkvrivis zrdas (sur.4). 

sacdeli nimuSebis periferiul ubnebSi dislokaciebis 
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simkvrivis zrdasTan erTad SeiniSneba mowamvlis ormoebis 

dajgufebebi, romlebic SesaZlebelia dakavSirebuli iyos 

germaniumis koncentraciis cvlilebasTan. es ukanaskneli Tavis 

mxriv warmoqmnis Sinagan Zabvebsa da dislokaciebs. 

dislokaciebis simkvrivis gazrda da maTi ganawilebis 

erTgvarovnebis darRveva miT metia, rac  ufro metia myar 

xsnarSi germaniumis atomebis koncentracia. 

 cnobilia, rom siliciumis struqturaSi zogjer mkveTrad 

ar daimzireba dislokaciuri struqtura. es ganpirobebulia 

kristalis zedapirze dislokaciebis gamosvlas vakansiuri 

meqanizmiT. kristalis zedapirze dislokaciebis gamosvlis 

meqanizmis gansazRvraSi gadamwyvet faqtorad miCneulia 

vakansiebis koncentaciis gazrda. igi miiRweva donoruli 

minarevis didi raodenobiT gaxsniT siliciumis kristalur 

meserSi. vakansiebis koncentracia kristalSi SeiZleba 

mniSvnelovnad gaizardos maRal temperaturebze, radganac aseT 

pirobebSi SedarebiT didia dislokaciebis Zvradoba. maRal 

temperaturebze vakansiebi ufro metad zrdian dislokaciebis 

Zvradobas. 

dariSxaniT Zlier legirebul silicium-germaniumis 

SenadnobebSi gamovlenilia dislokaciebis Sejgufefebi, 5x104sm-2-

mde gazrdilia maTi simkvrive. didi diametris (~30mm) Si0.98Ge0.02:As 

Senadnobebis monokristali miRebis procesSi ganicdis 

SedarebiT xangrZliv winaswar Termul damuSavebas gamyarebis 

stadiaSi. amis gamo kristalSi warmoiqmneba didi raodenobiT 

Jangbadis Semcveli kompleqsebis Casaxvis centrebi. swrafi 

kristalizaciis procesSi ki adgili aqvs kvanZTaSorisi 

siliciumis atomebis koncentraciis SesamCnevad amaRlebas. orive 

SemTxvevaSi kristalis moculobaSi iqmneba dislokaciuri 

maryuJebis Casaxvis pirobebi. calkeuli dislokaciis zedapirze 

gamosvlis adgilebSi - fotografiaze (111) kristalografiul 

sibrtyeze xSirad fiqsirdebian momrgvalebuli formis 

dislokaciuri mowamvlis ormoebi (sur. 2. a), maTi raodenoba 
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mkveTrad (~10-jer) izrdeba maRaltemperaturuli(>800°C) mowvis 

zemoqmedebiT(sur. 5. b). 

 

a 

 

b 

sur. 5. Si0.98Ge0.02:As (~1x1019sm-3) monokristalis mikrostruqtura, x100. 
a)-sawyisi mdgomareoba; b) momwvari, 800°C, 5sT 

 
 aRsaniSnavia, rom boriT legirebul Si-Ge monokristalebSi, 

msgavsad n-tipis gamtarobis nimuSebisa, gamovlenilia 

dislokaciebis dajgufebebi. magram maTSi TiTqmis erTi rigiT 

dabalia dislokaciebis simkvrive. aRniSnuli xasiaTis 

gansxvavebis erT-erTi mizezia malegirebeli boris mcire da 

dariSxanis didi atomuri radiusebis arseboba. pirveli maTgani 

lokalizebuli SekumSvis Zabvebs warmoSobs, rac aZnelebs 

dislokaciebis Casaxvasa da moZraobas. dariSxanis atomebis 
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maxloblobaSi ki yalibdebian gaWimvis Zabvebi, Sesabamisad 

lokalurad mcirdeba pierlsis potencialuri barieri, rac 

ganapirobebs dislokaciebis Casaxvas dariSxaniT legirebul Si-

Ge monokristalebSi da dislokaciebis simkvrivis SedarebiT 

maRal mniSvnelobebs. 

 
 

2.2.2. Si-Ge monokristaluri Senadnobebis 
eleqtrofizikuri  Tvisebebi 

 

cnobilia [112], rom siliciumis legireba izovalenturi 

germaniumiT kristalur meserSi warmoSobs drekadi Zabvebis 

velebs, rac iwvevs siliciumis kristalSi arsebuli wertilovani 

defeqtebis ansamblis Sedgenilobisa da konfiguraciis 

cvlilebebs. es garemoeba gavlenas axdens Jangbadis dispersuli 

precipitatebisa da Termodonorebis generaciaze maRal 

temperaturebze (550-800°C).  

sainteresoa germaniumis sxvadasxva Sedgenilobis 

monokristalur Si-Ge SenadnobebSi sawyis da Termulad 

damuSavebul mdgomareobebSi eleqtrofizikuri maxasiaTeblebis 

dadgena da maTi SedarebiTi analizi. 

 holis efeqtis meTodiT oTaxis temperaturaze Seswavlilia 

monokristaluri aralegirebuli da germaniumiT legirebuli 

siliciumis eleqtrofizikuri maxasiaTeblebi (cxr. 1). sawyis 

mdgomareobaSi siliciumis monokristalSi denis matarebeli 

xvrelebis koncentracia 1,2·1015sm-3 _s Seadgens. 800°C 

temperaturaze vakuumSi mowva 10sT_is ganmavlobaSi iwvevs denis 

matarebelTa koncentraciis Semcirebas 8·1014 sm-3 _mde. aRniSnuli 

cvlileba SesaZlebelia dakavSirebulia iyos erTis mxriv, 

kristalizaciis procesSi warmoqmnili vakansiebis koncentraciis 

SemcirebasTan, meores mxriv, mosalodnelia Jangbadis atomebis 

gansazRvruli raodenobiT gadasvla eleqtrulad neitraluri 

mdgomareobidan aqtiur donorul mdgomareobaSi. Jangbadis 

Canergili atomebis difuzia SesaZlebelia agreTve 
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ganxorcieldes maTi gadanacvlebiT dislokaciebis birTvebis 

mimarTulebiT, rasac Tan axlavs dislokaciebis maxloblobaSi 

Jangbadis atomebiT gamdidrebuli eleqtrulad neitraluri 

kotrelis atmosferos warmoqmna[76]. 

 germaniumiT legireba amcirebs siliciumis kristalur 

meserSi Canergili Jangbadis koncentracias [113]. aRniSnuli 

efeqti Zlierdeba germaniumis koncentraciis gazrdiT 1at.%-mde. 

germaniumis koncentraciis Semdgomi zrda ganapirobebs Jangbadis 

koncentraciis SedarebiT neli siCqariT Semcirebas. amiT 

aixsneba denis matareblebis raodenobis umniSvnelo cvlileba, 

rasac gviCveneben eleqtruli gazomvebis Sedegebi germaniumis 

sxvadasxva Semcvelobis Si-Ge Senadnobebis sawyis mdgomareobaSi. 

germaniumis SedarebiT mcire (<1at.%) koncentraciis Si-Ge 

Senadnobis kristalur meserSi germaniumis atomebis 

maxloblobaSi warmoiqmnebian drekadi Zabvis velebi. isini 

amuxruWeben Jangbadis atomebis difuzias, Sesabamisad mcirdeba 

dispersuli precipitatebisa da Termodnobebis warmoqmnis 

albaToba. amis gamo denis matareblebis koncentracia mowviT 

8000C_ze Si0,99Ge0,01 SenadnobSi praqtikulad umniSvnelod 

mcirdeba. aRniSnuli maxasiaTebeli Si0,98Ge0,02 SenadnobSi 

SesamCnevad mcirdeba mowvis Sedegad. igi sawyis mdgomareobaSi 

SedarebiT dabalia, rasac ganapirobebs germaniumis 

koncentraciis amaRleba 2at%_mde. germaniumis koncentraciis 

amaRlebas Tan axlavs lokaluri drekadi Zabvis velebis 

urTierTgadafarva da Sesabamisad, kristalSi arsebuli drekadi  

velis efeqturi gasaSualeoba. aseT SemTxvevaSi daCqardeba 

Jangbadis difuzia, ganxorcieldeba gansazRvruli raodenobis 

Jangbadis atomebis eleqtrulad ganeitraleba dislokaciebis 

birTvebSi. aseTi saxis moZraobebi asaxulia kristalSi denis 

matareblebis koncentraciis SemcirebaSi momwvar mdgomareobaSi. 

eleqtrulad aqtiuri centrebis koncentraciis cvlileba 

aisaxeba agreTve maT eleqtrul Zvradobaze. marTlac, Termuli 

damuSaveba avlens eleqtruli Zvradobis amaRlebis tendenciebs, 
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mowvis procesSi mcirdeba eleqtrulad aqtiuri wertilovani 

defeqtebis koncentracia. Sesabamisad Sesustebulia xvrelebis 

gabneva maTze da swored es ganapirobebs maTi Zvradobis 

gazrdas. aRsaniSnavia, rom Si-Ge SenadnobebSi ara mxolod 

germaniumis koncentraciis variaciiT miiRweva eleqtrofizikuri 

maxasiaTeblebis cvlilebebi. didi mniSvneloba eniWeba agreTve 

dislokaciebis tipebsa da raodenobas realur struqturaSi. 

dislokaciebis simkvrivis gazrda 103_104sm-2 _mde mkveTrad 

amaRlebs eleqtrulad aqtiuri wertilovani defeqtebis 

difuziur aqtiurobas, aCqarebs maTi dipersuli precipitatebis 

Casaxvasa da eleqtrulad ganeitralebas. dislokaciebis metad 

dabali simkvrivis pirobebSi Si-Ge kristalur meserSi defeqtebis 

difuziasa da eleqtrulad aqtiurobas efeqturad aregulireben 

mxolod germaniumis atomebTan lokalizebuli drekadi Zabvis 

velebi [37]. 

 eleqtruli maxasiaTeblebis cvlilebaTa dadgenili 

kanonzomiereba naTlad gviCvenebs, rom Termuli damuSavebiTa da 

germaniumis koncentraciis variaciiT Si-Ge monokristalebSi 

SesaZlebelia wertilovani defeqtebis (vakansia, minarevis 

atomebi) difuziis siCqarisa da struqturulad – mgrZnobiare 

meqanikuri Tvisebebis marTva struqturaSi arsebuli 

dislokaciebis Zvradobis cvlilebis gziT. 

 specialurad legirebul Si-Ge SenadnobebSi wertilovani 

defeqtebis difuziis siCqare da eleqtruli aqtiuroba zemoT 

aRweril faqtorebTan erTad damokidebulia agreTve 

malegirebeli elementebis atomur radiusze, valentobasa da 

difuziur aqtiurobaze. marTlac boriT legirebul Si-Ge 

Senadnobebis monokristalebis eleqtrofizikuri Tvisebebi 

Termuli damuSavebis gavleniT ganicdian SesamCnev cvlilebebs. 

Seswavlilia cal-calke boriTa da dariSxaniT legirebuli Si-

Ge monokristalebis eleqtruli maxasiaTeblebis cvlilebebi. 

mowvis Sedegad malegirebeli komponentebis ~5·1018sm-3 

koncentraciis SemTxvevaSi SedarebiTi analizisaTvis SerCeulia 
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germaniumis 1 da 2at% _iT Sedgenilobis Si-Ge minokristalebi. 

maT struqturaSi dislokaciebis simkvrive 103_104sm-2 sazRvrebSi 

icvleba. 

 boris atomebi siliciumis kristalur meserSi warmoqmnian 

Canacvlebis myar xsnars [114]. atomuri radiusis simciris gamo 

(~1A), boris Canacvlebuli atomis irgvliv kristaluri meseri 

lokaluri SemkumSavi Zabvebis zemoqmedebas ganicdis. 

aRsaniSnavia isic, rom boris difuziis koeficienti SedarebiT 

dabalia, rac amcirebs daberebis procesebis albaTobas 

siliciumis kristalur meserSi. aRniSnuli garemoeba 

ganapirobebs boriT legirebuli siliciumisa da silicium-

germaniumis Senadnobebis eleqtrofizikuri Tvisebebis Termul 

stabilurobas maRal temperaturebze (500-800°C) xangrZlivi 

dayovnebis pirobebSi. 

 boris dabali koncentraciis (~1017sm-3) siliciumis 

kristalisaTvis damaxasiaTebelia Semdegi Tavisebureba. mowvis 

Sedegad izrdeba denis matarebeli xvrelebis koncentracia da 

mcirdeba maTi eleqtruli Zvradoba. mowvis efeqti SesaZlebelia 

dakavSirebulia boris koncentraciis amaRlebasTan, radganac 

siliciumSi maRal temperaturaze  izrdeba boris xsnadoba 

siliciumis kristalur meserSi [103]. amasTan erTad adgili aqvs 

vakansiebis koncentraciis Semcirebas, agreTve eleqtrulad 

aqtiuri Jangbadis atomebis difuzias dislokaciebis birTvebis 

mimarTulebiT. orive garemoeba amcirebs xvrelebis 

koncentracias. aRniSnulidan gamomdinare SesaZlebelia 

miviCnioT, rom eqsperimentulad gamovlenili Si:B _is xvrelebis 

koncentraciis Semcireba warmoadgens erTdroulad mimdinare 

ramdenime difuzuri procesis Sedegs. 

 xvrelebis maRali koncentraciis (~1019sm-3) SemTxvevaSi 

mowva SedarebiT sustad moqmedebs eleqtrofizikur 

maxasiaTeblebze. pirvel rigSi unda aRiniSnos, rom boris 

koncentracia sawyis kristalSi axlos aris xsnadobis 

maqsimalur mniSvnelobasTan. savaraudoa aseve, rom Jangbadisa da 
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vakansiebis koncentracia umniSvnelod gansxvavdeba boris dabali 

(1018sm-3) Semcvelobis siliciumis kristalisagan. amis gamo ar 

aris gamoricxuli, rom mowvis gavleniT gamovlenili xvrelebis 

koncentraciis Sedegad umniSvnelo zrda ZiriTadad 

dakavSirebulia boris koncentraciis zrdasTan myar xsnarSi. 

xvrelebis Zvradoba SesamCnevlad dabalia Si:B kristalis sawyis 

mdgomareobaSi. igi kidev ufro mcirdeba 8000C _ze mowvis 

Sedegad. eleqtruli Zvradovis dabali mniSvnelobebi 

ganpirobebulia denis matarebeli xvrelebis gabnebis 

gaZlierebiT kristaluri mestis siTbur rxevebsa da 

eleqtrulad aqtiur centrebze. 

 germaniumis Semcvel siliciumis kristalur meserSi boris 

atomebis eleqtruli da difuziuri aqtiuroba damokidebulia 

germaniumis koncentraciasa da struqturuli defeqtebis tipebsa 

da raodenobaze (vakansia, minarevebi, dislokaciebi). boris 

atomebi upiratesad myar xsnarSi ganawildebian germaniumis 

atomebis maxloblobaSi, sadac siliciumis kristaluri meseri 

lokalizebuli gaWimvis deformacias ganicdis. am ukanasknelis 

nawilobriv kompensacias mcire atomuri radiusis boris atomebis 

irgvliv warmoqmnili mesris SekumSvis Zabvebi anxorcieleben. 

 dariSxanis didi radiusis mqone atomebi Si-Ge Senadnobebis 

kristalur meserSi ganawilebuli arian germaniumis atomebisagan 

daSorebiT Canacvlebis poziciebSi. maTi erTi nawili 

SesaZlebelia ganawildes myar xsnarSi uSualod dislokaciebis 

birTvebSi da warmoqmnan dislokaciis mimarTulebiT 

lokalizebuli gaWimvis deformaciis areebi. dariSxanis atomebi 

mcire koncentraciis SemTxvevaSi dislokaciebis moZraobas 

amuxruWeben, xolo maRali koncentraciis (>1·1018sm-3) pirobebSi 

Tavs iCenen eleqtruli Zabvebi. aRniSnuli Zabvebi lokalurad 

amcireben paierdsis potencialur bariers da Sesabamisad, 

adableben dislokaciebis moZraobis aqtivaciis energiebs [26]. 

Si-Ge Senadnobebis realur struqturaSi borisa da 

dariSxanis eleqtruli aqtiuriba mravali faqtoriT aris 
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gansazRvruli. maTi erTdrouli zemoqmedebiT formirebuli 

eleqtrufizikuri maxasiaTeblebi 800°C temperaturaze mowviT 

praqtikulad metad umniSvnelod icvlebian. aRiniSneba mxolod 

denis matareblebis koncentraciis sustad amaRleba, rac borisa 

da dariSxanis xsnadobis gazrdiT aris gamowveuli. siliciumsa 

da silicium – germaniumis SenadnobebSi legirebisa da mowvis 

gavleniT ganpirobebuli eleqtro-fizikuri maxasiaTeblebis 

cvlilebebi asaxulia cxrilSi 1.  

 

monokristaluri siliciumisa da silicium-germaniumis 
Senadnobebis eleqtrofizikuri maxasiaTeblebi 

cxrili 1. 
denis 

matareblebis
koncentracia

sm-3

Eleqtrogamta-
roba omi-1. sm-1

Zvradoba 
sm2·3-1.wm-1

dislokaci-
ebis simkvrive, 

sm-2

ni
mu

S
eb

i 

sawyisi mowva, 
800°C 
10sT 

sawyisi mowva, 
800°C 
10sT 

sawyisi mowva, 
800°C 
10sT 

sawyisi mowva, 
800°C  
10sT 

Si 
[111] 

p 

1,2·1015 8·1014 0.11·10-1 6.2·10-2 560 485 5·103 5·103

Si:B 
[111] 

p 

5·1018 7·1018 1.12·102 1.51·102 140 135 7·103 7·103

Si:As 
[111] 

n 

6·1018 5·1018 1.73·102 1.48·102 180 185 1·104 1·104

Si+1at%Ge 
[111] 

p 

4·1015 1·1015 1.08·10-1 0.29·10-
1

170 180 8·103 8·103

Si+2at%Ge 
[111] 

p 

3,5·1015 3·1015 0.78·10-1 0.69·10-
1

140 145 2·104 1·104

Si+1at%Ge:B 
[111] 

p 

5·1018 6·1018 0.96·102 1.2·102 120 125 5·104 5·104

Si+2at%Ge:B 
[111] 

p 

8·1018 1·1019 1.47·102 0.17·103 115 110 6·104 5·104

Si+1at%Ge
:As 

[111] 
p 

6·1018 8·1018 1.29·102 1.66·10
2

135 130 6·104 4·104

Si+2at%Ge
:As 

[111] 
p 

5·1018 7·1018 0.96·102 1.29·10
2

120 115 8·104 5·104
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aRniSnuli xasiaTis cvlilebebTan erTad vlindeba 

eleqtruli Zvradobis Semcirebis tendencia ionizebul 

minarevebze denis matarebeli xvrelebisa da eleqtronebis 

ganbnevis gaZlierebasTan dakavSirebiT. 

 
 

2.2.3. monokristaluri Si da Si-Ge Senadnobebis 
mikrosisale 

 
naxevargamtari masalebis kavSiris Zalebis bunebisa da 

damaxasiaTebeli struqturuli defeqtebis Casaxvis, 

urTierTqmedebisa da moZraobis meqanizmebis analizisaTvis didi 

mniSvneloba eniWeba maTi eleqtrofizikuri da struqturulad - 

mgrZnobiare fizikur-meqanikuri Tvisebebis kompleqsurad 

Seswavlas. mouxedavad aRniSnulisa, naxevargamtari masalebis 

meqanikuri Tvisebebi jerjerobiT naklebad aris Seswavlili, 

xolo arsebuli literaturuli monacemebi silicium-germaniumis 

Senadnobebis meqanikuri maxasiaTeblebis Sesaxeb arasakmarisia da 

winaaRmdegobrivi [115]. es garemoeba gansazRvravs sustad da 

Zlierad legirebuli siliciumis kristalebis meqanikuri 

Tvisebebis, kerZod, mikrosisalis gamokvlevis aucileblobasa da 

aqtualurobas.  

aRsaniSnavia, rom mocemuli nivTierebisaTvis mikrosisale ar 

warmoadgens fizikur mudmivas, radgan misi mniSvneloba 

damokidebulia gazomvis meTodze. igi warmoadgens indentoris 

zedapirze ganviTarebuli kontaqturi wnevis saSualo sidides, an 

drekadi deformaciis saSualo kuTr muSaobas gamodevnili 

moculobis erTeulze. zogadad, mikrosisale aris nivTierebis 

integraluri maxasiaTebeli sidide, romelic ganisazRvreba 

nivTierebis iseTi meqanikuri maxasiaTeblebiT, rogoricaa 

plastikuroba, drekadoba, simtkice da a.S. [116]. 

Cvens mier Seswavlilia sufTa, boriTa da dariSxaniT cal-

calke legirebuli monokristaluri siliciumisa da Si-Ge 

Senadnobebis mikrosisale oTaxis temperaturis pirobebSi. 
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Coxralskis meTodiT miRebuli monokristaluri siliciumis 

mikrosisale (111) sibrtyeze 1350 kg/mm2 Seadgens. es mniSvneloba 

SesabamisobaSia literaturul monacemebTan [117]. sacdeli 

monokristalis (111) kristalografiuli sibrtye xasiaTdeba 

dislokaciebis Tanabari ganawilebiT, maTi simkvrive 55·103 sm-2. 

mikrosisalis miTiTebuli sidide zedapiris bunebrivi sinaTliT 

ganaTebis pirobebSia miRebuli. sibneleSi mosalodnelia 

siliciumis mikrosisalis kidev ufro maRali sididis 

gamovlineba, radganac ganaTebisas adgili aqvs e.w. fotomeqa-

nikur efeqts. misi fizikuri arsi Semdegia: siliciumSi 

damakavSirebeli zonis Weridan eleqtronis gadasvla iwvevs p 

eleqtronis wvlilis Semcirebas da S eleqtronebis wvlilis 

gazrdas SP3 qimiur bmaSi. gaizrdeba S mdgomareobis kuTri wona 

da bmis mimarTuleba Semcirdeba. bma gaxdeba ufro gluvi, rac 

gareSe Zabvis velSi gaaadvilebs atomis gansazRvruli kuTxiT 

mobrunebas. aRniSnuli xasiaTis cvlilebebi ganapirobeben 

siliciumis monokristalis ganaTebis pirobebSi mikrosisalis 

Semcirebas. 

boriT legirebuli monokristaluri siliciumis 

mikrosisale amaRlebulia, radganac mcirdeba atomuri radiusi. 

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 lokalizeduli 

centrebis koncentraciis amaRlebiT. boris maRal 

koncentraciebze (1019-1020sm-3)  mosalodnelia lokalizebuli 

centrebis deformaciis velebis urTierTgadafarva da 

mikrosisalis zrdis miswrafeba najerobilaken. Zlierad 

legirebuli siliciumis meqanikuri Tvisebebis cvlilebebi 

gamokvleulia naSromSi [116, 117], romelSic naCvenebia 

aqceptoruli minarevebis ganmamtkicebeli da donuri minarevebis 
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damarbilebeli zemoqmedeba. warmodgenilia maTi Semdegi saxis 

Tvisobrivi analizi: realur struqturaSi yovelTvis arseboben 

vakansiebi, romlebic siliciumis kristalur meserSi 

aqceptorebad gvevlinebian. donoruli da aqceptoruli 

minarevebiT legireba cvlis siliciumis struqturaSi 

eleqtronul - xvrelur wonasworobas. Zlierad legirebuli n-

tipis kristalSi vakansiebis koncentracia maRalia, vidre 

Zlierad legirebuli p-tipis siliciumis kristalSi. Sesabamisad 

n-tipis kristali avlens darbilebis, xolo p-tipis kristali 

ganmtkicebis tendencias. 

samecniero literaturaSi moipoveba mdidari informacia 

siliciumisa da germaniumis mikrosisalis Sesaxeb. sxvadasxva 

avtorTa monacemebi erTimeorisagan mniSvnelovnad gansxvavdebian. 

mxedvelobaSia misaRebi is, rom mikrosisalis mniSvneloba 

mraval faqtorzea damokidebuli _ gazomvis meTodze, 

kristalografiul orientaciaze, eleqtrul velze, 

ganaTebulobasa da zedapiris damuSavebadobaze. mikrosisalis 

saimedo sidideebad miCneulia [118 polikristaluri 

siliciumisaTvis – 1200-1300kg/mm2, xolo germaniumisaTvis 800kg/mm2. 

silicium-germaniumis sistemis Senadnobebis mikrosisale aSkarad 

arasakmarisad aris Seswavlili. naSromSi [119] naCvenebia 

mikrosisalis daaxloebiT wrfivad cvalebadoba Si-Ge 

SenadnobebSi Semadgeneli Si da Ge komponentebis koncentraciis 

cvlilebebis pirobebSi. mikrosisale korelaciaSia Si-Ge 

Senadnobis akrZaluli zonis siganesTan[120] marTlac germaniumis 

koncentraciis gazrdiT 15at%-mde Si-Ge SenadnobebSi wrfivad 

mcirdebian akrZaluli zonis sigane da mikrosisalis sidideebi. 

naSromSi [121] naCvenebia, rom Sedgenilobis SecvliT Si-Ge 

Senadnobebis mikrosisale arawrfivad icvleba. Ge da Si 

komponentebis 15at% Sedgenilobis SenadnobebSi mikrosisalis 

grafiki Runvas ganicdis, rac korulaciaSia akrZaluli zonis 

siganis koncentraciul damokidebulebasTan. gamoTqmulia 

mosazreba, rom orive komponentis gavlena dislokaciebis 
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Zvradobaze sustia, radganac kristalizaciis procesSi narCeni 

minarevebiT Camoyalibebuli kotrelis atmosfero efeqturad 

amuxruWebs dislokaciebs Si-Ge kristalur meserSi. arsebiTi 

mniSvneloba aqvs atomTaSorisi kavSiris Zalebis zrda-

Semcirebis gamovlinebas Si-Ge SenadnobebSi komponentebis 

koncentraciis cvlilebebis Sedegad. siliciumis fuZeze 

miRebuli Si-Ge monokrisraluri Senadnobebis damatebiT boris 

legireba iwvevs germaniumis damarbilebeli gavlenis nawilobriv 

kompensacias. amis gamo aralegirebul Si-Ge SenadnobTan 

SedarebiT gazrdilia boriT legirebuli Senadnobis 

mikrosisalis sidide. aRniSnuli xasiaTis cvlileba 

praqtikulad damokidebulia germaniumis koncentraciisagan 0-dan 

2at%-mde koncentraciis diapazonSi. 

dariSxaniT legitebuli Si-Ge Senadnobebis mikrosisale 

SesamCnevad dabalia igive Sedgenilobis Si-Ge SenadnobTan 

SedarebiT. Senadnobis mikrosisalis vardna Zlierdeba 

dariSxanis koncentraciis amaRlebiT 1017-dan 1·1019sm-3-mde. 

aRniSnuli xasiaTis cvlilebebi dakavSirebulia dariSxanisa da 

germaniumis atomebTan warmoqmnili gaWimvis deformaciiT. is 

zrdis lokalurad atomebs Soris manZils da Sesabamisad 

asustebs kavSiris Zalebs. dariSxanis maRal koncentraciaze 

gazrdilia gamtarobis zonaSi Tavisufali eleqtronebis 

koncentracia. es iwvevs dislokaciebis BbirTvebSi gawyvetili 

bmebis Sevsebasa da dislokaciebis gaTavisuflebas eleqtruli 

bmebisagan. miuxedavad kotrelis atmosferos damamuxruWebeli 

moqmedebisa eleqtronuli bmebis delokalizaciis pirobebSi 

dislokaciis Zvradoba izrdeba. es garemoeba agreTve arsebiTia 

dariSxaniT legirebuli Si-Ge Senadnobis mikrosisalis 

Semcirebis interpretaciisaTvis. 

yvela sacdeli kristalis Termuli damuSavebis Semdeg 

(mowva 800°C, 10sT) mikrosisale izrdeba. mikrosisalis amaRleba 

mkveTrad aris gamovlenili boriT legirebul monokristalebSi. 

es garemoeba dakavSirebulia vakansiebis koncentraciis 
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SemcirebasTan. amave dros mowvis procesSi izrdeba myar xsnarSi 

boris atomebis raodeniba, rac niSnavs lokalizebuli kumSvis 

deformaciis centrebis raodenobis gazrdas. yovelive aRniSnuli 

aZlierebs atomTaSorisi bmis Zalebs, romlis gamovlinebas 

mikrosisalis sididis zrda warmoadgens. 

 
monokristaluri siliciumisa da silicium-germaniumis 
Senadnobebis fizikur-meqanikuri maxasiaTeblebi 

cxrili 2. 

mikrosisale kg/mm2
dislokaciebis 
simkvrive, sm-2

kvlevis obieqti 
sawyisi 

mowva, 

800°C 10sT 
sawyisi 

mowva, 

800°C 10sT 
Si 

[111] 
p 

1320 1370 5·103 4·103

Si:B 
[111] 

p 
1350 1400 7·103 5·103

Si:As 
[111] 

n 
1240 1200 1·104 8·103

Si0,99Ge0,01
[111] 

p 
1280 1300 8·103 6·103

Si0,98Ge0,02
[111] 

p 
1220 1235 1·104 7·103

Si0,99Ge0,01:B 
[111] 

p 
1260 1290 2·104 1·104

Si0,98Ge0,02:B 
[111] 

p 
1240 1275 5·104 3·104

Si0,99Ge0,01:As 
[111] 

n 
1180 1160 3·104 1·104

Si0,99Ge0,02:As 
[111]n 1150 1100 5·104 4·104

 

dariSxaniT legirebul kristalSi Termuli damuSaveba aseve 

amcirebs vakansiebis koncentracias, magram amasTan erTad 

mimdinareobs didi atomuri radiusis mqone dariSxanis 

koncentraciis amaRleba myar xsnarSi. Sesabamisad izrdeba 

dariSxanis atomebTan lokalizebuli gaWimvis deformaciis 

centrebis raodenoba. es iwvevs igive lokalizebul areebSi 
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bmebis Sesustebas, rac warmoadgens mowvis Sedegad dariSxaniT 

legirebuli kristalebis mikrosisalis Semcirebis erT-erT 

arsebiT mizezs. cxrilSi 2. warmodgenilia siliciumisa da 

silicium-germaniumis sistemis monokristalebis sawyis da 

Termulad damuSavebul mdgomareobebSi mikrosisalis 

mniSvnelobebi. 

 

2.3. monokristaluri Si-Ge Senadnobebis aradrekadi 

Tvisebebi 

 

2.3.1. monokristaluri Si-Ge Senadnobebis Sinagani 

xaxunisa da Zvris modulis temperaturuli speqtrebi 

 

siliciumis legireba izovalenturi germaniumiT 

ganapirobebs struqturis araerTgvarovnebas, rac dakavSirebulia 

malegirebeli elementis atomebis araTanabar ganawilebasTan 

kristalur meserSi. germaniumis atomebi siliciumis matricaSi 

intensiurad moqmedeben Jangbadis atomebTan. es dasturdeba GeO2 

molekulis warmoqmnis maRali entalpiiT (5,90ev). SedarebisaTvis 

aRsaniSnavia, rom SiO2 molekulis warmoqmnis entalpia gacilebiT 

naklebi sididisaa (2,73ev). germaniumis gaxsniT siliciumis 

kristalur meserSi mosalodnelia vakansiebis koncentraciis 

gazrda, radganac didia gaxsnili elementis kovalenturi 

radiusi. vakansiebis maRali koncentraciebis pirobebSi daCqa-

rdeba Jangbadis precipitacia, romlis adreul stadias 

warmoadgens Termodonorebis generacia. siliciumis struqturaSi 

aseTi xasiaTis cvlilebebi gamoiwveven struqturuli 

gavrcobili defeqtebis Casaxvisa da moZraobis energetikuli 

parametrebisa da, maSasadame, struqturulad-mgrZnobiare 

meqanikuri da naxevargamtaruli Tvisebebis cvlilebebs. 

aRniSnuli garemoeba ganapirobebs germaniumiT legirebuli 

monokristaluri siliciumis struqturisa da fizikur-meqanikuri 

Tvisebebis kompleqsurad Seswavlis aqtualobas. 
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winamdebare naSromSi Seswavlilia Si-Ge Senadnobebis 

Sinagani xaxunisa da Zvris dinamiuri modulis temperaturuli 

damokidebuleba. sakvlevi nimuSebis Reroebi orientirebulia [111] 

kristalografiuli mimarTulebiT. maT realur struqturaSi 

dislokaciebis simkvrive 103-104sm-2-is sazRvrebSi icvleba. maT 

axasiaTebT eleqtronuli tipis gamtaroba, denis matareblebis 

koncentracia – 1⋅1015-5⋅1015sm-3. 

Si0,995Ge0,005 monokristalis Sinagani xaxunis temperaturuli 

speqtri grexiTi rxevebis ≅1hc sixSireze xasiaTdeba Semdegi 

TaviseburebebiT (sur. 6, 1). 

temperaturis 20-800°C intervalSi Sinagani xaxunis 

eqsponencialur fonze 100, 180-200, 450, 540 da 600°C 

temperaturebze aRmoCenilia intensiuri maqsimumebi. maqsimumebis 

forma damaxinjebulia maTi gafarToebisa da urTierTgadafarvis 

Sedegad. aRniSnul temperaturul intervalSi kritikul 

amplitudur rxeviT deformaciaze ~ 5⋅10-4 iwyeba Sinagani xaxunis 

zrda. es avlens Sinagani xaxunis fonisa da maqsimumebis 

deformaciul bunebas. 

Sinagani xaxunis speqtrs axasiaTebs Termuli 

arastabiluroba, radganac mowvis Sedegad pirveli gazomvis 

ganmavlobaSi maqsimumebis intensiuroba Zlier mcirdeba. 400-800°C 

temperaturul intervalSi xanmokle (0,5sT) mowva gacilebiT 

Zlier amcirebs Sinagani xaxunis fonis intensiurobas. amasTan 

dakavSirebiT gamokvleulia meore nimuSi, romelic pirveli 

nimuSis identuria SedgenilobiTa da orientaciiT. masSi 5hc-mde 

sixSiris amaRlebam gamoiwvia maqsimumebis wanacvleba maRali 

temperaturebisken. es adasturebs maT relaqsaciur bunebas. 200-

600°C  temperaturul intervalSi gazrdil rxevis sixSireze 

maqsimumebis intensiuroba dabalia. Sinagani xaxunis Semcireba 

nawilobriv gamowveulia histerezisis tipis Sinagani xaxunis 

procesebiT. cnobilia, rom histerezisuli Sinagani xaxunis 

intensiuroba rxevis sixSiris ukuproporciulia. aRsaniSnavia 
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isic, rom 180-200, 450 da 600°C  temperaturebis areSi adgili aqvs 

Zvris modulis defeqtsa da anomalur zrdas. Zvris modulis 

defeqti ganpirobebulia mimdinare relaqsaciuri procesiT, 

xolo misi mosazRvre modulis anomaluri zrda fazuri 

gardaqmnis tipis procesebiT arian gansazRvruli. 

 

  sur. 6.  monokristaluri Si-Ge Senadnobebis Sinagani xaxunis (a)  
           da Zvris modulis (b) temperaturuli speqtrebi 
 
kritikul temperaturebze arsebuli Sinagani xaxunis 

maqsimumebis relaqsaciuri mdgenelebis aqtivaciis energiis 

mniSvnelobebi ganawilebulia 1,0-2,5ev diapazonSi, maTi Sesabamisi 
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sixSiris faqtoris sidideebi SedarebiT maRalia da icvlebian 

1⋅1011-5⋅1014wm-1 intervalSi. calkeuli relaqsaciuri procesis 

damaxasiaTebeli aqtivaciis energiisa da sixSiris faqtoris 

mniSvnelobebi warmodgenilia cxrilSi 3. 

600°C temperaturaze mowva 3 sT-is ganmavlobaSi amcirebs 

oTaxis temperaturaze fonis intensiurobas 30% da praqtikulad 

gavlenas ar axdens 100°C temperaturaze arsebuli maqsimumis 

temperaturul mdgomareobasa, formasa da intensiurobaze. 

aRniSnuli maqsimumis intensiuroba ucvlelia grexiTi rxevebis 

amplitudis 5⋅10-5-1⋅10-3 intervalSi. maSasadame, igi dakavSirebuli 

araa raime formiT arsebuli dislokaciebis migraciasTan. Tu 

gaviTvaliswinebT, rom wertilovani defeqtebis kompleqsebi 

mdgradia mxolod 300-350°C temperaturebamde, unda miviCnioT, rom 

100°C temperaturaze relaqsaciur procesSi monawile 

aradislokaciuri warmoSobis defeqtebi mowvisadmi 600°C 

temperaturebamde avlenen maRal Termul mdgradobas.  

aRniSnul pirobebSi Termuli damuSaveba 180-200°C da 600°C 

temperaturebze iwvevs arsebuli relaqsaciur-histerezisuli 

maqsimumebis formisa da intensiurobis Secvlas. mowvis Sedegad 

mosalodnelia kristalis zedapirul fenebSi dislokaciebis 

birTvisa da sxvadasaxva tipis wrtilovani defeqtebis 

atmosferoebSi gardaqmnebi. es ganxorcieldeba martivi 

kompleqsebis fuZeze rTuli vakansia – minarevi atomebis 

komleqsebis formirebis gziT. aseTi xasiaTis struqturul 

gardaqmnebs SeuZliaT Secvalon Sinagani xaxunis gamovlinebis 

pirobebi, rac mocemul SemTxvevaSi gamovlenilia 180-200°C da 

600°C temperaturebis maxloblobaSi. upiratesad Termuli 

damuSavebiT mcirdeba aRniSnul temperaturebze histerezisuli 

warmoSobis Sinagani xaxunis intensiuroba. araa gamoricxuli 

SesaZlebloba, rom Si-Ge monokristalis Sinagani xaxunis mTel 

speqtrSi fonisa da maqsimumebis intensiurobis sagrZnoblad 

Semcireba (20-30%) dakavSirebuli aRmoCndes defeqtebis 
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struqturaSi Termuli zemoqmedebiT ganxorcielebul gar-

daqmnebTan. 

sayuradReboa is garemoeba, rom praqtikulad relaqsaciuri 

procesebis intensiuroba avlens rxevis amplitudisagan Zlier 

damokidebulebas, rac dislokacia-wertilovani defeqtis 

urTierTqmedebiT aris gansazRvruli. Termuli damuSavebiT 

aRniSnuli urTierTqmedeba SesaZlebelia gaZlierdes. amis gamo 

SeizRudeba dislokaciis moZraoba da Semcirdeba dislokaciuri 

warmoSobis relaqsaciuri procesis intensiuroba. es garemoeba 

mxedvelobaSia misaRebi intensiurobis Semcirebis gamomwvevi 

struqturuli cvlilebebis meqanizmis dadgenisas. 600°C-ze mowva 

amcirebs Zvris modulis defeqtebsa da anomaluri zrdis 

temperaturul intervals, radganac orive maTgani dakavSi-

rebulia kristalis struqturaSi mimdinare relaqsaciuri da 

histerezisuli tipis procesebTan, romlebic Tavs iCenen 

kritikul temperaturebze Termuli da niSancvladi Zabvis 

erTdrouli moqmedebis pirobebSi. 

Termuli damuSaveba 10-20°C-iT amaRlebs 400-800°C intervalSi 

arsebuli relaqsaciuri maqsimumebis temperaturebs, rac 

warmoadgens relaqsaciuri procesebis aqtivaciuri 

maxasiaTeblebis zrdis Sedegs. Termuli damuSavebis Semdeg 3-

5jer izrdeba rxevis deformaciis amplituda, romelzedac iwyeba 

Sinagani xaxunis fonisa da maqsimumebis intensiurobis 

amplitudisagan damokidebuleba. arsebuli Teoriuli 

warmodgenebis safuZvelze Sinagani xaxunis temperaturuli 

speqtris amplituduri damokidebulebis aRniSnuli xasiaTis 

cvlileba ganisazRvreba rogorc dislokaciebis merxevi 

segmentebis blokirebis gaZlierebis Sedegi. dislokaciuri 

segmentebis moZraobis SezRudva SesaZlebelia ganxorcieldes 

kotrelis atmosferoSi wertilovani defeqtebis koncentraciis 

gazrdiT da uSualod dislokaciis birTvSi minarevebis atomebis 

kompleqsebis warmoqmniT. axlad warmoqmnili kompleqsebi ufro 

efeqturad daamagreben segmentis boloebsa da Runvebs sxvadasxva 
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tipis dislokaciebze, romlebic monawileoben rxevebis energiis 

relaqsaciuri da histerezisuli gabnevis procesebSi.  

cikluri deformacia rxevis maRal amplitudebze (1⋅10-3-5⋅10-3) 

20-300°C intervalSi umniSvnelod cvlis Sinagani xaxunis 

speqtris maxasiaTeblebsa da Zvris dinamiuri modulis defeqtis 

mniSvnelobebs relaqsaciuri maqsimumebis temperaturebze. 400°C 

temperaturidan cikluri deformaciis gavlena Zlierdeba. 400°C 

temperaturaze rxeviTi deformacia 5⋅10-3 sididis amplitudaze 

(rxevaTa ciklebis raodenoba -200) 30%-iT amaRlebs fonis 

intensiurobas oTaxis temperaturaze, praqtikulad gavlenas ar 

axdens 100%-ze arsebuli relaqsaciuri maqsimumis formasa, 

intensiurobasa da temperaturaze. deformirebuli kristalis 

Sinagani xaxunis speqtrSi mniSvnelovnad (15-30%) izrdeba 

intensiuroba yvela danarCeni relaqsaciuri procesis da maTi 

Tanmxlebi Zvris modulis defeqti; 5-10°C-iT farTovdeba Zvris 

modulis anomaluri amaRlebis temperaturuli intervalebi; 

25°C-iT mcirdeba maRaltemperaturuli eqsponencialuri fonis 

kritikuli temperatura. 

aRniSnuli cvlilebebi temperaturul speqtrSi fiqsirebul 

temperaturebze dayovnebis droze aris damokidebuli. isini 

srulad CaixSobian 600°C temperaturaze 0,5sT-is ganmavlobaSi 

dayovnebis Sedegad. es miuTiTebs maszed, rom deformaciis 

pirobebSi bmebisagan ganTavisuflebuli dislokaciebis 

segmentebi da Runvebi minarevebis difuziiT kvlav 

damuxruWdebian. maTi damuxruWeba SesaZlebelia aseve vakan-

siebiT, romlebic deformaciiT warmoiqmnen kristalis struq-

turaSi. 

monokristaluri Si0,995Ge0,005 Senadnobis sawyis mdgomareobaSi 

etalonTan Sedarebis meTodiT gansazRvrulia Zvris modulis 

absoluturi mniSvnelobebi sxvadasxva temperaturaze (cxr. 3).  

oTaxis temperaturaze Zvris modulis sidide daaxloebiT 

10%-iT naklebia [111] kristalografiuli mimarTulebiT 
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monokristaluri siliciumis aseTive maxasiaTebelze (–5080kg/mm2). 

maRal temperaturebze Zvris modulis sidide wrfivad mcirdeba; 

misi damatebiTi Semcireba relaqsaciuri da histerezisuli 

Sinagani xaxunis procesebis gavleniT iwvevs defeqtebisagan 

Tavisufali monokristaluri siliciumisagan sagrZnob gadaxras. 

800°C-ze Zvris modulis sidide oTaxis temperaturasTan 

SedarebiT 25%-iT aris Semcirebuli. 

 
monokristaluri Si-Ge Senadnobebis aqtivaciuri da meqanikuri 

maxasiaTeblebi 
 

cxrili 3.  
Zvris moduli, kg/mm2Si-Ge 

Senadnobebi 
maqsimumebis 
tempereatura 

°C 

aqtivaciis
energia 

ev 

sixSiris 
faqtori 

wm-1
gazomv. 
temper. 

absolut. 
mniSvn. 

80-100 0,90 1⋅104 20 4800 

180-200 1,35 5⋅1013 120 4700 

450 1,75 8⋅1012 230 4550 

540 1,90 5⋅1012 350 4300 

600 2,10 2⋅1012 500 4180 

 
 
 
Si0,995Ge0,005 
    [111] 
 

680 2,35 8⋅1011 650 4000 

80-100 0,90 6⋅1013 20 4750 

180-200 1,35 2⋅1013 120 4600 

430 1,70 7⋅1012 230 4400 

525 1,80 4⋅1012 350 4240 

580 2,00 1⋅1012 500 4050 

 
 
   Si0,99Ge0,01 
    [111] 
 

670 2,20 7⋅1011 650 3850 

800-100 0.80 3⋅1013 20 4600 

180-200 1,30 6⋅1012 120 4450 

420 1,60 3⋅1012 230 4260 

510 1,70 1⋅1012 350 4150 

570 1,85 8⋅1011 500 3900 

 
 
 
Si0,98Ge0,02 
    [111] 
 

660 1,95    3⋅1011 650 3700 

 

mowva 600°C temperaturaze 3sT-is ganmavlobaSi mkveTrad 

amcirebs Sinagani xaxunis fons temperaturul intervalSi (20-

800°C), Sesabamisad mcirdeba Zvris modulis defeqtis 

mniSvnelobebi kritikul temperaturebze. yovelive aRniSnuli 

cvlileba ganapirobebs Zvris modulis sididis amaRlebasa da 

misi vardnis 15%-mde Semcirebas 800°C temperaturaze. radganac 

saSualo temperaturebze (≅ 600°C) Termuli damuSaveba arsebiTad 
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ar cvlis dislokaciebis simkvrives, unda iqnas miCneuli, rom 

monokristalis meqanikuri modulis amaRleba gamowveulia 

arsebuli dislokaciebis damuxruWebis gaZlierebiT, rasac 

axorcieleben wertilovani defeqtebi da maTi kompleqsebis 

mowvis procesSi dislokaciebis mimarTulebiT difuziuri 

gadanawilebiTa da kotrelis atmosferoebis gajerebiT. 

aRsaniSnavia isic, rom morigi cikluri deformaciiT kvlav 

adgili aqvs Zvris modulis xelaxal Semcirebas rac, 

dislokaciebis Zvradobis gazrdiT aris gamowveuli. aseT 

pirobebSi kvlav maRalia Sinagani xaxunis procesebis intensi-

uroba da SeiniSneba dabali temperaturebis mimarTulebiT 

Sinagani xaxunis maqsimumebis gadaadgileba.  

amrigad, eqsperimentulad dadgenilia, rom saSualo 

temperaturul intervalSi (400-600°C) mowviTa da 

maRalamplituduri rxeviTi deformaciiT SesaZlebelia 

monokristaluri Si0,995Ge0,005 Senadnobis realuri struqturuli 

mdgomareobisa da fizikur-meqanikuri Tvisebebis maxasiaTeblebis 

Seqcevadi xasiaTis marTva.  

Seswavlilia Si0,99Ge0,01 Senadnobis Sinagani xaxunisa da Zvris 

modulis temperaturuli speqtrebi. sacdeli nimuSebis 

kristalografiuli mimarTulebaa [111], dislokaciebis simkvrive 

5⋅10-3sm-2, denis matarebeli eleqtronebis koncentracia – 2⋅1015sm-2, 

grexiTi rxevebis 1,2hc sixSireze Sinagani xaxunis speqtris 

Sedgeniloba identuria zemoT ganxiluli monokristaluri 

Si0,995Ge0,005 Senadnobis speqtrisa, magram SeimCneva agreTve 

ganmasxvavebeli Taviseburebebi. yvela maqsimumi 10-15°C-iT 

gadanacvlebulia dabali temperaturebisaken. pirveli maqsimumi 

80-100°C intervalSi gaxleCilia or mdgenelad; misi maRal-

temperaturuli mdgeneli gamoirCeva amaRlebuli intensiurobiT. 

mkveTrad maRalia maqsimumebis intensiuroba 430, 525 da 590°C 

temperaturebze. amave temperaturebze gazrdilia Zvris modulis 

defeqti da misi mosazRvre modulis anomaluri amaRlebis 

temperaturuli intervali. maRalia aseve eqsponencialurad 
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mzardi Sinagani xaxunis fonis intensiuroba. 1·10-4 sididemdea 

Semcirebuli amplituduri fardobiTi deformacia, romelzedac 

Tavs iCens Sinagani xaxunis temperaturuli speqtris 

deformaciuli buneba 400-800°C temperaturul diapazonSi 

Sinagani xaxunisa da Zvris modulis speqtrebSi gamovlenili 

cvlilebebi dakavSirebulia germaniumis SedarebiT maRali 

Semcvelobis SenadnobebSi struqturuli defeqtebis 

koncentraciis amaRlebasa da germaniumis atomebTan arsebuli 

deformaciis velebis araTanabar ganawilebasTan kristalis 

stuqturaSi. maTi urTierTqmedeba ganapirobebs potencialuri 

barierebis farTo diapazonis warmoqmnas sxvadasxva tipis 

defeqtis moZraobis aqtivaciisaTvis, romelsac aseve SeiZleba 

Tan sdevdes individualuri defeqtebis eleqtruli mdgomareobis 

cvlileba realuri struqturis cvlilebebi ganapirobeben 

Sinagani xaxunisa da Zvris modulis rTuli speqtrebis 

arsebobas. 

aRsaniSnavia, rom Si0,99Ge0,01 kristalis aradrekadi 

maxasiaTeblebi SedarebiT maRali Termuli mdgradobiT 

gamoirCevian. ganmeorebiT gazomva gviCvenebs maqsimumebis 

intensiurobis umniSvnelo vardnas. magram es garemoeba 

ganpirobebulia struqturuli defeqtebis urTierTqmedebis 

gaZlierebiTa da germaniumis atomebTan warmoqmnili deformaciis 

drekadi velebis urTierTgadafarviT. ar aris gamoricxuli 

axali tipis kompleqsebis formireba. grexiTi rxevebis 5,5 hc 

sixSireze maqsimumebis relaqsaciurma mdgenelebma gadainacvles 

maRali temperaturebisaken. aseT mdgomareobaSi maqsimumebi 

xasiaTdebian SedarebiT dabali intensiurobiT, maRal 

sixSireebze histerezisuli procesebis wvlilis Semcirebis gamo. 

sixSiruli wanacvlebis meTodiT gansazRvruli aqtivaciuri 

parametrebi warmodgenilia cxrilSi-3. cxrilidan Cans rom 

siliciumis kristalur meserSi germaniumis koncentraciis 

gazrdas Tan axlavs aqtivaciis energiis mniSvnelobisa da relaq-

saciuri procesebis sixSiruli faqtoris SesamCnevi Semcireba.  
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600°C temperaturaze 3sT-is ganmavlobaSi mowva 10-15% 

amcirebs maqsimumebis intensiurobas 400-800°C temperaturebze. 

danarCeni maqsimumebi da fonuri Sinagani xaxunis intensiuroba 

umniSvnelod klebulobs. mowvis Semdeg Sinagani xaxunis 

maqsimumebi iReben simetriul formas sawyisi mdgomareobisagan 

gansxvavebiT, SesamCnevad iklebs 420°C-ze arsebuli maqsimumis 

intensiuroba da misi naxevargani, rasac ganapirobebs mowvis 

procesSi relaqsaciaSi monawile defeqtebis moZraobis energiis 

ganawilebis intervalis Seviwroeba. amasTan erTad ikveceba 

relaqsaciis drois speqtris intervali. miuxedavad aRniSnulisa 

Termuli damuSavebis Semdeg miTiTebuli maqsimumi kvlav 

sakmarisad ganieri rCeba. relaqsaciis erTi droiT 

gansazRvruli debais formis mqone maqsimumTan SedarebiT. debais 

formis maqsimumisagan aRniSnuli gadaxrebi ganapirobeben 

sxvadasxva meTodiT gansazRvruli aqtivaciis energiis 

sidideebis simravlis arsebobas. marTlac, Sinagani xaxunis 

fonis gamoricxvis Semdeg 450°C arsebuli maqsimumis 

eqsperimentuli naxevarganisaTvis miiReba Semdegi mniSvneloba:   

                ( )
21

111
TTexspT −=Δ ,                         (17) 

sadac T1 da T2 absoluturi temperaturebia maqsimumebis naxevar 

simaRleze. maqsimumis aqtivaciis energiis eqsperimentuli 

mniSvnelobis gaTvaliswinebiT miiReba debais maqsimumis 

naxevarganis Teoriuli sidide formuliT: 

                     ( )
H
K2,635teorT ⋅=Δ 1                          (18) 

saidanac aRniSnuli maqsimumis fardobiTi sigane toli iqneba:  

              ( ) ( ) ( ) 3,15teorTexspTr =ΔΔ= 1:1
2 β .                   (19) 

ganawilebis funqciis cxriluri mniSvnelobebis gaTvaliswinebiT 

SesaZlebelia ganisazRvros ganawilebis parametri: β=2,7, es 

sidide warmoadgens gausis normaluri ganawilebis koeficients. 

miRebuli mniSvneloba sakmarisad didia. es SeiZleba 

 83



dakavSirebulia aqtivaciis energiis da sixSiruli faqtoris 

speqtrebis erTdroul arsebobasTan.  

sawyisi nimuSis Sinagani xaxunis speqtrs Tan axlavs Zvris 

modulis rTuli temperaturuli damikodebuleba. temperaturis 

20-300°C intervalSi moduli praqtikulad ar icvleba. Sinagani 

xaxunis maqsimumebis temperaturebze SeiniSneba Zvris modulis 

mkveTri vardna. 450°C-ze modulis defeqti maqsimaluria da 

tolia maqsimumis intensiurobis gaorkecebuli sididis, es 

niSnavs, rom jamur maqsimumSi mniSvnelovania relaqsaciuri 

procesebis wvlili. modulis defeqts esazRvreba misi 

anomaluri zrdis ubani. es miuTiTebs maszed, rom gaxurebis 

procesSi mimdinareobs wertilovani defeqtebis da maTi kom-

pleqsebis difuzuri gadanawileba dislokaciebis birTvebsa da 

atmosferoebSi, rac zRudavs dislokaciebis moZraobas da 

ganapirobebs kristalis dinamiur ganmtkicebas. 

Termuli damuSavebis Sedegad Si0,99Ge0,01 monokristalis 

Sinagani xaxunis speqtri gamoirCeva Termuli stabilurobiT da 

ar aris damokidebuli nimuSis gaxureba-gacivebis ciklze. 

dafiqsirebulia Zvris modulis mdored Semcireba da mcire 

sididis modulis defeqtebi Sinagani xaxunis maqsimumebis 

kritikul temperaturebze. dinamiuri Zvris modulis aseTi 

cvlileba axasiaTebT kovalentur kristalebs, romlebic 

Seicaven struqturul defeqtebs minimaluri koncentaciiT. aseT 

kristalebSi Zvris modulis mdored susti, wrfivi Semcireba 

ZiriTadad ganpirobebulia denis Tavisufali matareblebis 

koncentraciisa da atomebis siTburi rxevebis amplitudis 

gazrdiT. amasTan erTad mosalodnelia narCeni minarevebis 

atmosferoebisa da metastabiluri kompleqsebis gavleniT 

dislokaciebis Zvradobis Semcireba. realuri struqturis aseT 

mdgomareobas adasturebs Sinagani xaxunis fonis amplituduri 

damokidebulebis dawyebis kritikuli amplitudis SesamCnevad 

amaRleba temperaturis 600-800°C intervalSi.  
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Termulad damuSavebuli sacdeli nimuSis cikluri 

deformacia 600°C temperaturaze (ciklebis raodenoba – 200, 5⋅10-3 

-  fardobiTi amplituduri deformacia) mkveTrad zrdis fonisa 

da maqsimumebis intensiurobas. 400-800°C temperaturul 

intervalSi izrdeba calkeuli maqsimumis sigane, mcirdeba maTi 

kritikuli temperaturebi, rac gamowveulia axali centrebis 

warmoqmniT, romlebic aqtivaciis energiis simravliT xasiaT-

debian. deformaciis mdgomareobaSi dislokaciebze arsebuli 

segmentebis sigrZe sxvadasxvaa. es Tavis mxriv dislokaciebze 

damagrebis centrebis koncentraciis cvlilebebiT aris 

ganpirobebuli. arsebiTia aseve Termuli da meqanikuri energiis 

erTdouli zemoqmedeba segmentebis sigrZeze. dislokaciebis 

xelaxali damagrebisTvis aucilebelia minarevebis da maTi 

kompleqsebis difuzuri gadanawileba.  

realuri struqturis stabilizacia miiRweva gansazRvrul 

droSi. marTlac, deformaciis Semdeg Sinagani xaxunis 

maqsimumebis intensiurobis SemcirebisaTvis saWiroa mowva 600°C-

ze 0,5 sT-is ganmavlobaSi. aseTi xanmokle mowvis Sedegad kvlav 

10-15%-iT izrdeba Sinagani xaxunis maqsimumebis aqtivaciis 

energia. es aixsneba Sinagani Zabvebis SemcirebiT da dislokaciis 

Zvradobaze maTi damamuxruWebeli moqmedebis SesustebiT. am 

pirobebSi gaZlierebulia drekadi da eleqtruli warmoSobis 

Zalebi, romlebic akontroleben wertilovani defeqtebisa da 

dislokaciebis aqtivacias. 

germaniumis SedarebiT maRali Sedgenilobis Si-Ge 

monokristalis Zvris modulis absoluturi sidide 

Semcirebulia 4600km/mm2 mniSvnelobamde. aRniSnuli cvlilebis 

mizezebia dislokaciebis simkvrivis amaRleba da germaniumis 

atomebTan formirebuli gaWimvis deformaciis velebi, romlebic 

lokalurad zrdian atomTaSoris manZilebs, rac asustebs 

atmomTaSoris arsebul kavSiris Zalebs da maTTan dakav-

Sirebuli meqanikuri modulebis sidideebs. 
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germaniumis koncentraciis gazrdiT 2at.%-mde 

monokristaluri Si-Ge Senadnobis Sinagani xaxunisa da Zvris 

modulis temperaturuli speqtrebSi gamovlenilia maRali 

fonuri Sinagani xaxuni da Zvris modulis SesamCnevad Semcireba, 

radganac monokristaluri Si0,98Ge0,02 Senadnobis struqturaSi 

5⋅104sm-2 sididemde gazrdilia dislokaciebis simkvrive. 

germaniumis SedarebiT maRali koncentracia ganapirobebs 

struqturis Sedgenilobisa da Zabvebis araerTgvarovnebas da  

lokalizebuli drekadi Zabvebis velebis urTierTgadafarvis 

gaZlierebas. es gavlenas axdens minarevebis, vakansiebisa da maTi 

kompleqsebis eleqtrul da difuzur aqtiurobaze. 

mosalodnelia dislokaciuri Zvradobis cvlilebebi, rogorc 

gazrdis, agreTve Semcirebis mimarTulebiT, rasac akontrolebs 

wertilovani defeqtebis difuzia kristalis moculobasa da 

dislokaciebis birTvebSi. 

aRniSnuli cvlilebebi sruladaa asaxuli Sinagani xaxunisa 

da Zvris modulis temperaturul speqtrebSi. Sinagani xaxunis 

speqtri xasiaTdeba maRali intensiurobis eqsponencialuri 

fonisa da maqsimumebiT 80-100, 120-200, 420, 510 da 570°C 

temperaturebze (sur. 6,2). maRali intensiurobiT gamoirCeva 

maqsimumi 420°C, romlis areSi Zvris moduli Zlierad (≅25%) 

mcirdeba, xolo 420-460°C SualedSi is anomalurad izrdeba da 

aRwevs oTaxis temperaturis Sesatyvis sididemde. ganmeorebiTi 

gazomviT miRebuli speqtris intensiuroba umniSvnelod (10-12%) 

aris Semcirebuli. es miuTiTebs Si0,98Ge0,02 Senadnobis Sinagani 

xaxunis procesebSi monawile defeqtebis Termuli mdgomareobis 

stabilurobaze.  

maRal sixSireze (5,5hc) Sinagani xaxunis relaqsaciuri 

mdgenelebi gadaadgildebian temperaturis zrdis mimarTulebiT. 

sixSiris Secvlaze ar reagireben 180, 500 da 650°C  temperatuebze 

gamovlenili maqsimumebis mdgenelebi. aRniSnul temperaturebze 

Zvris moduli anomalurad izrdeba. miRebuli Sedegebi mowmoben, 
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rom miTiTebul temperaturebze Sinagani xaxuni ararelaqsaciuri 

warmoSobisaa. modeluri warmodgenebis Tanaxmad savaraudoa, rom 

Si-Ge Senadnobebis struqturaSi gansazRvrul temperaturebze 

mimdinareoben fazuri gardaqmnis tipis procesebi. 

cnobilia [122], rom monokristaluri siliciumis zedapiris 

meqanikuri da qimiur-meqanikuri damuSaveba iwvevs Zvris modulis 

temperaturuli histereziss, rasac Tan axlavs Sesabamisi 

cvlilebebi Sinagani xaxunis speqtrSi. aseTi xasiaTis 

cvlilebebi vlindebian fazuri gardaqmnebis procesebSi, 

romlebic  siliciumis realur struqturaSi mimdinareoben 

Sualedur, metastabilur fazebSi. dReisaTvis siliciumis 

struqturaSi aRmoCenilia aTamde politipuri modifikacia. isini 

struqturaSi Caisaxebian mimarTuli plastiuri deformaciis 

pirobebSi. 

naCvenebia [123], rom deformaciiT stimulirebuli axali faza 

Cndeba kristalis zedapirul fenebSi mcire zomis nawilakebis 

formiT da Seicavs didi raodenobiT mikrooreulebs. siliciumis 

modifikaciebSi fazuri gardaqmnebi dakavSirebulia plastiuri 

deformaciis dros aRZruli nawilobrivi dislokaciebis 

korelirebuli moZraobiT. aRniSnul process Tan axlavs 

moculobiTi fazuri mdgenelis formireba da statistikurad 

ganawilebuli wyobis defeqtebi. kristalis zedapirze maTi 

gamosvla SesaZlebelia mcire intensiurobis meqanikuri zemoq-

medebiT. Si-Ge monokristalis Sinagani xaxunis speqtris 

histerezisuli mdgenelebi da Zvris modulis anomaliebi 

dakavSirebulia siliciumis politipur fazebSi mimdinare fazur 

gardaqmnebTan, romlebic gansazRvrul temperaturebze iCenen 

Tavs [124]. 

monokristaluri Si0,98Ge0,02 Senadnobis Sinagani xaxunis relaq-

saciuri maxqimumebis aqtivaciis energiis mnisvnelobebi 

warmodgenilia cxr. 3-Si. rogorc mosalodneli iyo, isini 

Semcirebulia germaniumis mcire koncentraciiT (0,5%) 

legirebuli Si-Ge Senadnobis analogiur maxasiaTeblebTan 
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SedarebiT. maRali, araerTgvarovnad ganawilebuli Sinagani 

Zabvebi iwveven paierlsis barierebis dadablebas. Sesabamisad 

dislokaciebis moZraobisaTvis naklebi sididis energia 

daixarjeba meqanikuri Zabvis zemoqmedebiT. legireba zrdis 

kristaluri mesris parametrs, Sesabamisad mcirdeba 

atomTaSorisi kavSiris Zalebi da maTi proporciuli Zvris 

modulis sidide. 

mowva 600°C temperaturaze 3sT-is ganmavlobaSi iwvevs 

Sinagani xaxunis eqsponencialuri fonis ∼15%-iT dadablebas da 

relaqsaciuri maqsimumebis 15-20°C-iT gadanacvlebas maRali 

temperaturebis mimarTulebiT. mowva amcirebs relaqsaciuri da 

histerezisuli warmoSobis Sinagani xaxunis fons, Zvris modulis 

defeqtisa da anomalurad amaRlebis mniSvnelobebs. izrdeba 

aseve kritikuli amplituduri deformacia, romelzedac iwyeba 

Sinagani xaxunis fonis, relaqsaciuri da histerezisuli 

procesebis intensiurobis zrda. es adasturebs struqturis 

meqanikur ganmtkicebas dislokaciebis Zvradobis Semcirebisa da 

damuxruWebis gaZlierebis gavleniT. 

Termulad damuSavebuli Si-Ge monokristalis cikluri 

deformacia 600°C-ze (deformaciis amplituda - 5⋅10-3, ciklebis 

raodenoba - 200) mkveTrad amaRlebs Sinagani xaxunis procesebis 

intensiurobas, iwvevs Zvris modulis defeqtis gazrdas 

kritikul temperaturebze da arsebiTad gavlenas ar axdens 

modulis anomalurad amaRlebis sidideze, magram 10-15°C-iT 

zrdis modulis anomaliis gamovlinebis temperaturul 

intervalebs. sagrZnoblad mcirdeba deformirebuli 

monokristalis Zvris modulis absoluturi mniSvneloba. 

400-650°C intervalSi Termocikluri zemoqmedeba (gaxureba-

gaciveba 3°C/ wT siCqariT) avlens modulis e.w. “Sebrunebul” 

histereziss. igi gamovlenilia Semdegnairad: gaxurebis procesSi 

modulis cvlilebis grafiki mdebareobs qvemoT, vidre 

gacivebisas miRebuli modulis temperaturuli damokidebulebis 
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grafiki. es faqti winaaRmdegobaSia dislokaciis blokirebisa da 

blokirebisagan ganTavisuflebis procesebTan. radganac 

mosalodnelia, rom gaxurebis procesSi adgili aqvs 

metastabiluri fazebis daSlasa da dislokaciis blokadis 

Sesustebas. gacivebisas ki SesaZlebelia Gganxorcieldes 

dislokaciebis birTvebTan dispersuli fazebis kvlav warmoqmna. 

isini metad daamagreben dislokaciebs da Sesabamisad, 

ganapirobeben Zvris modulis vardnaSi dislokaciuri wvlilis 

Semcirebas. Zvris modulis e.w. “Sebrunebuli” histerezisi 

Seuqcevadia. igi Tavs iCens yovelTvis, vidre ar moispoba 

metastabiluri dispersuli fazebis Casaxvis kerebi. 

Zvris modulisa da Sinagani xaxunis histerezisuli 

cvlileba damaxasiaTebelia germaniumis maRali Semcvelobis 

monokristaluri Si-Ge SenadnobebisaTvis. igi sustad vlindeba 

masiur, aralegirebul monokristalur siliciumSi [124], rodesac 

masSi dislokaciebis simkvrive praqtikulad nulis tolia.  

 

 

2.3.2. boriT legirebuli monokristaluri Si-Ge Senadnobebis 

Sinagani xaxunisa da Zvris modulis temperaturuli speqtrebi 

[125-129] 

 
naxevargamtarul masalebSi plastiuri deformaciis meqaniz-

mi srulyofilad gamokvleuli ar aris. warmodgenilia mosaz-

rebebi, rom kovalentur kristalebSi dislokaciebis moZraoba 

ganpirobebulia wyvili Runvebis CasaxviTa da moZraobiT 

dislokaciis gadaadgilebis mimarTulebiT, geometriuli Runvis 

moZraobiT da dislokaciebze arsebuli safexurebis moZraobiT, 

rasac Tan sdevs Canergili atomebis STanTqma da vakansiebis 

warmoqmna. dislokaciebis moZraobis energiis eqsperimentuli 

sidide 2ev.-is rigisaa da Zlieradaa damokidebuli Zabvaze. 

dislokaciuri Runvebis moZraobas relaqsaciuroba axasiaTebs, 

radganac naxevargamtarebSi dislokaciebis moZraobis energia 
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maRalia, amitom Sinagani xaxunis speqtrSi dislokaciuri 

warmoSobis relaqsaciuri procesebi gamovlindebian maRal 

temperaturebze. 

 legireba eleqtrulad aqtiuri minarevebiT naxevargam-

tarebis kristalur meserSi dislokaciebis energetikuli 

maxasiaTeblebze erTdroulad moqmedebs drekadi da eleqtruli 

warmoSobis velebis saSualebiT. eleqtruli Zalebi asusteben 

dislokaciebis bmebs da amaRleben mis Zvradobas. drekadi 

zemoqmedeba ki orgvaria – SekumSvisa da gaWimvis deformacia, 

Sesabamisad, aZnelebs da aadvilebs dislokaciis moZraobas. 

minarevis kritikul koncentraciaze aRniSnulTagan erTi 

romelime maTgani gansazRvravs naxevargamtaris kristalur me-

serSi dislokaciebis Casaxvisa da moZraobis energetikul 

parametrebs. 

winamdebare naSromSi Seswavlilia boriTa da germaniumiT 

erTdroulad legirebuli monokristaluri siliciumis Sinagani 

xaxunisa da Zvris dinamiuri modulis temperaturuli damoki-

debuleba. eqsperimentuli gazomvebi Sesrulebulia grexiTi 

rxevebis ∼ 1hc sixSireze, fardobiTi deformaciis ∼ 5⋅10-5 da 

gaxureba-gacivebis 2 0C/wT siCqaris pirobebSi. sacdeli kristali 

Si0,995Ge0,005 Seicavs bors 2⋅1017sm-3 koncentraciiT.  

Sinagani xaxunis temperaturul speqtrSi 100, 220, 460, 600, 720 

da 800°C temperaturebze gamovlenilia maqsimumebi. isini SeTavse-

bulia Sinagani xaxunis eqsponencialurad mzard fonTan (sur.7a). 

ganmeorebiTi gazomvis Sedegebi praqtikulad pirveli gazomvebis 

Sedegebis identuria. mxolod umniSvnelod (5-10%) mcirdeba 

fonuri Sinagani xaxunis intensiuroba 20-300°C intervalSi. es 

faqti avlens Senadnobis struqturaSi arsebuli defeqtebis 

maRal Termul mdgradobas, rac ar aris damaxasiaTebeli 

aralegirebuli monokristaluri Si-Ge SenadnobisaTvis. 

yvela maqsimumis temperatura icvleba grexiTi rxevebis 

sixSiris cvlilebiT, rac adasturebs maT relaqsaciur bunebas. 
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aRsaniSnavia, rom SedarebiT maRal (~ 5 hc) sixSireze icvleba 

220 0C-ze arsebuli maqsimumis forma da sustad mcirdeba (10-!2%) 

misi dabaltemperaturuli mxare 1800C temperaturis areSi. es 

aCvenebs aRniSnul temperaturaze ararelaqsaciuri Sinagani 

xaxunis procesis mimdinareobas temperaturisa da gareSe 

perioduli Zabvis zemoqmedebiT. relaqsaciuri procesebis 

aqtivaciis energiisa da sixSiris faqtoris mniSvnelobebi 

warmodgenilia cxr. 4-Si. 

 

 

sur.7. boriT legirebuli monokristaluri Si-Ge Senadnobebis Sinagani        
xaxunis (1,2) da Zvris  modulis (1′, 2′) temperaturuli damokidebuleba:  

1, 1′ - p=2⋅1017 sm-3; 2, 2′ - p=1⋅1020 sm-3; 
 

Sinagani xaxunis speqtris intensiuroba 20-300°C intervalSi 

damokidebulia rxevis sixSiris amplitudisagan rxeviTi 
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deformaciis 5⋅10-5-1⋅10-4 diapazonSi. es iZleva safuZvels miCneul 

iqnas, rom Sinagani xaxunis miTiTebul intervalSi 

aradislokaciuri warmoSoba axasiaTebs da misi Semadgeneli ori 

relaqsaciuri procesi dakavSirebulia wertilovani defeqtebisa 

da maTi kompleqsebis migraciasTan gareSe Zabvis velSi. mowva 

600-800°C intervalSi 5 sT.-is ganmavlobaSi 15-20%-iT amcirebs 

100°C-ze arsebuli relaqsaciuri maqsimumis intensiurobas; 220°C-

ze arsebuli maqsimumis forma asimetriulia 180-200°C tempera-

turebze intensiurobis SedarebiT metad Semcirebis gamo. cxadia 

mowvis Sedegad SedarebiT aramdgradi wertilovani defeqtebis 

koncentracia mcirdeba. mosalodnelia aseve martivi 

kompleqsebis disociacia da axali mdgradi kompleqsebis 

formireba, romlebic gansxvavebuli energetikuli parametrebiT 

xasiaTdebian da relaqsaciur procesSi 100 da 200-220°C 

temperaturebze monawileobas ar iReben. 

mowvis temperaturis 900°C–mde amaRleba praqtikulad mTlia-

nad axSobs relaqsaciur process 100°C temperaturaze (mowvis 

xangrZlivoba Seadgens 3 sT.) da 50%-iT adablebs 220°C-ze 

maqsimumis intensiurobas. maSasadame maRaltemperaturuli 

Termuli damuSavebiT SesaZlebelia erTeulovani wertilovani 

defeqtebisa (minarevis atomebi, vakansiebi) da maTi kompleqsebis 

koncentraciuli da konfiguraciuli cvlilebebi. aseTi 

cvlilebebis Sedegia relaqsaciur procesSi monawile defeq-

tebis koncentraciis mkveTrad Semcireba.  

Termuli damuSavebis Semdgomi maRaltemperaturuli 

cikluri deformacia 400-800°C temperaturul intervalSi 

(amplituduri deformacia - 5⋅10-3, ciklebis raodenoba – 200) 1,5-2-

jer amaRlebs fonuri Sinagani xaxunis intensiurobas, magram 

praqtikulad gavlenas ar axdens 200-300°C SualedSi arsebuli 

relaqsaciuri maqsimumebis intensiurobaze. cxadia, rom cikluri 

deformaciiT warmoiqmnebian wertilovani defeqtebis iseTi 

kompleqsebi, romlebic ar ganapirobeben Tavdapirveli speqtris 
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Semadgeneli relaqsaciuri procesebis intensiurobis regu-

lirebas. 

cikluri deformaciiTa da Termuli damuSavebiT 

SesaZlebelia maRaltemperaturuli Sinagani xaxunis maqsimumebis 

maxasiaTeblebis mniSvnelovani cvlilebebi, radganac, 450°C-ze 

cikluri deformacia (deformaciis sidide - 5⋅10-3, ciklebis 

raodenoba -200) iwvevs 400-800°C SualedSi gamovlenili 

maqsimumebis 15-30°C-iT gadaadgilebas dabali temperaturisaken; 

amasTan erTad izrdeba maTi intensiuroba 20-30%-iT, xolo 

maqsimumebis naxevargani ~ 1,5-jer. maSasadame, deformaciis proce-

sSi Caisaxebian da gamravldebian sxvadasxva tipis deformaciuli 

warmoSobis defeqtebi (dislokaciebi, vakansiebi). defeqtebis 

calkeuli tipi xasiaTdeba Casaxvisa da moZraobis energiis 

mniSvnelobebis simravliT. swored es garemoeba ganapirobebs 

relaqsaciuri procesis maqsimumis gaganierebasa da Zlierad 

gadaxras debais formis relaqsaciis fiqsirebuli drois erTi 

sididiT gansazRvruli maqsimumisagan. 

deformirebuli nimuSis fiqsirebuli temperaturiTa da 

rxevis sixSiriT gansazRvruli aqtivaciis energiis 

mniSvnelobebi Semcirebulia sawyisi speqtris maxasiaTeblebTan 

SedarebiT. analogiuri cvlilebebi fiqsirebulia 

aralegirebuli, monokristaluri Si-Ge Senadnobebis 

deformaciuli bunebis Sinagani xaxunis speqtrSi. rogorc ukve 

aRiniSna, maRalamplituduri cikluri deformacia iwvevs dislo-

kaciebze arsebuli segmentebisa da Runvebis mowyvetas damagrebis 

centrebidan; sustdeba maTi bmebi kristaluri mesris 

potencialur velSi da maTi moZraobisaTvis naklebi sididis 

energia aris sakmarisi. aRniSnulis gamo maqsimumebi deformaciis 

zemoqmedebiT gadaadgildebian dabal temperaturebze da maT 

axasiaTebT Semcirebuli sididis aqtivaciis energiebi. 

rogorc mosalodnelia, deformirebuli Si-Ge monokristalis 

relaqsaciuri Sinagani xaxunis speqtri Termulad aramdgradia. 

sakmarisia 600°C-ze 0,5sT.-is ganmavlobaSi dayovneba maqsimumebis 
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sawyisi maxasiaTeblebis aRdgenisaTvis, radganac adgili aqvs 

minarevebisa da vakansiebis difuzias dislokaciebis 

mimarTulebiT, dislokaciebis kotrelis atmosferoebis 

gamdidrebasa da amis Sedegad dislokaciebis moZraobis 

damuxruWebas. mikroskopul masStabebSi modeluri warmodgeniT 

gaZlierdeba geometriuli Runvisa da wertilovani defeqtis 

urTierTkavSiri, Semcirdeba dislokaciuri segmentis sigrZe da, 

maSasadame, misi rxevis amplituda, ganxorcieldeba struqturis 

meqanikuri ganmtkiceba. es procesi Seqcevadia, radganac morigi 

deformaciiT kvlav miiRweva dislokaciebis struqturis 

elementebis (segmenti, Runva) mowyveta wertilovani bmebisagan. 

eqsperimentulad dadgenilia, rom Si-Ge Senadnobebis 

relaqsaciuri warmoSobis Sinagani xaxunis maqsimumebi 400-800°C 

intervalSi praqtikulad erTnairad reagireben Termul 

damuSavebasa da ciklur deformaciebze, rac avlens maT 

deformaciul bunebas. magram arseboben agreTve maTi 

ganmasxvavebeli Taviseburebebi. boriT legirebul Si0,995-Ge0,005 

SenadnobSi 460°C temperaturaze arsebuli relaqsaciuri 

maqsimumis intensiuroba praqtikulad ar icvleba 600°C 

temperaturaze 3 sT-is ganmavlobaSi mowvis Semdeg.  

mowvis xangrZlivobaze damokidebuleba axasiaTebT 

relaqsaciur procesebs 600, 720 da 800°C temperaturebze. 

cnobili Teoriuli mosazrebebis Tanaxmad Sinagani xaxunis 

mowvis droisagan damokidebuleba dakavSirebulia minarevebis 

atomebis difuziasTan, romelic mimdinareobs dislokaciebis 

birTvis gaswvriv. amaRlebul temperaturebze izrdeba agreTve 

minarevebis ganivi difuziis wvlili Sinagani xaxunis intensi-

urobaSi. gaswvrivi difuziis stimulirebas axdenen xazovani 

daWimulobis Zalebi. isini warmoiqmnebian dislokaciuri 

segmentis amozneqilobiT, rasac Tavis mxriv iwvevs dislokaciis 

xazisadmi perpedikularulad moqmedi meqanikuri Zabva.  

ciklurad deformirebul struqturaSi dislokaciebisa da 

wertilovani defeqtebis axlad Camoyalibebuli konfiguraciebi 
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hqmnian Sinagani xaxunis droze damokidebulebis gamovlinebis 

damatebiT SesaZleblobebs. marTlac, igi gamokveTilad 

fiqsirdeba aseve 400-450°C temperaturul SualedSi. aRsaniSnavia, 

rom Sinagani xaxunis, rogorc drois funqciis gamovlineba 

xorcieldeba yoveli konkretuli masalisaTvis gansazRvrul 

temperaturul intervalSi. rogorc eqsperimentebi avlenen Si-Ge 

monokristalebSi is Tavs iCens 400-800°C intervalSi. dabal 

temperaturebze minarevebis difuzuri gadaadgileba 

dislokaciebis gaswvrivi da ganivi mimarTulebebiT metad umniS-

vneloa. swored amitom ara aqvs adgili Sinagani xaxunis damoki-

debulebas droze. 800°C-ze maRal temperaturebze minarevebis 

difuzia daCqarebulia. maTi sawyis poziciaSi dabruneba rxeviTi 

ciklis dasrulebamde xdeba da Sinagani xaxunis intensiuroba 

nulamdea Semcirebuli.  

saSualo temperaturul (400-800°C) intervalSi minarevebis 

atomebis (maT Soris malegirebeli boris atomebi) difuzia da 

relaqsaciis dro hqmnian maqsimaluri Sinagani xaxunis 

gamovlinebis pirobebs. aradrekadobis droisagan damokidebule-

bis arseboba gansazRvravs agreTve struqturuli mdgomareobi-

sadmi metad mgrZnobiare dinamiuri Zvris modulis specifikur 

temperaturul damokidebulebas. 

monokristaluri Si0,99-Ge0,01:B Senadnobis Zvris modulis 

temperaturul speqtrSi gamovlenilia relaqsaciuri 

procesebisaTvis damaxasiaTebeli modulis vardna anu e.w. Zvris 

modulis defeqti. is didia maRali intensiurobis maqsimumebis 

temperaturebze (sur. 7.1′ b). standartuli modeluri myari sxeu-

lisagan gansxvavebiT sacdeli Senadnobis Zvris moduli 450-500 

da 600-700°C temperaturebze anomalurad izrdeba. modulis aseTi 

cvlilebebi damaxasiaTebelia fazuri gardaqmnis procesisaTvis.  

Zvris moduli mdovred mcirdeba 20-300°C intervalSi. 

modulis defeqtebisa da anomaluri zrdis wvlilis CauTvlelad 

Zvris dinamiuri modulis temperaturuli damokidebuleba wrfivi 
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SemcirebiT xasiaTdeba, Si-Ge monokristalebSi iseve, rogorc 

almasis tipis struqturis kovalentur kristalebSi. Termuli 

damuSaveba (mowva 600°C, 5sT.) mniSvnelovnad amcirebs Zvris 

modulis defeqtebs, magram imavdroulad praqtikulad gavlenas 

ar axdens modulis anomalurad amaRlebaze aRniSnul 

temperaturul intervalebSi. 

Zvris modulis defeqti da anomaluri zrda Zlierad 

vlindebian kristalis rxevis amplitudis maRal mniSvnelobebze 

(∼1⋅10-3). modulis defeqti dislokacia-wertilovani defeqtis 

urTierTqmedebiTaa gansazRvruli, xolo modulis anomaliis 

gaZliereba fazuri gardaqmnis procesebis gaaqtiurebiT aixsneba. 

aseTi cvlilebebi damaxasiaTebelia fazuri gardaqmnebisaTvis 

Zvris meqanizmiT. rogorc zemoTaa naCvenebi 900°C-ze mowva 

Zlierad axSobs relaqsaciur procesebs sacdel SenadnobSi. 

Sesabamisad mcirdebian Zvris modulis Cavardnebi (defeqtebi) 

kritikul temperaturebze, radganac mcirdeba aradrekadobis 

ganmsazRvreli defeqtebis koncentracia. aseT pirobebSi Zvris 

modulis anomaliebi avlenen maRal Termul mdgradobas. e.i. 

Termulad mdgradia realur srtuqturaSi is kerebi (araerTgva-

rovani Zabvebi, dislokaciebis grovebi, deformaciuli oreule-

bis paketebi), romlebSic Termuli zemoqmedebiT mimdinareoben 

fazuri gardaqmnebis tipis procesebi boriT sustad legirebul 

Si-Ge SenadnobebSi.  

temperaturul intervalSi gansazRvrulia Zvris modulis 

absoluturi mniSvnelobebi (ix. cxr.4). germaniumis identuri 

Sedgenilobis monokristalur Si-Ge SenadnobTan SedarebiT 

modulis mniSvnelobebi maRalia da Termuli damuSavebis Semdeg 

dafiqsirebulia misi zrdis tendencia 20-800°C intervalSi. boris 

koncentracia - 2⋅1017sm-3 arasakmarisia 104-105sm-2 simkriviT dislo-

kaciebis Semcvelobis kristalSi gawyvetili eleqtronuli 

bmebis ganeitralebisaTvis. amis gamo sustad legirebul 

SenadnobebSi dislokaciebi imyofebian Zlieri eleqtronuli 
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bmebis gavlenis qveS. amasTan erTad Canacvlebis poziciebSi myo-

fi malegirebeli boris atomebis irgvliv kristaluri meseri 

ganicdis kumSviT deformacias. boris atomebTan lokalizebuli 

SekumSvis deformaciuli velebi dislokaciebis atmosferoSi 

efeqturad amuxruWeben dislokacias. es garemoeba gansazRvravs 

modulis dislokaciuri mdgenelis zrdas.  

amrigad, boriT sustad legireba iwvevs monokristaluri Si-

Ge Senadnobis struqturis ganmtkicebas, ris Sedegadac izrdeba 

Zvris modulis absoluturi sidide, izrdeba energetikuli 

barieri dislokaciebis Casaxvisa da moZraobisadmi. Sesabamisad, 

amaRldeba dislokaciuri warmoSobis relaqsaciuri procesebis 

aqtivaciis energiis sidideebi. boriT legireba ar axSobs 

fazuri gardaqmnis tipis procesebs 450-500°C da 600-700°C 

intervalebSi. boriT legirebul SenadnobebSi isini avlenen 

maRal Termul mdgradobas. SesaZlebelia boris atomebTan 

lokalizebuli SemkuSavi Zabvebis gavleniT Zvris meqanizmiT 

fazuri gardaqmnebis ganviTareba silicium-germaniumis Senad-

nobebis struqturaSi. 

boriT Zlierad legirebis SemTxvevaSi (p=1⋅1020sm-3) Si0,995Ge0,005 

Senadnobis Sinagani xaxunis temperaturul speqtrSi 

gamovlenilia yvela relaqsaciuri maqsimumis intensiurobis 

zrda 20-700°C intervalSi, Semcirebulia maRaltemperaturuli 

maqsimumis (785°C) intensiuroba da eqsponencialurad mkveTrad 

mzardi Sinagani xaxunis fonis kritikuli temperatura. 

relaqsaciuri maqsimumebi 400-700°C intervalSi 20-30°C-iT 

gadaadgilebulia dabali temperaturebisaken. orjer aris 

gazrdili fonis intensiuroba oTaxis temperaturaze. 

relaqsaciuri procesebis aqtivaciis energiis mniSvnelobebi 

sagrZnoblad Semcirebulia (ix. cxr.4). maqsimumebis intensiuro-

bisa da aqtivaciuri maxasiaTeblebis aRwerili cvlilebebi 

miuTiTeben boriT Zlierad legirebuli Si-Ge Senadnobebis 

struqturaSi maRali koncentraciisa da Zvradobis disloka-

ciuri warmoSobis defeqtebis arsebobaze.  
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Sinagani xaxunis temperaturuli speqtri avlens Termul 

mdgradobas. misi intensiuroba umniSvnelod mcirdeba 800°C-mde 

gaxurebis Semdeg. mowva 600°C-ze 5 sT.- is ganmavlobaSi 30-40%-iT 

amcirebs 100°C-ze relaqsaciuri maqsimumis intensiurobas; 10-15°C-

iT gadaadgildebian danarCeni maqsimumebi maRali temperaturebi-

saken. es gamowveulia relaqsaciaSi monawile dislokaciuri 

warmoSobis centrebis damuxruWebis gaZlierebiT. momwvar 

mdgomareobaSi kristalis maRaltemperaturuli cikluri 

deformacia 10-20 %-iT amaRlebs deformaciuli bunebis 

maqsimumebis intensiurobas da gadaanacvlebs maT 10-20°C-iT daba-

li temperaturisaken. deformacia gavlenas ar axdens 100°C-ze 

arsebuli relaqsaciuri procesis intensiurobaze. 

Sinagani xaxunis speqtri 200°C temperaturaze amJRavnebs 

amplitudur damokidebulebas. is kidev ufro metad Zlierdeba 

maRali temperaturebis intervalSi. amasTan erTad mcirdeba 

amplituduri deformaciis sidide, romelzedac Sinagani xaxunis 

foni da maqsimumebi avlenen rxevis amplitudisagan damokidebu-

lebas. 

boriT Zlierad legirebuli monokristaluri Si-Ge 

Senadnobis Zvris modulis absoluturi sidide dabalia 

aralegirebul da boriT sustad legirebul germaniumis 

identuri Sedgenilobis SenadnobTan SedarebiT. mkveTrad aris 

gamovlenili modulis defeqti da anomaluri amaRleba 

relaqsaciuri procesebis temperaturebis areebSi. boriT legi-

reba hqmnis axal energetikul mdgomareobas da modulis anoma-

liebs avlens SedarebiT dabal temperaturebze. modulis Cavar-

dnisa da amaRlebis temperaturebi mcirdeba amplituduri 

deformaciis gazrdiT, rac avlens fazuri gardaqmnis tipis 

cvlilebebis marTvis SesaZleblobebs. 

boriT legirebuli Si-Ge Senadnobebis struqturulad 

mgrZnobiare Sinagani xaxunis procesebisa da Zvris modulis 

dadgenili variaciebi mniSvnelovnad arian gansazRvruli 

dislokaciebis eleqtronuli bmebisa da atomTaSorisi kavSiris 
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Zalebis cvlilebebiT kristalur meserSi. arsebiTia agreTve 

maTze malegirebeli komponentis germaniumis gavlena. 

Canacvlebis poziciaSi germaniumis atomTan lokalizebuli 

gaWimvis Zabvebi gavlenas axdenen wertilovani defeqtebis 

Sedgenilobasa, difuziasa da Termul stabilurobaze. isini 

dislokaciebis birTvebis areSi amcireben paierlsis 

potencialur bariers, rac Tavis mxriv gansazRvravs 

dislokaciebis Casaxvisa da moZraobis energiisa da meqanikuri 

Tvisebebis maxasiaTeblebis Semcirebas dislokaciebisagan 

Tavisufal kristalTan SedarebiT. 

 

 

boriT legirebuli monokristaluri Si-Ge Senadnobebis 
fizikur-meqanikuri maxasiaTeblebi 

 
cxrili 4. 

 
Zvris moduli Si-Ge 

Senadnobebi 
maqs. 

temp. °C 
aqtiv. 
energia 

ev 

sixS. 
faqtori, 

wm-1
gazomvis 

temp., °C 
mniSvn. 
kg/mm2

100 1,0 5⋅1014 20 5000 
220 1,35 8⋅1013 200 4850 
460 1,70 4⋅1013 400 4700 
600 1,85 8⋅1012 500 4450 
720 2,15 2⋅1012 600 4200 

Si0,995Ge0,005:B 
(2⋅1017sm-3) 

[111] 

800 2,45 7⋅1011 750 3850 
100 1,0 2⋅1014 20 4900 
220 1,35 6⋅1013 200 4700 
440 1,60 2⋅1013 400 4500 
580 1,70 4⋅1012 500 4150 
700 2,00 1⋅1012 600 4000 

Si0,995Ge0,005:B 
(1⋅1020sm -3) 

[111] 

785 2,30 5⋅1011 750 3800 
100 1,0 2⋅1014 20 4700 
220 1,35 5⋅1013 200 4600 
445 1,65 1⋅1013 400 4400 
590 1,80 5⋅1012 500 4250 
695 1,90 3⋅1012 600 4050 

Si0,98Ge0,02:B 
(1⋅1017sm -3) 

[111] 

780 2,20 5⋅1011 750 3700 
80-100 1,0 3⋅1014 20 4650 

220 1,35 6⋅1013 200 4500 
425 1,55 8⋅1013 400 4350 
570 1,65 2⋅1012 500 4050 
680 1,80 8⋅1011 600 3800 

Si0,98Ge0,02:B 
(1⋅1020sm -3) 

[111] 

760 2,10 3⋅1011 750 3550 
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2.3.3. dariSxaniT legirebuli monokristaluri Si-Ge Senadnobebis 

     Sinagani xaxunisa da Zvris modulis temperaturuli 

     speqtrebi [130-132] 

 

dariSxaniT legirebuli monokristaluri Si-Ge Senadnobebi 

xasiaTdebian n- tipis eleqtrogamtarobiT. dariSxanis atomebTan 

Si-Ge Senadnobebis kristalur meserSi (atomuri radiusi ∼2,2Α), 

warmoiqmnebian drekadi deformaciis velebi, maTi moqmedebiT 

gaZlierebulia Canergvis poziciebSi arsebuli minarevebis 

difuzuri aqtiuroba da Secvlilia sxvadasxva tipis dislo-

kaciis warmoqmnisa da gadaadgilebis energetikuli pirobebi. 

denis matareblebis koncentraciis gazrdiT xorcieldeba dis-

lokaciis birTvebSi gawyvetili eleqtronuli kavSirebis nawi-

lobrivi kompensacia, rac iwvevs dislokaciebis Zvradobis amaR-

lebas. dariSxaniT legirebul Si-Ge kristalSi erTdroulad 

moqmedeben malegirebeli elementis atomebTan lokalizebuli 

deformaciis velebi da bmis eleqtronuli Zalebi, romlebic 

amcireben paierlsis energetikul bariers dislokaciebis moZ-

raobisadmi. orive faqtori mniSvnelovnad gansazRvravs dariSxa-

niT legirebul Si-Ge monokristalebSi Sinagani xaxunis tempera-

turuli speqtris Taviseburebebs. 

gamokvleulia masiuri Si0,995Ge0,005:As Senadnobis Sinagani xaxu-

nisa da Zvris modulis temperaturuli speqtrebi. kristali ori-

entirebulia [111] mimarTulebiT. masSi dislokaciebis simkvrive 

5⋅104sm-2-ia, xolo denis matareblebis koncentracia 2⋅1017sm-3. 

Sinagani xaxunis temperaturuli speqtri rxevebis 0,8hc sixSireze 

da rxeviTi deformaciaze ∼2⋅10-5, xasiaTdeba temperaturaze 

damokidebuli Sinagani xaxunis foniT da maqsimumebiT 100, 200, 

280, 500, 540 da 650°C temperaturebze (sur. 8. 1a).  
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sur.8. dariSxaniT legirebuli monokristaluri Si-Ge Senadnobebis 
Sinagani xaxunis (1,2,3) da Zvris  modulis (1′, 2′, 3′) temperaturuli        
damokidebuleba: 

       1, 1′ - sawyisi mdgomareoba; 2, 2′ - mowva, 600°C , 5 sT.; 
       3, 3′ - cikluri deformacia,  600°C, ciklebis raodenoba - 200. 
       

 

300-800°C temperaturul diapazonSi erTmaneTze zeddebuli 

maqsimumebi qmnian rxeviTi energiis maRali fardobiTi intensi-
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urobis mqone speqtrs, romlis arseboba ganpirobebulia sacdeli 

nimuSis deformirebuli mdgomareobiT. deformacia nawilobriv 

ixsneba Sinagani xaxunis speqtris ganmeorebiTi gazomvis 

procesSi. mowvis Sedegad ganmeorebiTi gazomvis dros 15-20%-iT 

mcirdeba maqsimumebis intensiuroba. rxevis sixSiris 5,0hc-mde 

gazrda iwvevs maqsimumebis gadanacvlebas maRali temperatu-

rebisken, rac adasturebs maT relaqsaciur warmoSobas. sixSi-

ruli wanacvlebis meTodiT gamoTvlebma gviCvenes, rom Sinagani 

xaxunis relaqsaciuri maqsimumebi xasiaTdebian aqtivaciis ener-

giis mniSvnelobebiT 0,90, 1,30, 1,45, 1,65, 1,85 da 2, 60 ev. 

relaqsaciis drois absolutur temperaturaze eqsponencialuri 

damokidebulebebidan Sefasebulia sixSiris faqtorebis mniSvne-

lobebi, romlebic ganawilebulia 1011-1014wm-1 sixSiris inter-

valSi (cxrili 5). 

Sinagani xaxunis maqsimumi 90°C temperaturaze xasiaTdeba 

didi naxevarganiT. es garemoeba aRniSnul temperaturaze Zabvis 

velSi moZravi defeqtebis relaqsaciis drois speqtris arsebo-

baze miuTiTebs. fardobiTi deformaciis 2⋅10-5-1⋅10-4 areSi rxevebis 

milevis procesi 90°C-ze damoukidebelia deformaciis  amplitu-

disagan. aRniSnulidan gamomomdinare SesaZlebelia, rom 90°C-ze 

relaqsaciuri Sinagani xaxuni dakavSirebulia Zabvis zemoqme-

debiT wertilovani defeqtebis migraciasTan. procesis relaqsa-

ciis drois ganawileba dakavSirebulia defeqtebis da araerTga-

varovani Sinagani Zabvebis urTierTqmedebasTan, romlebic 

lokalizebulia malegirebeli atomebisa da dislokaciebis 

birTvebis maxloblobaSi.  

Zvris fardobiTi modulis temperaturuli damokidebulebis 

grafikze Sinagani xaxunis intensiuri maqsimumebis tempera-

turebze SeiniSneba Cavardnebi, anu e.w. Zvris modulis defeqtebi, 

maTi sidideebi Sinagani xaxunis maqsimumebis fardobiTi intensi-

urobis proporciulia. (sur. 8.1a) 400-450°C, 500-600 da 700°C tempera-

turebze SeiniSneba Zvris modulis zrda. is ganpirobebulia gaxu-

rebis procesSi meqanikuri Zabvis velSi dinamiur meqanikur 
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ganmtkicebiT. SesaZlebelia agreTve, rom kristalis realur 

struqturaSi mindinareoben fazuri gardaqmnebi miTiTebul 

temperaturaze. 

 Si-Ge:As monokristalis Sinagani xaxunis maqsimumebis 

kritikul temperaturebze 300-800°C intervalSi Zvris modulis 

defeqti naklebia, vidre mosalodnelia relaqsaciuri maqsimu-

mebis fardobiTi intensiurobis sidididan gamomdinare. amgvari 

gadaxra adasturebs gaxurebis procesSi kritikuli temperatu-

rebis maxloblobaSi struqturis dinamiur ganmtkicebas. 

realuria dauSvaT, rom gareSe Zabvisa da temperaturis 

zemoqmedebiT xdeba moZravi wertilovani defeqtebis gadanawi-

leba dislokaciebis mimarTulebiT, romlis Sedegadac gaizrdeba 

kotrelis atmosferoSi minarevebis koncentracia da nimuSis 

struqtura dinamiurad ganmtkicdeba, vinaidan minarevebis gavle-

niT efeqturad damuxruWdebian dislokaciebi. 

vakuumSi mowva 600°C temperaturaze, 5 sT-is ganmavlobaSi, 

praqtikulad axSobs relaqsaciur process 90°C temperaturaze. 

SedarebiTi analizidan Cans, rom analogiuri maqsimumebi arale-

girebul da boriT legirebul Si-Ge SenadnobebSi avlenen maRal 

Termul mdgardobas. 

SeiniSneba danarCeni maqsimumebis kritikuli temperaturebis 

zrda 10-20°C-iT. izrdeba aseve 300-800°C intervalSi defeqtebis 

moZraobis aqtivaciis energiis mnisvnelobebi. farTo temperatu-

rul diapazonSi Sinagani xaxunis intensiuroba rxevis amplitu-

disagan damoukidebelia 5⋅10-5-1⋅10-4 deformaciis SualedSi. es 

aixsneba dislokaciebis garSemo minarevuli atmosferoebis difu-

zuri gajerebiTa da dislokaciis birTvebis areSi Jangbadis 

metastabiluri kompleqsebis warmoqmniT, romlebic iwveven  dis-

lokaciebis efeqtur damagrebas. mowvis procesSi SeiZleba 

adgili qondes vakansiebis uZravi diskoseburi gaerTianebebis 

formirebasa da zedapirul fenebSi arsebuli dislokaciebis 

simkvrivis mkveTr Semcirebas. mowvis Semdeg miRebuli Sinagani 

xaxunis speqtri avlens maRal Termul stabilurobas. 
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cikluri deformacia oTaxis temperaturaze rxeviTi defor-

maciis 5⋅10-3 amplitudaze iwvevs 20-300°C temperaturul inter-

valSi Sinagani xaxunis fonis zrdas ∼20%-iT. praqtikulad ar 

icvlebian relaqsaciuri maqsimumebis intensiuroba da Zvris 

modulis defeqtebi. 400°C-ze cikluri deformaciis Semdeg 

SeiniSneba Sinagani xaxunis intensiurobis mkveTri zrda 300-800°C 

intervalSi. deformirebul kristalSi vlindeba Sinagani xaxunis 

fonis Zlieri amplituduri damokidebuleba maRali temperatu-

rebis areSi. amasTan erTad SesamCnevia maqsimumebis urTierTgada-

farvisa da gafarToebis tendencia, maTi gadaadgileba dabali 

temperaturebisken. es garemoeba Zlieradaa dakavSirebuli dariS-

xaniT legirebul, ciklurad deformirebul nimuSebSi relaqsa-

ciis centrebis migraciis aqtivaciis energiis SemcirebasTan. 

deformaciuli warmoSobis relaqsaciuri maqsimumebis aqtivaciis 

energiis Semcireba ki mWidrod aris dakavSirebuli paierlsis 

potencialuri barieris lokalur dadablebasTan. igi Si-Ge 

monokristalSi ganpirobebulia didi atomuri radiusis mqone 

germaniumisa da dariSxanis atomebis Canacvlebis poziciebSi 

gaWimvis deformaciis aRZvriT. 

aralegirebuli da, aseve boriT legirebuli Si-Ge mono-

kristalebisagan gansxvavebiT, dariSxaniT legirebuli Si0,995Ge0,005 

Senadnobis Sinagani xaxunis eqsponencialuri foni 80-100°C 

gadanacvlebulia dabali temperaturebisken. amis gamo maRalte-

mperaturuli relaqsaciuri maqsimumis forma damaxinjebulia da 

is baqanis formiT Serwymulia mkveTrad mzard fonTan. 

mowva 800°C temperaturaze 5sT-is ganmavlobaSi iwvevs fonuri 

Sinagani xaxunis kritikuli temperaturis gazrdas ≅60°C-iT, 

erTdroulad deformaciuli warmoSobis maqsimumebi 20-30°C-iT 

gadainacvleben maRali temperaturebisaken. momwvari nimuSis 

Sinagani xaxunis speqtrSi kvlavindeburad fonisagan 

gancalkevebiT fiqsirdeba relaqsaciuri Sinagani xaxunis 

maqsimumebi 60°C-iT amaRlebul temperaturebze. 
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dariSxaniT legirebuli Si-Ge monokristalis Zvris modulis 

anomaluri amaRleba da Cavardnis siRrme gansxvavebulad iqce-

vian aralegirebuli da boriT legirebuli Si-Ge kristalebTan 

SedarebiT. Si-Ge:As Senadnobis stuqturaSi erTdroulad moqmeden 

dariSxanisa da germaniumis atomebTan lokalizebuli gamWimavi 

Zabvebi; aralegirebuli Si-Ge Senadnobis kristalur meserSi 

aseTive lokalizebuli Zabvebi aRiZvrebian germaniumis atome-

bTan.  boriT legirebul Si-Ge Senadnobis kristalur meserSi ki 

ori tipis Zabvebi aRiZvrebian – gamWimavi germaniumis atomebTan 

da SemkumSavi Zabvebi boris atomebis areebSi. 

aRsaniSnavia isic, rom Ge da As-Ge kompleqsebi gansxvavdebian 

erTmaneTisagan Termuli mdgradobiTa da deformaciis xarisxiT, 

romelic maTTan lokalizebulia siliciumis fuZeze arsebul 

almasis tipis kristalur meserSi. dislokaciebis simkvrivis, 

vakansiebisa da malegirebeli atomebis koncentraciis variaciiT. 

SesaZlebelia Si- Ge Senadnobebis damaxasiaTebeli stuqturuli 

defeqtebis warmoqmnis, moZraobisa da urTierTqmedebis energiis 

mizanmimarTuli cvlilebebi, rasac avlens Termuli 

damuSavebiTa da cikluri deformaciiT gamowveuli aradrekadi 

Tvisebebis energetikuli maxasiaTeblebis cvlilebebis 

dadgenili kanonzomierebani, romlebic warmodgenilia cxr. 5-Si. 

cxrilSi moyvanilia dariSxaniT fiqsirebul koncentraciame 

legirebuli monokristaluri Si-Ge Senadnobis relaqsaciuri 

proceebis aqtivaciuri maxasiaTeblebi. analizi cxadad avlens 

germaniumis koncentraciis gazrdiT aqtivaciis energiis sidi-

deebis Semcirebas kristalebis sawyis da momwvar mdgomareobaSi. 

ciklurad deformirebul SenadnobebSi gamWimavi Zabvebis urTi-

erTgadafarvis albaToba da  mesris parametri izrdeba, sustde-

bian atomTaSoris kavSiris kavSiris Zalebi, mcirdebian meqani-

kuri modulebisa da struqturuli defeqtebis warmoqmnisa da 

moZraobis energiis sidideebi. 
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dariSxaniT legirebuli monokristaluri Si-Ge Senadnobebis 
relaqsaciuri procesebis aqtivaciuri maxasiaTeblebi 

cxrili 5 
maqs. temp. °C aqtivaciis energia, ev aqtivaciis energia, ev

Si-Ge 
Senadnobebi 

sawyi 
si 

mdgom. 

mowva
600 °C
5sT 

cikl.
def. 
600°C, 
ε=5⋅10-3

sawyi-
si 

mdgom.

mowva
600°C 
5sT 

cikl. 
def. 
600°C, 

ε=5⋅10-3 

sawyi- 
si 

mdgom. 

mowva 
600°C 
5sT 

cikl. 
def. 
600°C, 
ε=5⋅10-3

100 100 100 0,90 0,90 0,90 5⋅1014 5⋅1014 5⋅1014

200 200 200 1,30 1,35 1,30 8⋅1013 1⋅1014 1⋅1014

380 400 385 1,45 1,50 1,40 3⋅1013 6⋅1013 5⋅1013

500 515 500 1,60 1,70 1,60 6⋅1012 7⋅1012 5⋅1012

540 550 530 1,80 1,90 1,75 1⋅1012 3⋅1012 1⋅1012

Si0,995Ge0,005:As 
(n=1⋅1017sm-3) 

650 670 640 2,00 2,15 1,90 7⋅1011 1⋅1012 4⋅1011

80-100 100 100 0,90 0,90 0,90 5⋅1014 5⋅1014 6⋅1014

200 200 200 1,30 1,35 1,30 7⋅1013 7⋅1013 7⋅1013

370 390 370 1,45 1,50 1,40 8⋅1012 6⋅1012 4⋅1012

490 510 485 1,55 1,60 1,55 5⋅1012 4⋅1012 2⋅1012

530 545 525 1,75 1,80 1,70 1⋅1012 8⋅1011 5⋅1011

Si0,995Ge0,005:As 
(n=1⋅1020sm-3) 

640 660 630 1,90 2,10 1,90 7⋅1013 4⋅1011 2⋅1011

100 100 100 0,90 0,90 0,90 5⋅1014 6⋅1013 5⋅1014

200 200 200 1,35 1,35 1,30 6⋅1013 2⋅1013 5⋅1013

380 395 380 1,40 1,50 1,40 1⋅1013 7⋅1012 1⋅1012

500 515 495 1,55 1,65 1,50 7⋅1012 3⋅1012 4⋅1012

535 545 530 1,70 0,80 1,70 2⋅1012 5⋅1011 1⋅1012

Si0,98Ge0,02:As 
(n=1⋅1017sm-3) 

630 650 625 1,90 2,05 1,90 3⋅1011 3⋅1014 3⋅1011

80-100 80-100 80-100 0,90 0,90 0,90 3⋅1014 3⋅1014 3⋅1014

200 200 200 1,35 1,35 1,30 7⋅1013 7⋅1013 6⋅1013

370 390 380 1,40 1,50 1,35 3⋅1012 4⋅1012 1⋅1012

490 500 485 1,55 1,75 1,60 6⋅1011 7⋅1011 5⋅1011

525 640 620 1,85 1,95 1,80 2⋅1011 3⋅1011 1⋅1011

Si0,98Ge0,02:As 
(n=1⋅1020sm-3) 

625 540 530 1,70 1,80 1,75 4⋅1011 6⋅1011 1⋅1012

 

boriT legirebuli Si-Ge monokristalisagan gansxvavebiT 

dariSxaniT legirebuli Si0,995Ge0,005 Senadnobis Termuli damuSa-

vebis Semdeg cikluri deformacia 600°C temperaturaze mkveTrad 

amaRlebs Sinagani xaxunis fonisa da 380°C-ze arsebuli relaq-

saciuri maqsimumis intensiurobasa da Zvris modulis defeqtis 

sidides. deformirebul mdgomareobaSi naTlad ikveTeba Zvris 

modulis Cavardnisa da anomaluri zrdis temperaturuli inter-

valebi, 8⋅10-5 sididemdea dadablebuli rxeviTi deformaciis 

amplituda, romelzedac Tavs iCens kristalis aradrekadi ma-

xasiaTeblebis amplituduri damokidebuleba. deformaciiT ar 

xdeba 100°C temperaturaze CaxSobili relaqsaciis maqsimumis in-

tensiurobis zrda.  
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dariSxaniT legireba SesamCnevad adablebs Zvris modulis 

absolutur sidides. misi amaRleba-Semcirebis regulireba SesaZ-

lebelia maRaltemperaturuli Termuli damuSavebisa da cik-

luri deformaciis monacvleobiTi zemoqmedebiT kristalis rea-

lur struqturul mdgomareobaze. 

Si0,995Ge0,005:As Senadnobis Sinagani xaxunis speqtis Semadgeneli 

deformaciuli warmoSobis maqsimumebi gamokveTilad avlenen 

intensiurobis damokidebulebas droze. 380 da 500°C temperatu-

rebze dayovnebisas mcirdeba maqsimumebis intensiuroba da 20-25 

wT-is Semdeg miiRweva najerobis mdgomareoba. am droisaTvis pir-

veli maqsimumis intensiuroba 5-10%-iT mcirdeba, xolo meore 

maqsimumis intensiuroba ≅20%-iT aris dadablebuli.  

dayovnebis procesSi gansxvavebulad iqcevian relaqsaciuri 

maqsimumebi 540 da 650°C temperaturebze. pirveli maTganis inten-

siuroba 0,5sT-is ganmavlobaSi 20%-iT izrdeba da SemdgomSi 

cvlilebas ar ganicdis. 650°C-ze arsebuli maqsimumis intensi-

uroba ufro metad (∼30%) izrdeba da najerobis mdgomareobas 

aRwevs 1,2 sT-is Semdeg. amaRlebul temperaturebze gaaqtiure-

bulia minarevebis atomebis difuzia dislokaciebis atmosfero-

ebidan kristalis siRrmis mimarTulebiT. es iwvevs kotrelis 

atmosferoebis gaiSviaTebas, minarevebis difuzur gadanawilebas 

dislokaciebis paralelurad da perpendikularulad. yovelive 

aRniSnuli asustebs dislokaciebis segmentebisa da Runvebis 

damagrebis centrebs, rac aZlierebs rxevebis energiis gabnevis 

procesebis intensiurobas da amcirebs meqanikuri modulebis 

sidides. 

SedarebiT dabal temperaturebze mimdinareobs minarevebis 

intensiuri difuzia dislokaciebis atmosferoSi da birTvebis 

gaswvriv, ris Sedegadac maRalia dislokaciebis damuxruWebis 

gaZliereba. amiT aixsneba dayovnebis procesSi maqsimumebis da-

dableba 380 da 540°C temperaturebze. 
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2.3.4. monokristalur Si-Ge SenadnobebSi relaqsaciuri Sinagani 

     xaxunis meqanizmebi 

 
eqsperimentuli kvleviT dadgenilia, rom relaqsaciuri 

maqsimumebi 80-100°C da 180-220°C temperaturebze rxevis amplitu-

disagan damoukidebelia. cnobilia, rom monokristalur sili-

ciumSi bivakansiis moZraobis aqtivaciis energia 1.0 ev.-is rigisaa 

[133]. aseTive sididisaa 100°C temperaturaze arsebuli relaq-

saciuri maqsimumis aqtivaciis energia. es iZleva safuZvels 100°C-

ze gamovlenili relaqsaciuri procesis gamomwvev mizezad miC-

neul iqnas bivakansiis migracia gareSe niSancvladi Zabvis 

velSi. relaqsaciis centrebi lokalizebulia elementaruli 

ujredis sazRvrebSi, rasac adasturebs agreTve procesis six-

Siris faqtoris maRali mniSvneloba. 

relaqsaciuri procesi 180-220°C xasiaTdeba aqtivaciis 

energiis ∼1,35 ev da sixSiris faqtoris 1⋅1013-5⋅1013 wm-1 sididiT. igi 

rxevis amplitudisagan damoukidebelia, radgan rxeviTi defor-

maciis farTo intervalSi 1⋅10-5-5⋅10-3 praqtikulad ar icvleba 

maqsimumis temperatura, intensiuroba da naxevargani. aRniSnuli 

sididis aqtivaciis energia damaxasiaTebelia Jangbadis atomis da 

vakansiis wyvilis moZraobisaTvis [133]. aRniSnuli garemoebis 

gaTvaliswinebiT, romelic adasturebs miTiTebuli defeqtebis 

wyvilis Termuli mdgradobas ∼ 300°C temperaturamde realuria 

miCneul iqnas 180-220°C temperaturaze relaqsaciuri procesis 

elementarul aqtad Jangbadis atomisa da vakansiis wyvilis 

rxeviTi migracia gareSe perioduli Zabvis zemoqmedebiT. 

300-900°C temperaturul intervalSi gamovlenili maqsimumebi 

xasiaTdebian intensiurobisa da aqtivaciuri maxasiaTeblebis 

amplituduri damokidebulebiT, rac relaqsaciuri procesebis 

Teoriuli warmodgenebis Tanaxmad ganpirobebulia sxvadasxva 

tipis dislokaciebis moZraobiT gareSe meqanikuri Zabvis velSi. 

monokristaluri Si-Ge Senadnobebis Sinagani xaxunis temperatu-
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ruli speqtri mdidaria relaqsaciuri maqsimumebiT. es aixsneba 

Si-Ge Senadnobebis dislokaciur struqturaSi energetikulad 

gancalkevebuli Semadgeneli dislokaciebis arsebobiT. 

cnobilia [45], rom kiduri da xraxnuli tipis dislokaciebze 

erTeulovani (geometriuli) Runvis moZraobis aqtivaciis energia 

1,0 ev-is rigisaa, xolo wyvili Runvebis warmoqmnisa da moZ-

raobis aqtivaciis energiebi ganawilebulia intervalSi 2,00-2,50 

ev. dislokaciebis warmoqmnisa da moZraobis aqtivaciis energiis 

speqtris arseboba ganpirobebulia kristaluri mesris potencia-

lur reliefSi dislokaciaze moqmedi Sida da gareSe Zabvis 

sidideebze. Sida Zabvebis ganawilebis erTgvarovnebis xarisxi da 

sidide SesaZlebelia ganicdides cvlilebebs legirebiT, dasxi-

vebiT, Termomeqanikuri damuSavebiTa da deformaciiT. 

sacdel monokristalur Si-Ge SenadnobebSi malegirebeli 

komponentis germaniumis koncentraciis gazrdiT realizebulia 

lokalizebuli Zabvebisa da deformaciis sidideebisa da gana-

wilebis araerTgvarovnebis gazrda. Tvisebebisa da struqturis 

cvlilebebi dadasturebulia dislokaciuri Sinagani xaxunis maq-

simumebis aqtivaciuri maxasiaTeblebis speqtris gamovlinebiT 

germaniumis sxvadasxva koncentraciiT Semcvelobis Si-Ge Senadno-

bebSi. aRniSnuli garemoeba arTulebs monokristaluri siliciu-

misa da Si-Ge Senadnobebis dislokaciuri Sinagani xaxunis 

maqsimumebis parametrebis calsaxa SedarebiT analizs. dislo-

kaciuri warmoSobis relaqsaciuri maqsimumebi 400-900°C inter-

valSi xasiaTdebian sixSiris faqtoris SedarebiT maRali sidi-

deebiT (1011 - 1013wm-1), rac aixsneba grexiTi rxevebis procesSi 

relaqsaciis aqtiT elementaruli ujredis moculobaSi dislo-

kaciebze arsebuli mkveTri Runvis moZraobis meqanizmiT. 

arsebobs Rrma analogia silicium-germaniumis SenadnobebSi 

aRmoCenil Sinagani xaxunis maqsimumebsa da siliciumis Zafisebur 

kristalebSi deformaciis Sedegad warmoqmnil Sinagani xaxunis 

speqtris maxasiaTeblebs Soris [45]. arsebuli analogiis 

safuZvelze warmodgenilia germaniumiT, boriTa da dariSxaniT 
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legirebuli monokristaluri siliciumis Sinagani xaxunis speq-

trSi gamovlenili dislokaciuri bunebis relaqsaciuri proce-

sebis meqanizmebi.  

cnobilia [134], rom siliciumSi 60-gradusian dislokaciaze 

geometriuli Runvis Casaxvisa da migraciis energia 10-15%-iT 

naklebia xraxnuli orientaciis dislokaciis geometriuli Run-

vis aseTive maxasiaTebelTan SedarebiT. am garemoebis 

gaTvaliswinebiT Si-Ge Senadnobebis Sinagani xaxunis temperatu-

rul speqtrSi 450 da 570°C –ze aRmoCenili relaqsaciuri proce-

sebi SesaZlebelia ganpirobebulia erTeulovani geometriuli 

Runvebis migraciiT, Sesabamisad 60-gradusian da xraxnul 

dislokaciaze {111} kristalografiuli sibrtyeTa sistemaSi. 640-

7500C temperaturebze arsebuli relaqsaciuri maqsimumebi SesaZ-

lebelia gamowveulia Zabvis velSi xraxnuli da 60-gradusiani 

dislokaciebze Runvebis wyvilebis CasaxviTa da migraciiT.  

boris SedarebiT maRali koncentracia (∼1⋅1020 sm-3) ganapi-

robebs monokristalur Si-Ge SenadnobebSi denis matareblebis - 

aqceptorebis mier dislokaciuri zonebis Sevsebas, ramac SesaZ-

lebelia Seasustos dislokaciebis bmis eleqtruli Zalebi da 

gamoiwvios dislokaciebis Runvebis Zvradobis amaRleba. es 

dasturdeba Si-Ge Senadnobis dislokaciuri bunebis maqsimumebis 

aqtivaciis energiis SemcirebiT. 

eleqtrulad aqtiuri minarevi dariSxani Zlier gavlenas ax-

dens Sinagani xaxunis dislokaciuri maqsimumebis aqtivaciur 

maxasiaTeblebze. dariSxaniT legirebuli siliciumis monokris-

talebSi paierlsis jebiris Termoaqtivirebuli gadalaxvisas 

dislokaciur Runvebze lokalizebuli eleqtronuli mdgoma-

reobebis Sevsebis modelSi Sefasebulia erTeulovani da wyvili 

Runvebis migraciis aqtivaciis energiis eleqtronuli mdgenelebi 

[45]. erTeulovani Runvis migraciis energiis miRebuli mniS-

vnelobebi tolia – 0,25 da -0,20 ev., Sesabamisad 60-gradusiani da 

xraxnuli dislokaciebisaTvis orive tipis dislokaciaze wyvili 

 110



Runvis warmoqmnis energiaSi eleqtronuli mdgeneli Sesabamisad 

- 0,15 da -0,10 ev.-s tolia. 

dariSxaniT legirebul Si-Ge SenadnobebSi aRiniSneba 60-gra-

dusian da xraxnul dislokaciebze erTeulovani Runvebis 

migraciis energiaSi eleqtronuli mdgenelis Semcireba - 0,20 da 

-0,15 ev.-mde. aRniSnul dislokaciebze eleqtronuli mdgenelis 

wili wyvili ERunvebis Casaxvis energiaSi Seadgens  ≈-0,10 ev.-s. 

merxevi dislokaciis sigrZis saSualo sidide ganisazRvra 

cnobili gamosaxulebiT [135]: 

                                               (20) 24/31
max LNQ ⋅≅−

sadac N – dislokaciebis simkvrivea; - dislokaciebze wyvili 

Runvebis warmoqmniT ganpirobebuli Sinagani xaxunis maqsimumis 

simaRle; L- dislokaciis segmentis saSualo sigrZe. 

1
max
−Q

monokristalur Si-Ge siliciumis SenadnobebSi disloka-

ciebis simkrive Seadgens N∼1⋅105sm-2, xolo 7500C temperaturaze 

Sinagani xaxunis maqsimumis simaRle tolia ≈40⋅10-3. maqsimumis 

temperaturaze maRal amplituduri cikluri deformacia iwvevs 

misi intensiurobis zrdas 60⋅10-3-mde, merxevi dislokaciis sigrZe 

ki Sesabamisad 1,4⋅10-3sm-is tolia.  

miRebuli eqsperimentuli monacemebis saSualebiT gansazRv-

rulia 60-gradusian dislokaciebze wyvili Runvis Casaxvis 

paierlsis Zabvis sidide [135]: 

                    G
Gb
H

a
bn

p ⋅⎟
⎠
⎞

⎜
⎝
⎛⋅⎟

⎠
⎞

⎜
⎝
⎛=

231
0

8
τ                      (21) 

sadac 
2

2
2
1

]110[
aab ==  - 60- gradusiani dislokaciis biurgersis 

veqtoria; G G–Zvris moduli, HH=2.45 ev. aris 750°C – temperatura-

ze maqsimumis aqtivaciis energia, romelic amave temperaturaze 

perioduli Zabvis velSi wyvili Runvis Casaxvis energiis tolia. 

Sesabamisi mniSvnelobebis CasmiT miiReba . wyvili 

Runvis sigane W gansazRvrulia cnobili formuliT[136]: 

Gp
20 109,1 −⋅=τ

 111



                bG
b
aW

p

⋅⎟
⎟
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⎞
⎜
⎜
⎝

⎛
⋅⎟

⎠
⎞

⎜
⎝
⎛⋅=

2/1

0

2/1

22
1

τ
                  (22) 

saidanac wyvili Runvis sigane – W =3b. 

dariSxaniT legirebul monokristalebSi Semcirebulia 60-

gradusian dislokaciis parametrebi. marTlac rogorc eqsperi-

mentebma aCvenes, 60-gradusiani dislokaciebze wyvili Runvis war-

moqmniT ganpirobebuli Sinagani xaxunis maqsimumi gadaadgildeba 

dabali temperaturebisaken da xasiaTdeba saSualo simaRliT 

80⋅10-3 da aqtivaciis energiiT 1,9-2,0 ev. dislokaciis simkrive 

struqturaSi Seadgens 5⋅104sm-2. 

am maxasiaTeblebis gaTvaliswinebiT miiReba Semdegi mniSvne-

lobebi: 

a) merxevi dislokaciis saSualo sigrZe L∼1,5⋅10-2 sm, 

b) paierlsis Zabva  ,106,1 20 Gp
−⋅=τ

g) wyvili Runvis sigane W≈4b, 

Sinagani xaxunis meTodis maRali mgrZnobiaroba iZleva in-

formacias sxvadasxva dislokaciebis moZraobasTan dakavSirebul 

meqanikuri energiis danakargebis meqanizmebis Sesaxeb da 

SesaZlebelia dadgenil iqnas 60-gradusiani da xraxnuli 

dislokaciebis moZraobis aqtivaciuri maxasiaTeblebi. maTi 

saSualebiT SesaZlebelia ganisazRvros dislokaciuri struq-

turis parametrebi, Seswavlil iqnas Termuli damuSavebis, bori-

sa da dariSxanis koncentraciis gavlena dislokaciebis moZrao-

bis kanonzomierebaze. dislokaciuri struqturis parametrebi 

warmodgenilia cxrilSi 6. 

aralegirebul monokristalur Si-Ge SenadnobebSi maRali in-

tensiurobis dislokaciuri maqsimumebis da Sinagani xaxunis 

eqsponencialuri fonis Termuli stabiluroba ganpirobebulia 

wertilovani defeqtebisa da dislokaciuri struqturis mdgra-

dobiT. es garemoeba metyvelebs monokristaluri Si-Ge Senad-

nobebis eleqtrofizikuri da struqturulad-mgrZnobiare fizi-
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kur-meqanikuri Tvisebebis Termuli mdgradobis amaRlebis poten-

ciur SesaZleblobebze. 

 
dislokaciuri Sinagani xaxunis maqsimumebisa da masTan 

dakavSirebul dislokaciebze wyvili Runvebis maxasiaTeblebi 
                                                        cxrili 6. 

monokrista-
lebis 

nimuSebi 

dislo-
kaciis 
tipi 

tempera-
tura, 

0C 

aqtiva-
ciis 

energia,
ev 

sixSiris 
faqtori, 

wm-1

paierl-
sis 

Zabva, 
10-2G 

wyvili 
Runvis 
sigane,  

b 
 

Si0,995Ge0,005

xraxnu-
li 
 

600-iani  

670 
 

740 

2.10 
 

2.40 
 

2⋅1012 
 

9⋅1011 
 

1.45 
 

1.90 
 

3.5 
 

3.0 

 
Si0,995Ge0,005:As 

(1020 sm-3) 

xraxnu-
li  

600-iani 

540 
 

670 

1.85 
 

2.10 

1.5⋅1012 
 

3.5⋅1012

1.13 
 

1.45 

4.0 
 

3.5 

Si0,98Ge0,02
p-tipi 

xraxnu-
li  

600-iani 

575 
 

730 

1.95 
 

2.20 

2.5⋅1012 
 

3⋅1012

1.15 
 

1.60 

3.7 
 

3.3 

 
Si0,98Ge0,02:As 

(1020 sm-3) 

xraxnu-
li 

600-iani 

530 
 

620 

1.70 
 

1.95 

6.3⋅1011 
 

6⋅1011

1.00 
 

1.05 

4.2 
 

3.7 

 

amasTan erTad miRebul eqsperimentul Sedegebs aqvs didi 

mniSvneloba dislokaciuri struqturis formirebis, gardaqmnis 

da maT wertilovan defeqtebTan urTerTqmedebiT ganpirobebul 

fizikuri procesebis analizisaTvis. miRebuli Sedegebi SeiZleba 

gamoyenebul iqnas masiuri Si-Ge kristalebis fuZeze fun-

qcionaluri mowyobilobis damuSavebis reJimebis SesarCevad, 

agreTve monokristaluri legirebuli Si-Ge Senadnobebis fuZeze 

damuSavebuli masalebisa da mowyobilobebis TvisebaTa 

prognozirebasa da marTvaSi. 

 

2.3.5. monokristaluri Si-Ge Senadnobebis Sinagani xaxunis da  
     Zvris modulis amplituduri damokidebuleba 

 
myar sxeulebSi dislokaciebis moZraobis meqanizmebs gansaz-

Rvras paierlsis kristaluri reliefis amplituda. misi sidide 

SesaZlebelia dadgindes Sinagani xaxunis meTodiT. paierlsis 

Zabvis amplituda realur struqturaSi gansxvavebulia misi WeS-
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mariti sididisagan, radganac dislokaciebis irgvliv arsebuli 

minarevebis atmosferoebi, aseve struqturaSi statistikurad 

ganawilebuli calkeuli minarevebi da vakansiebi gavlenas axde-

nen kritikuli Zabvis sidideze. 

rxevebis mcire sididis amplitudaze wertilovani defeqtebi 

da maTi kompleqsebi dislokaciebis birTvis maxloblobaSi gan-

sazRvraven merxevi dislokaciuri segmentis sigrZesa da damag-

rebis energiis sidides. wertilovani defeqtebis drekadi velebi 

iwveven dislokaciis xazis lokalur gamrudebas da disloka-

ciaze Runvis warmoqmnas. Runvis gadaadgileba Zabvis velSi 

warmoadgens dislokaciis moZraobis elementarul aqts paier-

lsis maRal potencialur reliefSi. SedarebiT dabali ampli-

tuduri deformaciis zemoqmedebiT dislokaciuri segmenti mowy-

deba birTvSi myof damagrebis wertilovan centrs (minarevis 

atomi, kompleqsebi), xolo maRalamplitudur deformaciaze dis-

lokaciuri segmenti ganTavisufldeba minarevebis atmosferoSi 

damuxruWebisgan. 

 Si-Ge Senadnobebis struqturaSi araerTgvarovnad ganawile-

buli malegirebeli komponentis-germaniumis atomebTan warmoq-

mnilia lokaluri gaWimvis deformaciis areebi. lokalizebuli 

deformaciis arseboba damaxasiaTebelia teqnologiuri minare-

vebisaTvis (O2, N2, C da a.S.) kristalur mesersa da dislokaciebis 

atmosferoebSi siliciumis almasis tipis struqturaSi. aRniS-

nulidan gamomdinare mosalodnelia monokristaluri Si-Ge Se-

nadnobebis Sinagani xaxunisa da Zvris dinamiuri modulis rxevis 

amplitudisagan rTuli xasiaTis damokidebulebis arseboba. 

marTlac, monokristaluri Si-Ge Senadnobebi oTaxis tempera-

turaze xasiaTdebian Sinagani xaxunis da Zvris modulis rxevis 

amplitudisagan mravalstadiuri damokidebulebiT. Si0.995Ge0.005 Se-

nadnobis [111] kristalografiuli orientaciis nimuSis Sinagani 

xaxunis speqtri Sedgenilia sami, erTmaneTisagan gansxvavebuli 

amplituduri deformaciis diapazonisagan (sur.9).  
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sur. 9. monokristaluri Si-Ge Senadnobebis Sinagani xaxunisa  
        (1, 2, 3) da Zvris fardobiTi modulis (1′, 2′, 3′)  
        amplituduri damokidebuleba. 
 

pirvel diapazonSi (5⋅10-5-4⋅10-4) Sinagani xaxunis intensiuroba 

dabalia da igi sustad izrdeba rxevis amplitudis propor-

ciulad. 4⋅10-4 amplitudur deformaciaze iwyeba Sinagani xaxunis 

Zlieri xazovani zrda, romelic grZeldeba rxevis amplitudis 

3⋅10-3 sididemde. amplitudis Semdgomi zrdisas Sinagani xaxuni 

mkveTrad izrdeba xarisxovani funqciis kanonzomierebiT. ampli-

tudis farTo diapazonSi aralegirebuli Si-Ge Senadnobis Sina-

gani xaxunis cvlileba xorcieldeba wrfivad, xolo mkveTrad 

arawrfivad amplituduri deformaciis maRal diapazonSi. 

pirveli kritikuli amplituda Seesabameba kritikul Zabvas, 

romlis zemoqmedebiT dislokaciaze arsebuli merxevi segmenti 
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mowydeba sust wertilovan centrs. aseTi centrebia erTeulovani 

vakansia, minarevis atomi da maTi martivi kompleqsebi. aRsaniS-

navia, rom pirvel kritikul deformaciamde adgili aqvs mxolod 

dislokaciuri segmentis gamrudebas (amozneqilobas), rac 2-5 

atomTaSoris manZilze xorcieldeba da Seqcevadi xasiaTisaa, 

radganac rxevis Sewyvetis Semdeg merxevi dislokaciuri segmenti 

praqtikulad ubrundeba sawyis energetikul mdgomareobas. 

aRsaniSnavia aseve is garemoeba, rom pirveli amplitudis 

zeda diapazonSi meore kritikul amplitudamde dislokaciis mo-

wyveta ar niSnavs mis srul ganTavisuflebas damamuxruWebeli 

Zalebisagan. amplitudis morigi Semcirebisas wrfivi daWimulo-

bis Zalebi segments kvlav daabruneben sawyisi konfiguraciis 

mdgomareobaSi. aseT pirobebSi Sinagani xaxunis mniSvnelobebi 

amplitudebis zrdisa da Semcirebis dros praqtikulad identuri 

arian. 

Sinagani xaxunis Seuqcevadi zrdis tendencia vlindeba meore 

kritikul amplitudaze da Zlierdeba ufro maRal amplitudaze. 

ukusvlis grafikze fiqsirdeba anomalurad maRali intensiuro-

bis Sinagani xaxunis ganieri maqsimumi, romlis dabali ampli-

tuduri fonis intensiuroba 1,5-2jer maRalia sawyisi mdgoma-

reobis fonTan SedarebiT. amis Semdgom dayovnebis gareSe mzardi 

amplitudis porobebSi gazomvebma aCvenes pirvel diapazonSi 

Sinagani xaxunis intensiurobis ufro metad amaRleba da pirveli 

kritikuli amplitudis sagrZnoblad Semcireba. mcirdeba aseve 

meore kritikuli amplitudis sidide. praqtikulad ar icvleba 

pirvel da meore amplitudaTa Soris arsebul diapazonSi 

Sinagani xaxunis zrdis siCqare, igi ufro mkveTria meore 

kritikuli amplitudis zeda diapazonSi. am ukanasknelidan ukus-

vlisas vlindeba kidev ufro maRali intensiurobis histerezisi 

maqsimumis formiT. kidev ufro maRalia gansxvaveba defor-

mirebul da aradeformirebul mdgomareobaTa Sesatyvisi Sinagani 

xaxunis intensiurobebSi dabal amplitudaTa diapazonSi. 
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nebismieri simetriisa da atomTaSorisi kavSiris Zalebis 

mqone kristalSi meore kritikul amplitudaze iwyeba dislo-

kaciis mowyveta damagrebis Zlieri centrebidan da misi gadaad-

gileba did manZilze (ramdenime aTeuli mesris parametri). 

SesaZlebelia aseve axali dislokaciebis warmoqmna. rxevebis 

Sewyvetis Semdeg dislokaciis monakveTi ar ubrundeba sawyis 

mdgomareobas. igi damagrdeba axal centrebTan an pirvandelTan, 

romelTac difuziis gziT gadainacvles dislokaciis mimarTu-

lebiT. aRniSnuli mdgomareoba SesaZlebelia davaxasiaTod ro-

gorc mikroplastiuri deformacia, romelzedac xdeba axali 

dislokaciebis warmoqmna da arsebuli dislokaciebis mowyveta 

dislokaciebis urTierTgadakveTis kvanZebidan. 

maRal amplituduri zemoqmedebis Semdeg mcirdeba amplitu-

debis pirveli da meore kritikuli sidideebi. izrdeba grZeli 

dislokaciuri segmentebis raodenoba da maTi wvlili Sinagani 

xaxunis intensiurobaSi. Sesustebulia maTi bma wertilovani 

defeqtebis mier, rac warmoadgens kritikuli amplitudebis Sem-

cirebis erT-erT arsebiT mizezs. 

germaniumis SedarebiT maRali Semcvelobis Si-Ge SenadnobSi 

Sinagani xaxunis amplituduri damokidebulebis xasiaTi praqti-

kulad ucvlelia. gamovlenilia kritikuli amplitudebis Semci-

rebis tendencia. aRniSnulidan gamomdinare dasturdeba, rom 

germaniumis koncentraciis gazrda iwvevs dislokaciebis susti 

da Zlieri damagrebis centrebis damamuxruWebeli moqmedebis 

Sesustebas: aRsaniSnavia, rom germaniumis atomebis gavlena 

pirveli kritikuli amplitudis sidideze ufro sustia, meore 

kritikuli amplitudis SemcirebasTan SedarebiT. siliciumis 

kristalur meserSi urTierTqmedebis maRali energiis gavleniT 

warmoiqmnebian Ge-O kompleqsebi, romliTa koncentracia germa-

niumis koncentraciuli cvlilebebis pirobebSi praqtikulad ar 

icvleba. amis gamo praqtikulad ar Seicvleba dislokaciebis 

atmosferoebSi da kristalur meserSi myofi Ge-O kompleqsebis 

dislokaciebze damamuxruWebeli moqmedebis intensiuroba. amiT 
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aixsneba pirveli kritikuli amplitudis SedarebiT sustad 

Semcireba germaniumis Semcvelobis zrdis pirobebSi . 

 meore kritikuli amplituda dakavSirebulia dislokaciebis 

gadakveTiT warmoqmnili kvanZebidan dislokaciuri segmentis mow-

yvetasTan. kvanZSi SesaZlebelia moTavsdes dispersuli faza an 

kompleqsi, riTac gaZlierdeba dislokaciis bma. germaniumis kon-

centraciis amaRlebiT nacvlad gaZlierebisa adgili aqvs 

dislokacia-kvanZis urTierTqmedebis SesamCnev Sesustebas. es 

mowmobs damamuxruWebeli fazebis ar arsebobaze kvanZebis areeb-

Si. da, rogorc eqsperimentebi adastureben kvanZebis moqmedebis 

Sesusteba dakavSirebulia kristaluri mesris parametris 

gazrdasTan germaniumis koncentraciis amaRlebis pirobebSi. 

rxevis amplitudis farTo diapazonSi aseve mravalstadiuri 

cvlileba axasiaTebs Zvris moduls (sur.9.b). misi cvlileba 

amplituduri deformaciis meore kritikuli sidididan Seuqce-

vadia Senadnobis struqturaSi mikroplastikuri deformaciis 

ganviTarebis gamo. Zvris modulis anomaluri Semcireba da misi 

gajerebis masStabebi izrdeba germaniumis koncentraciis gazr-

diT, rac miuTiTebs arsebiT energetikul cvlilebebze Si-Ge 

Senadnobebis dislokaciur struqturaSi. 

boriT sustad legirebuli monokristaluri Si-Ge Senadnobis 

Sinagani xaxunis amplitudur speqtrSi aralegirebuli Senad-

nobis analogiurad gamovlenilia kritikuli amplitudis ori 

mniSvneloba. orive maTgani amaRlebulia aralegirebul Senad-

nobTan SedarebiT. kritikul amplitudaTa Soris arsebuli amp-

litudebidan ukusvlisas pirveli kritikuli amplitudis areSi 

vlindeba umniSvnelo sididis gansxvaveba Sinagani xaxunis inten-

siurobebs Soris. igi mTlianad qreba dabali amplitudebis 

diapazonSi. meore kritikul amplitudaze ufro maRali ampli-

tudidan Sinagani xaxunis amplituduri damokidebulebis 

ukusvlis grafikze dafiqsirebulia sagrZnoblad maRali inten-

siurobis Sinagani xaxuni, romelic dakavSirebulia mikrop-

lastiur deformaciasTan rxevis amplitudis amaRlebis proces-
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Si. SedarebiT dabali amplitudebis areSi gamovlenilia Sinagani 

xaxunis intensiurobis nazrdi anu histerezisi. mis nulovan 

donemde SemcirebisaTvis Senadnobi 400°C temperaturaze unda 

moiwvas 1,5sT-is ganmavlobaSi. 

boriT legirebuli monokristaluri Si-Ge Senadnobebis Zvris 

fardobiTi modulisa da Sinagani xaxunis amplituduri damoki-

debulebebi warmodgenilia sur.10-ze. 

 

 

sur.10. boriT legirebuli monokristaluri Si-Ge Senadnobebis  
        Sinagani xaxunisa (1, 2, 3) da Zvris fardobiTi modulis 

        (1′, 2′, 3′) amplituduri damokidebuleba. 
        1, 1′ - Si0,995Ge0,005;   2, 2′ - Si0,995Ge0,005:B (2⋅1017 sm-3);  
        3, 3′ - Si0,995Ge0,005:B (1⋅1020 sm-3). 
 

aRsaniSnavia, rom calkeul ubnebze Sinagani xaxunis gra-

fikis daxriloba praqtikulad ar icvleba. igi identuria 

mravaljeradi gazomvis SedegebSi deformaciis ε<εkr.2 diapazonSi, 

rac niSnavs, rom rxevebis amplitudebis saSualo diapazonSi 

cikluri deformaciebiT ar xdeba dislokaciis struqturaSi 

arsebiTi cvlilebebi, anu adgili ara aqvs dislokaciebis 
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damagrebis centrebidan mowyvetasa da moZraobis energetikuli 

parametrebis mkveTrad Semcirebas. 

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 (0,5sT). eqsperimentulad dad-

genilia, rom boriT legirebul Si-Ge SenadnobebSi mikrop-

lastiuri 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 da Zvris modulic ganicdis 

anomalur cvlilebebs rxevis amplitudis farTo intervalSi, 

Zvris modulis fardobiTi mniSvnelobis amplitudur damoki-

debulebaze gamovlenilia ori kritikuli wertili, romelic 

emTxveva Sinagani xaxunis amplitudur mniSvnelobebs. Zvris 

moduli sxvadasxva siCqariT mcirdeba amplitudaTa dabal, 

Sualedur da maRal diapazonebSi ukusvlis grafiki G/G0(ε) 

damokidebulebebze aRmasvlis Stos qvemoT aris, rac niSnavs, 

rom maRal amplitudebze struqturaSi ganxorcielda mikrop-

lastiuri deformacia, amaRlda bmisagan ganTavisuflebuli 

dislokaciebis Zvradoba, Sesabamisad, Sesustda atomTaSorisi 

kavSiris Zalebi, ris Sedegadac Zvris moduli Semcirda. 

ganmeorebiTi gazomvisas rxevis amplitudaTa zrdisa da 

Semcirebis ciklSi Zvris modulis histerezisuli cvlileba 

kidev ufro aSkaraa, rac migvaniSnebs, rom kvlavindeburad 

adgili aqvs mikroplastiur deformacias. Zvris modulis 

amplitudur damokidebulebaze gamovlenili histerezisi mowviT 
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400°C temperaturaze mTlianad CaixSoba imave droSi, rac auci-

lebelia Sinagani xaxunis amplituduri damokidebulebis histe-

rezisis sruli likvidaciisaTvis. Zvris modulis histerezisis 

kvlavindeburad gamovlenisaTvis aucilebelia maRalamplitu-

duri mravaljeradi (∼200) cikluri deformacia maRal tempera-

turebze (≥600°C). 

boriT legirebul kristalebSi gansxvavebiT aralegirebuli 

kristalebisagan pirveli da meore kritikuli amplitudebis 

Semcireba germaniumis maRal koncentraciebze aramkveTria, rac 

legirebuli kristalis ganmtkicebaSi monawile defeqtebis ma-

Ral Termul mdgradobasa da simtkiceze miuTiTebs. 

dariSxaniT legirebuli Si0,99Ge0,01 Senadnobebis Sinagani 

xaxunis amplitudur damokidebulebaze dafiqsirebulia 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 

maqsimumi, romlis intensiuroba metia amplitudis zrdis pi-

robebSi registrirebuli Sinagani xaxunis intensiurobaze e.i. 

aRniSnul SemTxvevaSic adgili aqvs Sinagani xaxunis histereziss. 

igi aseve maRal amplitudebze ganviTarebuli mikroplastiuri 

deformaciis Sedegia. 

dariSxaniT legirebuli Si-Ge Senadnobis Sinagani xaxunisa da 

Zvris modulis histerezisuli cvlileba amplituduri defor-

maciis SedarebiT dabal sidedeebzea gamovlenili (sur.11.) 
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sur.11. dariSxaniT legirebuli Si-Ge Senadnobebis 
       Sinagani xaxunis (1, 2, 3) da Zvris fardobiTi modulis 

       (1′, 2′,3′) amplituduri damokidebuleba. 

        1, 1′ - Si0,995Ge0,005: As;   2, 2′ - Si0,99Ge0,01:As;  
        3, 3′ - Si0,98Ge0,02: As. 
  
 
Si-Ge Senadnobebis dislokaciuri Sinagani xaxunis para-

metrebi da drekadobis zRvris sidideebi warmodgenilia cxril-

Si 7.  

warmodgenili Sedegebis analizidan Cans, rom dabali kon-

centraciis boriT legireba calsaxad zrdis kritikuli ampli-

tuduri deformaciisa da drekadobis zRvris sidideebs. es aixs-

neba kristaluri mesris SekumSviT mcire atomuri radiusis bo-

ris atomebis areSi. boris maRali koncentraciis SemTxvevaSi 

drekad deformaciasTan erTad dislokaciebis moZraobas gan-

sazRvraven eleqtruli Zalebi. maTi zemoqmedeba asustebs sivr-

cul kovalentur kavSirebs, axdens masalis “metalizacias”, rom-

lis Sedegadac mcirdeba meqanikuri Tvisebebis maxasiaTeblebi. 
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monokristaluri Si-Ge Senadnobebis dinamiuri  
                  meqanikuri maxasiaTeblebi  

 cxrili 7 

Si-Ge 
 Senadnobebi 

I  
kritikuli 
amplituda 

II  
kritikuli
amplituda 

Zvris 
moduli, 
kg/mm2

drekadobis 
I zRvari, 
kg/mm2

drekadobis 
II zRvari, 

kg/mm2

Si0,995Ge0,005 4⋅10-4 3⋅10-3 4900 1,96 14,7 

Si0,99Ge0,001 3⋅10-4 1⋅10-4 4750 1,42 4,75 

Si0,98Ge0,02 1⋅10-4 8⋅10-4 4600 0,46 3,68 

Si0,995Ge0,005:B 

 (2⋅1017sm-3) 

6,5⋅10-4 5⋅10-3 5000 3,25 25,0 

Si0,99Ge0,01:B 

 (2⋅1017sm-3) 

4⋅10-4 3⋅10-3 4850 1,94 14,55 

Si0,98Ge0,02:B 

 (2⋅1017sm-3) 

3⋅10-4 2,5⋅10-3 4700 1,41 11,75 

Si0,995Ge0,005:B 

 (1⋅1020sm-3) 

3⋅10-4 1⋅10-3 4900 1,47 4,9 

Si0,99Ge0,01:B 

 (1⋅1020sm-3) 

1⋅10-4 7⋅10-4 4800 0,48 3,36 

Si0,98Ge0,02:B 

 (1⋅1020sm-3) 

7⋅10-5 5⋅10-4 4650 0,32 2,32 

Si0,995Ge0,005:As 

 (1⋅1020sm-3) 

2⋅10-4 7⋅10-4 4550 0,91 3,19 

Si0,99Ge0,01:As 

 (1⋅1020sm-3) 

7⋅10-4 5⋅10-4 4400 0,31 2,2 

Si0,98Ge0,02:As 

 (1⋅1020sm-3) 

4⋅10-5 3⋅10-4 4300 0,17 1,29 

 

dariSxanis dabal koncentraciebze (1015-1017sm-3) aseve xor-

cieldeba sustad gamokveTili Si-Ge Senadnobebis dinamiuri me-

qanikuri ganmtkiceba, rasac ganapirobebs didi radiusis mqone 

dariSxanis atomebTan lokalizebuli gaWimvis deformaciis 

velebi.  

 
 

 123



daskvna 
 

1. Seswavlilia Coxralskis meTodiT miRebuli 

naxevargamtaruli monokristaluri Si1-xGex (0<x≤0,05) myari 
xsnarebis mikrostruqtura.  

– naCvenebia, rom aralegirebuli monokristalebi xasiaT-
debian (111) sibrtyeebze erTgvarovnad ganawilebuli 

dislokaciebis simkvrivis  5⋅102-1⋅103 sm-2 sidideebiT; 
– dadgenilia, rom boriTa da dariSxaniT legireba 

axdens dislokaciebis araerTgvarovan ganawilebasa da 

simkvrivis gazrdas 1⋅104-1⋅105 sm-2  
2. holis efeqtis meTodiT Seswavlilia legirebisa da 
Termuli damuSavebis gavlena monokristaluri Si-Ge myari 
xsnarebis eleqtrofizikuri parametrebze.  
naCvenebia, rom izovalenturi germaniumis koncentraciis 
cvlileba praqtikulad gavlenas ar axdens sacdeli Si-Ge 
monokristalebis eleqtrofizikur Tvisebebze; 

– mowva vakuumSi 850°C temperaturaze 10 sT-is ganmavlo-
baSi iwvevs legirebuli Si-Ge monokristalebis eleq-
trogamtarobis umniSvnelo zrdas, rac Si-Ge myari 
xsnarebis struqturaSi malegirebeli borisa da da-
riSxanis koncentraciis amaRlebiT aixsneba. 

3. Seswavlilia monokristaluri Si-Ge myari xsnarebis mikro-
sisale da Zvris moduli. 

– dadgenilia, rom borisa da dariSxanis dabali 
koncentraciiT legireba zrdis mikrosisalis da Zvris 
absoluturi modulis sidideebs; 

– borisa da dariSxanis maRali koncentraciiT legire-
buli monokristaluri Si-Ge myari xsnarebi xasiaT-
debian mikrosisalisa da Zvris absoluturi modulis 
Semcirebuli sidideebiT; 

– gaanalizebulia legirebul Si-Ge monokristalebSi 
dislokaciebis Zvradobis cvlilebebi eleqtruli da 
drekadi warmoSobis Zabvebis gavleniT.  

4. Seswavlilia rxevebis dabali  sixSiris diapazonSi (0,5-

5,0hc) monokristaluri Si1-x-Gex (0<x≤0.05) myari xsnarebis 
Sinagani xaxunisa da Zvris modulis temperaturuli 
speqtrebi. 

– gamovlenilia wertilovani defeqtebisa da sxvadasxva 
tipis dislokaciebis moZraobiT gamowveuli relaqsa-
ciuri Sinagani xaxunis maqsimumebi da gansazRvrulia 
maTi aqtivaciis energiisa da rxevebis sixSiris 
faqtoris sidideebi; 

– dadgenilia, rom relaqsaciuri procesebi 100 da 220°C 
temperaturebze ganpirobebulia bivakansiebisa da vakan-
sia-Jangbadis kompleqsebis moZraobiT perioduli Zab-
vis velSi; 
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– gamovlenilia 400-800°C intervalSi relaqsaciuri da 
histerezisuli tipis Sinagani xaxunis procesebis 
dislokaciuri buneba. 

5. warmodgenilia dislokaciebis moZraobiT gansazRvruli 
relaqsaciuri procesebis mikroskopuli meqanizmebi. 

450 da 540°C temperaturebze gamovlenili procesebi 
ganpirobebulia geometriuli Runvebis moZraobiT 60-
gradusian kidur da xraxnuli orientaciis 
dislokaciebze; 

relaqsaciuri procesebi 600 da 680°C temperaturebze 
ganpirobebulia wyvili Runvebis CasaxviTa da moZraobiT 
xraxnuli orientaciisa da 60-gradusian kidur 
dislokaciebze. 

– naCvenebia, rom boriTa da dariSxaniT legireba amci-
rebs dislokaciuri warmoSobis relaqsaciuri proce-
sebis aqtivaciur maxasiaTeblebs, rac aixsneba gawyve-
tili eleqtronuli kavSirebis gajerebiTa da dislo-
kaciebis Zvradobis gazrdiT; 

6.  gansazRvrulia sxvadasxva dislokaciebze geometriuli da 
wyvili Runvebis moZraobis aqtivaciis energiis eleqtro-
nuli mdgenelebis sidideebi. 

7. gansazRvrulia xraxnul da 60-gradusian kidur dis   
lokaciebze wyvili Runvebis naxevarganisa da paierlsis 
Zabvis sidideebi. 

8. Seswavlilia amplituduri deformaciis 5⋅10-5-1⋅10-2 diapazon-
Si monokristaluri Si-Ge myari xsnarebis Sinagani xaxunisa 
da Zvris modulis amplituduri damokidebuleba.  

– gansazRvrulia susti da Zlieri dabrkolebebisagan 
dislokaciebis mowyvetis amplituduri deformaciis 
kritikuli mniSvnelobebi; 

– dadgenilia sxvadasxva saxis zemoqmedebis (legireba, 
Termuli damuSaveba, cikluri deformacia) gavleniT 
amplituduri deformaciis kritikuli mniSvnelobebis 
cvlilebebis kanonzomierebani; 

9. gansazRvrulia sxvadasxva struqturul mdgomareobaSi 
monokristaluri Si-Ge myari xsnarebis dislokaciuri 
drekadobis zRvris sidideebi. 

10. fizikur-meqanikuri Tvisebebis dadgenili kanonzomierebani   
SesaZlebelia gamoyenebul iyos monokristaluri Si-Ge myari 
xsnarebis fuZeze axali funqcionaluri mowyobilobebisa 
da xelsawyoebis Sesaqmnelad. 
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