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naSromis zogadi daxasiaTeba

Sesavali.  ukanasknel periodSi mkveTrad gaizarda interesi 

monokristaluri  Ge-Si Senadnobebisadmi, rasac ganapirobeben 

Tanamedrove naxevargamtarul xelsawyoebSi, qseluri, boWkovan-

optikuri kavSirgabmulobisa da radiaciisadmi medeg 

mowyobilobebSi, swrafmTvlel birTvul deteqtorebSi, bipolarul 

tranzistorebsa da sxva dargebSi maTi gamoyenebis maRali 

perspeqtivebi. monokristaluri Ge-Si Senadnobebi gamoiyenebian 

neitronebisa da rentgenis gamosxivebis monoqromatorebSi.

Temis aqtualoba. amJamad didi yuradReba eqceva meqanikuri 

relaqsaciuri procesebis kvlevas elementarul naxevargamtarebSi. 

meqanikuri relaqsaciuri procesebis sixSiruli da temperaturuli 

speqtrebis gazomva akustikuri speqtroskopiis meTodebiT 

unikaluri monacemebs iZleva kristaluri mesris damaxasiaTebeli 

defeqtebis aqtivaciur da Zalovan parametrebze, romlebic 

gamoiyenebian marTvadi eleqtrofizikuri, struqturulad 

mgrZobiare fizikur-meqanikuri da plastikuri Tvisebebis 

prognozirebis fundamenturi Teoriis safuZvlebis SeqmnaSi. 

metad mcirea meqanikuri relaqsaciuri procesebis 

eqsperimentuli kvlevebis moculobaAakustikuri meTodebis 

gamoyenebiT. gansakuTrebiT es exeba sufTa da legirebuli 

germanium-siliciumis moculobiT monokristalebs, romlebic 

infrabgerebis sixSiris diapazonSi praqtikulad ar arian 

gamokvleuli. Aar aris Seswavlili grexiTi rxevebis milevis 

procesebi sixSiris, temperaturisa da amplitudis farTo 

diapazonebSi. Aar arsebobs monacemebi maTSi meqanikuri 

relaqsaciuri, struqturuli da eleqtrofizikuri Tvisebebis 

korelaciis Sesaxeb.
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   Tanamedrove naxevargamtaruli teqnologiebisa da xelsawyoT 

mSeneblobis amocanebisaTvis aucilebelia marTvadi struqturisa 

da fizikuri maxasiaTeblebis monokristaluri Ge-Si Senadnobebis 

miReba. aRniSnuli garemoeba ganapirobebs Llegirebuli germanium-

siliciumis moculobiTi monokristalebis realuri struqturis, 

eleqtrofizikuri Tvisebebis da grexiTi rxevebis pirobebSi 

meqanikuri relaqsaciuri procesebis kompleqsuri kvlevis 

aqtualobas. 

naSromis mizans warmoadgens: Coxralskis meTodiT miRebuli n- da 

p- tipis Ge-Si sistemis masiuri kristalebis mikrostruqturis, 

eleqtrofizikuri maxasiaTeblebis, Termuli gafarToebisa da 

fizikur-meqanikuri Tvisebebis kompleqsuri kvleva; legirebis,

maRal temperaturebze mowvisa da cikluri deformaciis 

zemoqmedebiT Ge-Si kristalebis realuri struqturis, 

dislokaciuri warmoSobis defeqtebis Casaxvisa da moZraobis 

aqtivaciis, eleqtrofizikuri, meqanikuri da aradrekadi 

maxasiaTeblebis cvlilebaTa kanonzomierebis dadgena.

samuSaos mizani da amocanebi: 

 monokristaluri Ge1-xSix Senadnobebis mikrostruqturis, 

mokrosisalis, dinamiuri Zvris modulisa da 

eleqtrofizikuri maxasiaTeblebis kvleva; 

 monokristaluri Ge1-xSix  Senadnobebis fardobiTi 

wagrZelebis temperaturuli  damokidebulebis kvleva;

 monokristaluri Ge-Si nimuSebSi gamovlenili rxeviTi 

energiis gabnevis relaqsaciuri da histerezisuli tipis 

procesebSi monawile defeqtebis moZraobis aqtivaciisa da 

urTierTqmedebis energiis mniSvnelobebis gansazRvra da 
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maTi cvlilebebis kanonzomierebebis kvleva grexiTi 

rxevebis dabali sixSiris diapazonSi ( 1hc).

 monokristaluri Ge-Si Senadnobebis mikroplastikuri 

deformaciis maxasiaTeblebis gansazRvra 

naSromis mecnieruli siaxle mdgomareobs SemdegSi: 

 Seswavlilia legirebisa da maRaltemperaturuli mowvis 

gavlena Ge-Si kristalebis dislokaciur struqturasa da 

eleqtrofizikur maxasiaTeblebze;

 Seswavlilia legirebis, temperaturis cvlilebis siCqarisa 

da maRal temperaturebze mowvis gavlena Ge-Si kristalebis 

fardobiTi wagrZelebis anomalur temperaturul 

damokidebulebaze;

 Sinagani xaxunis meTodiT gansazRvrulia Ge-Si sistemis 

kristalebSi dislokaciebisa da wertilovani defeqtebis 

moZraobis aqtivaciisa da urTierTqmedebis energiis 

mniSvnelobebi, dadgenilia maTi cvlilebaTa 

kanonzomierebani;

 gansazRvrulia Ge-Si sistemis kristalebSi sustad da 

Zlierad  damagrebuli dislokaciebis mowyvetis kritikuli 

amplituduri deformaciisa da drekadobis zRvris 

mniSvnelobebi da dadgenilia legirebis, Termuli 

damuSavebisa da maRalamplituduri deormaciis gavleniT 

maTi cvlilebebis kanonzomierebani.
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praqtikuli Rirebuleba mdgomareobs SemdegSi: 

 Ge-Si sistemis masiuri kristalebis  eleqtrofizikuri 

maxasiaTeblebis cvlilebebis kvlevis Sedegebi 

SesaZlebelia gamoyenebul iqnas  germaniumis fuZeze 

marTvadi naxevargamtaruli Tvisebebis axali masalebis 

Seqmnis problemis gadasaWrelad;

 struqturuli defeqtebis Casaxvisa da moZraobis aqtivaciis 

energiis dadgenili sidideebi mniSvnelovania germaniumis 

fuZeze Seqmnili naxevargamtaruli xelsawyoebis 

teqnologiuri, fizikuri  da saeqsploatacio parametrebis, 

moqmedebis xangrZlivobisa da saimedoobis dadgenis 

problemisaTvis;

 n- da  p- tipis Ge-Si sistemis kristalebis struqturis, 

eleqtrofizikuri, Termuli gafarToebis, meqanikuri da 

rxevebis energiis gabnevis procesebis dadgenili 

maxasiaTeblebi warmoadgenen sacnobaro masalas

naxevargamtarebis simtkicisa da plastikurobis problemaSi 

fizikuri warmodgenebis ganviTarebisaTvis. miRebul 

Sedegebs gaaCniaT mecnieruli da gamoyenebiTi mniSvneloba 

specifikuri daniSnulebis naxevargamtarul xelsawyoebSi 

Ge-Si sistemis Senadnobebis gamoyenebis sferos 

gafarToebisaTvis.

 Ge-Si sistemis masiuri monokristalebis struqturuli 

defeqtebis tipebis, eleqtruli   aqtivobis    

kristalogeometruli da energetikuli parametrebis 

diagnostikisa da marTvis problemis gadaWriT, 

mniSvnelovnad gafarTovdeba Tanamedrove maRal 

teqnologiebSi maTi gamoyenebis SesaZleblobebi. 
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dasacavad warmodgenili ZiriTadi debulebebi:

1. monokristaluri Ge-Si Senadnobebis struqturis 

eleqtrofizikuri da meqanikuri maxasiaTeblebisa da siTburi 

gafarToebis kvlevis Sedegebi.

2. boriTa da dariSxaniT legirebuli monokristaluri 

Senadnobebis Sinagani xaxunisa da Zvris modulis 

temperaturuli speqtris kvlevis Sedegebi

3. legirebis, Termuli damuSavebisa da maRaltemperaturuli 

deformaciis gavleniT monokristaluri Ge-Si Senadnobebis 

struqturulad-mgrZnobiare fizikr-meqanikuri Tvisebebis 

cvlilebaTa dadgenili kanonzomierebani.

naSromis aprobacia. naSromis ZiriTadi Sedegebi moxsenebuli iqna 

stu-s fizikis departamentisa da informatikisa da marTvis 

sistemebis fakultetis sadisertacio sabWos kolegiis samecniero 

seminarebis sxdomebze. 

disertaciis ZiriTadi Sedegebi wardgenili iqna, stu-s 

saerTaSoriso konferenciaze “gamoyenebiTi fizikis aqtualuri 

sakiTxebi” 30 marti, 2011, q.Tbilisi.

publikaciebi: disertaciis ZiriTadi Sedegebi gamoqveynebulia 7

samecniero naSromSi. ZiriTadi publikaciebis nusxa moyvanilia 

avtoreferatis boloSi. 

naSromis moculoba da struqtura: disertaciis moculoba Seadgens 

145 nabeWd gverds. disertacia Sedgeba reziumesagan (or enaze), 

sarCevis, Sesavlis, ori Tavis, ilustraciis saxiT moyvanili 19 

naxazis, 9 cxrilis, daskvnisa da 117 gamoyenebuli literaturisagan.
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naSromis Sinaarsi

SesavalSi mocemulia naSromis zogadi daxasiaTeba, naCvenebia Temis 

aqtualoba, Camoyalibebulia naSromis mizani, misi mecnieruli 

siaxle da praqtikuli Rirebuleba, dasaxulia kvlevis amocanebi. 

pirvel TavSi warmodgenilia Ge-Si sistemis naxevargamtaruli 

Senadnobebis struqturis, eleqtrofizikuri da fizikur-meqanikuri 

Tvisebebis literaturuli mimoxilva. gaanalizebulia arsebuli 

mecnieruli informacia Ge-Si Senadnobebis struqturuli 

defeqtebis kristalogeometriuli da energetikuli 

maxasiaTeblebis Sesaxeb. 

elementarul naxevargamtarebSi relaqsaciuri procesebis kvleva 

sawyis etapze ganxorcielda ultrabgerebis sixSirul diapazonSi 

da miznad isaxavda myar sxeulebSi ultrabgerebis talRebis 

eleqtronul da fononur sistemebTan urTierTqmedebis bunebis 

dadgenas. Uultrabgerebis urTierTqmedeba eleqtronul sistemasTan 

mravalricxovani saintereso procesis gamomwvevi mizezia, romelTa 

umravlesobas relaqsaciuri warmoSoba gaaCnia. 

zemaRali sixSiris diapazonSi (≈9.109hc) aRmoCenili iqna Sinagani 

xaxunisa da C44 drekadobis koeficientis urTierTkorelaciuri 

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

Eeqsperimentebi Sesrulda [111] da [100] mimarTulebiT gaswvrivi da 

ganivi talRebis agznebis pirobebSi. Ddadgenili iqna, rom 

maqsimaluri Sinagani xaxuniT xasiaTdebian is talRebi, romlebic 

dakavSirebuli aRmoCndnen C44 drekadobis modulis cvlilebasTan. 

   germaniumisa da siliciumis struqturebSi dislokaciebis 

Casaxvis, kristalografiuli da moZraobis energetikuli 

maxasiaTeblebis kvlevas didi mniSvneloba aqvs marTvadi 
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struqturuli mdgomareobisa da fizikuri Tvisebebis 

naxevargamtaruli n_ da p-tipis masalebis Sesaqmnelad. mkvlevarTa 

umravlesoba upiratesad ganixilavs xraxnuli da 60º-iani tipis 

dislokaciebs. amasTan erTad marcvlebis mcirekuTxovan gamyof 

sazRvrebze arseboben aseve kiduri dislokaciebi 111

mimarTulebiT.

almasis tipis meserSi sami SesaZlebeli (001), (110) da (111) 

sibrtyedan yvelaze mniSvnelovania dislokaciebis sriali {111} 

sibrtyeTa simravleSi. xraxnuli, kiduri da  60º-iani dislokaciebis 

RerZebi da biurgersis veqtori mimarTulia 110 -is gaswvriv. 60º-

iani dislokaciaze xraxnuli mdgenelis biurgersis veqtori mcirea, 

xolo kiduri mdgeneli ufro metad gamokveTilia da advilad 

gamoirCeva misi difraqciuli gamosaxulebis kontrasti. 

struqturaSi ganixilebian  aseve kiduri dislokaciebi RerZiT [110], 

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

aRsaniSnavia, rom maT sqematur gamosaxulebebze naTlad 

fiqsirdebian ormagi eqstrasibrtyeebi. maTi analizi aCvenebs, rom

almasis tipis struqturebSi SesaZlebelia arsebobdnen kiduri 

dislokaciebi, romelTa birTvebSi ar arseboben gawyvetili 

eleqtronuli bmebi. 

Mmonokristalur germaniumSi 600ºC-ze plastikuri deformacia da 

SemdgomSi swrafi (10ºC/wT) gaciveba warmoqmnis specifikuri 

konfiguraciis dislokaciebis simravles. Ddislokaciebis 

mowamvlis ormoebis ganawileba ori tipis sibrtyeebze Seswavlilia 

deformaciis sxvadasxva etapze. erT-erTi maTgani paraleluria 

ganivi srialis (111), xolo meore pirveladi srialis [111] 

sibrtyeebis. Ddislokaciuri ormoebis araerTgvarovani ganawileba 

damaxasiaTebelia deformaciis pirveli etapisTvis. 
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Seswavlilia 450-700°C temperaturul intervalSi Ge-Si 

kristalebSi dislokaciebis moZraobis siCqaris temperaturuli 

damokidebuleba, rodesac kristalze modebuli Zvris Zabvis 

mniSvneloba icvleba 3-20 mpa-mde. eqsperimentebma aCvenes, rom 60-

gradusiani  dislokaciis siCqare 900°C-ze 20 mpa Zabvis velSi 

monotonurad mcirdeba siliciumis koncentraciis zrdisas. igi 

aRwevs germaniumis damaxasiaTebeli siCqaris mniSvnelobis naxevars, 

rodesac Ge-Si SenadnobebSi siliciumis koncentracia 2,2 %-ia.

eqsperimentuli Sedegebidan cnobilia aseve, rom Ge-Si Senadno-

bebSi germaniumTan SedarebiT dislokaciebis moZraobis siCqare 

umniSvnelod Semcirebulia.

germaniumis maRali Semcvelobis masiuri monokristalebis 

miRebis problema jer-jerobiT bolomde gadawyvetili ar aris, 

magram miRweuli teqnologiuri done saSualebas iZleva Sefasdes

kristalizaciis procesis Tanmxlebi Termuli Zabvebi  da 

Sedgenilobis lokaluri fluqtuaciebi.

Ge-Si SenadnobebSi dislokaciebis birTvebTan myari xsnaris 

atmosferoebis dinamiur formirebas SeuZlia gamoiwvios 

dislokaciis moZraobisadmi aTermiuli winaaRmdegobis warmoqmna, 

iseTi formiT rogoric gamovlenilia minarevebiT legirebul GaAs-

is struqturaSi. Ge1-xSix monokristalebis meqanikuri Tvisebebi 

gamokvleulia Sedgenilobis x=0,04 intervalSi sxvadasxva 

temperaturaze kumSviTi deformaciis pirobebSi. Sedegebi 

Sedarebulia monokristaluri germaniumisa da siliciumis 

meqanikuri Tvisebebis maxasiaTeblebTan. Ddadgenilia rom, 

denadobis Zabva da zRvari izrdebian Si-Ge SenadnobebSi siliciumis 

Semcvelobis gazrdiT miTiTebul koncentraciul intervalSi. 

denadobis Zabva maRal temperaturebze praqtikulad 



11

temperaturisagan damoukidebelia, rac adasturebs, rom Si da Ge-

sgan gansxvavebiT Ge-Si Senadnobebs axasiaTebT denadobis Zabvis 

aTermiuli mdgeneli.

ukanasknel periodSi mimdinareobs naxevargamtarebSi 

dislokaciebis moZraobis meqanizmebis intensiuri 

kvleva.Ggaanalizebulia dislokaciebze arsebuli Runvebis 

dinamikaze wertilovani defeqtebis gavlenis sxvadasxva meqanizmi. 

analizs safuZvlad udevs naxevargamtarul monokristalebSi 

wertilovani defeqtebis urTierTqmedeba dislokaciebis 

segmentebTan da RunvebTan. 

mniSvnelovani eqsperimentuli Sedegebia warmodgenili 

ultrasisufTavis germaniumSi dislokaciebis eleqtruli 

Tvisebebis Sesaxeb. naCvenebia, rom 1012-1013sm-3 arsebul donemde 

gasufTavebul germaniumSi  dislokaciebi akrZalul zonaSi qmnian 

aqceptoruli tipis doneebis or qvezonas. dislokaciuri zonebis 

gamovlineba SesaZlebelia mxolod maSin, rodesac dislokaciebis 

simkvrivis zRvruli sidide 104sm-2-is rigisaa. gaangariSebiT 

naCvenebia, rom 103sm-2 dislokaciebis simkvrivis SemTxvevaSi 

aqceptorebis koncentracia aris 3,5.109sm-3. rodesac dislokaciebis 

simkvrive ufro naklebia maSin defeqtebis koncentracia imdenad 

mcirea, rom gamoyenebuli meTodebi ver axdenen dislokaciuri 

zonebis registracias. 

Sinagani xaxunis meTodiT gamokvleulia erTeulovani da wyvili 

Runvebis formirebisa da moZraobis energiis cvlilebebi 

naxevargamtarul masalebSi. naCvenebia eleqtrulad aqtiuri 

minarevebis Zlieri gabneva dislokaciebis birTvebsa da 

atmosferoebze. Ddadgenilia, rom aqceptoruli minarevebi Tanabari 

koncentraciis pirobebSi tetraedruli radiusebisagan 

damoukideblad erTnairad axdenen gavlenas dislokaciebis 
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Zvradobaze da erTnairad amcireben aqtivaciis energias 

aralegirebul kristalTan SedarebiT. Uufro Zlierad amcireben 

dislokaciebze Runvebis moZraobis aqtivaciis energias donoruli 

minarevebi. Eeleqtronebis gavlena ar isazRvreba mxolod 

dislokaciebis ZvradobiT. Ddenis matareblebis amaRlebul 

koncentraciebze dislokaciebis elementebis rxevis sixSire

SemosazRvrulia kovalentul bmebSi eleqtronebis “gadarTvebiTa” 

da hibridizaciis mdgomareobis SecvliT, rodesac dislokaciuri 

Runva aRmoCndeba barieris maqsimumze. aRsaniSnavia, rom n-tipis 

kristalebSi SedarebiT dabalia dislokaciuri Runvis sixSiris 

faqtori. es xorcieldeba Zlierad legirebis SemTxvevaSi. maSin 

mosalodnelia eleqtronebis talRuri funqciis gadafarvis 

gaZliereba aqceptorul minarevebsa da Runvebze. Ee. w.

dislokaciur zonaSi.

defeqtebis eleqtronul-stimulirebuli reaqciis modelSi 

ganxilulia rogorc wonasworuli, aseve arawonasworuli denis 

matareblebis gavlena defeqtebis reaqciis siCqareze kovalentur 

kristalebSi. bmebis Sesustebis meqanizmis elementarul  aqtad 

miRebulia darRveuli valenturi bmis warmoqmnisa da gadarTvis 

procesi da gaanalizebulia masTan dakavSirebuli  kristaluri 

mesris kvanZis eleqtronuli Termebis dinamika. 

naCvenebia, rom defeqtebis reaqciis siCqare n- germaniumSi 

izrdeba monotonurad zRurbluri Zabvis gareSe eleqtronebis 

koncentraciis amaRlebiT. p-tipis germaniumSi sustad legirebis 

SemTxvevaSi is saerTod damoukidebelia xvrelebis 

koncentraciisagan, xolo xvrelebis maRal koncentraciebze  

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

damokidebulebiT avlens zrdis tendencias.
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meore TavSi warmodgenilia kvlevis meTodebi, eqsperimentuli 

Sedegebi da maTi gansja. Ge-Si sistemis masiuri monokristalebi 

miRebulia Coxralskis meTodiT zrdis mimarTulebiT [111]. 

mikrostruqtura Seswavlilia optikuri mikroskopiT Neophot-32.

eleqtrofizikuri maxasiaTeblebi gansazRvrulia mudmiv magnitur 

velSi holis efeqtis registraciis meTodiT.  Termuli 

gafarToebis kvleva ganxorcielebulia laboratoriul 

dilatometrze tevaduri gadamwodiT. dilatometri aRWurvilia 

nimuSis wagrZelebis tevaduri sensoriT, romelsac gaaCnia marTvisa 

da informaciis wakiTxvis cifruli posti. displeiTa da 

klaviaturiT informacia gamodis realur droSi. gazomvis 

dawyebamde xdeba sawyisi parametrebis SeSveba. gazomvis mTliani 

cikli xorcieldeba avtomatur reJimSi. 

sacdeli nimuSebis aradrekadi Tvisebebi temperaturisa da 

deformaciis farTo intervalSi Seswavlilia Sinagani xaxunisa da 

Zvris modulis laboratoriul danadgarze grexiTi rxvevbis 

sixSirisa da milevis logariTmuli dekrementis registraciiT. 

meTodi saSualebas iZleva gamovlindes sacdeli kristalebis 

struqturaSi relaqsaciuri da histerezisuli warmoSobis rxevebis 

energiis gabnevis procesebi. ganisazRvros maTi energetikuli 

maxasiaTeblebi, Sefasdes Zvris modulisa da drekadobis zRvris 

sidideebi. 

monokristaluri Ge da Ge-Si  Senadnobebis mikrostruqturaSi 

(111) sibrtyeebze gamovlenilia dislokaciuri mowamvlis ormoebi. 

dadgenilia, rom Si-isa da malegirebeli elementebis (B,As) 

koncentraciis gazrdiT izrdeba dislokaciebis simkvrive da 

ganawilebis araerTgvarovneba. 

Sewavlilia eleqtrofizikuri maxasiaTeblebi aralegirebuli da 

boriTa da dariSxaniT legirebuli monokristaluri nimuSebis _ 
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Ge, Ge0,99Si0,01 da Ge0,98Si0,02. gazomvebi Sesrulebulia oTaxis 

temperaturaze. aralegirebuli germaniumis monokristali 

xasiaTdeba  p-tipis gamtarobiT. Termuli damuSaveba - mowva 750ºC

temperaturaze 10sT-is ganmavlobaSi gavlenas ar axdens gamtarobis 

tipze, umniSvnelod amcirebs denis matareblebis _ xvrelebis 

koncentracias da avlens maTi Zvradobis amaRlebis tendencias.

gansazRvrulia sustad da Rrmad legirebuli monokristalebis 

eleqtrofizikuri maxasiaTeblebi. naCvenebia, rom Zlierad 

legirebuli germaniumi xasiaTdeba sagrZnoblad Semcirebuli 

xvrelebis ZvradobiT. 750ºC temperturaze vakuumSi mowva 10sT-is 

ganmavlobaSi sagrZnoblad amaRlebs denis matarebeli 

eleqtronebis koncentracias gamtarobis zonaSi. Sesabamisad, 

mcirdeba maTi Zvradoba oTaxis temperaturaze. aRsaniSnavia,  rom 

monokristaluri Ge:As nimuSebis struqturaSi SedarebiT maRalia 

dislokaciebis simkvrive, rasac SeuZlia Seamciros gamtarobis 

zonaSi eleqtronebis Zvradoba. 

boriTa da dariSxaniT cal-calke legirebuli Ge-Si

monokristalebis eleqtruli maxasiaTeblebi Termulad 

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

mniSvnelovnad cvlis denis matareblebis koncentraciasa da 

Zvradobas. maTi stabilizacia miiRweva mowviT 750ºC temperturaze 

10sT-is ganmavlobaSi. aseT mdgomareobaSi p-tipis (Ge-Si):B nimuSebSi 

Semcirebulia xvrelebis koncentracia da gazrdilia Zvradobis 

mniSvnelobebi. n-tipis (Ge-Si):As  nimuSebSi izrdeba eleqtronebis 

koncentracia, mcirdeba maTi Zvradoba.

monokristaluri Ge-Si Senadnobis mikrostruqtura SedarebiT 

maRali simkvrivis dislokaciebs Seicavs (111) sibrtyeze (~104sm-2) . es 

garemoeba ganapirobebs mikrosisalis mniSvnelobebis specifikur 

cvlilebebs. mTavar faqtorad sacdeli Senadnobebis mikrosisalis 
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formirebaSi ganixileba mcire atomuri radiusis siliciumis 

atomebis maxloblobaSi aRZruli kumSvis deformacia da 

deformaciiT ganpirobebuli kumSvis Zabvebi. Kkristaluri mesris 

Seviwroeba iwvevs atomTaSorisi kavSiris Zalebis lokalurad 

zrdas. cxadia aRniSnuli warmoSobis Zalebis sidide malegirebeli 

komponentis siliciumis koncentraciis proporciulia. 

dariSxaniT legirebuli Ge-Si monokristaluri Senadnobebis 

mikrosisalis mniSvnelobebi damokidebulia dariSxanis 

koncentraciaze. As-is Mmcire koncentraciebis SemTxvevaSi 

mokrisisale umniSvnelod mcirdeba, magram  dariSxanis maRali 

koncentraciiT  legirebul Ge-Si kristalebSi mkveTrad mcirdeba 

mikrosisalis sidideebi. aseT SemTxvevaSi denis matarebeli 

Tavisufali eleqtronebi asusteben tetraedrul kovalentur 

kavSirebs, rac erT-erTi mizezia meqanikuri maxasiaTeblebis, 

kerZod, mikrosisalis Semcirebis.

monokristalur germaniumSi fardobiT wagrZelebas axasiaTebs 

aCqarebuli da Senelebuli cvlilebebi. 200-300C, 450-500C da 650-

750C ubnebze misi zrdis siCqare maRalia, xolo 300-450C, 550-600C, 

700-730C ubnebze igi aSkarad Senelebulad izrdeba. fardobiTi 

wagrZelebis aseTi xasiaTis cvlilebebi ganpirobebulia sxvadasxva 

tipis arastabiluri defeqtebis kompleqsebSi gardaqmnebiT, ris 

Sedegad maTi Semadgeneli atomebi icvlian poziciebs da myar 

xsnarSi gadadian, xorcieldeba kompleqsebSi konfiguraciuli 

cvlilebebi. mowviT 5sT-is ganmavlobaSi 900C-ze viwrovdeba yvela 

temperaturuli ubani, sadac vlindeba fardobiTi wagrZelebis 

anomaluri zrda.
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Ge-Si Senadnobebis fardobiTi wagrZelebis yvela anomalia 

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

gavlenas ar axdens maT intensivobasa da temperaturul 

intervalebze. 

Termuli gafarToebis anomaluri cvlilebebi germaniumsa da 

siliciumSi dakavSirebulia fazur gardaqmnebTan. ZiriTad 

meqanizmad fazuri gardaqmnebis ganviTarebaSi miCneulia 

atomTaSorisi kavSirebis rehibridizacia. Tavisufali zedapiri 

xasiaTdeba gawyvetili valenturi kavSirebiT (TiToeuli yovel 

atomze (111) waxnagze siliciumsa da germaniumSi) es iwvevs mezobel 

qveda sibrtyeebze bmebis DZlier SeSfoTebas, rac ganapirobebs 

atomebis gadanawilebas meserSi. fazuri gardaqmnebis dros irRveva 

tetraedruli sp3 kovalenturi kavSirebi, mcirdeba akrZaluli 

zonis sigane, izrdeba denis matareblis koncentracia, xdeba 

masalis metalizacia kovalenturi mdgenelebis SesustebasTan 

erTad. 

Seswavlilia [111] orientaciis monokristalur Ge, Ge:B, Ge:As da

Ge1xSix (x<0,05) Senadnobebis Sinagani xaxunisa da Zvris dinamiuri 

modulis temperaturuli damokidebulebebi. monokristaluri 

germaniumis Sinagani xaxunis temperaturuli speqtri Sedgeba 

eqsponencialuri fonisa da deformaciuli warmoSobis 

maqsimumebisagan. maTi aqtivaciuri maxasiaTeblebi (aqtivaciis 

energia, sixSiris faqtori) mniSvnelovan cvlilebebs ganicdian 

legirebis, maRaltemperturuli cikluri deformaciisa da Termuli 

damuSavebis gavleniT. relaqsaciuri procesebi xasiaTdebian 

rxeviTi energiis gabnevis maRali intensivobiTa da amplitudur 

deformaciaze Zlieri damokidebulebiT. aRniSnuli Taviseburebani 

damaxasiaTebelia dislokaciebisa da wertilovani defeqtebis 

(vakansiebi, minarevebis atomebi da maTi kompleqsebi, dispersuli 



17

fazebi) urTierTqmedebis procesebisaTvis myar sxeulebSi. Zvris 

dinamiuri modulis temperaturuli damokidebulebis grafikebze  

gamovlenilia gansazRvrul temperaturebze Zvris modulis defeqti 

da anomaluri amaRleba. modulis defeqtis warmoSoba 

ganpirobebulia lokalur areebSi struqturis deformaciiT, xolo 

modulis anomaluri amaRleba aris dinamiuri meqanikuri 

ganmtkicebis Sedegi. 

Seswavlilia monokristaluri Ge-Si Senadnobebis Sinagani 

xaxunisa da Zvris modulis temperaturuli damokidebulebebi. 

naCvenebia, rom Si-is koncentraciis gazrda Ge-s kristalur meserSi 

iwvevs Zvris modulis absoluturi mniSvnelobis  da deformaciuli 

warmoSobis relaqsaciuri procesebis aqtivaciuri maxasiaTeblebis 

amaRlebas. rac, ZiriTadad gamowveulia myar xsnarSi Si-is mcire 

atomuri radiusis atomebis maxloblobaSi lokaluri kumSvis 

deformaciiTa da Sesabamisad, urTierTqmedebis Zalebis sididis 

zrdiT. boriTa da dariSxaniT mcire koncentraciebiT (1014-1015sm-3) 

legireba amaRlebs aqtivaciuri maxasiaTeblebis sidideebs, zrdis 

relaqsaciuri maqsimumebis Termul mdgradobas. aRniSnuli 

cvlilebebi lokalizebuli kumSviTi deformaciis aRZvriTa da 

dislokaciebis kotrelis atmosferoebSi malegirebeli atomebis 

koncentracis gazrdiT aris ganpirobebuli. 

malegirebeli borisa da dariSxanis maRali koncentraciebi 

ganapirobeben Ge-Si Senadnobebis struqturaSi dislokaciebis 

eleqtruli ZalebiT damuxruWebis Sesustebas, radganac xvrelebiTa 

da eleqtronebiT ivsebian e.w. erTganzomilebiani dislokaciuri 

zonebi. yovelive aRniSnuli Ge-Si Senadnobebis realur 

struqturaSi iwvevs dislokaciebis Zvradobis gazrdas, avlens 

modulisa da drekadobis zRvris mniSvnelobebis Semcirebis 



18

tendencias. e.i.adgili aqvs Ge-Si Senadnobebis struqturis 

“darbilebas”. 

Ge-Si Senadnobebis struqturaSi defeqtebis rTuli 

urTierTqmedeba ganapirobebs struqturulad - mgrnobiare Sinagani 

xaxunis temperaturuli speqtrebis sirTules. nax.1-ze 

warmodgenilia boriT legirebul Ge-Si Senadnobebis Sinagani 

xaxunis temperaturuli damokidebulebebi. 

nax.1. boriT legirebuli monokristaluri Ge0,99Si0,01 Senadnobebis Sinagani 
xaxunis temperaturuli speqtrebi

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

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

maqsimumebis temperaturas, SesamCnevad amcirebs maT intensivobas

(nax.1.2). boris maRali koncentraciis SemTxvevaSi mcirdebian 

maqsimumebis temperaturebi da intensivoba.
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aRsaniSnavia rom nebismieri koncentraciiT siliciumis Semcveli 

Ge-Si Senadnobebis defeqtebis moZraobis aqtivaciis energiis 

sidideebi izrdebian. Aamis gamo, B-iT Zlierad legirebul

SenadnobebSi erTdrulad realizebulia kristaluri mesris 

“darbilebisa” da ganmtkicebis faqtori.

monokristaluri Ge-Si Senadnobebis fizikur-meqanikuri 

maxasiaTeblebis amplituduri damokidebulebebidan gansazRvrulia 

kritikuli amplituduri deformaciisa da drekadobis zRvris 

mniSvnelobebi. Seswavlilia legirebis, deformaciisa da Termuli 

zemoqmedebiT maTi cvlilebebis kanonzomierebani.
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Ddaskvna

1. Seswavlilia Coxralskis meTodiT [111] kristalografiuli 

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

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

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

2. holis efeqtis meTodiT mudmiv magnitur velSi gansazRvrulia 

siliciumis, borisa da dariSxanis sxvadasxva Sedgenilobis Ge-Si
Senadnobebis eleqtrofizikuri maxasiaTeblebi da 
gaanalizebulia maTi cvlilebis kanonzomierebani. 

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

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

5. Seswavlilia kristalografiuli orientaciis gavlena 
monokristaluri Ge-Si Senadnobebis mikrosisalisa da Zvris 
modulis sidideebze. 

   -  dadgenilia, rom maRali meqanikuri Tvisebebi damaxasiaTebelia 
(111) orientaciis sibrtyeebisaTvis. 

6. Seswavlilia n- da p- tipis monokristaluri Ge1-xSix(x0,05)
Senadnobebis Sinagani xaxunisa da Zvris fardobiTi modulis 
temperaturuli da amplituduri damokidebulebebi. 

   - gamovlenilia relaqsaciuri da histerezisuli warmoSobis 
grexiTi rxevebis energiis gabnevis procesebi. 

   - gansazRvrulia relaqsaciuri procesebis aqtivaciis energiis 
da sixSiris faqtoris mniSvnelobebi da dadgenilia legirebiT, 
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maRaltemperaturuli Termuli damuSavebiTa da 
maRalamplituduri grexiTi deformaciiT maTi cvlilebebis 
kanonzomierebani. 

   - gamovlenilia Zvris modulis defeqtisa da anomaluri zrdis 
temperaturuli intervalebi. 

   - gaanalizebulia xraxnul da 60-gradusian dislokaciebze 
geometriuli da wyvili Runvebis warmoqmnisa da moZraobis 
wvlili 200-700ºC intervalSi relaqsaciuri procesebis 
formirebaSi. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

   Temperature dependence of relative elongation in monocrystalline Ge-Si alloys has 
been studied. Temperature intervals of anomalous changes of the relative elongation 
have been revealed. Investigation results of thermal treatment and doping effect on 
mentioned anomalies have been presented. Particularly, thermal expansion 
anomalous changes have been revealed in conditions of heating-cooling (3-5K/min). 
Annealing in 500-600C and 800-900C intervals (10hrs.) influence differently on 
temperature  changes of thermal expansion. Thermal treatment at medium 
temperatures practically does not influence, but annealing at high temperatures causes 
decrease of anomaly in 200-450C interval, in 650-700C interval it has disappeared. 
These peculiarities are characteristic for undoped and boron doped monocrystalline 
specimens. 
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   Investigations results of structure and structural-sensitive physical properties 
confirm phase-transformation processes in Si and Ge structures in a wide temperature 
interval (20-900ºC). These structural changes are reflected in anomalous changes of 
microstructure, electrical, mechanical and thermal properties, in heating-cooling 
processes. Investigation results of temperature dependences of shear modulus and 
thermal expansion, presented in the works, confirms revealing of phase-
transformation processes in the monocrystalline Ge, in  200-    750 ºC interval.  

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

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

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

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

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

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

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

Established regularities of changes of real structure and electrophysical and  
physical-mechanical properties and thermal expansion of Ge-Si monocrystals can be 
used for developing new semiconducting devices and equipments, based on 
germanium. 
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sadisertacio sabWos mdivani: sruli profesori TinaTin kaiSauri

naSromis zogadi daxasiaTeba

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


Temis aqtualoba. amJamad didi yuradReba eqceva meqanikuri relaqsaciuri procesebis kvlevas elementarul naxevargamtarebSi. meqanikuri relaqsaciuri procesebis sixSiruli da temperaturuli speqtrebis gazomva akustikuri speqtroskopiis meTodebiT unikaluri monacemebs iZleva kristaluri mesris damaxasiaTebeli defeqtebis aqtivaciur da Zalovan parametrebze, romlebic gamoiyenebian marTvadi eleqtrofizikuri, struqturulad mgrZobiare fizikur-meqanikuri da plastikuri Tvisebebis prognozirebis fundamenturi Teoriis safuZvlebis SeqmnaSi. 


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


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


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

samuSaos mizani da amocanebi: 


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


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


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


· monokristaluri Ge-Si Senadnobebis mikroplastikuri deformaciis maxasiaTeblebis gansazRvra 

naSromis mecnieruli siaxle mdgomareobs SemdegSi: 


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


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


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


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


praqtikuli Rirebuleba mdgomareobs SemdegSi: 


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


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


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


· Ge-Si sistemis masiuri monokristalebis struqturuli defeqtebis tipebis, eleqtruli   aqtivobis    kristalogeometruli da energetikuli parametrebis diagnostikisa da marTvis problemis gadaWriT, mniSvnelovnad gafarTovdeba Tanamedrove maRal teqnologiebSi maTi gamoyenebis SesaZleblobebi. 


dasacavad warmodgenili ZiriTadi debulebebi:

1. monokristaluri Ge-Si Senadnobebis struqturis eleqtrofizikuri da meqanikuri maxasiaTeblebisa da siTburi gafarToebis kvlevis Sedegebi.

2. boriTa da dariSxaniT legirebuli monokristaluri Senadnobebis Sinagani xaxunisa da Zvris modulis temperaturuli speqtris kvlevis Sedegebi

3. legirebis, Termuli damuSavebisa da maRaltemperaturuli deformaciis gavleniT monokristaluri Ge-Si Senadnobebis struqturulad-mgrZnobiare fizikr-meqanikuri Tvisebebis cvlilebaTa dadgenili kanonzomierebani.

naSromis aprobacia. naSromis ZiriTadi Sedegebi moxsenebuli iqna stu-s fizikis departamentisa da informatikisa da marTvis sistemebis fakultetis sadisertacio sabWos kolegiis samecniero seminarebis sxdomebze. 


disertaciis ZiriTadi Sedegebi wardgenili iqna, stu-s saerTaSoriso konferenciaze “gamoyenebiTi fizikis aqtualuri sakiTxebi” 30 marti, 2011, q.Tbilisi.


publikaciebi: disertaciis ZiriTadi Sedegebi gamoqveynebulia 7 samecniero naSromSi. ZiriTadi publikaciebis nusxa moyvanilia avtoreferatis boloSi. 

naSromis moculoba da struqtura: disertaciis moculoba Seadgens 145 nabeWd gverds. disertacia Sedgeba reziumesagan (or enaze), sarCevis, Sesavlis, ori Tavis, ilustraciis saxiT moyvanili 19 naxazis, 9 cxrilis, daskvnisa da 117 gamoyenebuli literaturisagan.

naSromis Sinaarsi


SesavalSi mocemulia naSromis zogadi daxasiaTeba, naCvenebia Temis aqtualoba, Camoyalibebulia naSromis mizani, misi mecnieruli siaxle da praqtikuli Rirebuleba, dasaxulia kvlevis amocanebi. 

pirvel TavSi warmodgenilia Ge-Si sistemis naxevargamtaruli Senadnobebis struqturis, eleqtrofizikuri da fizikur-meqanikuri Tvisebebis literaturuli mimoxilva. gaanalizebulia arsebuli mecnieruli informacia Ge-Si Senadnobebis struqturuli defeqtebis kristalogeometriuli da energetikuli maxasiaTeblebis Sesaxeb. 

elementarul naxevargamtarebSi relaqsaciuri procesebis kvleva sawyis etapze ganxorcielda ultrabgerebis sixSirul diapazonSi da miznad isaxavda myar sxeulebSi ultrabgerebis talRebis eleqtronul da fononur sistemebTan urTierTqmedebis bunebis dadgenas. Uultrabgerebis urTierTqmedeba eleqtronul sistemasTan mravalricxovani saintereso procesis gamomwvevi mizezia, romelTa umravlesobas relaqsaciuri warmoSoba gaaCnia. 

zemaRali sixSiris diapazonSi (≈9.109hc) aRmoCenili iqna Sinagani xaxunisa da C44 drekadobis koeficientis urTierTkorelaciuri cvlileba vercxliT legirebul n––germaniumSi (n=1019sm-3). Eeqsperimentebi Sesrulda [111] da [100] mimarTulebiT gaswvrivi da ganivi talRebis agznebis pirobebSi. Ddadgenili iqna, rom maqsimaluri Sinagani xaxuniT xasiaTdebian is talRebi, romlebic dakavSirebuli aRmoCndnen C44 drekadobis modulis cvlilebasTan. 

   germaniumisa da siliciumis struqturebSi dislokaciebis Casaxvis, kristalografiuli da moZraobis energetikuli maxasiaTeblebis kvlevas didi mniSvneloba aqvs marTvadi struqturuli mdgomareobisa da fizikuri Tvisebebis naxevargamtaruli n_ da p-tipis masalebis Sesaqmnelad. mkvlevarTa umravlesoba upiratesad ganixilavs xraxnuli da 60º-iani tipis dislokaciebs. amasTan erTad marcvlebis mcirekuTxovan gamyof sazRvrebze arseboben aseve kiduri dislokaciebi (111( mimarTulebiT.

almasis tipis meserSi sami SesaZlebeli (001), (110) da (111) sibrtyedan yvelaze mniSvnelovania dislokaciebis sriali {111} sibrtyeTa simravleSi. xraxnuli, kiduri da  60º-iani dislokaciebis RerZebi da biurgersis veqtori mimarTulia (110( -is gaswvriv. 60º-iani dislokaciaze xraxnuli mdgenelis biurgersis veqtori mcirea, xolo kiduri mdgeneli ufro metad gamokveTilia da advilad gamoirCeva misi difraqciuli gamosaxulebis kontrasti. struqturaSi ganixilebian  aseve kiduri dislokaciebi RerZiT [110], biurgersis veqtoriT ½ 1/2 [110] da srialis sibrtyiT (001). aRsaniSnavia, rom maT sqematur gamosaxulebebze naTlad fiqsirdebian ormagi eqstrasibrtyeebi. maTi analizi aCvenebs, rom almasis tipis struqturebSi SesaZlebelia arsebobdnen kiduri dislokaciebi, romelTa birTvebSi ar arseboben gawyvetili eleqtronuli bmebi. 


Mmonokristalur germaniumSi 600ºC-ze plastikuri deformacia da SemdgomSi swrafi (10ºC/wT) gaciveba warmoqmnis specifikuri konfiguraciis dislokaciebis simravles. Ddislokaciebis mowamvlis ormoebis ganawileba ori tipis sibrtyeebze Seswavlilia deformaciis sxvadasxva etapze. erT-erTi maTgani paraleluria ganivi srialis (111), xolo meore pirveladi srialis [111] sibrtyeebis. Ddislokaciuri ormoebis araerTgvarovani ganawileba damaxasiaTebelia deformaciis pirveli etapisTvis. 


Seswavli​lia 450-700°C temperaturul intervalSi Ge-Si  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 Ge-Si SenadnobebSi siliciumis koncentracia 2,2 %-ia.


eqsperimentuli Sedegebidan cnobilia aseve, rom Ge-Si  Senad​no​bebSi germaniumTan SedarebiT dislokaciebis moZraobis siCqa​re umniSvnelod Semcirebulia.

 germaniumis maRali Semcvelobis masiuri monokristalebis miRebis problema jer-jerobiT bolomde gadawyvetili ar aris, magram miRweuli teqnologiuri done saSualebas iZleva Sefasdes kristalizaciis procesis Tanmxlebi Termuli Zabvebi  da Sedgenilobis lokaluri fluqtuaciebi.

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


ukanasknel periodSi mimdinareobs naxevargamtarebSi dislokaciebis moZraobis meqanizmebis intensiuri kvleva.Ggaanalizebulia dislokaciebze arsebuli Runvebis dinamikaze wertilovani defeqtebis gavlenis sxvadasxva meqanizmi. analizs safuZvlad udevs naxevargamtarul monokristalebSi wertilovani defeqtebis urTierTqmedeba dislokaciebis segmentebTan da RunvebTan. 


mniSvnelovani eqsperimentuli Sedegebia warmodgenili ultrasisufTavis germaniumSi dislokaciebis eleqtruli Tvisebebis Sesaxeb. naCvenebia, rom 1012-1013sm-3 arsebul donemde gasufTavebul germaniumSi  dislokaciebi akrZalul zonaSi qmnian aqceptoruli tipis doneebis or qvezonas. dislokaciuri zonebis gamovlineba SesaZlebelia mxolod maSin, rodesac dislokaciebis simkvrivis zRvruli sidide 104sm-2-is rigisaa. gaangariSebiT naCvenebia, rom 103sm-2 dislokaciebis simkvrivis SemTxvevaSi aqceptorebis koncentracia aris 3,5.109sm-3. rodesac dislokaciebis simkvrive ufro naklebia maSin defeqtebis koncentracia imdenad mcirea, rom gamoyenebuli meTodebi ver axdenen dislokaciuri zonebis registracias. 

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

defeqtebis eleqtronul-stimulirebuli reaqciis modelSi ganxilu​lia rogorc wonasworuli, aseve arawonasworuli denis matareblebis gavlena defeqtebis reaqciis siCqareze kovalentur kristalebSi. bmebis Sesustebis meqanizmis elementarul  aqtad miRebulia darRveuli valenturi bmis warmoqmnisa da gadarTvis procesi da gaanalizebulia masTan dakavSirebuli  kristaluri mesris kvanZis eleqtronuli Termebis dinamika. 

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


meore TavSi warmodgenilia kvlevis meTodebi, eqsperimentuli Sedegebi da maTi gansja. Ge-Si sistemis masiuri monokristalebi miRebulia Coxralskis meTodiT zrdis mimarTulebiT [111]. mikrostruqtura Seswavlilia optikuri mikroskopiT Neophot-32.   eleqtrofizikuri maxasiaTeblebi gansazRvrulia mudmiv magnitur velSi holis efeqtis registraciis meTodiT.  Termuli gafarToebis kvleva ganxorcielebulia laboratoriul dilatometrze tevaduri gadamwodiT. dilatometri aRWurvilia nimuSis wagrZelebis tevaduri sensoriT, romelsac gaaCnia marTvisa da informaciis wakiTxvis cifruli posti. displeiTa da klaviaturiT informacia gamodis realur droSi. gazomvis dawyebamde xdeba sawyisi parametrebis SeSveba. gazomvis mTliani cikli xorcieldeba avtomatur reJimSi. 

sacdeli nimuSebis aradrekadi Tvisebebi temperaturisa da deformaciis farTo intervalSi Seswavlilia Sinagani xaxunisa da Zvris modulis laboratoriul danadgarze grexiTi rxvevbis sixSirisa da milevis logariTmuli dekrementis registraciiT. meTodi saSualebas iZleva gamovlindes sacdeli kristalebis struqturaSi relaqsaciuri da histerezisuli warmoSobis rxevebis energiis gabnevis procesebi. ganisazRvros maTi energetikuli maxasiaTeblebi, Sefasdes Zvris modulisa da drekadobis zRvris sidideebi. 


monokristaluri Ge da Ge-Si  Senadnobebis mikrostruqturaSi (111) sibrtyeebze gamovlenilia dislokaciuri mowamvlis ormoebi. dadgenilia, rom Si-isa da malegirebeli elementebis (B,As) koncentraciis gazrdiT izrdeba dislokaciebis simkvrive da ganawilebis araerTgvarovneba. 


Sewavlilia eleqtrofizikuri maxasiaTeblebi aralegirebuli da boriTa da dariSxaniT legirebuli monokristaluri nimuSebis _ Ge, Ge0,99Si0,01 da Ge0,98Si0,02. gazomvebi Sesrulebulia oTaxis temperaturaze. aralegirebuli germaniumis monokristali xasiaTdeba  p-tipis gamtarobiT. Termuli damuSaveba - mowva 750ºC temperaturaze 10sT-is ganmavlobaSi gavlenas ar axdens gamtarobis tipze, umniSvnelod amcirebs denis matareblebis _ xvrelebis koncentracias da avlens maTi Zvradobis amaRlebis tendencias.


gansazRvrulia sustad da Rrmad legirebuli monokristalebis eleqtrofizikuri maxasiaTeblebi. naCvenebia, rom Zlierad legirebuli germaniumi xasiaTdeba sagrZnoblad Semcirebuli xvrelebis ZvradobiT. 750ºC temperturaze vakuumSi mowva 10sT-is ganmavlobaSi sagrZnoblad amaRlebs denis matarebeli eleqtronebis koncentracias gamtarobis zonaSi. Sesabamisad, mcirdeba maTi Zvradoba oTaxis temperaturaze. aRsaniSnavia,  rom monokristaluri Ge:As nimuSebis struqturaSi SedarebiT maRalia dislokaciebis simkvrive, rasac SeuZlia Seamciros gamtarobis zonaSi eleqtronebis Zvradoba. 


boriTa da dariSxaniT cal-calke legirebuli Ge-Si monokristalebis eleqtruli maxasiaTeblebi Termulad aramdgradia. xanmokle (1-1,5sT) mowva 450-600 ºC intervalSi mniSvnelovnad cvlis denis matareblebis koncentraciasa da Zvradobas. maTi stabilizacia miiRweva mowviT 750ºC temperturaze 10sT-is ganmavlobaSi. aseT mdgomareobaSi p-tipis (Ge-Si):B nimuSebSi Semcirebulia xvrelebis koncentracia da gazrdilia Zvradobis mniSvnelobebi. n-tipis (Ge-Si):As  nimuSebSi izrdeba eleqtronebis koncentracia, mcirdeba maTi Zvradoba.

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


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

monokristalur germaniumSi fardobiT wagrZelebas axasiaTebs aCqarebuli da Senelebuli cvlilebebi. 200-300(C, 450-500(C da 650-750(C ubnebze misi zrdis siCqare maRalia, xolo 300-450(C, 550-600(C, 700-730(C ubnebze igi aSkarad Senelebulad izrdeba. fardobiTi wagrZelebis aseTi xasiaTis cvlilebebi ganpirobebulia sxvadasxva tipis arastabiluri defeqtebis kompleqsebSi gardaqmnebiT, ris Sedegad maTi Semadgeneli atomebi icvlian poziciebs da myar xsnarSi gadadian, xorcieldeba kompleqsebSi konfiguraciuli cvlilebebi. mowviT 5sT-is ganmavlobaSi 900(C-ze viwrovdeba yvela temperaturuli ubani, sadac vlindeba fardobiTi wagrZelebis anomaluri zrda.

Ge-Si Senadnobebis fardobiTi wagrZelebis yvela anomalia Termulad mdgradia. 900(C-ze xangrZlivi mowva (20sT.) vakuumSi gavlenas ar axdens maT intensivobasa da temperaturul intervalebze. 


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

Seswavlilia [111] orientaciis monokristalur Ge, Ge:B, Ge:As da Ge1xSix (x<0,05) Senadnobebis Sinagani xaxunisa da Zvris dinamiuri modulis temperaturuli damokidebulebebi. monokristaluri germaniumis Sinagani xaxunis temperaturuli speqtri Sedgeba eqsponencialuri fonisa da deformaciuli warmoSobis maqsimumebisagan. maTi aqtivaciuri maxasiaTeblebi (aqtivaciis energia, sixSiris faqtori) mniSvnelovan cvlilebebs ganicdian legirebis, maRaltemperturuli cikluri deformaciisa da Termuli damuSavebis gavleniT. relaqsaciuri procesebi xasiaTdebian rxeviTi energiis gabnevis maRali intensivobiTa da amplitudur deformaciaze Zlieri damokidebulebiT. aRniSnuli Taviseburebani damaxasiaTebelia dislokaciebisa da wertilovani defeqtebis (vakansiebi, minarevebis atomebi da maTi kompleqsebi, dispersuli fazebi) urTierTqmedebis procesebisaTvis myar sxeulebSi. Zvris dinamiuri modulis temperaturuli damokidebulebis grafikebze  gamovlenilia gansazRvrul temperaturebze Zvris modulis defeqti da anomaluri amaRleba. modulis defeqtis warmoSoba ganpirobebulia lokalur areebSi struqturis deformaciiT, xolo modulis anomaluri amaRleba aris dinamiuri meqanikuri ganmtkicebis Sedegi. 

Seswavlilia monokristaluri Ge-Si Senadnobebis Sinagani xaxunisa da Zvris modulis temperaturuli damokidebulebebi. naCvenebia, rom Si-is koncentraciis gazrda Ge-s kristalur meserSi iwvevs Zvris modulis absoluturi mniSvnelobis  da deformaciuli warmoSobis relaqsaciuri procesebis aqtivaciuri maxasiaTeblebis amaRlebas. rac, ZiriTadad gamowveulia myar xsnarSi Si-is mcire atomuri radiusis atomebis maxloblobaSi lokaluri kumSvis deformaciiTa da Sesabamisad, urTierTqmedebis Zalebis sididis zrdiT. boriTa da dariSxaniT mcire koncentraciebiT (1014-1015sm-3) legireba amaRlebs aqtivaciuri maxasiaTeblebis sidideebs, zrdis relaqsaciuri maqsimumebis Termul mdgradobas. aRniSnuli cvlilebebi lokalizebuli kumSviTi deformaciis aRZvriTa da dislokaciebis kotrelis atmosferoebSi malegirebeli atomebis koncentracis gazrdiT aris ganpirobebuli. 


malegirebeli borisa da dariSxanis maRali koncentraciebi ganapirobeben Ge-Si Senadnobebis struqturaSi dislokaciebis eleqtruli ZalebiT damuxruWebis Sesustebas, radganac xvrelebiTa da eleqtronebiT ivsebian e.w. erTganzomilebiani dislokaciuri zonebi. yovelive aRniSnuli Ge-Si Senadnobebis realur struqturaSi iwvevs dislokaciebis Zvradobis gazrdas, avlens modulisa da drekadobis zRvris mniSvnelobebis Semcirebis tendencias. e.i.adgili aqvs Ge-Si Senadnobebis struqturis “darbilebas”. 


Ge-Si Senadnobebis struqturaSi defeqtebis rTuli urTierTqmedeba ganapirobebs struqturulad - mgrnobiare Sinagani xaxunis temperaturuli speqtrebis sirTules. nax.1-ze warmodgenilia boriT legirebul Ge-Si Senadnobebis Sinagani xaxunis temperaturuli damokidebulebebi. 
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nax.1. boriT legirebuli monokristaluri Ge0,99Si0,01 Senadnobebis Sinagani xaxunis temperaturuli speqtrebi

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

boriT legireba mcire koncentraciiT (~5.1016sm-3) zrdis maqsimumebis temperaturas, SesamCnevad amcirebs maT intensivobas (nax.1.2). boris maRali koncentraciis SemTxvevaSi mcirdebian maqsimumebis temperaturebi da intensivoba.


aRsaniSnavia rom nebismieri koncentraciiT siliciumis Semcveli Ge-Si Senadnobebis defeqtebis moZraobis aqtivaciis energiis sidideebi izrdebian. Aamis gamo, B-iT Zlierad legirebul SenadnobebSi erTdrulad realizebulia kristaluri mesris “darbilebisa” da ganmtkicebis faqtori.

monokristaluri Ge-Si Senadnobebis fizikur-meqanikuri maxasiaTeblebis amplituduri damokidebulebebidan gansazRvrulia kritikuli amplituduri deformaciisa da drekadobis zRvris mniSvnelobebi. Seswavlilia legirebis, deformaciisa da Termuli zemoqmedebiT maTi cvlilebebis kanonzomierebani.

Ddaskvna


1. Seswavlilia Coxralskis meTodiT [111] kristalografiuli mimarTulebiT gazrdili monokristaluri Ge1-xSix(x(0,05) Senadnobebis mikrostruqtura.


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


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


2.
holis efeqtis meTodiT mudmiv magnitur velSi gansazRvrulia siliciumis, borisa da dariSxanis sxvadasxva Sedgenilobis Ge-Si Senadnobebis eleqtrofizikuri maxasiaTeblebi da gaanalizebulia maTi cvlilebis kanonzomierebani. 

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

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


5.
Seswavlilia kristalografiuli orientaciis gavlena monokristaluri Ge-Si Senadnobebis mikrosisalisa da Zvris modulis sidideebze. 


   -  dadgenilia, rom maRali meqanikuri Tvisebebi damaxasiaTebelia (111) orientaciis sibrtyeebisaTvis. 


6. 
Seswavlilia n- da p- tipis monokristaluri Ge1-xSix(x(0,05) Senadnobebis Sinagani xaxunisa da Zvris fardobiTi modulis temperaturuli da amplituduri damokidebulebebi. 


   - gamovlenilia relaqsaciuri da histerezisuli warmoSobis grexiTi rxevebis energiis gabnevis procesebi. 


   - gansazRvrulia relaqsaciuri procesebis aqtivaciis energiis da sixSiris faqtoris mniSvnelobebi da dadgenilia legirebiT, maRaltemperaturuli Termuli damuSavebiTa da maRalamplituduri grexiTi deformaciiT maTi cvlilebebis kanonzomierebani. 


   - gamovlenilia Zvris modulis defeqtisa da anomaluri zrdis temperaturuli intervalebi. 


   - gaanalizebulia xraxnul da 60-gradusian dislokaciebze geometriuli da wyvili Runvebis warmoqmnisa da moZraobis wvlili 200-700ºC intervalSi relaqsaciuri procesebis formirebaSi. 


7. 
amplituduri deformaciis farTo intervalSi  (5.10-5-5.10-3) Seswavlilia monokristaluri Ge-Si Senadnobebis Sinagani xaxunisa da Zvris modulis mravalstadiuri amplituduri damokidebuleba. gansazRvrulia amplituduri deformaciis kritikuli sidideebi da Sefasebulia drekadobis zRvris mniSvnelobebi. 


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


8.
monokristaluri Senadnobebis mikrostruqturis, eleqtrofizikuri, Termuli da fizikur-meqanikuri Tvisebebis maxasiaTeblebis cvlilebebis dadgenili kanonzomierebani SesaZlebelia gamoyenebuli iqnas Ge-Si Senadnobebis fuZeze axali naxevargamtaruli optoeleqtronuli mowyobilobebisa da xelsawyoebis Sesaqmnelad. 

Abstract

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


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


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


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

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


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


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


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


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


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


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


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


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


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


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


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


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


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


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