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qveyana, romelic mxars uWers sa­
kuTari siliciumis teqnologias, 
saCuqrad Rebulobs upiratesobas 
sasicocxlod mniSvnelovan dar­
gebSi, maT Soris, eleqtronikaSi

winasityvaoba

yvelasaTvis kargad cnobili siliciumi erT-erTi yvelaze 
sasargeblo elementia kacobriobisaTvis. siliciumis teq­
nologiebisa da Tvisebebis intensiurma Seswavlam ukve gamoiRo 
saintereso da mniSvnelovani praqtikuli Sedegebi. man sruli­
ad Secvala Cveni cxovrebis wesi Tavisi sxvadasxva gamoyenebiT. 
kaJbadidan aRdgenili siliciumis nedli masala ZiriTadad 
gamoiyeneba Tanamedrove metalurgiisaTvis metad moTxovna­
di da faseuli sxvadasxva komerciuli nawarmebis misaRebad. 
xolo, maRali sisufTavis siliciumisaTvis yvelaze saintere­
so sferoa naxevargamtaruli teqnologiebi. aq mas mravali sam­
rewvelo gamoyeneba aqvs, dawyebuli yoveldRiuri gajetebidan 
ufro rTul mzis elementebamde da sxva myari mdgomareobis 
naxevargamtarul mowyobilobebamde- eleqtronikamde.

siliciumis teqnologiam gansakuTrebiT Zlieri gavlena 
moaxdina msoflio ekonomikaze bolo ramdenime wlis ganmav­
lobaSi da iqca eleqtronikis uCveulo ganviTarebis wamyvani 
Zalad. es teqnologia TandaTan gadadis gamoyenebis axal 
sferoSi, radgan viTardeba siliciumze dafuZnebuli axali 
teqnologiebi, rogoricaa mikrosistemebi, siliciumze da­
fuZnebuli fotonika, spintronika, biologiur-samedicino 
mikroeleqtromeqanikuri sistemebi, nanostruqturebi maTi 
potenciuri biologiuri gamosaxulebiT, sensorebiT, wam­
lebis miwodebiT da energiis SenaxviT da sxva.

Zalovan eleqtronikaSi siliciumis safuZvelze damza­
debul mZlavr diodebsa da tiristorebs daemata mZlavri 
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tranzistorebis farTo speqtri da sxvadasxva `Zalovani~ 
integraluri sqemebi. didi denebis momxmare siliciumis 
eleqtronuli mowyobilobebi warmatebiT gamoiyeneba eleq­
troenergiis gadasacemad did manZilebze minimaluri dana­
kargebiT, energotevad da intensiur metalurgiul da qimiur 
mrewvelobaSi, transportSi, eleqtromomaragebis sistemeb­
Si da sxva. amrigad, axali teqnologiebis ganviTarebis pro­
cesSi mowinave poziciebi ukavia siliciumis teqnologias. 
arsebobs mravali saxis naxevargamtaruli masala, romelic 
SeiZleba gamoyenebul iqnas CamoTvlil sferoebSi, magram ar 
arsebobs maTi aseTi mravali saxis farTo samrewvelo war­
moeba. dReisaTvis siliciumi Seadgens naxevargamtaruli ma­
salebis mTliani gamomuSavebis daaxloebiT 90%-s.

amJamad siliciumis miRebis teqnologiis damuSaveba da 
ganviTareba erTgvari gasaRebia qveynisaTvis mniSvnelovani 
dargebis ganviTarebisaTvis dawyebuli mZime mrewvelobidan 
damTavrebuli optoeleqtronikiT da  mikroeleqtronikiT. 
naxevargamtaruli teqnologiebidan siliciumi ZiriTadad 
gamoiyeneba ori mimarTulebiT: mzis energetika da eleqtro­
nuli mrewveloba. am dargebSi 1 dolaris Cadeba gvaZlevs 100 
dolarze met mogebas. 

sufTa ekonomikuri Tvalsazrisis garda, siliciumis war­
moeba strategiuli sakiTxia yvela qveynisTvis, radgan exeba 
qveynis ekonomikur damoukideblobas da usafrTxoebas. aR­
saniSnavia, rom energetikuli sakiTxi gansakuTrebiT mniS­
vnelovania saqarTvelosTvis, vinaidan CvenTan maRalia mzis 
aqtivoba, xolo organuli sawvavis bunebrivi maragi mwiria; 
mzis elementebi gansakuTrebiT mniSvnelovania jaris aR­
WurvisTvis. 

saqarTvelos gaaCnia siliciumis warmoebis unikaluri 
SesaZlebloba, rac ganpirobebulia adgilobrivi sawyisi 
kvarcitebis nedleulis mravalferovani baziT da iafi muSa 
xeliT. `qarTuli~ siliciumis warmoebis damuSaveba da gan­
xorcieleba erovnuli saqmea. samwuxarod, saqarTvelos, ro­
melsac gaaCnia unikaluri SesaZlebloba awarmoos maRali si­
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sufTavis siliciumi, ara aqvs sakuTari samamulo siliciumi. 
Znelia Seafaso siliciumis miRebis mimarTulebiT kvlevebis 
praqtikuli mniSvneloba. specialistebis azriT siliciumi 
iqneba mowinave masala momavali mravali aTeuli wlebis gan­
mavlobaSi da ara marto mikroeleqtronikasa da mzis energe­
tikaSi, aramed sxva, amJamad jer Seuswavlel sferoebSi, rom­
lebic dakavSirebulia, magaliTad, kvanturi kompiuterebis 
SeqmnasTan. siliciumis bazris Taviseburebaa is, rom misi 
warmoebis SesaZlebloba msoflioSi gaaCnia mxolod ramode­
nime qveyanas da Sesaferisi teqnologiebi ar iyideba.

`qarTuli~ siliciumis warmoebis damuSaveba da ganxor­
cieleba xels Seuwyobs energomatareblebis momwodeblebi­
sagan Tavis daRwevas da damoukideblobis SenarCunebas.  
amitom, metad aqtualuria axali, ekologiurad usafrTxo 
siliciumis warmoebis teqnologiebis Zieba da damuSaveba. 

dRevandeli sufTa siliciumis warmoeba msoflio masSta­
biT srulad ver akmayofilebs naxevargamtaruli masalebis 
bazris moTxovnebs, gansakuTrebiT eleqtronikis dargs. Se­
sabamisad, siliciumTan dakavSirebuli teqnologiebi kvlav 
mecnierTa da mewarmeTa yuradRebis centrSia. miuxedavad 
III-V da II-VI tipis naxevargamtaruli naerTebis warmoebisa da 
gamoyenebis swrafi ganviTarebisa, yvela safuZveli arsebobs 
imis dasajereblad, rom siliciumi ara marto dRes, aramed 
momavalSic sakmaod didxans SeinarCunebs wamyvan pozicias 
miwiszeda naxevargamtarul teqnologiebSi. 

mTavari amocana, romlis gadawyvetazec muSaoben dRes 
siliciumis msxvili mwarmoeblebi, kvlav rCeba kontrolire­
badi Tvisebebisa da maRali sisufTavis mqone siliciumis mo­
nokristalebis misaRebi teqnologiebis moZieba. siliciumis 
Sesaxeb dagrovili uzarmazari samecniero literaturuli 
masala iZleva saSualebas Sejamdes da yvelaze mniSnelovani 
kvlevebis mimarTulebebi aisaxos warmodgenil monogra­
fiaSi.

warmodgenil monografiaSi ganzogadoebulia is arsebu­
li eqsperimentuli da Teoriuli masala, romelic eZRvneba 
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siliciumis miRebas da mis gamoyenebas Tanamedrove teqno­
logiebSi, ZiriTadad naxevargamtarul mrewvelobaSi. monog­
rafiaSi warmodgenilia siliciumis Tvisebebis Seswavlasa da 
gamoyenebaze msoflios mravali qveynis mecnierTa mier gan­
xorcielebuli kvlevebis Sedegebi im mravalwlian mecnie­
rul kvlevebTan erTad, romelic iqna Catarebuli ferdinand 
TavaZis metalurgiisa da masalaTmcodneobis institutis na­
xevargamtaruli masalaTmcodneobis laboratoriaSi (damu­
Savebul iqna siliciumis miRebis ekologiurad usafrTxo 
meTodi, airadi fazis gverdis avliT, miRebul iqna mziuri 
xarisxis siliciumis poli- da monokristalebis laborato­
riuli nimuSebi da a.S.). 

warmodgenili monografia asaxavs didi da mniSvnelovani 
Temis sakiTxebs saxelwodebiT `siliciumi~, romelic udavod 
daainteresebs naxevargamtaruli masalebis sferoSi mo­
muSave specialistebis farTo speqtrs, maT Soris fizikosebs, 
qimikosebs, metalurgebs, doqtorantebs, magistris da baka­
lavris xarisxis mqone studentebs.
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Sesavali

dRes aravis epareba eWvi, rom naxevargamtaruli xelsawyo­
ebi Tanamedrove teqnologiebis erT-erT mTavar elementad 
iqca. marTlac, eleqtronikam da gansakuTrebiT misma Ta­
namedrove ganStoebebma mikroeleqtronikam da optoeleq­
tronikam gadamwyveti gavlena moaxdina teqnologiis mrava­
li dargis ganviTarebaze. kompiuterebis Seqmna, informaciis 
gavrceleba, samedicino momsaxureba, transporti, swraf­
qmedeba krizisebis dros, ekonomika da a.S. warmoudgenelia 
naxevargamtarebis gareSe. amitom, maTi Seswavla da gamoye­
nebis sferos gafarToeba grZeldeba. 

naxevargamtarebis teqnologia mecnierebis is dargia, ro­
melic Tavisi ganviTarebis tempiT da mniSvnelobiT uswrebs 
mecnierebis sxva mraval dargs. naxevargamtari, funqcioni­
rebs ra rogorc gamtaris da izolatoris hibridi, aris Ta­
namedrove eleqtronuli xelsawyoebis ZiriTadi komponenti, 
maT Sorisaa Cipebi, diodebi, tranzistorebi da integraluri 
sqemebi. naxevargamtarebis fuZeze warmoiSva mravali axali 
teqnologia, roblebmac gardaqmnes sazogadoebis cxovre­
ba ukeTesobisken. am teqnologiebs Soris aris komunikaciis 
sistemebi, kompiuteruli teqnologia, interneti, jandacva, 
samxedro sistemebi, transporti, ekologiurad usafrTxo 
energia, avtomatizirebuli mowyobilobebi da uamravi sxva. 

siliciumi mniSvnelovan rols TamaSobs Tanamedrove mzis 
energetikaSic, romlis ganviTareba gansakuTrebiT mniS­
vnelovania Cveni qveynisTvis, romelic gamoirCeva mzis ener­
giis maRali resursiT. naxevargamtaruli teqnologiebis 
ganviTareba momgebiania nebismieri qveynis ekonomikis ganvi­
TarebisTvis, erovnuli usafrTxoebisTvis da globalu­
ri konkurentunarianobisTvis. naxevargamtarebis udidesi 
potencialis gamovlena jer kidev winaa. naxevargamtarebis 
teqnologiis da masTan dakavSirebuli dargebis (energetika, 



12

eleqtronika, manqanaTmSenebloba da mravali sxva) ganviTare­
ba mWidrodaa dakavSirebuli da ganisazRvreba naxevargamta­
ruli masalebis miRebis teqnologiis ganviTarebis doniT.

istoriulad, pirveli naxevargamtaruli masala Sesabami­
si mowyobilobebis ganviTarebis adreul etapebze iyo ger­
maniumi da Seiqmna germaniumis wertilovani da Senadnobis 
tranzistorebi. Tumca, germaniumi male Secvala silici­
umma, romelsac aRmoaCnda iseTi mniSvnelovani Tvisebebi 
xelsawyoTmSeneblobisTvis, rogoricaa Jangvis garemoSi 
siliciumis oqsidSi amorfuli Txeli, gamZle da tenianobis 
sawinaaRmdego dieleqtrikuli fenis miRebis SesaZlebloba, 
Sesabamisad mdgradoba zedapiris dabinZurebis mimarT da 
agreTve didi akrZaluli energetikuli zona. didi akrZalu­
li zonis sigane uzrunvelyofs ZiriTadi da araZiriTadi 
denis matareblebis dabal koncentracias da ufro maRali 
winaRobis mqone rezistorebis Seqmnis SesaZleblobas iZle­
va; agreTve uzrunvelyofs dabali gaJonvis denebs p-n gadas­
vlebSi; iZleva SesaZleblobas gamoyenebul iqnas ufro maRa­
li samuSao temperatura da kuTri datvirTvebi.

dRes, siliciumi priviligirebuli SerCeuli naxevar­
gamtaria mTeli rigi sxva mniSvnelovani Tvisebebis gamoc. 
amrigad, siliciumi aris erTerTi ZiriTadi naxevargamta­
ruli masala, romelzec dafuZnebulia dRes arsebuli Tana­
medrove miwiszeda naxevargamtaruli teqnologiebi, ramac 
mkveTrad Secvala Cveni cxovreba.

mravali wlis ganmavlobaSi siliciumis miRebis da Tvisebebis 
kvlevis Sedegebi didi warmatebiT aRiniSneba. miRweulia mniS­
vnelovani Sedegebi maRali qimiuri sisufTavis da struqturis 
mqone siliciumis warmoebis meTodebis gaumjobesebaSi. miRebu­
lia siliciumi, romelsac aqvs kuTri winaRoba oTaxis tempera­
turaze axlo sakuTar winaRobasTan (230000 om·sm). dadgenilia 
pirobebi, romlebic uzrunvelyofen praqtikulad dislokaci­
isgan Tavisufali siliciumis kristalebis warmoebas. Tumca, 
siliciumis warmoebis meTodebisa da teqnologiuri procese­
bis saboloo srulyofamde jer kidev Sorsaa. amaze metyvelebs 
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is uamravi naSromi, romelTa gamoqveyneba grZeldeba da is axa­
li mimarTulebebi siliciumis warmoebaSi, romelsac ayalibe­
ben kompaniebi, magaliTad ECM GREENTECH kompaniis `Crystalmax~ 
teqnologia da mravali sxva.

miuxedvad siliciumis warmoebis uzarmazari moculobisa, 
ramodenime welia, rac samomxmareblo eleqtronikis mwarmoe­
blebi ganicdian Cipebis mzard deficits: gaizarda moTxovna 
smartfonebze, leptopebze, desktopze, smart televizore­
bze, manqanebsa da internetTan dakavSirebul mowyobilobeb­
ze. TiToeuli aseTi mowyobiloba muSaobs Cipze anu iTxovs 
umaRlesi sisufTavis siliciums. vidre gairkveva da gadaw­
ydeba deficitis realuri mizezi, udavo faqtia siliciumi 
kvlav rCeba Seucvlel masalad Tanamedrove axali teqno­
logiebisaTvis, rac iTxovs siliciumis kristalebis zrdis 
axali meTodebis SemuSavebas, maTi erTgvarovnobisa da 
struqturuli gaumjobesebis mizniT.

warmodgenili monografia garkveulwilad asaxavs sili­
ciumis kristalebis warmoebis teqnologiis mudmivad gaum­
jobesebis amJamindel mdgomareobas, iseve rogorc misi Tvise­
bebis gamokvlevas da gamoyenebas. monografia moicavs 10 Tavs.

pirvel TavSi Sejamebulia siliciumis fizikur-qimiu­
ri Tvisebebi, misi gavrceleba bunebaSi da pozicia almasis-
msgavsi naxevargamtarebis ojaxis jgufSi. 

meore Tavi eZRvneba siliciumis teqnologiis erT-erT 
umniSvnelovanes problemas, romelic dakavSirebulia mas­
Si uamrav arakontrolirebadi minarevebis arsebobasTan. 
minarevebis Semcveloba siliciumis kristalSi upirobod 
gansazRvravs mis Tvisebebs da gamoyenebis dargs. ganixile­
ba siliciumi- minarevis sistemis fizikur-qimiuri Tvisebe­
bi, kerZod, makro da mikro fazuri diagramebi, minarevebis 
xsnadobis Taviseburebani siliciumSi, maTi ganawilebis koe­
ficientebi, minarevebis identifikaciisa da siliciumis maT­
gan gawmendis principebi.

mesame TavSi ganixileba mTis qanebidan siliciumis aR­
dgenis procesebi, anu metalurgiuli siliciumis miRebis 
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gavrcelebuli liTonTermiis da karboTermiis teqnolo­
giebis garda sxva meTodebic, maT Soris, gavarvarebisa da 
TviTganvrcobadi maRaltemperaturuli sinTezi. 

meoTxe TavSi ganxilulia metalurgiuli siliciumis gawmen­
dis procesebis Taviseburebebi. minarevebis moSoreba siliciu­
midan umniSvnelovanesi sakiTxia naxevargamtaruli siliciumis 
xarisxis gaumjobesebis zogad problemebs Soris. TavSi moce­
mulia siliciumis gawmendis meTodologiuri sakiTxebis aRwera.
zustad am gawmendis procesebis srulyofam uzrunvelyo sili­
ciumis wamyvani roli Tanamedrove eleqtronul mrewvelobaSi.

am sakiTxisadmi miZRvnil ̀ zRva~ arsebuli masalidan, Ziri­
Tadad yuradReba eTmoba siliciumis miRebis iseT meTodebs, 
romlebic uzrunvelyofen masSi minimaluri minarevebis Sem­
cvelobas. siliciumis gamoyenebis Semdgomi gafarToebis­
Tvis saWiroa gaizardos kvlevebi arakontrolirebadi mina­
revebis identifikaciis mimarTulebiT. 

mexuTe TavSi ganixileba siliciumis gasufTavebis Ziri­
Tadi samrewvelo gamocdagavlili teqnologiuri mimarTule­
bebi `mziuri~ da `eleqtronuli~ siliciumis misaRebad.

meeqvse Tavi eZRvneba siliciumis gawmendis meTods- mimar­
Tul gamyarebas anu mimarTul kristalizacias. es is meTodia, 
romelic safuZvlad udevs siliciumis gawmendis mraval­
ferovan teqnologiur procesebs. es meTodi gansakuTrebul 
yuradRebas ipyrobs imis gamoc, rom efeqturia gardamava­
li liTonebis mosaSoreblad, rac kritikulia siliciumis 
warmoebaSi. es is minarevebia, romelnic moqmedeben mzis ele­
mentebSi rogorc araZiriTadi muxtis matarebelTa rekombi­
naciis centrebi. 

meSvide TavSi moyvanilia siliciumis gawmendis procesis 
makontrolebeli meTodebis rentgeno-difraqciuli fazu­
ri analizis da infrawiTeli speqtroskopiis Taviseburebebi 
siliciumisaTvis.

merve, mecxre da meaTe TavebSi ganixileba siliciumis ga­
moyeneba mZime mrewvelobaSi da naxevargamtarul teqnolo­
giebSi. monografias Tan axlavs 10 danarTi.
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Tavi 1

siliciumis Tvisebebi

1.1. siliciumis fizikur-qimiuri Tvisebebi
siliciumi, Si (laTinurad silex qarTulad niSnavs kaJs) ato­

muri nomriT 14 da atomuri woniT 28.09 aris msubuqi meore 
elementi perioduli sistemis IVA jgufSi. is myife da nacris­
feri masalaa (monokristals ki aqvs foladis bzvinvareba) da 
moicavs 10 cnobil izotops. siliciumi teqnologiurad ad­
vilad dasamuSavebeli da naklebad xarjiani masalaa da didi 
raodenobiT aris dedamiwis qerqSi. siliciumis ZiriTadi 
fizikur-qimiuri Tvisebebi moyvanilia 1a danarTSi [1].
kristaluri meseri. siliciums aqvs almasis tipis kuburi wax­
nagcentrirebuli kristaluri meseri parametriT a=5.4307Å 
atmosferul wnevaze. maRali wnevis 15 gigapa pirobebSi meseri 
gardaiqmneba moculobiT centrirebul meserad. siliciu­
mis meseris parametri 300K-1500K temperaturul intervalSi 
moyvanilia 1b danarTSi [2]. qimiuri kovalenturi bmebis gasa­
jereblad, siliciumis kristalSi TiToeuli atomi dakav­
Sirebulia oTx mezobel atomTan (nax. 1.1). yovel or mezobel 
atoms aqvs ori saerTo eleqtroni, romlebic brunaven orive 
birTvis garSemo. siliciumi, rogorc elementi, romlis yove­
li atomi qmnis qimiur kavSirebs sxva atomebTan 4 eleqtroniT, 
stabiluria tetravalentur mdgomareobaSi. almasis tipis 
kristaluri struqtura, romelsac iRebs siliciumi, roca 
gadadis myar mdgomareobaSi nadnobidan, ganapirobebs, imas, 
rom siliciumSi formirdeba sp3 hibridizacia.

hibridizaciis gamo siliciumis kristaluri meseri ar 
aris mWidro wyobis struqtura da is mxolod 34%-iT savse 
sivrcea, danarCeni Ria sivrcea.
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nax.1.1. siliciumis kristaluri struqtura

minarevebis arseboba arRvevs meseris parametrs da qmnis 
lokalur Zabvebs meseris kvanZebTan imisda mixedviT Tu ro­
gor pozicias ikavebs minarevi CanacvlebiT Tu CanergviT. 
moculobiTi Tvisebebi. siliciums, kristaldeba ra gigan­
tur kovalentur struqturad (standartul pirobebSi), 
konkretulad almasis meseris saxiT, aqvs maRali dnobis 
temperatura 1414°C, radgan didi energiaa saWiro mtkice 
kovalenturi bmebis gasaxleCad da myari siliciumis dasad­
nobad.

siliciumis simkvrive 2.329g/sm3 (300K) metyvelebs mis simyi­
feze. temperaturis matebasTan erTad siliciumis simkvrive 
izrdeba 2.49g/sm3–2.53 g/sm3-mde sakoordinacio ricxvis gaz­
rdis gamo. amitom, gaciebisas siliciumi imatebs moculobaSi, 
xolo gadnobisas mcirdeba (moculobis es kleba 9%-10%-ia). 
anu, rogorc naxevargamtaruli masala, siliciumi dnobisas 
ikumSeba da farTovdeba gamyarebisas.

kovalenturi kavSiri ganapirobebs siliciumis maRal si­
sales. rogorc sxva naxevargamtaruli masala, siliciumi, 
Tundac minarevis mcire Semcvelobisas, myifea. siliciumi 
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stabiluria haerze gaxurebisas 9000C-mde, xolo gaxurebisas 
8000C-ze zemoT is xdeba plastiuri.
qimiuri Tvisebebi. qimiuri Tvisebebis TvalsazrisiT silici­
umi, gansakuTrebiT kristaluri saxiT, sakmaod inertuli niv­
Tierebaa da qimiur reaqciebSi rTulad Sedis. mcire qimiuri 
aqtiuroba oTaxis temperaturaze da stabiluroba haerze gaxu­
rebisas 9000C-mde gamowveulia ara imdenad inertulobiT, ara­
med imiT, rom haerze siliciumi dafarulia dioqsidis feniT. 
is mdgradia TiTqmis yvela mJavas mimarT da uSualod uerTde­
ba mxolod ftors. mJavebidan siliciumze moqmedebs mxolod 
fTorwyalbadmJavas da azotmJavas narevi (HF+ HNO

3
). es narevi 

(НNO
3
:НF=2:1) gamoiyeneba siliciumis zedapiris polirebisTvis, 

xolo mikrostruqturis gamosavlenad gamoiyeneba HF:HNO
3
:  

CH
3
COOH =3:5:3 xsnari. tute xsnarebTan siliciumi energiulad 

reagirebs da kargad ixsneba. am SemTxvevaSi wyalbadi gamoiyofa da 
warmoiqmneba siliciumis mJavas marilebi: Si+2KOH+H

2
O=K

2
SiO

3
+2H

2
. 

wyalbadis zeJangi aCqarebs siliciumis daSlas tuteSi. amitom, 
tute xsnarebi gamoiyeneba siliciumis zedapiris dabinZurebis­
gan gasawmendad da mikro da makrostruqturis gamosavlenad.

siliciumi advilad ixsneba gamdnar liTonebSi da warmoq­
mnis Senadnobebs, maT Soris, yvelaze gavrcelebulia silumi­
ni (siliciumis Senadnobi aluminTan), ferosiliciumi (sili­
ciumis Senadnobi rkinasTan). didi mniSvneloba aqvs imas, rom 
siliciums SeuZlia mravali naerTis warmoqmna uCveulod 
sasargeblo TvisebebiT. es aris silanebi, silicidebi, dioq­
sidi da sxvadasxva silikatebi. siliciumis da misi naerTebis 
unari warmoqmnas rTuli myari xsnarebi praqtikulad usas­
ruloa, rac SesaZlebels xdis miRebul iqnas SuSis, qvis da 
keramikis usasrulod mravalferovani variaciebi.

siliciumi ori alotropuli formiT arsebobs, Tanabrad 
stabilur normalur temperaturaze: amorfuli da krista­
luri. amorfuli siliciumi aris yavisferi fxvnili, wyalSi 
uxsnadi. kristaluri siliciumis reaqtiuloba gacilebiT 
dabalia, vidre amorfuli siliciumis.

siliciumi ar reagirebs fosforTan, dariSxanTan da anti­
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monTan maT duRilamde; borTan ki naerTebs warmoqmnis mxo­
lod Zalian maRal temperaturaze (2000ºС).

siliciumisTvis mJangavi Tvisebebi naklebadaa damaxasi­
aTebeli, magram isini silicidebis warmoqmnisas liTonebTan 
reaqciaSi vlindeba. siliciumi gamoiyeneba oqsidebisgan li­
Tonebis aRsadgenad. reaqciebSi mas SeuZlia gamoavlinos ro­
gorc JangviTi, aseve aRmdgeni Tvisebebi; aRmdgeni Tvisebebi 
siliciumSi ufro gamoxatulia.

liTonebTan siliciumi warmoqmnis naerTebs, romlebsac sili­
cidebi ewodeba. es naerTebia Mg

2
Si, Fe

2
Si, FeSi, FeSi

2
, FeAlSi, CoSi, NiSi, 

CaSi
2
, Cu

15
Si

4
 da CoSi

2
. ferosiliciumi ZiriTadad Sedgeba FeSi naer­

Tisgan. kalciumis silicidi CaSi
2
 warmoiqmneba kiris, siliciumis 

dioqsidisa da naxSiris narevis eleqtro RumelSi gacxelebiT. 
naxSirbadTan erTad siliciumi qmnis siliciumis karbids SiC.

            
nax.1.2. siliciumis energetikuli struqtura briluenis zonis 

simetriis mTavari RerZebis gaswvriv, gamoTvlili fsevdopotencialis 
modeliT. isrebiT aRniSnulia zonebs Soris pirdapiri gadasvlebi, 

romlebic gansazRvrulia sakuTari STanTqmis speqtrebidan [3]
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energetikuli struqtura. siliciumi monokristaluri saxiT 
aris arapirdapiri energetikuli zonis (k=0) mqone naxevar­
gamtari. sufTa siliciumi naxevargamtaria akrZaluli zoniT 
Eg=1.12ev (300K) da 1.17ev(0K). nax.1.2-ze warmodgenilia silici­
umis energetikuli zonebi [3].
optikuri Tvisebebi. siliciumi gamWvirvalea infrawiTe­
li gamosxivebis mimarT dawyebuli 1.1mkm talRis sigrZidan, 
rac gamoiyeneba infrawiTel optikaSi. mzis elementebsa da 
fotogamtar xelsawyoebSi gamoyenebisas gansakuTrebiT 
mniSvnelovania siliciumis optikuri STanTqmis/gaSvebis 
speqtrebi 0.4mkm_1.5mkm talRebis sigrZis ubanSi.

siliciumis monokristalebis STanTqmis speqtrebi 2mkm-
30mkm talRis sigrZeebis ubanSi 20K-365K temperaturul 
intervalSi (nax.1.3) avlenen ramdenime STanTqmis zols [4] 
(danarTi 1g). ZiriTadi STanTqmis zolebis mdebareoba da 
temperaturuli damokidebuleba mravalfononuri urTi­
erTqmedebis Sedegia. STanTqmis speqtrebi identuria yvela 
gamokvleul temperaturaze, gansxvavebaa mxolod pikebis si­
maRleSi. 

nax.1.3. siliciumis meseris STanTqmis zolebi, T,K:1-365; 2-290; 3-77; 4-20 [4]
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SedarebiT maRali gardatexis maCvenebeli zRudavs sili­
ciumis gamoyenebas optikur xelsawyoebSi. mzis elementebSi 
siliciumi iZleva imis saSualebas,rom danakargebi arekvlaze 
iyos minimaluri.
eleqtruli Tvisebebi. sufTa siliciumi sakuTari naxevar­
gamtaria, rac niSnavs, rom liTonebisgan gansxvavebiT masSi 
muxtis matareblebi (eleqtronebi da xvrelebi) Tavisufl­
debian atomebidan siTboTi an gamosxivebiT da silicium­
Si arc ise didi akrZaluli zonis (Eg=1.12ev, T=300 K) gamo 
eleqtronebi oTaxis temperaturaze ukve ikaveben gamtaro­
bis zonas. amitom, ultra sufTa siliciumSi oTaxis tem­
peraturaze sakuTari denis matarebelTa koncentracia 
tolia 1.45·1010 sm-3. es niSnavs, siliciumis daaxloebiT 1022 
atomebi/sm3 atomebis raodenobidan yoveli 1012 siliciumis 
atomebidan 1 atomi ionizirebulia. marTalia, siliciumis 
akrZaluli zonis sigane tolia 1.12ev, magram 3.6ev energia 
sWirdeba atomis ionizacias. danarCeni energia ixarjeba 
fononis agznebaze (siTboze).

siliciumis kuTri eleqtruli winaRoba >106 om·sm. sufTa 
da donoriT legirebuli siliciumis monokristalebis eleq­
truli winaRobis Sedareba liTonebis da dieleqtrikebis 
eleqtrul winaRobasTan naCvenebia nax.1.4-ze [5].

kristaldeba ra almasis msgavs struqturaSi, siliciumis 
TiToeuli atomi xvdeba msgavsi atomebis tetraedrul gare­
moSi oTxi mimarTulebis bmiT. am bmebis kombinacia kristalSi 
ayalibebs xisti mimarTulebis kovalenturi bmebis izotro­
pul karkass. kovalenturi bmebi ki is bilikebia, romlebzec 
denis matarebels (eleqtrons an xvrels) SeuZlia gadaadgi­
leba. sufTa siliciumSi eleqtronuli bmebis aseT bunebas­
Tan da sivrciT ganlagebasTan dakavSirebulia denis matare­
belTa Zvradobis didi mniSvneloba [6, 7]. 
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nax.1.4. sufTa da 
donoriT legirebuli 
siliciumis 
monokristalebis 
eleqtruli winaRoba 
liTonebis da 
dieleqtrikebis 
eleqtruli 
winaRobasTan 
SedarebiT [5]

siliciumis Tvisebebi ganisazRvreba minarevebiT, rac 
SesaZlebels xdis sasurveli Tvisebebis mqone siliciumis 
kristalebis miRebas. elementaruli Si is naxevargamtaria, 
romelic advilad legirdeba minareviT orive p- da n- tipis 
gamtarobis misaRebad. B, Al, In da Ga damateba SesaZlebels 
xdis xvreluri gamtarobis mqone, xolo P, As, Sb-eleqtro­
nuli gamtarobis mqone siliciumis kristalis miRebas [8-11]. 
malegirebeli atomebi Caanacvleben siliciumis atomebs da 
ikaveben maT adgils kristalur meserSi. ZiriTadad n- tipis 
siliciumis misaRebad gamoiyeneba fosfori (xuTvalentiani 
Canacvlebis donori), xolo p- tipis siliciumis- bori (sam­
valentiani Canacvlebis aqceptori). Cveulebriv maTi koncen­
tracia ar aRemateba 10-8 at%.

mniSvnelovan fizikur movlenas aqvs adgili n- da p-tipis 
ubnebs Soris naxevargamtarSi, kerZod siliciumSi, roca is 
legirebulia donoriT da aqceptoriT. miRebuli p-n gadas­
vlebi Zlier arawrfivia muxtebis gadatanis procesSi. Sede­
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gad miiReba gammarTva didi denis nakadiT, roca dadebiTi po­
tenciali modebulia p ubanze da Zalian mcire deni gadakveTs 
p-n gadasvlas sapirispiro n polarobisken.

siliciumis denis matareblebis maRalma Zvradobam da p-n 
gadasvlis miRebis SesaZleblobam SesaZlebeli gaxada Si-is  
safuZvelze Seqmniliyo eleqtronikis umniSvnelovanesi ele­
mentebi, anu iseTi naxevargamtaruli mowyobilobebi, rogo­
ricaa mZlavri gammarTvelebi da kristaluri gamaZliereb­
lebi (tranzistorebi).

donorebisa da aqceptorebis koncentraciis zusti kon­
trolis SesaZlebloba siliciumis monokristalSi umniS­
vnelovanesia eleqtronuli funqciebis integraciisTvis 
naxevargamtarul firfitaze. 100 milionze meti xelsawyos 
funqciebis Tavmoyris teqnologia Tanamedrove integralur 
sqemaSi (magaliTad, procesoris Cipi) sruliad gansxvavdeba 
warsulSi gamoyenebuli vakuumis milis teqnologiisgan, sa­
dac xelsawyo agebuli iyo calkeul komponentebze. mikro­
eleqtronuli sqemebis mudmivi miniaturizaciis teqnikuri 
da komerciuli warmateba damokidebulia integraciis am 
principze da gansazRvrul legirebaze. 
zedapiruli Tvisebebi. siliciumis zedapiri daculia sili­
ciumis dioqsidis Zalian Txeli feniT, SiO

2
, romlis warmoq­

mnisas gamoiyofa didi siTbo (859.97 kj/moli). es xdis sili­
ciums met-naklebad inertuls haeriT Semdgomi daJangvis 
mimarT, Tundac daaxloebiT 900°C-mde. 10000С zemoT silici­
umi Zlierad iJangeba atmosferuli JangbadiT siliciumis an­
hidridis anu SiO

2
 warmoqmniT. 

xelovnurad izolirebuli elementaruli siliciu­
mi dauyovnebliv iJangeba da warmoqmnis siliciumis Jangis 
Txel damcav fenas 100 Å-ze naklebs, rac xels uSlis Semdgom 
daJangvas. am Tvisebis gamo Jangbadi mniSvnelovan rols as­
rulebs siliciumis naxevargamtarul mowyobilobebSi, ramac 
xeli Seuwyo mravali axali eleqtronuli xelsawyos Seqmnas. 
magaliTad, siliciumis daJangva aucilebelia integraluri 
sqemebis damzadebisas (Tavi 10).
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siTburi Tvisebebi. siliciumis maRali siTbogamtarobis gamo 
(1.48vati/smK) (danarTi 1d) siliciumis mowyobilobebi nakle­
bad mgrZnobiarea temperaturis ryevebis mimarT. 

siliciumis farTo gamoyenebas naxevargatarul teqnolo­
giebSi xeli Seuwyo agreTve misma mcire siTburma gafar­
Toebam, romelic misi almasis msgavsi struqturis Sedegia. 
siliciumis mcire izotropuli siTburi gafarToebis koe­
ficienti 2.69·10-6K-1(300K) umniSvnelovanesia ara marto mis Se­
saZlebel gamoyenebaze maRal temperaturebze, aramed Cveu­
lebriv pirobebSic, roca siliciumze dafuZnebuli xelsawyo 
xurdeba eqspluataciis dros. siliciumis mcire siTburi ga­
farToebis koeficienti mniSvnelovania Txeli fenebis teq­
nologiaSic. nax.1.5-ze moyvanilia siliciumis siTburi ga­
farToebis koeficientis temperaturuli damokidebuleba. 

nax.1.5. siliciumis 
siTburi gafarToebis 
koeficientis temperaturuli 
damokidebuleba [2] 

dabal temperaturebze siliciumis siTburi gafarToebis 
koeficienti xdeba uaryofiTi da 18K da 120K temperatureb­
ze orjer icvlis niSans. aqtiuri minarevebiT legireba amci­
rebs siliciumis gafarToebis koeficients. dislokaciebis 
simkvrivis gazrda zrdis siliciumis siTburi gafarToebis 
koeficients. xolo neitraluri minarevebis koncentraciis 
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zrda ki ar axdens gavlenas siliciumis siTbur gafarToebis 
koeficientze. 

1.2. siliciumis nedli sawyisi masala
siliciumis gavrceleba bunebaSi. siliciumis arCeva, ro­
gorc sawyisi masalisa naxevargamtaruli xelsawyoebis war­
moebisaTvis, ganpirobebulia mTeli rigi faqtorebiT. am 
faqtorebidan pirvelia: Si aris yvelaze gavrcelebuli ele­
menti dedamiwaze Jangbadis Semdeg (misi klarki dedamiwis 
qerqSi Seadgens 27.6% masis mixedviT). miuxedavad mkveTrad 
gamoxatuli qimiuri swrafvisa Jangbadisadmi, siliciumi 
ar gxvdeba bunebaSi Tavisufali elementis (elementaruli) 
saxiT, arsebobs mxolod naerTebis saxiT. bunebaSi, anu mTis 
qanebSi, romlebic qmnian dedamiwis myar garss, siliciumi 
gvxdeba dioqsidis (SiO

2
), e.w. kaJmiwis sxvadasxva formiT da 

silikatebis klasis-mineralebis (silicium-Jangbadis naer­
Tebi, liTonebis da araliTonebis narevi) saxiT. siliciumis 
naerTebi gvxdeba yvelgan Cvens irgvliv. Cveulebrivi qviSa, 
kvarci, ameTvisto, aqati, kaJi, opali, mTis broli da umetesi 
mineralebi aris mTis qanebis is saxeobebi, romlebSic silici­
umis oqsidi Cndeba. graniti, azbesti, velis Spati, Tixa-miwa 
da a.S. silikaturi mineralebia. elementaruli siliciumis 
komerciuli warmoebisTvis tipiuri wyaro masalaa kvarcitis 
xreSi-qviSis SedarebiT sufTa forma (SiO

2
).

siliciumi aseve gvxvdeba wiaRiseul sawvavSi-qvanaxSirSi, 
navTobSi da fiqalSi. amrigad, dedamiwis qerqi Sedgeba 76.5% 
siliciumisa da Jangbadisgan. magram dedamiwis qerqis Semde­
gi 23.5%-c ki Sedgeba im elementebisagan, romelTa ionebis 
struqtura Seesabameba siliciumisa da Jangbadis garsebisa 
da birTvebis struqturas imdenad, rom maTTan erTad qmnian 
silikaturi qanebisa da mineralebis simravles. siliciumis, 
rogorc nedleulis, maragi dedamiwaze praqtikulad amou­
wuravia.

sainteresoa, rom mTvaris qanebis analizma aCvena, rom misi 
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Semadgenloba mxolod odnav gansxvavdeba dedamiwis qerqis 
Semadgenlobisgan (garda Ti da Fe-is gazrdili Semcvelobisa). 
Tumca, mTvarezec aRmoaCines siliciumis organuli naer­
Tis, polidimeTilsiloqsanis makro raodenobebi, romelic 
ar aris dedamiwis qanebSi. kosmosuri masStabiT, siliciumis 
atomuri gavrceleba iTvleba sayovelTaod miRebul stan­
dartad, da sxva elementebis SedarebiTi gavrceleba gamoixa­
teba elementis atomebis raodenobiT siliciumis 10000 
atomze. siliciumis Semcvelia mtvris nawilakebi, romlebic 
warmoiqmneba qanebis da niadagis rRvevisas, vulkanuri amof­
rqvevisas an adamianis aqtivobis dros. 
siliciumis dioqsidi (kaJmiwa). hipersufTa siliciumis war­
moeba iwyeba siliciumis dioqsidiT da misi sxvadasxva forme­
biT. kaJmiwa mTavari nedli sawyisi masalaa. is bunebaSi gvxde­
ba rogorc kristaluri, ise amorfuli saxiT. siliciumis 
dioqsidis Semcveli ZiriTadi nedleulis saxeobebia: kvarci, 
mTis broli da kvarciti.
kvarci, rogorc siliciumis dioqsidis saxeoba, yvelaze 
gavrcelebuli mineralia dedamiwis qerqSi. is Sedis agreTve 
sxva mineralebis SemadgenlobaSi narevebis saxiT. misi sim­
kvrivea-2.59-2.65g/sm3. kvarci ar ixsneba wyalSi. dnobis tem­
peraturaa 17500C -17600C da gadnobisas gadadis ufero siTxe­
Si. kvarcis ZarRvis Semadgenloba ganisazRvreba mineraluri 
fazebis (maT Soris Tanmdevi da CanarTi mineralebis, airebis, 
orTqlis, meqanikuri dispersiuli nawilakebis bzarebSi, si­
carielebSi da komponentebis zedapirze) raodenobiT da 
SemadgenlobiT. dedamiwis Cveulebrivi qviSa Sedgeba kvarcis 
wvrili marcvlebisgan. 
mTis broli. es gamWvirvale ufero kvarcia, romlis kristale­
bi aris prizmebis saxiT boloebSi eqvskuTxa konusebiT. mTis 
brolis kristalebis da ZarRvovani kvarcis komponentebis 
Semadgenloba-kompoziciebi sakmaod msgavsia. mTis brols 
fers aniWeben sxvadasxva minarevebi. 
kvarciti. es magari da meqanikurad mtkice da TeTri, ruxi, 
an mowiTalo feris bunebrivi metamorfuli mTis qania, rome­
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lic Sedgeba ZiriTadad kvarcis marcvlebisgan (0.1mm-dan 1 
mm-mde), makroskopulad erTmaneTisgan ganurCeveli da Ser­
wymuli uwyvet masad texilebiT. es marcvlebi dacementire­
bulia Tixis an siliciumis cementiT. simkvrive- 2.66g/sm3, fo­
rianoba-1.2% -mde, wylis Sewova _ 0.1-0.5% (sakmaod dabali); 
misi gafarToebis sawyisi temperaturaa 11500С.

kvarciti, minimum 98 % kvarcis SiO
2
 garda, Seicavs sxva­

dasxva mineralebs da wvril qanebs. 
marcvlovani kvarci praqtikulad ar Camouvardeba mTis 
brols da aRemateba mas zogierTi parametriT. marclovani 
kvarci aris kvarci, romelmac ganicada gardaqmnebi dedami­
wis qerqis formirebis sxvadasxva periodis pirobebSi, ramac 
gamoiwvia pirveladi masalis sruli rekristalizacia da, Se­
degad, misi qimiuri Semadgenlobis Rrma gawmenda da minera­
luri komponentebis gamWvirvalobis gazrda.

siliciumis dioqsidis kristaluri saxeobebi – opali, aqa­
ti, sardioni da ameTvisto gamoiyeneba saiuveliro nakeTo­
bebSi.

saqarTvelos reliefis geologiur agebulebaSi mniS­
vnelovan rols TamaSobs iq ganviTarebuli kvarcis ZarRve­
bi. kvarcis Semcveli ZarRvebi gavrcelebulia saqarTvelos 
teritoriaze kavkasionis naoWa sistemis qveda da Suaiuru­
li asakis terigenul naleqebSi. maTi umetesoba alpuri ti­
pis kvarcis ZarRvebs warmoadgens. cnobilia alpuri tipis 
kvarcis ZarRvebi yazbeg-omalos regionebSi, yazbegis raio­
nis xdeswylisa da raWis Sodas sabadoebze. mTis broli aris 
xdis xeobaSi (yazbegis regioni) da Soda-kedelas qedze (onis 
regioni), kvarcis qviSa_suramis, WiaTuris, xaragaulis mida­
moebSi, kvarcitebi _ bolnisis regionSi.

kaJmiwis Tvisebebis codna umniSvnelovanesi safexuria sa­
Wiro sisufTavis siliciumis miRebis procesSi. xasiaTdeba 
ra Zlieri TvisobiT Jangbadisadmi, siliciumi qmnis masTan 
Zalian mtkice qimiur kavSirebs da dioqsidis meseri agebulia 
silicium-Jangbadis atomebis tetraedrebisgan. siliciumis 
dioqsids axasiaTebs kovalenturi tipis bma, romelic aris 

https://ka.wikipedia.org/wiki/%E1%83%A7%E1%83%90%E1%83%96%E1%83%91%E1%83%94%E1%83%92%E1%83%98%E1%83%A1_%E1%83%9B%E1%83%A3%E1%83%9C%E1%83%98%E1%83%AA%E1%83%98%E1%83%9E%E1%83%90%E1%83%9A%E1%83%98%E1%83%A2%E1%83%94%E1%83%A2%E1%83%98
https://ka.wikipedia.org/wiki/%E1%83%9D%E1%83%9C%E1%83%98%E1%83%A1_%E1%83%9B%E1%83%A3%E1%83%9C%E1%83%98%E1%83%AA%E1%83%98%E1%83%9E%E1%83%90%E1%83%9A%E1%83%98%E1%83%A2%E1%83%94%E1%83%A2%E1%83%98
https://ka.wikipedia.org/wiki/%E1%83%A1%E1%83%A3%E1%83%A0%E1%83%90%E1%83%9B%E1%83%98
https://ka.wikipedia.org/wiki/%E1%83%AD%E1%83%98%E1%83%90%E1%83%97%E1%83%A3%E1%83%A0%E1%83%90
https://ka.wikipedia.org/wiki/%E1%83%AE%E1%83%90%E1%83%A0%E1%83%90%E1%83%92%E1%83%90%E1%83%A3%E1%83%9A%E1%83%98
https://ka.wikipedia.org/wiki/%E1%83%91%E1%83%9D%E1%83%9A%E1%83%9C%E1%83%98%E1%83%A1%E1%83%98%E1%83%A1_%E1%83%9B%E1%83%A3%E1%83%9C%E1%83%98%E1%83%AA%E1%83%98%E1%83%9E%E1%83%90%E1%83%9A%E1%83%98%E1%83%A2%E1%83%94%E1%83%A2%E1%83%98
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Zlieri da, Sesabamisad, valenturi kristalebi xasiaTdeba 
maRali dnobis wertiliT, maRali simtkiciT da dabali ara­
stabilurobiT.

Zlier qimiur kavSirebze metyveleben warmoqmnis siTbos 
mniSvnelobebi anu im siTburi energiis mniSvnelobebi, rome­
lic gamoiyofa siliciumis naerTebis warmoqmnisas. Tu ram­
denad Zlieria siliciumis qimiuri kavSirebi Cans 1.1 cxri­
lidan.

cxrili1.1. 1moli SiO
2
-is da sxva elementebis msgavsi oqsidebis 

warmoqmnis siTbos mniSvnelobebis Sedareba  
standartul mdgomareobaSi

nivTiereba mdgomareoba warmoqmnis siTbo,  
kjouli/mol

SiO
2
 myari   859.97

ZnO myari  348.3

СuО myari  155.3

SiO
2

airi  297.2

СО
2

airi  393.9

siliciumis bunebrivi mineralebis da maTi nairsaxeobebis 
safuZvels warmoadgenen siliciumis atomebi, romlebic si­
metriulad garSemortymulia Jangbadis oTxi atomiT. sili­
cium-Jangbadis tetraedrebi warmoadgenen im elementarul 
samSeneblo blokebs, romlebisgan agebulia kaJmiwa da si­
likatebi da Seadgenen dedamiwis qerqis safuZvels. kaJmiwa 
(SiO

2
) bunebaSi gvxdeba mineralebis sami gansxvavebuli krista­

luri formiT: kvarci (trigonaluri struqturis mqone 
α-kvarci da heqsagonaluri struqturis mqone β-kvarci), 
kristobaliti (kuburi struqtura) da tridimiti (heqsago­
naluri struqtura).

am mineralebidan yvelaze gavrcelebulia kvarci, rome­
licaa nedli masala siliciumis misaRebad. kvarci xSirad 
gvxvdeba swori eqvskuTxa kristalebis saxiT da aseve, ro­
gorc mravali qanis erTerTi kristaluri komponenti, ro­
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goricaa mravalkomponentiani graniti. iTvleba, rom kvarcis 
struqtura, rogorc siliciumis dioqsidis sxva formebi, 
Sedgeba (SiO

4
)
4
 tetrahedronebisgan da gansazRvravs kvarcis 

sisales da maRali dnobis temperaturas (~16000С). 
aSkaraa gansxvavebebi sxvadasxva geologiuri procesebiT 

warmoqmnil kvarcis madnebs Soris. mineraluri Semadgenlo­
ba, Cawinwkluli marcvlis zomis maxasiaTeblebi, kristaluri 
struqtura da meseris dazianebebi, qimiuri Semadgenloba da 
minarevebis elementebis arseboba pirdapir gavlenas axdens 
madnis nedleulis xarisxze. qimiuri Semadgenloba ganisaz­
Rvreba koncentrirebuli elementebiT kvarcis nedleulSi. 
nedli madnis minarevebis elementebis Semcveloba mniSvnelo­
van gavlenas axdens maRali sisufTavis kvarcis qviSis xarisx­
ze da gansazRvravs produqtis ekonomikur Rirebulebas da 
gamoyenebis sferos. bunebrivi kvarcis monokristalebis 
saxiT siliciumis dioqsidis sisufTave aRwevs 99.99%-s; rig 
sabadoebSi, kvarcis qviSis sisufTavea 99.8... 99.9%. zoga­
dad, maRali sisufTavis kvarcis produqtebisaTvis yvelaze 
Zlieri damazianebeli minarevebia: Al, B, Ca, Cr, Cu, Fe, K, Li, Mg, 
Mn, Na da Ni.

siliciumis samrewvelo warmoeba kvarcis nedleulis ga­
damuSavebiT dRes kargad aris aTvisebuli. siliciumi ar 
iTxovs araviTar pirobebs Sesanaxad da gadasazidad. ar aris 
feTqebad saSiSi, ar ixsneba wyalSi, inaxeba Ria cis qveS.
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Tavi 2
minarevebi siliciumSi

maRali xarisxis xelsawyoebis dasamzadeblad vargisi 
siliciumis sisufTavisadmi gaZlierebuli moTxovna ganapi­
robebs minarevebis gavlenis Seswavlas siliciumis Tvisebeb­
ze, romlis sisufTavis done ganisazRvreba masSi arsebuli 
minarevebis bunebiT da raodenobiT. minarevebi TavisTavad 
gansazRvraven mis Tvisebebs da gamoyenebis sferos. sxvada­
sxva minarevi sxvadasxvanairad axdens gavlenas siliciumze 
dafuZnebul xelsawyoebis parametrebze. magaliTad, eleq­
trulad aqtiuri minarevebis Semcvelobam unda uzrunvel­
yos sinaTliT warmoqmnili muxtis matareblebis efeqturi 
gadatana da maTi muxtis matareblebis Zvradobisa da ara­
wonasworuli muxtis matareblebis sicocxlis xangrZlivo­
bis Semcirebis (kristaluri meseris damaxinjebebis da kom­
pleqsebis warmoqmnis gamo) ar daSveba.

siliciumSi liTonuri minarevebis qceva damokidebulia 
mTel rig faqtorze, rogoric aris maTi zRvruli xsnadoba, 
difuziis koeficienti, legirebis done, fonuri minarevebis 
(Jangbadis, naxSirbadis) da kristaluri meseris defeqtebis 
koncentracia, siliciumis kristalebis miRebis da Termuli 
damuSavebis arCeuli teqnologiuri procesebis Tavisebure­
bebi da sxva.

liTonis minarevebis kontroli naxevargamtarebSi au­
cilebeli safexuria Tanamedrove naxevargamtaruli masa­
lebis, kerZod siliciumis, miRebisas da maT fuZeze mowyo­
bilobebis dasamzadeblad. maRali xarisxis integraluri 
sqemebis, fotoeleqtruli da Termoeleqtruli mowyobi­
lobebis Tvisebebi ganisazRvreba minarevebis mizanmimarTu­
li SeyvaniT, aseve mavne minarevebis mocilebiTa da pasivire­
biT. garda amisa, erTgvarovani da saWiro Tvisebebis mqone 
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naxevargamtarebis miRebis procesi, maT Soris orTqli_Txe­
vadi_myari mdgomareobebi, kontroldeba minarevi-naxevar­
gamtaris urTierTqmedebiT.

2.1. nivTiereba - minarevis ganzavebuli 
myari xsnarebis makro- da mikro-fazuri 
diagramebi
mzis elementebis da eleqtronikis siliciumis firfi­

tebis damzadeba moicavs myari, Txevadi da airadi fazebis 
pirdapir kontaqts wonasworul pirobebTan axlos, amitom 
fazebis warmoqmnis da gardaqmnis interpretaciaSi mina­
revi_siliciumis binaruli fazuri diagramebis gageba um­
niSvnelovanesia. 
makro fazuri diagramebi. Tu rogor iqceva minarevi silicium­
Si da maTi fizikur-qimiuri urTierTqmedebis buneba vlindeba 
minarevi_siliciumis fazuri diagramiT [1-3]. fazuri diagrama 
asaxavs im zRvrul pirobebs nivTierebebis fazebisTvis, roca 
icvleba wneva da temperatura, an xsnadoba da temperatura. 
nivTiereba_minarevis sistemis mdgomareobis fazuri dia­
gramis codna gansakuTrebiT saWiroa siliciumis kristalis 
amowevisas arasasurveli minarevebisgan kristalis gamwmendi 
meTodebis gamosayeneblad. is yvelaze gavrcelebuli for­
maa myar da Txevad fazebs Soris wonasworobis gamosaxatavad. 
magram aq is sirTulea, rom siliciumi_minarevebis sistema 
mravalkomponentiania, xolo ukve samkomponentian sistemaSi 
gadnobis da gamyarebis procesebis Seswavla awydeba serio­
zul siZneleebs da arTulebs gawmendis process.

roca narCeni minarevebis Semcveloba gasawmend nivTie­
rebaSi imdenad mcirea, rom maTi urTierTgavlena (urTi­
erTqmedeba ZiriTadi masalis garemoze), praqtikulad ar 
arsebobs, maSin kristalizaciis meTodebis aRwerisas es 
iZleva saSualebas erTi rTuli mravalkomponentiani siste­
ma Seicvalos binaruli sistemebis fazuri diagramis er­
TobliobiT: ZiriTadi komponenti _ minarevi. 
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amitom mizanSewonilia kristalizaciis gamwmendi meTo­
debis ZiriTadi principebis ganxilva Semoifarglos orkom­
ponentiani sistemis ganxilviT, romlebic xSirad gvxdeba 
naxevargamtarebis teqnologiaSi. aseTi SemTxvevaa ukve amo­
Rebuli qanebidan metalurgiuli siliciumi, sadac TiTo mi­
narevis Semcveloba ar aRemateba 0.5won%, jamSi 2%.

rogorc wesi, zogad SemTxvevaSi, binaruli sistemebis 
dnoba_gamyarebis diagramebi sxvadasxvanairia da rTulia 
(nax.2.1) [4].

nax.2.1. fazuri diagramis mniSvnelovani tipebi.
a) uwyveti myari da Txevadi xsnarebis mdgomareobis diagrama;  

b) evteqtikuri mdgomareobis diagrama; g) disteqtikuri 
mdgomareobis diagrama [4] 

 
magram nivTierebaSi minarevis mcire koncentraciisas war­

modgenili fazuri diagramebi SeiZleba ramdenamde gamartiv­
des. minarevis mcire koncentraciisas anu fazuri diagramis 
kuTxeSi, romelic momijnavea sufTa komponentis dnobis wer­
tilTan, sxvaoba sxvadasxva tipis diagramebs Soris qreba. Se­
degad, fazuri diagramebi SeiZleba dayvanil iqnas or monak­
veTze: likvidusisa da solidusis mrudebis mxebze ZiriTadi 
komponentis (A) dnobis wertilSi. es monakveTi mimarTulia 
qveviT, Tu minarevi (B) amcirebs (nax. 2.2) da–zeviT, Tu mina­
revi (B) zrdis ZiriTadi nivTierebis (A) dnobis temperaturas 
(nax. 2.3).
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nax.2.2. fazuri diagramis ZiriTadi komponentis (A) dnobis 
temperaturasTan axlo ubnebis warmodgena ori wrfis monakveTiT, 
anu solidusisa (S) da likvidusis (L) mxebiT ZiriTadi komponentis 

dnobis wertilSi (T), roca minarevi (B) dnobis temperaturis damwevia

nax.2.3. fazuri diagramis ZiriTadi (A) komponentis dnobis 
temperaturasTan axlo ubnebis warmodgena ori wrfis monakveTiT, 
anu solidusisa (S) da likvidusis (L) mxebiT ZiriTadi komponentis 

dnobis wertilSi (T), roca minarevi (B) dnobis temperaturis amwevia

mikro fazuri diagramebi. mTis qanebidan amoRebul meta­
lurgiul siliciumSi tradiciuli ZiriTadi SesaZlo mina­
revebis nakrebia Al, B, Ca, Cr, Cu, Fe, K, Li, Mg, Mn, Na, Ni an Fe, Al, 
Р, Са, Cu,Mg, Mn, Ni, Ti. metalurgiul siliciumSi am tradiciuli 
minarevebis mikro da makro fazur diagramebs ZiriTadSi aqvT 
erTnairi damaxasiaTebeli saxe: fazuri makro diagramebi Ziri­
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Tadad evteqtikuri tipisaa (nax.2.1) da SeiZleba waრmodgindes 
ganzogadoebuli diagramis saxiT (nax.2.4, marjvena nawili).

nax.2.4. siliciumi_ZiriTadi minarevebis ganzogadoebuli mikrodiagrama 
(marcxniv) da sruli makro fazuri diagrama (marjvniv)

2.2. minarevebis xsnadoba siliciumSi
aqceptorebi da donorebi siliciumSi. cnobilia, rom naxe­
vargamtarebis akrZalul energetikul zonaSi, minarevis 
atomebis mcire koncentraciisas (≤1015 at/sm3), warmoiqmneba 
lokaluri energetikuli doneebi (nax.2.5). aseT SemTxvevaSi 
minarevebis atomebs Soris didi manZilis gamo raime urTi­
erTqmedebas ara aqvs adgili da denis matareblebTa airi 
eqvemdebareba bolcmanis statistikas. 

nax.2.5. minarevebis atomebis EA 
(aqceptorebis) da ED (donorebis)

lokaluri energetikuli doneebis gamartivebuli sqema siliciumis 
akrZalul zonaSi (Eg)



34

minarevebis saSualo koncentraciis (≈1016at/sm3-1017 at/sm3)  
dros minarevebis atomebs Soris manZili mcirdeba da Sesa­
bamisad isini urTierTqmedeben, anu mezobeli minarevebis 
centrebis eleqtronebis talRuri funqciebi gadafaraven 
erTmaneTs da lokaluri energiis doneebi qmnian minarevebis 
zonas. minarevebis atomebis Zalian maRali koncentraciis 
dros ki xdeba ionizaciis energiis sruli gaqroba da mina­
revebis zona erwymis mTavar zonas. am SemTxvevaSi muxtis 
matarebelTa airi eqvemdebareba fermi-dirakis statistikas. 
sainteresoa, rom es xdeba siliciumSi eleqtronebis koncen­
traciis daaxloebiT 7·1018 sm-3 da xvrelebis koncentraciis 
2·1018 sm-3 dros (nax.2.6) [5-8]. 

nax.2.6. minarevebis 
(o-aqceptorebis 
da -donorebis) 
ionizaciis energiis 
damokidebuleba 
maT koncentraciaze 
siliciumSi [8]

aSkaraa, rom siliciumis kristalSi minarevis maqsimaluri 
xsnadobisas sistema SeiZleba SevadaroT uaRresad ganzave­
bul xsnars. marTlac, minarevi_siliciumis mikro fazuri di­
agramebidan (nax.2.4-marcxniv da nax. 2.7) Cans, rom siliciumis 
minarevebis maqsimaluri SesaZlo koncentracia, anu xsnadoba 
ar aRemateba 2·1021 at/sm3, rac aris ≈3 at%. amitom SesaZlebe­
lia minarevi_siliciumis sistema ganvixiloT rogorc ganza­
vebuli myari xsnari.
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nax.2.7. minarevebis xsnadoba myar siliciumSi [1]

siliciumis retrograduli dnoba. minarevebis xsnado­
ba siliciumSi ar aris didi da siliciumis dnobis tem­
peraturis dabla temperaturebze aRwevs maqsimums. 
minarevebis xsnadobis dakvirvebuli temperaturuli da­
mokidebulebebi gansakuTrebulia_retrograduli xasi­
aTisaa (retrogradus – laTinurad `qvemoT mimavali~). mina­
revis xsnadoba temperaturis dawevisas jer mcirdeba, 
Semdeg izrdeba, anu minarevis xsnadoba siliciumis myar 
da Txevad fazebSi sxvadasxvaa. rogorc wesi, minarevebis 
xsnadoba siliciumSi icvleba myari fazidan Txevad faza­
Si gadasvlisas nax. 2.7 mixedviT. ZiriTadi minarevebis maq­
simaluri xsnadoba siliciumSi: Jangbadi _2·1018sm-3, nax­
Sirbadi_1·1019sm-3, Cu_1·1018sm-3, Al_ 2·1019sm-3, Mn_1·1015sm-3 
da B_4·1020sm-3. 

minarevebis xsnadobis retrograduli xasiaTis gamo si­
liciumi avlens kidev sxva originalur Tvisebas. rogorc 
wesi, masalebis umetesoba dneba gacxelebisas, anu isini ga­
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dadian myari mdgomareobidan TxevadSi. Tumca, zogierTi 
masala, maT Soris siliciumi, eqvemdebareba retrogradul 
dnobas_isini dneba gaciebisas [9]. nax. 2.4-dan Cans, rom ro­
gorc Cveulebriv umravlesi nivTiereba, siliciumi gaxure­
bisas dneba, e.i. gadadis myar mdgomareobidan TxevadSi, mag­
ram siliciumi garkveul pirobebSi avlens retrograduli 
dnobis Tvisebas: siliciumi dneba gaciebisas. es maSin xdeba, 
roca siliciumi Seicavs masSi gaxsnil garkveuli minareve­
bis maRal koncentracias. retrograduli (retrogradus) ewo­
deba soliduss, romelic trialebs komponentis ordinatis­
ken temperaturis dawevisas. retrograduli dnobis dros 
warmoiqmneba Txevadi faza, romelic mkveTrad gansxvavdeba 
Tavisi qimiuri SemadgenlobiT sawyisi myari xxsnarisagan. 
amrigad, Tu Cveulebriv sufTa siliciumis dnobis standar­
tuli temperaturaa 14140C, Si_Cu, Si_Ni, Si_Fe da sxva sisteme­
bi iwyeben dnobas 9000C -ze dabal temperaturaze gaciebisas. 
siliciumSi minarevebis es Tavisebureba masaCusetsis teq­
nologiur institutSi (Massachusetts Institute of Technology)[9] 
gamoiyenes siliciumis gasawmendad minarevebisgan. sili­
ciumis es Tviseba gamoiyeneba siliciumis Cipebis warmoeba­
Si. 

2.3. siliciumis gawmendis principi  
kristalizaciiT
siliciumi_minarevis ganzavebuli myari xsnaris fazuri 

diagramis T=f (C) (T-temperaturaa, C-minarevis koncentracia) 
ganzogadoebuli saxe (A- nivTiereba, B-minarevi), roca mina­
revi amcirebs xsnaris dnobis temperaturas naCvenebia nax. 
2.8. aseTi minarevis ganzavebuli myari xsnaris SemTxvevaSi 
fazuri diagramis wrfeebi am ubanze praqtikulad emTxveva 
likvidussa da soliduss am ubanze.
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nax.2.8. minarevis ganawileba myar da Txevad fazebs Soris

temperaturis dawevis dros mdgomareoba 1 xazavs verti­
kalur traeqtorias, romelic aRwers sistemis Tanmimdevrul 
mdgomareobebs. mdgomareoba 2 Seesabameba vertikaluri 
traeqtoriis gadakveTas likvidusTan da gansazRvravs myari 
xsnaris kristalizaciis dasawyiss. am temperaturaze war­
moiqmneba С

2my Semadgenlobis myari faza, romelic ganisaz­
Rvreba myari xsnaris kristalizaciis dawyebis temperaturis 
gadakveTiT solidusis xazTan (mdgomareoba 2). temperatu­
ris Semdgomi dawevisas kristalizaciis bolomde sistemaSi 
aris erTmaneTTan wonasworobaSi myofi ori faza da siste­
mis yoveli mdgomareoba xasiaTdeba Sesabamisi wertilebiT 
solidusze da likvidusze. magaliTad, mdgomareoba 3 xasi­
aTdeba ori wertiliT: erTi wertili, romelic axasiaTebs 
sistemis mdgomareobas, ganlagebulia solidusis mrudze 
da gvaZlevs myari fazis Semadgenlobas, meore wertili – 
likvidusis mrudze da gvaZlevs Txevadi fazis Semadgenlo­
bas. dnobis intervali ganisazRvreba С

0
 vertikalis gada­

kveTiT solidusis da likvidusis xazebTan. roca miiRweva 
temperatura, romelic Seesabameba 4 mdgomareobas, Txevadi 
faza mTlianad gaqreba, sistema kvlav gaxdeba erTfaziani, 
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da myari fazis Semadgenloba unda daemTxves siTxis sawyis 
Semadgenlobas С

0
. temperaturis Semdgomi dawevisas myari 

fazis Semadgenloba ar Seicvleba da piriqiT, temperaturis 
gazrdisas sistema gaivlis mdgomareobebis igive Tanmimdev­
robas, magram Sebrunebuli TanmimdevrobiT.	

roca nadnobis temperatura ecema kristalizaciis tem­
peraturamde (mdgomareoba 2, nax.2.8-ze, likvidusis xazze) 
warmoiqmneba С

2my
 Semadgenlobis myari faza, romelic ufro 

mdidaria ZiriTadi A komponentiT, vidre Txevadi faza. nad­
nobi ki gamdidrebulia minarevis B komponentiT. Sedegad 
mdgomareoba 1 gadaadgildeba ufro marjvniv (mdgomareoba 
5) mdgomareoba 2-Tan SedarebiT, romelic axasiaTebs sawyis 
nadnobs. cxadia, T

2
 temperatura ufro maRalia, vidre mdgo­

mareoba 5-is Sesabamisi nadnobis kristalizaciis dawyebis 
temperatura. temperaturis Semdgomi dawevisas mdgomareoba 
5 kvlav miaRwevs likvidus da myari fazis gamoyofili fenebi 
iqnebian SemadgenlobiT ufro mdidari B komponentiT, vidre 
fenebi, romlebic dakristaldnen pirvel rigSi. maTi da­
kristalebisas mdgomareoba 5 kvlav gadaadgildeba marjvniv 
da nadnobis Semdegi wilebi kvlav dakristaldebian ufro 
dabal temperaturaze. radgan difuzia myar fazaSi Zalian 
mcirea, kristalis zrdasTan erTad zrdadi fenebi kidev 
ufro gamdidrdebian B komponentiT. amrigad, kristalizaci­
is procesi realur pirobebSi gviCvenebs, rom myari faza 
kristaldeba Semadgenlobis mixedviT araerTgvarovnad. 
am dros miRebuli kristali warmoadgens myari xsnarebis 
nakrebs minarevebis uwvetad cvladi koncentraciebiT. am 
movlenas ewodeba segregacia. segregaciis warmoqmna gani­
sazRvreba ori garemoebiT: Txevadi da myari fazebis Semad­
genlobis sxvaobiT da myar fazaSi difuziis procesebis 
SenelebiT. 

realur pirobebSi kristalebis zrdis dros fazebis saz­
Rvari gadaadgildeba measedi-meaTasedi milimetrebis wiliT 
wuTSi siCqariT. am siCqareebTan SedarebiT komponentebis 
difuzuri gadaadgilebis siCqareebi myari fazis SigniT um­
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niSvneloa. amis garda kristalebis zrdis dros iqmneba tem­
peraturis iseTi gradientebi, rom kristalis gazrdili fe­
nebi xvdeba daweul temperaturebis ubanSi, sadac difuzuri 
procesebi ufro Senelebulia. es xels uwyobs Semadgenloba­
Si araerTgvarovnobis fiqsacias da gancalkavebas, anu niv­
Tierebis gawmendas kristalizaciisas. 

Tu Txevad fazaSi difuzia gaZnelebulia, maSin kristali­
zaciisas gawmendis efeqturoba mcirdeba. kristalizaciiT 
efeqturi gawmendis erTerTi mniSvnelovani faqtoria pro­
cesis Catareba iseT pirobebSi, romlebic uzrunvelyofen 
miRebuli masalis monokristalobas. polikristaluri ma­
salis miRebisas kristalizaciis fronti Sedgeba mraval­
ricxovani Sverilisagan, romlebic izrdebian sxvadasxva 
mimarTulebiT sxvadasxva siCqariT. xSirad es procesi iwvevs 
Zlier dabinZurebuli nadnobis wveTebis meqanikur watacebas 
da marcvalTSorisi sazRvrebze minarevebis koncentrirebas.

2.4. minarevebis wonasworuli da  
efeqturi ganawilebis koeficienti
kristalizaciiT nivTierebis minarevebisgan gawmendis 

efeqturobis Sesafaseblad ganixileba ganawilebis (anu seg­
regaciis) koeficienti. minarevebis koncentracia (C

my
) kris­

talSi Cveulebriv gansxvavdeba minarevebis koncentraciis­
gan (C

Tx
) nadnobSi, saidanac kristali izrdeba. minarevis am 

koncentraciebis Sefardebas (k=C
my

/C
Tx
)
 
ganawilebis koefici­

enti ewodeba [10]. imisda mixedviT, Tu ra ZiriTadi komponen­
ti-minarevi sistema gvaqvs, k ganawilebis koeficienti metia, 
an naklebia erTze. ganawilebis koeficienti SeiZleba ic­
vlebodes 10-5-10 farTo farglebSi. ganawilebis koeficien­
ti damokidebulia mTel rig faqtorze- ZiriTadi komponen­
ti_minarevis fazur diagramaze, kristalizaciis pirobebze, 
kristalizaciis frontis gadaadgilebis siCqareze, Txeva­
di fazis (nadnobis) arevis intesiurobaze da did rols Ta­
maSobs kristalizaciiT gawmendis procesebSi. 



40

ganasxvaveben wonasworul (k
0
) da efeqtur (k) ganawilebis 

koeficientebs. Tu kristali izrdeba Zalian nela ise, rom 
myari da Txevadi fazebi yovelTvis wonasworobaSia, maSin 
gamxsneli_minarevis sistema xasiaTdeba wonasworuli gana­
wilebis koeficientiT (k

0
). wonasworuli ganawilebis koefi­

cientiT axasiaTeben narevis komponentebis gancalkavebis 
efeqts kristalsa da nadnobs Soris wonasworobis yovel 
momentSi. radgan myari da Txevadi Semxebi fazebis wonas­
worobis mdgomareoba aiwereba fazuri diagramebiT, zogad 
SemTxvevaSi wonasworuli ganawilebis koeficientis gaTvla 
SesaZlebelia fazuri diagramebis saSualebiT. ganzavebuli 
myari da Txevadi xsnarebis SemTxvevaSi romelic aiwereba 
fazuri diagramebis monakveTebiT (nax.2.8), wonasworuli ga­
nawilebis koeficients mocemul temperaturaze pouloben 
rogorc horizontaluri monakveTebis Sefardebas. mona­
kveTebi miiReba kristalizaciis temperaturis Т Sesabamis 
izoTermis gadakveTiT solidusis (C

my
) da likvidusis (C

Tx
) xa­

zebTan:
				    k

0
= C

my
/C

Tx	
(2.1)

im SemTxvevaSi, Tu minarevi amcirebs gasawmendi nivTiere­
bis kristalizaciis temperaturas (nax.2.2.) wonasworuli ga­
nawilebis koeficienti iqneba naklebi erTze, anu C

my
<C

Tx
. Tu 

minarevi zrdis kristalizaciis temperaturas, maSin wonas­
woruli ganawilebis koeficienti iqneba meti erTze, anu  
C

my
> C

Tx
 (nax.2.3). 

Tu mdgomareobis diagramebis solidusi da likvidusi  
wrfeebia, maSin C

my
-is

 
da C

Tx -is monakveTebze kristalizaciis  
sxvadasxva temperaturebze agebuli marTkuTxa samkuT­
xedebis msgavsebidan Cans, rom wonasworuli ganawilebis koe­
ficienti ar aris damokidebuli koncentraciaze da tempera­
turaze. magram meore komponentis (minarevis) ufro maRal 
koncentraciebze, roca myari da Txevadi xsnarebi ar SeiZle­
ba CaiTvalos ganzavebulad, solidusis da likvidusis xazebi 
ar SeiZleba SevcvaloT wrfeebiT. wonasworuli ganawilebis 
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koeficienti ukve ar aris mudmivi sidide da damokidebulia 
minarevis koncentraciaze.

amrigad, fazuri diagramidan miRebuli ganawilebis koe­
ficienti miekuTvneba myari da Txevadi fazebis wonasworo­
bis pirobebs. es pirobebi, rogorc wesi, sruldeba mimar­
Tuli kristalizaciis mcire siCqaris dros. wonasworobis 
pirobebSi minarevis koncentracia C

Tx
, romelic gaxsnilia 

nadnobis mTel moculobaSi erTnairia da misi koncentracia 
dakristalebul nawilSi tolia:

				    C
my

= k
0
C

Tx 		
(2.2)

amrigad, ganzavebuli myari xsnarebis SemTxvevaSi wonaswo­
ruli ganawilebis koeficienti mudmivi sididea, zogad Sem­
TxvevaSi ki cvladia. realurad Termodinamikuri wonasworu­
li pirobebi ar SeiZleba ganxorcieldes. es xdeba imis gamo, 
rom kristalizaciis siCqare sasruli sididea, myar fazaSi 
difuziis koeficientebi sakmarisad mcirea da difuzuri pro­
cesebi Senelebulia, Sedegad Termodinamikuri wonasworoba 
sazRvarze ̀ myari_siTxe~ ver aswrebs damyarebas, amitom, kris­
talis SesamCnevi siCqariT zrdisas, wonasworuli mdgomareo­
ba irRveva da minarevebis koncentracia kristalSi damokide­
buli iqneba misi zrdis konkretul pirobebze. Tu es pirobebi 
droTa ganmavlobaSi icvleba, maSin minarevebis koncentra­
cia Sesabamisad Seicvleba. minarevebis ganawilebis damoki­
debuleba kristalizaciis pirobebze naCvenebia nax.2.9-ze.  
sasruli siCqariT zrdisas xdeba gaxsnili minarevis miweva, 
ise, rom siTxeSi fazebis gayofis sazRvris maxloblad war­
moiqmneba minarevis koncentraciis gradienti. am gradientis 
sidide damokidebulia ganawilebis wonasworul koeficien­
tze, siTxeSi minarevis difuziis koeficientze da aseve kris­
talis zrdis siCqareze. anu realur pirobebSi kristaliza­
ciis fronti moZraobs ufro meti siCqariT, vidre minarevis 
difuziis siCqarea nadnobSi. Sedegad kristalizaciis fron­
tis win warmoiqmneba nadnobis fena δ efeqturi sisqiT, gam­
didrebuli minareviT Tu k

0
<1(kristalizaciis siCqaris zrda 
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zrdis kristalis mier minarevebis atomebis CaWeris siCqares) 
(nax. 2.2) da gaRaribebuli minareviT, Tu k

0
>1(kristalizaciis 

siCqaris zrda amcirebs kristalis mier minarevebis atomebis 
CaWeris siCqares) (nax. 2.3). aseT pirobebSi minarevis Semad­
genloba dakristalirebul ubanSi C

my ganisazRvreba minare­
vis koncentraciiT kristalizaciis frontTan nadnobSi (CTx

)
0 

(nax.2.9). radgan, rogorc wesi, (C
Tx
)
0
–is sidide ucnobia, aseT 

arawonasworul pirobebSi (kristalizaciis siCqares aqvs 
sasruli mniSvneloba) kavSiri myar (C

my
) da Txevad (C

Tx
) fazeb­

Si minarevis koncentraciebs Soris xorcieldeba efeqturi 
ganawilebis koeficientiT k.

nax. 2.9. myari da Txevad 
fazaTa sazRvris 
gayrasTan minarevis 
ganawilebis sqematuri 
gamosaxuleba 
kristalizaciis 
sxvadasxva pirobebSi; 
a) wonasworul 
pirobebSi;  
b) arawonasworul 
pirobebSi

Tu minarevis masis gadatana δ fenaSi (nadnobis sisqe 
kristalizaciis frontTan) difuzuri xasiaTisaa, maSin wo­
nasworuli (k

0
) da efeqturi (k) ganawilebis koeficientebi da­

kavSirebulia Semdegnairad.
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k0+(1-k0)e-vδ/D

k0k =
 		

(2.3)

aseTi gantolebiT efeqturi ganawilebis koeficienti da­
kavSirebulia kristalis zrdis pirobebTan. am gantolebaSi 
∆═vδ/D- uganzomilebo sididea da ewodeba kristalizaciis 
dayvanili siCqare, v-  kristalizaciis siCqarea, D- nadnob­
Si minarevis koncentraciaa, δ- damokidebulia kristalis 
brunvebis ricxvze [10]. Tu cnobilia es sidideebi, SeiZle­
ba gamovTvaloT k. wonasworuli ganawilebis koeficienti 
damokidebulia mxolod nivTierebis komponentebis bunebaze. 
ganawilebis wonasworuli koeficientis gamoTvla fazuri 
diagramebis mixedviT, maTi arasakmarisi sizustis gamo, um­
ravles SemTxvevaSi SezRudulia mcire koncentraciis ub­
nebSi. aseT gamoTvlebs mimarTaven saorientacio Sefasebi­
saTvis. (2.3) formula gviCvenebs, rom minarevebis efeqturi 
ganawilebis koeficienti k gansxvavdeba k

0
-sgan, romelic ga­

nisazRvreba wonasworobaSi myof myar da Txevad fazeb­
Si minarevebis koncentraciebis TanafardobiT. realurad 
kristalebis zrda xdeba arawonasworul pirobebSi, Tundac 
zomieri kristalizaciis siCqariT. im minarevebis koncen­
tracia, romlebsac kristalizaciis fronti ubiZgebs nadno­
bisken (k

0
 < 1), uSualo zrdad zedapirTan aRemateba mis kon­

centracias nadnobis moculobaSi, amitom, k>k
0
. amasTanave, 

kristalis zrdisas, zedapirze minarevebis koncentracia 
izrdeba da k uaxlovdeba 1-s koncentraciul gadametcive­
bis warmoqmnamde. amrigad, moZravi kristalizaciis fronti 
gaxsnil minarevs ukubiZgebs ufro swrafad gadaadgilebas, 
vidre is moaswrebs difundirebas nadnobis siRrmeSi. ami­
tom, kristalizaciis frontis win warmoiqmneba gamdidre­
buli fena (roca k

0
<1 da piriqiT gaRaribebuli, roca k

0
>1). es 

iwvevs minarevis Semcvelobis zrdas kristalizaciis fron­
tis Semdgomi gadaadgilebisas wonasworuli pirobebisagan 
gansxvavebiT. gamdidrebuli fenis e.w. difuzuri fenis sisqe 
δ icvleba 0.1sm–0.001sm farglebSi, mcirdeba Txevadi fazis 
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Serevis intensiurobis xarisxTan damokidebulebiT. amrigad, 
difuzuri fena Taviseburi membranaa, romelic ewinaaRmde­
geba minarevis Tavisufal SeRwevas Txevad fazaSi. nax.2.10-ze 
moyvanilia efeqturi ganawilebis koeficientis (k) damo­
kidebuleba kristalizaciis dayvanil siCqareze sxvadasxva 
ZiriTadi komponenti_minarevi sistemisaTvis, anu sxvadasxva 
k

0 -Tvis.

nax.2.10. efeqturi 
ganawilebis 
koeficientis 
damokidebuleba 
kristalizaciis 
dayvanili siCqareze 
sxvadasxva ZiriTadi 
komponenti_minarevi 
sistemisaTvis

nax.2.10–dan Cans, rom kristalizaciis dayvanili siCqa­
ris zrda gadaadgilebs efeqtur ganawilebis koeficients 
erTisaken, miuxedavad imisa, Tu rogoria wonasworuli gana­
wilebis koeficienti da piriqiT, kristalizaciis dayvanili 
siCqaris Semcireba k-s aaxloebs k

0
-Tan. aqedan gawmendis pro­

cesis efeqturobis gazrdisaTvis aucilebelia efeqturi 
ganawilebis koeficienti maqsimalurad miuaxlovoT wonas­
woruls. es SeiZleba mivaRwioT kristalizaciis dayvanili 
siCqaris SemcirebiT. igive efeqts SeiZleba mivaRwioT Tu 
gawmendas CavatarebT kristalizaciiT Txevadi fazis inten­
siuri arevis pirobebSi. am SemTxvevaSi minarevis mocileba 
kristalizaciis frontidan (SemTxveva k

0
<1) xorcieldeba ara 
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difuziis xarjze Txevad fazaSi, aramed konveqciis xarjze. 
es mniSvnelovnad amcirebs minarevis Semcvelobas kristali­
zaciis frontze SedarebiT im SemcvelobasTan, romelic 
miiReba arevis gareSe da amcirebs efeqturi ganawilebis koe­
ficients, aaxloebs ra mas wonasworul ganawilebis koefi­
cientTan.

roca k>k
0 
da

 
Tu kristalizacia mimdinareobs mudmivi siC­

qariT, maSin minarevebi myar fazaSi araTanabrad nawildeba, 
misi koncentracia SesamCnevad izrdeba gamyarebis mimar­
TulebiT. rac ufro maRalia gamyarebis siCqare kristalis 
zrdis dros, miT metia minarevebis koncentracia myar faza­
Si. kristalizaciis dros zrdis siCqariT cvlilebiT, Sesa­
Zlebelia minarevebis Tanabari ganawilebis miReba.

2.5. minarevebis ganawilebis koeficienti 
metalurgiul siliciumSi
MG-Si-is ZiriTadi minarevebia rkina, alumini, kalciumi 

da titani, romlebic gadadian siliciumSi kvarcitebidan 
da aRmdgeneli masalebidan. rkina, titani da perioduli 
sistemis IV-VII jgufebis sxva liTonebi, dnobis procesSi 
TiTqmis mTlianad gadadian Txevad siliciumSi. rkina Txe­
vad siliciumSi aris ferosiliciumis saxiT. agreTve mniS­
vnelovani minarevebia naxSirbadi da Jangbadi. naxSirbadi 
siliciumSi kargad ixsneba 1800°C-2000°C temperaturebze da 
masSi imyofeba karbidis saxiT. alumini ki xels uwyobs nax­
Sirbadis xsnadobis gazrdas siliciumSi, xolo Jangbadi, 
rkina da kalciumi garkveulwilad- naxSirbadis xsnadobis 
zrdas siliciumSi. Jangbadi imyofeba Txevad siliciumSi 
gaxsnili saxiT da widis Setivtivebuli wveTebis an Al

2
O

3
-SiO

2
 

Semadgenlobis myari firebis saxiT. alumini zrdis Jangba­
dis xsnadobas siliciumSi. kalciumis moqmedeba ufro rTu­
lia, radgan is urTierTqmedebs rogorc JangbadTan, aseve 
siliciumTan.

metalurgiul siliciumSi Semavali minarevebis wonas­
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woruli ganawilebis koeficientebi da dnobis temperature­
bi moyvanilia danarT 2-Si. TviToeuli minarevis Semcveloba 
siliciumSi <0.1won% [11]. 

metalurgiul siliciumSi umravlesi minarevebis (Fe, 
Al, Р, Са, Cu, Mg, Mn, Ni, Ti) ganawilebis koeficientebi Ter­
modinamikur wonasworobisas <<1, ese igi maT `urCevniaT~ 
darCnen siTxeSi. es kargad Cans likvidusis da solidusis 
xazebidan Sesabamis fazur diagramebze. es niSnavs, rom maTi 
xsnadoba bevrad metia Txevad, vidre myar siliciumSi. mina­
revis wonasworuli ganawilebis koeficienti siliciumis 
dnobis temperaturaze axasiaTebs maqsimaluri xsnadobis 
cvlilebis tendencias myar fazaSi: rac ufro naklebia ga­
nawilebis koeficienti, miT naklebia maqsimaluri xsnadoba 
(nax.2.11).

nax.2.11. myar 
siliciumSi 
minarevebis 
maqsimaluri 
xsnadobis 
damokidebuleba 
maTi wonasworuli 
ganawilebis 
koeficientze 
siliciumis dnobis 
temperaturaze

sainteresoa, rom mcire ganawilebis koeficientis mqone 
minarevebisTvis, dadgenilia, rom k-is mniSvneloba mkveTrad 
mcirdeba temperaturis klebasTan erTad, rac iwvevs egreT­
wodebul Sebrunebul xsnadobas SezRuduli koncentraciiT. 
am movlenis tipiuri magaliTi naCvenebia nax.2.7. 
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2.6. siliciumSi minarevis Semadgenlobis 
gansazRvra
imis gamo, rom minarevis dasaSvebi koncentracia silici­

umSi xSirad aris qimiuri da speqtruli analizebiT gansaz­
Rvris SesaZleblobis farglebs gareT, saWiroa minarevebis 
gavlenis individualuri Taviseburebebis codna, raTa 
sworad SeirCes aramarto gawmendis, aramed misi gansazRvri­
saTvis saWiro meTodebi. aseTi SerCeva afarTovebs Cvens Se­
saZleblobebs naxevargamtarebis Tvisebebis samarTavad.

sxvadasxva sisufTavis siliciumSi (metalurgiuli, `mziu­
ri~, mikroeleqtronikisaTvis da samecniero kvlevebisaTvis 
gankuTvnili siliciumi) minarevis Semadgenlobis analizi 
iTxovs sxvadasxva meTodebs da unda Sefasdes pirvel rigSi 
imisda mixedviT, Tu minarevebis ra nakrebi aris siliciumSi, 
romlebic SeiZleba erTdroulad iqnas gansazRvruli. um­
ravles SemTxvevaSi meTodebi unda iyos mravalelementuri 
da minarevebis gamJRavnebis dabali zRvruli farglebiT. 
gaTvaliswinebuli unda iyos xangrZlivoba da Rirebuleba. 

minarevebis Semadgenloba maRali sisufTavis silici­
umSi ganisazRvreba ZiriTad eleqtroaqtiuri B-isa da P-is  
10-10at%-10-9 at% minarevebis koncentraciiT.

siliciumis analizisaTvis yvelaze efeqturi meTodebia: 
neitrono-aqtivaciuri analizi, naperwkluri masspeqtro­
metria, qimiko-speqtraluri analizi gamosxivebis rkaluri 
agznebiT, atomur-absorbciuli analizi, masspeqtrometria 
plazmiT da mRvivari ganmuxtviT da sinqrotonze dafuZnebu­
li rentgenuli fluorescenciuri mikroskopia [12-17].
atomur-absorbciuli analizi. miRweuli gamJRavnebis zRvre­
bi Al, Cu, Fe, Ga, In da Ni-Tvis Seadgens n·10-9-n·10-10 mas%, Li-1·10-11 
mas%. calkeuli minarevebis gansazRvris donea 10-11-10-9mas% 
[17]. 
speqtruli analizi. upiratesobaa- misawvdomoba. SeiZle­
ba ganisazRvros erTdroulad 40 minarevi siliciumSi. gam­
JRavnebis zRvrebia n.10-8-n.10-5mas%  [11]. 
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eleqtruli Tvisebebi. minarevebi, romlebic xvdeba sili­
ciumSi teqnologiuri procesebis dros (kristalis zrda, 
sxvadasxva saxis Semdgomi damuSaveba, rogoricaa difuzia,  
implantacia da sxva) ionizdeba dabal temperaturebze. 
Sedegad siliciumi uzrunvelyofilia Tavisufali eleq­
tronebiT, an xvrelebiT. amitom eleqtruli Tvisebebis, ker­
Zod, holis efeqtis da eleqtrogamtarobis erTdrouli ga­
zomvebi erTerTi saukeTeso meTodia eleqtrulad aqtiuri 
minarevis koncentraciis gansazRvrisaTvis [5-7].
mikrostruqturuli analizi. masalebis gamokvlevis da kon­
trolis klasikuri meTodikiT mikroskopiiT SeiZleba gaw­
mendis efeqtis Seswavla, zedapiris struqturis teqsturis, 
struqturuli defeqtebis, erTgvarovnobis, fazebis Canar­
Tebis SeswavliT minarevisagan gawmendis xarisxis Sefaseba. 
optikuri lazeruli speqtroskopia. ganisazRvreba 65 mina­
revi siliciumSi. mgrZnobiaroba –minarevis 0.001won%.
rentgenul meTodebs ar gaaCniaT sakmarisi mgrZnobiaroba, 
rom ganisazRvros minarevis mcire raodenoba, Tumca minare­
vis CanarTebi SeiZleba kargad Candes mikroskopSi.
rentgenuli speqtruli mikroanalizatori. es meTodi iZleva 
saSualebas ganisazRvros TiTqmis periodiuli sistemis yve­
la elementi msubuqi elementebis garda, rogoricaa H, He da 
Li. mgrZnobiaroba minarevis- 0.1won%- 0.01won%. 
ganawilebis koeficientis gansazvra. nivTierebis minarevebi­
sagan kristalizaciiT nadnobidan gawmendis efeqturobis Se­
fasebis saSualebas gvaZlevs ganawilebis koeficienti (k). 
sinqrotronze dafuZnebuli rentgenis fluorescenciuri 
mikroskopia-afiqsirebs liTonebis kvals, qvemikronul sivr­
cul garCevadobamde, gamJRavnebis dabali zRvriT [16].
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Tavi 3

metalurgiuli (teqnikuri)  
siliciumis miReba

siliciumi, eleqtronikaSi gamoyenebamde, gadis mraval­
safexurian urTules da xangrZliv teqnologiur procesebs, 
dawyebuli mTis qanebis (kaJmiwa) eqstrahirebiT, Semdeg gaw­
mendiT da bolos maRali sisufTavis, srulyofili mo­
nokristalis miRebiT damTavrebuli. am rTuli, xangrZlivi 
procesis pirveli safexuria metalurgiuli, anu teqnikuri 
siliciumis (MG-Si) eqstrahireba SiO

2
 qviSidan, an ama Tu im 

saxis mineralidan. sufTa siliciumis miReba arc ise advilia 
misi naerTebis inertulobisa da maTi umravlesobis maRali 
dnobis temperaturis gamo. mrewvelobaSi dRes siliciumis 
eqstrahirebis mizniT kaJbadidan yvelaze gavrcelebuli 
teqnologiebia liTonTermia da karboTermia, anu aRdge­
na kaJbadidan naxSirbadiT (koqsiT), an magniumiT. miRebuli 
siliciumis sisufTave meryeobs 98.5won%-99.5won%-is far­
glebSi. metalurgiuli siliciumi msoflioSi yovelwli­
urad ramdenime milioni tona iwarmoeba. am masis mxolod 2% 
midis Semdeg gadamuSavebaze, saboloo etapze naxevargamta­
ruli siliciumis misaRebad. 

3.1. siliciumis miReba karboTermuli aRdgeniT
miuxedavad imisa, rom siliciumi pirvelad miRebuli iyo 

sufTa amorfuli (fxvnilis) saxiT daaxloebiT 1823w [1] ber­
celiusis mier, henri sent-kler devilma mxolod 1854 wels 
daamzada igi kristaluri saxiT, gamoiyena ra alumini silici­
umis gamoyofisTvis. dRes mrewvelobaSi siliciumis miRebis 
teqnologiuri procesis realizaciis sawyisi, anu pirveli 
safexuria dioqsidis (SiO

2
) qviSis, an kvarcis saxiT aRdgena, 
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anu dioqsids akargvineben Jangbads reaqciiT naxSirbadTan 
(koqsiT) eleqtrul rkalur RumelebSi ~1800°C-is tempera­
turaze. RumelSi xdeba ramodenime Sueleduri reaqcia [2]:

		  Si0
2(my)

+C
(my)

=SiO
(airi)

+CO
(airi)

 (3.1) 

 		  2Si0
2(my)

+SiC
(my)

=3SiO
(airi)

+CO
(airi)

 (3.2) 

 		  Si0
2(my)

+Si=2SiO
(airi)

 (3.3) 

 		  SiO
(airi)

+2C
(my)

=SiC
(my)

+CO
(airi)

 (3.4) 

 		  SiO
(airi)

+SiC
(my)

=2Si +CO
(airi) 		                 

(3.5)

jamuri reaqciaa: 
		  SiO

2(my)
+2C

(my)
=Si+2CO

(airi)
↑ 		            (3.6)

Sedegia nedleuli, romelsac hqvia metalurgiuli (teqni­
kuri) siliciumi (MG-Si). energia ZiriTadad ixarjeba Jangba­
dis atomebis siliciumis atomebisgan gayofisTvis.

siliciumis warmoebis karboTermuli procesi widis ga­
reSe procesia. es niSnavs, rom im elementebis garda, rom­
lebic dnobisas qmnian airad komponentebs, yvela elementi, 
romelic CatvirTuli iyo kazmSi, gamova Rumelidan, rogorc 
miRebuli siliciumis Semadgeneli komponenti. Sedegad bune­
brivi kaJmiwa gadadis siliciumis iseT formaSi, romelic 
Seicavs mraval minarevs. amitom is ar aris vargisi naxevar­
gamtaruli teqnologiebisTvis da saWiroebs Rrma gawmendas. 
siliciumiT Raribi qanebis qviSidan miRebuli siliciumi Se­
iZleba Seicavdes ufro met minarevs 2won%-5won% fargleb­
Si. aseTi, ufro dabinZurebuli siliciumi gamoiyeneba mZime 
mrewvelobaSi. siliciumiT mdidari qanebis qviSidan miRebu­
li siliciumis sisufTave rogorc wesi aris 98won%-99.9won% 
farglebSi. kvarcis qviSidan karboTermuli meTodiT aRdge­
nili teqnikuri siliciumi warmoadgens polikristaluri 
struqturis siliciumis blokebs, sadac ZiriTadi minarevia 
naxSirbadi. danarCeni 2won % SesaZlo minarevebia: Fe, Al, Аu, В, 
Р, Са, Cr, Cu, Mg, Mn, Ni, Ti, V.

metalurgiuli siliciumis (MG-Si) damuSavebis procesis 
Tanmxlebi minarevebis Semadgenloba damokidebulia sawyisi 



51

masalis xarisxze. naxSirbadiani aRmdgeneli Cveulebriv Sed­
geba naxSirisagan (75%–80%), navTobis koqsisagan (8%–10%) 
da qvanaxSirisagan (13%–14%) [3]. magaliTad, 1kg siliciumis 
misaRebad ixarjeba ~2.5kg kvarciti, ~1.2kg naxSiri, ~0.14kg 
navTobis koqsi, ~0.2kg qvanaxSiris airis koncentrati. meta­
lurgiul siliciumSi kazmidan gadasuli minarevebidan Zi­
riTadi minarevebia Al, Ca da Fe. maRalxarisxovani siliciumis 
nedleulis- metalurgiuli siliciumis misaRebad aucile­
belia: maRali xarisxis kaJmiwa (minimum 99%SiO

2
); maRal­

xarisxovani dabalnacrovani naxSirbadiani aRmdgeneli (xis 
naxSiri); maRalxarisxovani grafitis eleqtrodebis masala; 
maRali energodanaxarjebi (15kv/kg). 

pirdapiri, madanTermuli aRdgenis meTodi Zalian mimzid­
velia, rogorc minimaluri ekologiuri safrTxis Semcveli 
da maRali sisufTavis siliciumis miRebis martivi da iafi 
procesis pirveli safexuri. magram zesufTa nedleuli ma­
salis gamoyenebac ki ar iZleva eleqtronikisaTvis saWiro 
sisufTavis siliciumis miRebis saSualebas. Tumca, miRebuli 
siliciumi Seicavs minarevebs mcire raodenobiT, is ar aris 
vargisi naxevargamtaruli teqnologiebisTvis. ufro maRali 
sisufTavis siliciumis misaRebad saWiro xdeba siliciumis 
gawmenda ufro rTuli xerxebiT. 

3.2. siliciumis miReba magniumTermuli aRdgeniT
metalurgiuli siliciumi SeiZleba miRebul iqnas ra­

modenime alternatiuli xerxiT SiO
2
-dan liTonTermiiT mag­

niumis, rogorc aRmdgenelis gamoyenebiT [4,5]. magniumis 
SerCeva ganpirobebuli iyo imiT, rom magniumiT siliciumis 
aRdgenam dioqsididan aCvena saukeTeso teqnologiuri da 
ekonomikuri Sedegebi sxva iseT aRmdgenelebTan SedarebiT, 
rogoricaa alumini, kaliumi, TuTia da sxva. sainteresoa, 
rom magniumi SeiZleba daubrundes teqnologiur cikls 
praqtikulad danakargebis gareSe [6]. SiO

2
 magniumTermuli 

aRdgenis procesi Zlier egzoTermulia da misi realizeba 
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moiTxovs nakleb energias, vidre sxva meTodebiT Si-is miRebis 
procesebi. Tumca aRniSnulma teqnologiam ver moipova ise­
Ti farTo gavrceleba, rogorc karboTermiam aRmdgenelis 
(magniumis) maRali Rirebulebis gamo. 
qviSis da magniumis gavarvarebis meTodi. teqnikuri silici­
umi SeiZleba miRebuli iqnas siliciumis dioqsidis TeTri, 
wvrili qviSis gavarvarebiT magniumTan erTad:

			   Si0
2
+2Mg=2MgO+Si 		  (3.7)

am dros warmoiqmneba mura feris amorfuli siliciumis 
fxvnili.

siliciumi ixsneba gamdnar liTonebSi. TuTiaSi, siliciu­
mis xsnaris neli gaciebiT, gamoiyofa siliciumi kargad Camo­
yalibebuli oqtaedruli formis kristalebis saxiT.
magniumTermuli aRdgena reagentebis narevSi. am meTodSic, 
siliciumis miRebas magniumTermuli aRdgeniT, safuZvlad 
udevs (3.7) reaqcia. magniumis fxvnili, Sereuli siliciumis 
dioqsidTan grafitis WurWelSi, Tavsdeba mufelis RumelSi. 
gaTboba xdeba 10°/wT siCqariT argonis atmosferoSi Jangvis 
procesebis asacileblad. magniumis produqtebis gancalka­
veba xorcieldeba marilmJavaTi gamorecxviT:

			   MgO + 2HCl = MgCl
2
 + H

2
O 	 (3.8) 

da magniumis oqsidis xsnad naerTad gardaqmniT, rasac moh­
yveba uxsnadi narCenebis filtraciuli gamoyofa. paralelu­
rad mimdinareobs magniumis silicidis daSlis reaqcia:

		  2Mg
2
Si + 8HCl = 4MgCl

2
 + Si + 2H

2
 + SiH

4 	
(3.9)

siliciumis doqsidis myari narCeni, romelic ar Sevida 
reaqciaSi, Sordeba Semdegi reaqciiT:

			   SiO
2
+ 4HF= SiF

4
↑+ 2H

2
O 		 (3.10) 

miRebuli elementuri siliciumi irecxeba bidistilire­
buli wyliT, ifiltreba, Sreba 200°C-ze da iwrToba 700°C-
ze. ganxiluli magniumTermuli aRdgenis procesi magniumis 
fxvnilisa da siliciumis dioqsidis narevSi xasiaTdeba sili­
ciumis dabali xarisxiT da magniumis silicidis maRali Sem­
cvelobiT miRebul nawarmSi. miRebuli siliciumis xarisxis 
gasaumjobeseblad gamoyenebuli iyo magniumi airis saxiT. 
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dadginda, rom airiseburi magniumis gamoyeneba xels uSlis 
reaqciis Tanamdevi produqtebis magniumis silicidis da si­
likatebis warmoqmnas da aumjobesebs miRebuli siliciumis 
xarisxs da uzrunvelyofs Sesabamisi sisufTavis siliciumis 
formirebas. 
magniumTermuli aRdgena magniumis silicidan. aq warmodge­
nilia magniumTermiis sxva meTodi: aRdgena magniumis sili­
cidan.

siliciumi zogierT liTonTan, magaliTad magniumTan (Mg) 
urTierTqmedebiT maRal temperaturaze warmoqmnis bina­
rul naerTs _ silicids:

			   2Mg + Si → Mg
2
Si 		  (3.11) 

magniumis silicidi ki warmoadgens sawyis nedleuls silanis 
warmoebisTvis. misi Termuli daSliT miiReba naxevargamta­
ruli sisufTavis Si. 

warmodgenili teqnologia iTvaliswinebs magniumis miRe­
bas arastandartuli meTodiT, romelic dafuZnebulia mag­
niumis qloridis aRdgenaze foladis burbuSeliT. aRdgenis 
procesi xasiaTdeba dabali simZlavris gamoyenebiT da Sesa­
bamisad amcirebs magniumis fass, romelic miiReba qloridis 
nadnobis eleqtroliziT. aRdgenis procesi gamoisaxeba Sem­
degi reaqciiT:

			   3MgCl
2
+2Fe=3Mg+2FeCl

3 	
(3.12)

procesi Seqcevadia da Termodinamikurad mimdinareobs 
700°C-ze marjvnidan marcxvniv. magram imis gamo, rom reaqcia 
mimdinareobs marjvnidan marcxniv, warmoiqmneba airadi pro­
duqtebi da magniumi.

aRniSnuli garemoeba perspeqtiuls xdis teqnikuri (meta­
lurgiuli) siliciumis da/an magniumis silicidis miRebis 
process kaJbadis magniumTermuli aRdgeniT. aRdgenis pro­
cesi gamoisaxeba gantolebebiT:

			   SiO
2
+2Mg=2MgO+Si 		  (3.13)

			   SiO
2
+4Mg=Mg

2
Si+2MgO 		 (3.14)

amjerad gamoiyeneba dabali xarisxis, iafi kaJbadi, ro­
melSic SiO

2
-is Semcveloba ar aRemateba 95% da romelic ver 
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poulobs Sesabamis gamoyenebas madnis damuSavebis gareSe. 
amasTan, SesaZlebelia Si-is, magniumis silicidis, an orives 
erTad miReba. procesis simZlavre minimumamdea dayvanili. 
aRdgenis procesi tardeba argonis atmosferoSi maRaros 
RumelSi moTavsebul korundis reaqtorSi. aRdgenis proce­
si iwyeba 7000C temperaturaze da 8000C temperaturaze aRwevs 
maqsimum-90%. dadginda, rom Si-is miReba SesaZlebelia aRdge­
nis procesSi, rodesac aRmdgeneli aRebulia 120%-ze metiT 
steqiometriulTan SedarebiT. 20 wuTi sakmarisia Si-is da 
magnium silicidis warmoebisTvis. aRdgenili masidan maRa­
li sisufTavis Si-s misaRebad aucilebelia misi damuSaveba  
marilmJaviT da ftoris mJaviT, an Sesabamisi halogenuri 
wyalbadis naerTebiT. am dros miRebuli Si sisufTave aris 
aranakleb 98%.

im SemTxvevaSi, rodesac magniumis silicidi warmoadgens 
samizne produqts, misi izolacia xdeba sistemis gacxelebiT 
silicidis dnobis wertilamde (10850C) da misi gamoyofiT 
myari fazidan specialuri filtriT. miTiTebuli meTodis 
gamoyeneba SesaZlebelia im SemTxvevaSic, rodesac samiznea 
Si-is da silicidis miReba. am miznis miRweva SesaZlebelia mag­
niumis silicidis gacxelebiT misi Termuli daSlis tempera­
turaze (11000C).

3.3. siliciumis miReba gavarvarebiT
teqnikuri siliciumi SeiZleba miRebuli iqnas siliciu­

mis dioqsidis TeTri wvrili qviSis kaJbadis SiO
2
 gacxelebiT 

maRal temperaturamde:
			   SiO

2(myari)
 → Si

(myari)
 + O

2(airi)
 	 (3.15)

teqnikuri siliciumi SeiZleba miRebuli iqnas agreTve sili­
ciumis dioqsidis gavarvarebiT magniumTan erTad:

			   Si0
2
+2Mg=2MgO+Si 		  (3.16) 

am dros warmoiqmneba mura feris amorfuli siliciumis 
fxvnili.
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3.4. metalurgiuli siliciumis miRebis  
SesaZlebloba kaJbadidan TviTganvrcobadi 
maRaltemperaturuli sinTeziT
kaJbadidan metalurgiuli siliciumis miRebis sxva al­

ternatiuli meTodebis ZiebaSi yuradRebas ipyrobs TviT­
ganvrcobadi maRaltemperaturuli sinTezi (Tgs) [7,8]. es 
meTodi aris wvis erT-erTi saxeoba, anu aris nebismieri qimi­
uri xasiaTis wvis procesi, romlis Sedegia Rirebuli kon­
densirebuli masalis formireba praqtikuli miznebisaTvis. 
garemo, TviTganvrcobadi maRal temperaturuli sinTezis 
reJimis dros, SeiZleba iyos sxvadasxva mdgomareobaSi: 
myari, Txevadi, airisebri da Sereuli. mniSvnelovania, rom 
gagrilebis Semdeg wvis produqti unda iyos myari, cecxlgam­
Zle nivTiereba maRali wvis temperaturebzec, raTa Semdgom 
iyos gamoyenebuli. 

es meTodi dafuZnebulia iseT nivTierebebze, romlebsac 
SeuZliaT Sevidnen reaqciaSi egzoTermulad, roca aaldebi­
an da uzrunvelyofen wvis talRis warmoqmnas. wvis tempera­
tura SeiZleba iyos Zalin maRali (5000K) da vrceldeba didi 
siCqariT 25m/wm. sinTezisTvis reaqciaSi monawile komponen­
tebi ifSvneba wvrilad, ireva da iwnexeba granulebSi, raTa 
gaizardos kontaqti nawilakebs Soris. reaqciis narevi Tav­
sdeba cecxlgamZle konteinerSi vakuumSi, an inertul airSi. 

ferdinand TavaZis metalurgiisa da masalaTmcodneobis 
institutis naxevargamtaruli da kompoziciuri masalebis 
laboratoriaSi TviTgavrcelebadi maRaltemperaturuli 
sinTezis laboratoriasTan erTad Catarda eqsperimentebi 
TviTganvrcobadi maRaltemperaturuli sinTeziT metalur­
giuli siliciumis miRebis SesaZleblobis gamosavlenad. si­
liciumis eqstrahireba ganxorcilda 40won%-45won% Si da 
Al, Mg, Са, Fe, Mn, Ni, Ti, Na minarevebis Semadgenlobis dabali 
xarisxis bajiTis kvarcitidan. nax.3.1-ze naCvenebia bajiTis 
kvarcitis rentgenofazuri speqtri.
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nax.3.1. bajiTis kvarcitis rentgenofazuri speqtri

nax.3.2-ze naCvenebia miRebuli metalurgiuli siliciumis 
rentgenofazuri speqtri. 

nax.3.2. bajiTis sabados kvarcitidan maRali wnevis reaqtorSi 
procesiT TviTganvrcobadi maRaltemperaturuli sinTezis(Tms) 

reJimSi centridanuli manqanaSi komponentebis mTliani 
gancalkavebiT miRebuli metalurgiuli siliciumis 

rentgenofazuri speqtri

TviTgavrcelebadi maRaltemperaturuli sinTezis Semdeg 
miRebulia 96 Siwon%-98 Siwon%. 
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Tavi 4

metalurgiuli siliciumis  
gawmendis procesebi

naxevargamtarebTan dakavSirebuli teqnologiebi umaga­
liTod mdidaria axali samecniero-teqnikuri ideebiT, ro­
melTa realizacia gaZnelebulia Sesabamisi Tvisebebis mqone 
masalebis ararsebobiT. problema SeiZleba dakavSirebuli 
iyos masalis romelime Tvisebis `zRvaris~ gazrdasTan, an 
raRac axali sasurveli Tvisebebis arqonasTan, an iseTi Tvi­
sebebis SeTavsebis aucileblobasTan, romelic Cveulebriv 
pirobebSi ar gvxdeba. masala unda iyos sufTa, rom gamoi­
ricxos ucnobi da SemTxveviTi movlena da imisaTvis, rom 
siliciumma daiwyos Tavisi naxevargamtaruli Tvisebebis ga­
movlena. mxolod sufTa masala avlens nivTierebis namdvil 
Tvisebebs.

metalurgiuli siliciumis miRebis procesSi miRweuli 
sisufTave sakmarisi ar aris amisTvis. gacilebiT maRali xa­
risxis sisufTavea saWiro. minarevebis limiti ganisazRvre­
ba sxvadasxva pirobebiT, romlebic dakavSirebulia misaRebi 
naxevargamtaris TvisebebTan. naxevargamtaruli masalebis  
ki, sasurveli Tvisebebis misaRwevad limitirebulia sisuf­
Tavis zRvari, sadamdec unda moxdes misi gawmenda. 

naxevargamtarebis fizikisa da teqnologiis safuZvelia 
sufTa masalis miReba. sisufTavis saWiro done, rogorc eleq­
tronikis mrewvelobisTvis, aseve mzis energetikisTvis, miiR­
weva metalurgiuli siliciumis gawmendiT Semdeg etapebze. 
siliciumis gawmendis teqnologiebSi gaTvaliswinebuli unda 
iyos ara marto siliciumisa da minarevebis Tvisebebi, aramed 
samizne produqtis saWiro sisufTavis xarisxi. saWiro gawmen­
dis dasabuTebisas aucilebelia ekonomikuri mizanSewonilo­
bis dasabuTeba, rac siliciumTan mimarTebiT eWvgareSea. mav­
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ne minarevebis moSorebisa da pasivaciis xarisxi gansazRvravs 
maTze dafuZnebuli maRali xarisxis naxevargamtaruli mowyo­
bilobebis Tvisebebs. saimedod momuSave, maRali maxasiaTeble­
bis mqone naxevargamtaruli, kerZod siliciumze dafuZnebu­
li, xelsawyoebis Seqmna damokidebulia ara marto nivTierebis 
sisufTavis xarisxze, aramed kristalur srulyofaze. 

siliciumi is masalaa, romelic SeiZleba miRebul iqnas 
ara marto sisufTavis maRali xarisxiT, aramed legirebulic 
nebismier doneze winaswar gansazRvruli minarevebiT. es 
erTerTi mizezia imisa, rom siliciums aqvs mravalwaxnagovani 
gamoyenebis sfero. minarevebis koncentracia siliciumSi 
ar aris yovelTvis iseTi kritikuli, rogoric saWiroa mik­
roeleqtronikisTvis. amis magaliTia siliciumis gamoyeneba 
mZime mrewvelobasa da mrewvelobis sxva dargebSi.

4.1. naxevargamtaruli masalebis qimiuri  
sisufTave
nivTierebis sisufTave praqtikaSi fardobiTi da piro­

biTia. nivTiereba iTvleba sakmarisad sufTad, Tu is ar 
Seicavs im saxis minarevebs da iseTi raodenobiT, romelic 
xels uSlis am nivTierebis gamoyenebas konkretuli amo­
canisTvis. polikristaluri naxevargamtaruli masala, ro­
gorc wesi, ufro WuWyiania, radgan rogorc minarevebi, aseve 
struqturuli defeqtebi grovdeba marcvlebis sazRvrebSi. 
gazrdili monokristali dislokaciebis minimaluri koncen­
traciiT xels uwyobs qimiur sisufTaves, vinaidan minareve­
bi ZiriTadad dislokaciebis kideebze grovdeba. siwmindis 
kibeze uamravi safexuria da didi Zalisxmevaa saWiro gaw­
mendis maRali xarisxis misaRwevad. masalebis sisufTave da 
misi gamosaxvis xerxebi sxvadasxvaa da damokidebulia imaze, 
Tu sad gamoiyeneba. nivTiereba sakmarisad sufTaa, Tu masSi 
minarevis raodenoba naklebia im raodenobaze, romelic uS­
lis xels am nivTierebis gamoyenebas mocemuli miznisaTvis. 
sainteresoa, rom maCveneblebi, romlebic gamosaxaven niv­
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Tierebis sisufTavis xarisxs droTa ganmavlobaSi ganicdian 
swraf cvlilebas. es dakavSirebulia nivTierebebis gawmen­
dis teqnologiebis daxvewasTan da, Sesabamisad, ufro maRa­
li sisufTavis maxasiaTeblis SemoRebis aucileblobasTan. 
yvelaze Zveli da gavrcelebulia ZiriTadi nivTierebis da 
minarevis Semadgenlobis gamoxatva procentebSi (%,10-2). Sem­
dgom nivTierebis klasifikacia sisufTavis mixedviT ganisaz­
Rvreboda minarevis atomebis (molekulebis) ricxviT (n), ro­
melic modis ZiriTadi nivTierebis 1000 atomze (molekulaze) 
da aRiniSneba n ‰(n promile),(0/

00
,10-3)(10-3atomuri wili, 10-1 

at%); mogvianebiT warmoiqmna Sefaseba ppm (  parts per million) 
`nawilebi milionze~ anu ZiriTadi nivTierebis 106 atomze 
(molekulaze) an п ррт (п parts per million)( e.i. 10-6 atomuri wili, 
10-4 at%) da misi tolfasi erTeuli grami tonaze (g/t). Tana­
fardoba nivTierebis sisufTavis ganmsazRvrel erTeulebs 
Soris moyvanilia cxrilSi (danarTi 3). 

arc ise iSviaTad dRes SeiZleba Segvxdes miligrami 
tonaze(mg/t), an `nawilebi miliardze~ _ ZiriTadi nivTiere­
bis 109 atomze (molekulaze) mosuli minarevebis atomTa 
ricxvi _ п ррb (п parts per billion) ( e.i. 10-9atomuri wili, 10-7 at%) 
(danarTi 3). 

aseTi klasifikaciis garda nivTierebis maRali sisufTa­
vis aRsaniSnavad xmaroben cxrianebis ricxvs N simbolos. 
masalis sisufTavis Sefaseba cxrianebiT yvelaze bunebrivi 
xerxia. cifri N-is win gviCvenebs `cxrianebis~ srul ricxvs.  
naxevargamtarul teqnologiaSi gamoiyeneba agreTve sakon­
trolo minarevis atomebis ricxvi moculobis erTeulSi  
(at/sm3, at/m3).

siliciumis teqnologiaSi misi gamoyenebis sferos mixed­
viT miRebulia Semdegi profilebi: metalurgiuli siliciumi 
(MG-Si), ̀ mziuri~ xarisxis siliciumi (SoG-Si) da eleqtronuli 
xarisxis siliciumi (EG-Si). MG-Si aris yvelaze dabali xarisxis 
sisufTavis siliciumi, minarevis maqsimaluri SemcvelobiT 
~1 won% (minarevis wonis wili procentebSi), EG-Si-umaRlesi 
xarisxis sisufTavis siliciumia-minarevis maqsimaluri Sem­
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cvelobiT ~1 ppbw (minarevis wonis wili miliardze), eleq­
tronuli klasis siliciumisTvis yvelaze dabali misaRe­
bi sisufTavea 99.99999999%-99.999999999%. es niSnavs, rom 
yovel miliard atomze daSvebulia mxolod erTi minarevis 
atomi. eleqtronuli klasis siliciumi aseve cnobilia, ro­
gorc naxevargamtaruli xarisxis siliciumi (SGS).

4.2. gancalkavebis da gawmendis procesebis 
zogadi daxasiaTeba
naxevargamtari masalebis gawmendis yvela xerxis safuZve­

lia calkeuli elementebis fizikuri da qimiuri Tvisebebis 
gansxvaveba. rac ufro mniSvnelovania es gansxvaveba, miT 
ufro advilia masalebis gancalkaveba da piriqiT, gawmendis 
problema rTuldeba, roca gasawmendi nivTiereba da minarevi 
axlosaa Tavisi fizikur-qimiur TvisebebiT. damuSavebulia 
nivTierebebis gancalkavebis da gawmendis mravali procesi. 
naxevargamtari masalebis gancalkavebis da gawmendis Ziri­
Tadi procesebia:
1.	sorbciis procesebi (gansakuTrebiT mniSvnelovania ax­

lo fizikur-qimiur Tvisebebis mqone nivTierebebisaT­
vis); 

2.	 procesebi dakavSirebuli eqstraqciasTan, ZiriTadad 
siTxis;

3.	 kristalizaciis procesebi;
4.	 procesebi, romlebic dakavSirebulia gamoxdasTan ai­

radi fazis meSveobiT (sublimacia, distilacia, req­
tifikacia, qimiuri gadatana);

5.	 procesebi dafuZnebuli eleqtrolizze;
6.	 procesebi dafuZnebuli difuziis koeficientebis 

gansxvavebaze;
7.	 amorCeviTi daleqvis, daJangvis da aRdgenis procese­

bi.
yvelaze efeqturi meTodis (an meTodebis Sexamebis) Ser­

Ceva yoveli individualuri masalisTvis xdeba misi konkre­
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tuli fizikur-qimiur Tvisebebidan gamomdinare. sufTa niv­
Tierebis miRebis mravalsafexuriani teqnologiuri sqemebi 
moicaven gawmendis qimiur da metalurgiul meTodebs [1]. 
metalurgiuli siliciumis gasawmendad pirvel rigSi TviT 
misi miRebis procesebi unda iyos dafuZnebuli maRali si­
sufTavis kaJmiwis gamoyenebaze.

4.3. gawmendis qimiuri meTodebi
mJavebiT gatutianeba. erT-erTi yvelaze uZvelesi gawmendis 
meTodia gawmenda sxvadasxva mJavebiT, maT Soris HCL, HF, H

2
SO

4
 

da HNO
3
, an maTi kombinaciiT, minarevebis gamorecxviT sili­

ciumidan, romlebic ZiriTadad kristalTa Soris sazRvrebSi 
iyris Tavs [2]. 
reaqtiuli airebis nakadi. Tumca, mJavebiT gatutianebis 
meTodi ar aris sakmarisi MG-Si gasawmendad. MG-Si an mJaviT 
gamorecxili MG-Si SeiZleba ganaxldes erTi, an ramodenime 
airis gamdinare nakadiT gamdnar siliciumSi [3]. aseT airebad 
ganixileba Cl

2
, O

2
, SiCI

4
, sveli wyalbadi da CO

2,
 an maTi kombi­

naciebi. Cveulebriv airebi ganzavebulia inertuli airiT. 
airis nakads advilad mihyveba dabali dnobis temperaturis 
mqone minarevebi.
distilaciis procesi. metalurgiuli siliciumis gasawmen­
daT, misi SedarebiT ara maRali orTqlis wnevis gamo, efeq­
turia distilaciis procesi. am SemTxvevaSi siliciumi ga­
dayavT mis aqrolad naerTebSi (Cveulebriv, halogenidebSi). 
es naerTebi advilad scildebian minarevebs da maT naerTebs. 
Semdeg xdeba winaswar gawmendili aqroladi naerTebis aR­
dgena elementarul siliciumamde. zogad SemTxvevaSi na­
xevargamtari masalis gawmendas da minarevis gancalkavebas 
awarmoeben sxvadasxva meTodebis kombinaciis SerCeviT. 

aseTia qlorosilanis procesi (Siemens process) da mduRa­
re fenis teqnologia (Fluidized Bed Reactor)[4]. metalurgiuli 
siliciumis gawmendis es yvelaze gavrcelebuli teqnologia 
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efuZneba siliciumis gadayvanas Txevadi da dabali duRilis 
temperaturis mqone naerTebSi oTaxis temperaturaze da maT 
gawmendas minarevebisgan siliciumis Semdgomi aRdgeniT. 
siliciumis naerTebi, romelTa meSveobiTac xdeba gawmendis 
procesi, moicaven siliciumis qloridebs, qlorosilanebs 
da silanebs. gawmenda xorcieldeba Txevadi narevebis dayo­
fiT praqtikulad sufTa komponentebad, romlebic gansxvav­
debian duRilis temperaturebiT, siTxis mravaljeradi 
aorTqlebiT da orTqlis kondensaciis gziT. aseTi proce­
sis Sedegad minarevebis umetesi nawili, romelTa naerTe­
bi fizikur-qimiuri parametrebiT gansxvavdeba siliciumis 
naerTebisgan, gancalkavdeba da ganidevneba.

gavrcelebuli gawmendis `qloridebis da silanis~ meTo­
debis alternativaa meore tradiciuli midgoma, romlis teq­
nologiuri safuZvelia metalurgiuli meTodebi.
widis gadamuSaveba. es aris procesi, romlis drosac sili­
ciumis nadnobi iwmindeba widiT. am procesis dros minare­
vebi gadaadgildebian siliciumis nadnobidan widis fazaSi. 
Semdeg wida, rogorc gadamuSavebis procesis gverdiTi pro­
duqti, ganidevneba, anu unda mocildes. 1 kg SoG-Si-is war­
moeba Cveulebriv moiTxovs 1 kg widis mocilebas. Semdegi sa­
fexuria gamotutva, anu masalis gaxsna mJavebSi. siliciumis 
SemTxvevaSi, liTonuri minarevebi SeiZleba gaixsnas maril­
mJavaSi, xolo TviT Si ar ixsneba HCl-Si da iwmindeba. gamotut­
vis procesis Semdeg darCenili mJavas narCenebi moiTxoven 
ganeitralebas mocilebamde. es meTodi gansakuTrebulad 
efeqturia boris mosacileblad. wida Cveulebriv aris CaO-
SiO

2
 oqsidebis narevi.

gawmenda kalciumis silikatiT. siliciumis gawmendis meTo­
debi kalciumis silikatiT (CaSiO

3
)[5] mdgomareobs SemdegSi:

•	 gauwmendav sawyis siliciums adnoben kalciumis si­
likatTan erTad ara nakleb 15440С temperaturaze. 
dnobis dros boris minarevi gadadis widaSi;

•	 imisTvis, rom gaiyos widis qveda fena da siliciumis 
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zeda fena, nadnobs ayovneben inertuli airis atmos­
feroSi;

•	 CaZiruli macivebeli elementis zedapirze siliciumis 
nadnobSi daileqeba maRali sisufTavis siliciumi. Sem­
deg amoiReba es elementi nadnobidan da mas siliciumis 
gamyarebuli masa ecleba.

4.4. gawmendis metalurgiuli meTodebi
dRes maRali klasis sisufTavis siliciumis miRebis 

meTodebis SemuSaveba xdeba iseTi ZiriTadi mimarTulebiT, 
rogoricaa tradiciuli metalurgiuli meTodebis gaum­
jobeseba, siliciumis pirdapiri warmoebis meTodebis airis 
faziT gawmendis gverdis avliT, iafi metalurgiuli sili­
ciumis miRebis daxvewasTan da maRali sisufTavis kaJmiwis 
nedleulis gamoyenebasTan erTad. metalurgiuli meTode­
bi moicaven ZiriTadi nivTierebis sxmulis mravaljer gada­
kristalebas sxvadasxva ubnebis Tanmimdevruli gadnobiT. 
metalurgiuli meTodebis gawmendis arsi dafuZnebulia 
minarevis xsnadobis, anu Semcvelobis sxvaobaze nivTierebis 
garkveul temperaturaze wonasworul mdgomareobaSi myof 
Txevad da myar fazaSi. aseTi meTodebia widis gamoyeneba, 
aorTqleba, plazmuri damuSaveba da sxva. 

siliciumis gawmendis warmoebis erT-erTi mTavari amoca­
nis (Rirebulebis Semcirebis gadasaWrelad) teqnologebis 
yuradReba fokusirebuli iyo metalurgiul procesebze. 
MG-Si-dan minarevebis mocilebis mizniT intensiuri kvleve­
bi mimarTuli iyo sxadasxva metalurgiuli operaciebis 
SemuSavebaze, rogoricaa damuSaveba plazmiT, pirdapiri gam­
yareba da vakuumuri damuSaveba. widiT mTavari mosacilebe­
li minarevebia Fe, Al, Ti, P, B da C. siliciumis gawmendis aseTi 
alternatiuli teqnologiebia Semdegi [6-37]:
vakuumuri sublimaciis meTodi. gawmendis es meTodi miekuT­
vneba airis faziT gamoxdis process. sublimacia (aorTqleba) 
aris nivTierebis uSualo gadasvlis procesi myari mdgomare­
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obidan orTqlisebr mdgomareobaSi. sublimacia, rogorc 
gancalkavebis da gawmendis meTodi, SesaZlebelia iseTi niv­
TierebebisTvis, romlebic xasiaTdebian sakmarisad maRali 
orTqlis wneviT, roca isini cxeldeba dnobis temperatu­
raze ufro dabal temperaturamde. sublimaciis meTodi Se­
iZleba gamoyenebul iqnas siliciumis gasawmendaT aqroladi 
minarevebisagan. nivTierebaSi roca aris minarevebis nakrebi, 
romelic ufro aqroladia vidre ZiriTadi komponenti, mina­
revebi SeiZleba gandevnili iqnan dabal temperaturaze. 

amisaTvis saproceso (kristalis zrdis) RumelSi, 10-3tor  
atmosferoSi, gaTbobiT xorcieldeba im minarevebis aor­
Tqleba, romelTa dnobis temperatura naklebia siliciumis 
dnobis temperaturaze. ufro Zneldnobadi minarevebis aor­
TqlebisTvis RumelSi temperatura iweva siliciumis dnobis 
wertilze maRla 50°С -70°С-iT da yovndeba garkveuli dro, 
raTa aorTqldes meti cecxlgamZle minarevebi. sabolood 
miiReba multisiliciumi.
kristalizaciis meTodebi. nivTierebis kristalizaciiT gaw­
mendis ZiriTadi meTodebi gamoiyeneba gawmendis teqnolo­
giuri procesis bolo safexurze. zRvruli fizikuri da qimi­
uri sisufTavis misaRwevad kristalizacia unda iwyebodes 
mkacrad gansazRvrul adgilebSi da xdebodes garkveuli 
mimarTulebiT. aseT kristalizacias ewodeba mimarTuli.

kristalizaciis adgilis lokalizacia da mimarTuleba 
praqtikulad xorcieldeba kristalizaciis gamomwvevi gare 
parametris mocemulobiT. yvelaze xSirad aseTi parametria 
temperatura, e.i. winawaswar ganisazRvreba temperaturis 
gradienti, romelic uzrunvelyofs siTbos mimarTul aci­
lebas da kristalizaciis frontis mimarTul gadaadgilebas.

arsebobs konstruqciuli gaformebiT mimarTuli kris­
talizaciis sxvadasxva meTodebi, magram isini yvela daiyvaneba 
ZiriTadad sam meTodze: nadnobidan kristalebis amoweva (pir­
velad SemoTavazebuli Coxralskis mier), normaluri mimarTu­
li kristalizacia (pirvelad SemoTavazebuli brijmenis mier) 
da zonuri gadakristaleba (pirvelad SemoTavazebuli fvanis 
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mier). kristalebis amowevis nadnobidan meTodSi madedebeli 
patara monokristalis saxiT eSveba nadnobSi da Semdeg uwyve­
tad gadaadgildeba zeviT. madedebeli Tan gaiyolebs nadno­
bis Txevad svets, romelic uwyvetad kristaldeba, roca xvde­
ba ufro dabali temperaturis zonaSi.
normaluri mimarTuli gamyarebis meTodi. am meTodiT niv­
Tierebas adnoben mocemuli formis tigelSi, romelic Sem­
deg erTi bolodan nela civdeba da xorcieldeba mimarTuli 
kristalizacia. es meTodi gansakuTreblad efeqturia li­
Tonuri minarevebis mosacileblad. 
gadakristalebis meTodi. es meTodi yvelaze gavrcelebulia 
nadnobis mimarTuli kristalizaciisas tigelSi Coxralskis 
meTodiT. kristalis zrdis siCqare ganisazRvreba krista­
lizaciis Canasaxis warmoqmnis siCqariT da kristalizaciis 
frontis siTbos acilebis siCqariT. kristalis tigelidan 
gazrdisas xdeba nadnobis dabinZureba tigelis masaliT. 
kvarcis tigelis gamoyenebisas siliciumisaTvis ZiriTadi 
damabinZurebeli elementebia kvarcSi myofi Jangbadi, bori, 
fosfori, alumini da rkina. amowevis meTodi xasiaTdeba nad­
nobis didi da Ria farTiT, amitom aqroladi komponentebi 
da minarevebi aqtiurad orTqldebian nadnobis zedapiridan. 
danadgarSi wnevis da atmosferos (argoni) Semadgenlobis 
cvlilebiT regulirdeba aqroladi komponentebis Semadgen­
loba. ukve pirveli kristalizaciis Semdeg xdeba siliciumis 
gawmenda umravlesi minarevisagan erTnaxevari- sami rigiT.
zonuri dnoba. aq nivTierebis sxmulSi adnoben mxolod patara 
zonas, romelic gadaadgildeba nimuSis gaswvriv. zonis mimar­
Tuli gadaadgilebisas zonis win xdeba nivTierebis gadnoba, 
zonis ukan-kristalizacia. yvela am meTodSi nivTierebis gaw­
mendis xarisxi da minarevis ganawileba gansxvavebulia. zonu­
ri dnobac gansakuTreblad efeqturia liTonuri minarevebis 
mosacileblad. zonuri dnobiT miRebuli kristalebi ufro 
sufTaa, magram ufro naklebia diametrSi da didia TviTRire­
buleba, amitom mcire warmadobis gamo zonuri dnoba naklebad 
gamoiyeneba.
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eleqtronosxivuri teqnologia. eleqtronosxivuri teq­
nologiebi farTod gamoiyeneba `mziuri~ siliciumis misa­
Rebad. am meTodiT miRebulia maRali sisufTavis (99,999%) 
siliciumi vakuumur danadgarze metalurgiuli siliciumis 
eleqtronosxivuri gadadnobiT. aseTi gadadnobis Semdeg xde­
ba siliciumis Semdgomi gawmenda vakuumSi_8.9·10–3–1.7·10–2pa 
(10–5–1.3·10–4 mmv.sv.). 

am meTodiT xdeba Mg, Al, P, Ca, As da sxva minarevebis efeq­
turi mocileba. 
cvladi denis datenianebuli plazmis meTodi. gawmendis 
Semdeg safexurze xdeba maRali sisufTavis siliciumis 
gadadnoba da vakuumurad damuSaveba masSi Semcveli fos­
foris asaorTqlebad. amisaTvis siliciums adnoben tigelSi 
plazmuri CiraRdaniT, romelic maxvili kuTxiTaa mimarTuli 
zedapirisaken da moicavs inertul airs da wylis orTqls. 
gauwmendavi siliciumi dneba cilindruli formis kvarcis 
tigelSi grafitis gamaxurebliT. Semdeg siliciumis nadnobi 
muSavdeba ori-sami reJimis plazmatroniT (izolirebulia 
korpusidan anodebiT anodis arxSi mowodebuli wylis 
sistemiT). nadnobi muSavdeba jer argonis mSrali plazmiT 
50a-80a mudmivi deniT, Semdeg argonis datenianebuli plazmiT 
100a-200a cvladi denisas. amis Semdeg kvarcis tigelSi neli 
gaciebiT formirdeba polikristaluri siliciumis sxmuli. 
utigelo zonuri dnoba. es meTodi gamoiyeneba umaRlesi si­
sufTavis siliciumis wneli-namzadebis gazrdisaTvis. sili­
ciumis wnelebis-fuZeSreebis miReba aris polikristalu­
ri siliciumis simens-teqnologiiT samrewvelo warmoebis 
erT-erTi mosamzadebeli etapi. isini gamoiyeneba siliciumis 
daleqvisTvis. cnobilia siliciumis wnelebis-fuZeSreebis 
miRebis sxvadasxva xerxi. am meTodebs Soris yvelaze mwar­
moebluri aris siliciumis wnelebis-fuZeSreebis gazrda 
maRalsixSiruli induqtoriT gamdnari siliciumis namzadi­
sagan. maRali sisufTavis misaRwevad gazrda tardeba vakuum­
Si.
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eleqtrolituri gawmenda. 99.70won%-99.99%won%-is sisufTa­
vis siliciumi SeiZleba miRebul iqnas eleqtrolituri gaw­
mendiT myari, an Txevadi anodebis gamoyenebiT.
vakuumuri gawmenda. vakuumuri gawmenda aris procesi, rom­
lis drosac siliciumis nadnobi muSavdeba daxurul kamera­
Si, xolo kameraSi damyarebulia dinamiuri vakuumi masTan 
mierTebuli tumbos ganuwyvetyeli muSaobiT. am procesis 
dros kameraSi wneva SeiZleba Semcirdes 1 paskalamde da unda 
iyos 1.30pa-0.13pa farglebSi (atmosferos wneva aris 101325 
pa). vakuumuri gadamuSavebis procesSi yvela elementi, ro­
melsac aqvs ufro maRali orTqlis wneva, vidre siliciumis 
wneva, aorTqldeba Si-dan. am procesSi SesaZlebelia fosfo­
ris 100% amoReba. vakuumuri gawmendis dros ar warmoiqmne­
ba Tanamdevi produqti, rac am process xdis ekologiurad 
sufTad.

am meTodiT gawmendis dros siliciumis daJangvis aci­
lebisaTvis saWiroa vakuumi da nadnobis temperatura unda 
aRematebodes siliciumis dnobis temperaturas 500С-700С-iT. 
es meTodi efeqturia Ca, Ba, Zn, Pb, Al, P, Sb, Li– da sxva minareve­
bisgan gawmendisas. gawmendis procesi Zlierdeba eleqtro­
magnituri, an meqanikuri xerxebiT da xels uwyobs nadnobis 
iZulebiT konveqcias.

vakuumur da airiT gawmendis teqnologiis Sedareba sxva 
meTodebTan gviCvenebs, rom is damoukidebelia Termodinami­
kuri wonasworobisgan, anu yvela sxva metalurgiul meTod­
Si Termodinamikuri wonasworoba myardeba Si-sa da gamwmend 
fazas Soris (wida, an Txevadi liToni) da Semdgomi gawmenda, 
anu minarevebis gandevna SeuZlebelia. vakuumur da airiT 
gawmendis teqnologiis SemTxvevaSi, minarevebis gandevnis 
procesi arasodes Cerdeba da gadamuSavebis procesi SeiZle­
ba gagrZeldes siliciumis sisufTavis saWiro zRvris miR­
wevamde. gasuli aTwleulis ganmavlobaSi, mravali kvleva 
Catarda vakuumisa da gazis gadamuSavebis procesebze labo­
ratoriuli masStabis eqsperimentebSi.
gawmenda flusiT. nadnobSi umateben aqtiur flus, rom mox­
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des nadnobis da widis gancalkaveba. flusebad iyeneben SiO
2
, 

CaO, Al
2
O

3
 narevs. warmoqmnili wida isrutavs minarevs nadno­

bidan.
retrograduli dnoba. meTodi dafuZnebulia imaze, rom 
siliciums SeuZlia galRves ara marto gacxelebisas, aramed 
gaciebisas. 900oC temperaturaze WuWyiani siliciumi dneba 
da minarevebi gamoiyofian warmoqmnil Txevad fazaSi. darCe­
nili siliciumi Zalian sufTaa. 
gawmenda advildnobadi liTonebis nadnobebSi. meTodi da­
fuZnebulia ZiriTadi nivTierebis da minarevebis xsnado­
bis, aqroladobis da gancalkavebis koeficientis sxvaobaze. 
metalurgiuli siliciumi ixsneba advildnobadi liTonis 
(Ga, In, Al, Sn, Pb da sxva) nadnobSi. gaciebisas nadnobidan war­
moiqmneba gasufTavebuli siliciumis kristalebi, romlebic 
toveben minarevebs nadnobSi. 
sxva meTodebi: gancalkaveba eleqtrul da magnitur velebSi, 
centrifugiT, difuziiT da TermodifuziiT miiReba mduRa­
re fenis reaqtorSi. 

amrigad, teqnikuri siliciumis gawmendis ZiriTadi me­
Todebia: vakuumuri, airadi, eleqtronul-sxivuri, plazmu­
ri da agreTve gawmendis specialuri saSualebebi kvarci­
tebis karboTermuli aRdgenis procesSi. 
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Tavi 5

`mziuri~ da eleqtronuli siliciumis 
miReba mrewvelobaSi

5.1. siliciumis gasufTavebis ZiriTadi  
samrewvelo mimarTulebebi
gza mTis qanebidan eleqtronikamde iwyeba kaJmiwis gar­

daqmniT metalurgiuli xarisxis (MG-Si) siliciumSi. Semdeg 
ukve maRali sisufTavis siliciumis warmoebis jaWvSi meta­
lurgiulma siliciumma unda gaiaros xangrZlivi da ur­
Tulesi gawmendis procesebi. naxevargamtaruli siliciumis 
warmoebis saboloo etapi aris monokristalebis zrda. 

naxevargamtaruli mowyobilobebis uzarmazari raodeno­
bis saWiroebis gamo poli da monokristaluri siliciumi war­
sulSi da exlac iwarmoeba globaluri masStabebiT aTasobiT 
tonobiT. aseTi didi masStabis warmoeba xorcieldeboda 
msxvili teqnologiuri samrewvelo xazebiT (nax.5.1). 

nax. 5.1. sufTa siliciumis warmoebis evoluciis qronologia;
kvlevis safexurebi warmodgenilia TariRebis zolis zemoT da 

warmoebis mimarTulebebi naCvenebia qvemoT
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maRali sisufTavis siliciumis didi masStabiT warmoe­
bas aqvs xangrZlivi istoria. teqnologiis ganviTareba mim­
dinareobda ramodenime mimarTulebiT. sufTa siliciumis 
warmoebam xangrZlivi drois ganmavlobaSi gaiara gza 2N-dan 
(MG-Si) 12N-mde (SoG -Si da EG-Si Sesabamisad). 

siliciumis gawmendis procesi daiwyo zonuri gawmendiT 
(1ppM minarevebis doniT) fvanis da Teureris mier [1,2]. Semde­
gi ZiriTadi msxvili samrewvelo mimarTulebi iyo: 1960ww- si­
mensis teqnologia, 1976w-gawmenda nadnobiT, 1980ww-ultra 
silanis warmoeba (Union Carbide Corporation), mduRare fenis teq­
nologia (Fluidized Bed Reactor, JPL Company) da gawmenda plaz­
miT (k. suZuki), 1993w-gawmenda plazmiT da vakuumiT (Kawasaki 
Steel), 2000w-marclovani polisiliciumi FBR Technology (MEMC 
Electronic Materials, Pasadena aSS, teqsasi), 2007w-Elkem Solar,  
2009w-Silicor Materials, 2018w-Ferroglobe NVP. 

Elkem solar®-ma aamuSava pirveli metalurgiuli qarxana 
metalurgiuli xarisxis siliciumis (MG-Si – 2N sisufTavis) 
misaRebad SoG-Si-mde gadamuSavebisTvis. 2007 wlidan Rebu­
loben SoG-Si siliciums widis gadamuSavebisa da mJavebiT ga­
morecxvis procesebiT. 2008 wlidan daiwyo kvlevebis seria 
NTNU-Si SINTEF-isa da Elkem- solar® kompaniebis TanamSromlo­
biT, romelic fokusirebulia vakuumis da airiT gadamuSave­
bis teqnologiaze.

am teqnologiur mimarTulebebs Soris yvelaze gavrcele­
bulia maRali xarisxis `mziuri~ siliciumis mwarmoebel  
Silicor Materials-is mier aluminis nadnobis meTodis gamoyene­
ba. Silicor Materials-ma daiwyo SoG-Si-is sapilote warmoeba 2009 
wels Si-is gadamuSavebiT aluminis nadnobiT, gamyarebiT da 
Semdgomi gamotutvis procesiT. es procesi dafuZnebulia, 
imaze, rom Si-is liTonuri minarevebi ixsneba marilmJavaSi, 
xolo TviT Si ar ixsneba HCl-Si.

2018 wlidan Ferroglobe® (silcio ferro solar) amerikuli kompania 
widis da vakuumuri gadamuSavebis gziT awarmoebs `mziuri~ 
siliciums. vakuumuri damuSavebis procesis dros Si nadnobi 
muSavdeba daxurul kameraSi, xolo kameris atmosfero mud­
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mivad gaiwoveba vakuumuri tumbos mier. am procesis dros 
kameraSi wneva SeiZleba Semcirdes 1 paskalamde. vakuumuri 
gadamuSavebis procesSi, yvela elementi, romelsac aqvs ufro 
maRali orTqlis wneva, vidre Si nadnobs, aorTqldeba Si-dan.

yvelaze Zveli meTodia simensis (germania) da Fluidized 
Bed Reactor (aSS) teqnologiebi, romelnic uzrunvelyofen 
8N–12N sisufTavis xarisxis siliciumis warmoebas. ukanas­
kneli wlebis ganmavlobaSi gamoCnda `mziuri~ siliciumis 
warmoebaSi axali Taobis monomsgavsi siliciumis franguli 
teqnologia (CrystalMax® technology).

5.2. `mziuri~ siliciumis vargisianobis  
ZiriTadi kriteriumebi
mzis elementi iqmneba kristaluri e.w. `mziuri~ xarisxis 

siliciumis firfitebis fuZeze, romelTa vargisianoba ga­
nisazRvreba qimiuri SemadgenlobiT, romelic Tavis mxriv 
gansazRvravs kristalis struqturas da eleqtrofizikur 
parametrebs. mavne minarevebi qmnian doneebs siliciumis 
akrZalul zonaSi da aqveiTeben mzis elementebis saeqsplu­
atacio maxasiaTeblebs, kerZod, amcireben denis matarebel­
Ta sicocxlis xangrZlivobas da, maSasadme, mzis elementis 
mokle CarTvis dens. nax.5.2 gviCvenebs, Tu romeli minarevi 
ramdenad amcirebs mzis elementis efeqturobas. 

nax.5.2. n-tipis 
siliciumze 
damzadebuli 
mzis elementis 
gardaqmnis 
fardobiTi 
koeficientis 
damokidebuleba 
minarevebis 
koncentraciaze [3]
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gardamavali liTonebis (Ti, Zr, V, Nb, Ta, Mo da W) 1012-1013 
at/sm3 raodenobisas mzis elementebis margi qmedebis koe­
ficienti mcirdeba. kristalur siliciumSi gansakuTrebiT 
Zlieri uaryofiTi gavlena araZiriTadi denis matarebel­
Ta sicocxlis xangrZlivobaze aqvs rkinis minarevs [4]. mina­
revebiT dabinZurebis gavlena damokidebulia ara marto 
maT koncentraciebze, aramed sivrcul ganawilebazec, ro­
melic Tavis mxriv damokidebulia teqnologiuri procese­
bis Catarebis pirobebze. amitom `mziuri~ xarisxis silici­
ums unda hqondes eleqtrulad aqtiuri minarevebi jamSi 
ara umetes 10-5–10-3at%. `mziuri~ siliciumis sisufTave 
iwyeba siliciumis 99.99 won.%-is sisufTavis donidan da 
zemoT. 
kristaluri struqtura. mzis elementisaTvis gankuTvnili 
specialuri `mziuri~ siliciumis standartiT siliciumi 
SeiZleba iyos ramodenime modifikaciis: polikristaluri 
da monokristaluri. mzis elementebis dasamzadeblad sili­
ciumi farTod gamoiyeneba polikristaluri saxiT miRe­
bis SedarebiT simartivis, naklebi xarjis da defeqtebis 
efeqturi pasivaciis gamo. fotogardamqmnelebis bazarze 
siliciumis fuZeze warmoebuli mzis elementebis da modu­
lebis wili aRemateba 90%-s. aqedan daaxloebiT 2/3 modis 
polikristalur siliciumze da 1/3-monokristalurze. po­
likristaluri siliciumis vargisianoba fotoelementebis 
dasamzadeblad mniSvnelovnadaa damokidebuli marcvlebis 
ganlagebaze da zomaze, marcvlebs Soris sazRvrebis arse­
bobaze, amitom siliciumi ara marto unda gaiwmindos mina­
revebisagan, aramed saWiroa mieqces yuradReba struqtu­
ras. 

mravalkristaliani polikristaluri siliciumis gaz­
rdisas mimarTuli kristalizacia ise unda warimarTos, rom 
miRebul iqnas svetovani msxvilblokiani sxmuli marcvlebs 
Soris zRvrebis minimaluri raodenobiT (nax.5.3).
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nax.5.3. `mziuri~ polikristaluri 
siliciumis makrostruqtura

eleqtrofizikuri Tvisebebi. eleqtrofizikuri Tvisebebi 
mniSvnelovnadaa damokidebuli siliciumis qimiur sisufTa­
veze, minarevebis saxeobasa da koncentraciaze, kristalur 
struqturaze da defeqtebis koncentraciaze. saWiroa ag­
reTve daculi iyos eleqtrofizikuri parametrebis maqsima­
lurad erTgvarovani ganawileba Si-is fuZeSreSi. 
minarevebi. sxvadasxva minarevi sxvadasxvanairad axdens gav­
lenas siliciumze dafuZnebul xelsawyoebze. magaliTad, 
eleqtrulad aqtiuri minarevebis Semcvelobam unda uzrun­
velyos sinaTliT warmoqmnili muxtis matareblebis efeqturi 
gadatana, maTi gabnevis da arawonasworuli muxtis matareb­
lebis sicocxlis drois Semcirebis (kristaluri mesris da­
maxinjebebis da kompleqsebis warmoqmnis gamo) ar daSveba.

liTonuri minarevebis qceva siliciumSi damokidebulia 
mTel rig faqtorze, rogoric aris maTi zRvruli xsnadoba, 
difuziis koeficienti, legirebis done, fonuri minarevebis 
(Jangbadis, naxSirbadis) da kristaluri meseris defeqtebis 
koncentracia, siliciumis kristalebis miRebis da Termuli 
damuSavebis teqnologiuri aspeqtebi. dRes siliciumSi rigi 
minarevisaTvis dadgenilia zRvruli dasaSvebi koncentra­
ciebi, romlebic ganapirobeben mzis elementebis degradaciis 
zRvars: Cu–6∙1017sm-3, Cr–1∙1014sm-3, Mo–6∙1011sm-3, Mn– 1.6∙1014sm-3, 
Fe–2∙1014sm-3, Co–1∙1015sm-3, Ni–5∙1015sm-3, Al–3∙1015sm-3, Au–6∙1013sm-3, 
Na-1014-1015sm-3, V, Ti, Zr-1012-1013sm-3, Ni-2∙1015-1∙1016sm-3[5].

yvelaze Zlier gavlenas mzis elementebis efeqturobaze 
axdenen Mo, Nb, Zr, W, Ti, V, Cr, Mn, Fe, Co. amave dros Al, Ni da Cu 
axdenen SesamCnev gavlenas 1016sm-3 koncentraciisas.

dadgenilia korelacia minarevis gancalkavebis wonas­
worul koeficientsa da mzis elementebis minarevul degra­
daciis zRurbls Soris. boris minarevi, romelic farTod 
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gamoiyeneba mzis elementebisaTvis, gankuTvnil siliciumis 
legirebisas qmnis В-О kompleqsebs, romlebic amcireben τ-s. 
alternativaa galiumi 5∙1015sm-3-1017sm-3. titani da vanadiu­
mi iTvleba yvelaze mavned `mziuri~ siliciumisTvis, magram 
spilenZis TandaswrebiT titanis gavlena mcirdeba. sxva mi­
narevebi: magniumi 3∙1012sm-3-3∙1014sm-3 ar iwvevs degradacias, 
natriumis zRvruli dasaSvebi koncentraciaa 2∙1014sm-3. Jan­
gbadi da wyalbadi monawileoben siliciumSi defeqtebisa 
da minarevebis pasivaciis procesebSi da uzrunvelyofen τ-s  
zrdas. naxSirbadis koncentracia 0.8∙1017-2∙1017sm-3 saSualebas 
iZleva SenarCundes maRali τ TermodamuSavebisas. Cveuleb­
riv `mziuri~ xarisxis siliciumSi B-is an P-is koncentracia 
ar unda aRematebodes mniSvnelovnad (1-2)∙1016sm-3dones.

5.3. siliciumis gawmenda liTonebis nadnobiT
gawmendis ZiriTadi principi. `mziuri~ siliciumis misaReb 
samrewvelo meTodebs Soris siliciumis gawmenda liTonebis 
(getter) nadnobiT dRes erT-erTi farTod gavrcelebuli 
meTodia. gawmendis principi Semdegia.

minarevebiani siliciumis Seyvanis Semdeg liTonis nad­
nobSi (liTonis dnobis temperaturaze) minarevebi ixsnebian 
masSi. gacivebisas nadnobSi warmoiqmneba siliciumis den­
dritebi, romlebic toveben minarevebs nadnobSi. simkvrivis 
sxvaobis gamo dendritebi amotivtiveben nadnobis zedapirze 
da mimagrdebian madedebels da xdeba gasufTavebuli Si-is 
kristalis amoweva nadnobidan Sesabamis temperaturaze. ga­
moyofili minarevebi, uxsnadi silicidebis saxiT, rCeba li­
Tonis (getter) nadnobSi. 

gawmenda gaxda SesaZlebeli siliciumis im Tvisebis gamo, 
rom minarevebi advilad ixsneba gamdnar liTonebSi. gawmen­
da dafuZnebulia, rogorc gravitaciaze, simkvriveTa did 
sxvaobaze siliciumisa da minarevs Soris, ise siliciumisa da 
minarevebis xsnadobis, aqroladobis da segregaciis koefi­
cientis gansxvavebaze. gamxsneli liTonis (getter) SerCevisas 
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gasaTvaliswinebelia, rom is kargad unda ixsnebodes masSi da 
unda hqondes dabali segregaciis koeficienti, anu unda uz­
runvelyofdes kristalizaciiT gawmendis maRal efeqturo­
bas. aseT moTxovnebs akmayofileben galiumi, indiumi, alumi­
ni, kala, tyvia, nikeli, rkina da a.S [6]. 

siliciumis gasawmendad yuradReba gansakuTrebiT gamax­
vilebulia maRali simkvrivis liTonebis gamoyenebaze gaw­
mendis procesis gasaadvileblad da Sesabamisad gravitaci­
aze dafuZnebul gawmendis efeqtze. 

gawmenda liTonis nadnobiT ekologiurad sufTa da 
qlorisgan Tavisufali teqnologiaa. es meTodi xasiaTdeba 
sakmaod martivi teqnologiiTa da Sesabamisi teqnologiu­
ri aRWurvilobis gamoyenebiT, warmoebis SedarebiT daba­
li energotevadobiT da miRebuli SoG-Si siliciumis dabali 
TviTRirebulebiT da amitom igi dRes farTod gamoiyeneba 
didi raodenobiT siliciumis warmoebaSi. 
siliciumis gawmenda nikelis nadnobiT. siliciumis gaw­
mendis efeqturoba nikeliT (getter), rogorc minarevebis 
CamWeriT metalurgiuli siliciumidan Seswavlilia [7] 
samuSaoSi mSTamnTqmeli nadnobis neli gamyarebiT sxva­
dasxva gacivebis siCqariT. siliciumis gawmendis pro­
cesSi nikeli qmnis Senadnobs siliciumTan, romlis gam­
yarebisas warmoiqmneba siliciumis dendritebi, xolo 
darCenili siTxe moqmedebs rogorc minarevis `CamWeri~. 
nikeli qmnis ufro stabilur naerTebs bevr minarevTan 
vidre siliciumTan da amitom nikeli mravali elementis 
SesaniSnavi CamWeria, romelTa Sorisaa minarevebi Al, Ba, 
Ca, Co, Cr, Fe, K, Mg, Mn, Mo, P, V da Zn, xolo B, Cd da Se-gan 
siliciumi am meTodiT ar iwmindeba. 

gacivebis reJimi gansazRvravs gasufTavebis xarisxs. 
gamyarebisas gazrdili siliciumis dendritebi SemdgomSi 
iqna aRdgenili matricidan gravitaciaze dafuZnebuli 
meTodis gamoyenebiT. gasaTvaliswinebelia, rom fosfori 
is minarevia, romelic yvelaze Znelad mosacilebelia da ar 
scildeba siliciums sxva meTodebiT. 
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siliciumis gawmenda kaliT da galiumiT. siliciumis gasaw­
mendad warmatebiT SeiZleba iqnas gamoyenebuli advildno­
badi kalac da galiumic [8]. amisTvis gamoiyeneba mdnaridan 
kristalis amowevis Coxralskis meTodi. siliciumis ga­
sufTavebis principi naTlad Cans nax.5.4-ze. 

nax.5.4. siliciumis kaliT gawmendis danadgarSi siTburi 
kvanZis aRWurvilobis sqema dasufTavebis procesis 

sxvadasxva safexurze: a _ dnobamde; b _ kristalizaciis 
procesSi; gasufTavebuli siliciumis fantelebi 

kristalizaciis procesSi; g _ procesis dasasruli [8]

WurWelSi (4), romelsac SeuZlia ibrunos siTburi kvanZis 
(2) SigniT, Tavsdeba metalurgiuli siliciumis naWrebi (5). 
zemodan eSveba konteineri (3) naxvretebiT fskerze, romel­
sac SeuZlia gadaadgildes WurWlis (4) mimarT. konteinerSi 
aTavseben kalis naWrebs (gamxsneli)(1). siliciumis xsnadoba 
kalaSi ar aRemateba 4% 1200°C-ze mdgomareobaTa diagramis 
mixedviT (nax.5.5), amitom siliciumis Semadgenlobis Sefar­
deba kalasTan Seadgens 4 won% : 96won %. 

kazmis CatvirTvis Semdeg, kamera evakuirdeba narCen wne­
vamde 1.33 pa (kalis orTqlis wneva 1220°C temperaturaze aris 
1.33pa). Semdeg gamxsneli Tbeba procesis temperaturamde da 
kamera iwmindeba inertuli airiT. metalurgiuli siliciumis 
gaxsnis Semdeg kalis nadnobis xsnarSi (7) da nadnobi-xsnaris 
homogenizaciis Semdeg xdeba temperaturis gluvi, talRovani 
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daweva, kala da siliciumidan masSi gaxsnili minarevebi jde­
ba xsnaris fskerze gravitaciis gamo. siliciumis fantelebi 
amotivtivdeba zedapirze simkvrivis sxvaobis gamo da ekvreba 
siliciumis madedebels CaSvebuls qvemoT bolomde da tem­
peratura nela mcirdeba 8000C-9000C-mde. Semdeg madedebliT 
iwyeba siliciumis kristalis amoweva kalaSi CaZiruli fsker­
ze darCenili minarevebis uxsnadi silicidebis gareSe. zemoT 
aRwerili dasufTavebis operacia ramdenjerme meordeba.

nax.5.5. Sn-Si sistemis fazuri wonasworobis diagrama.  
CanarTi aris Sn-Si sistemis fazuri  

wonasworobis diagramis fragmenti[8]

gawmendis meore etapi SeiZleba ganxoercieldes galiumiT 
[9]. kala da galiumi SeiZleba gamoyenebul iqnas xelmeored. 
aseTi xerxiT miRebuli siliciumis monokristali aranak­
leb 5N-6N sisufTavisaa, p-tipis gamtarobis da eleqtro­
winaaRmdegobiT 2 om·sm. am meTodiT siliciumi efeqturad 
iwmindeba iseTi minarevebisgan, rogoricaa Al, Ba, Co, Fe, K, Mn, 
Zn, As, Ca, Cr, Mg da Mo.
siliciumis gawmenda rkiniT. rogorc zemoT iyo aRniSnuli 
gamxsnelis (siliciumis) gawmenda minarevebisgan aris pro­
cesi, romelic eyrdnoba minarevebis upirates segregacias 
siTxeSi (anu gamxsnelSi-siliciumSi), romlis drosac maRali 
sisufTavis siliciumis kristali izrdeba. es procesi Tavisi 
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arsiT msgavsia zonuri gawmendisa da mimarTuli gamyarebis 
meTodisa, oRond gacilebiT mcire masStabiT. Tumca prin­
cipuli gansxvaveba isaa, rom gamxsnelis gawmendis meTodSi 
minarevebis mocilebis gasaZliereblad siliciumSi ixsneba 
egreTwodebuli mSTanTqavi liToni. gawmendis efeqti miiR­
weva aramarto advildnobadi liTonebiT, aramed im SemTx­
vevaSic, Tu mSTanTqavi liToni maRaldnobadia, magram aqvs 
minarevi elementebis mimarT siliciumTan SedarebiT ufro 
maRali qimiuri swrafva, magaliTad rkina [10] da nikeli [7]. 

ukidures SemTxvevaSi, mSTanTqav elements SeuZlia reaq­
ciaSi Sevides minarevebTan, warmoqmnas naerTebi, romlebic 
SeiZleba amoRebul iqnas Si-dan CanarTebis, an orTqlis saxiT. 
esfahanim da baratim [10] gamoiyenes rkina, rogorc minarevis 
mSTamnTqmeli metalurgiuli siliciumis gasawmendad. meTodi 
moicavs siliciumis dendritebis gazrdas MG–Si Senadnobidan 
rkiniT, rasac Semdeg mohyveba maTi gamoyofa gravitaciaze 
dafuZnebuli teqnikisa da mJaviT gamorecxvis gamoyenebiT. 
aRmoCnda, rom nadnobis neli gagrileba evteqtikis tempera­
turis qvemoT, iwvevs minarevebis koncentraciis zrdas mina­
revebis difuziis gamo nadnobidan Si-ken. wrToba evteqtikis 
temperaturaze ufro maRla axSobs am efeqts da zrdis Si-is si­
sufTaves. arsebuli minarevebis Al, B, Mn, K, V, Cd, Ba, Li, Ni, Zn, Be, 
Cr, Mg, P da Fe nakrebidan mcirdeba Al, B, Mn, Ni, Cr, Fe, P. V, Ba, Li, 
Be da Mg Semcveloba `mziuri~ siliciumis sisufTavis misaReb 
donemde. anu minarevebis Semcvelobis Semcireba 90% metiT  
realizdeba yvela elementisTvis, garda Cr da P, romlebic 
mcirdeba 80% da 57% Sesabamisad. 

sainteresoa, rom rkina TiTqmis 100%-iT mcirdeba (1 
ppmw), Tumca siliciumi iyo rkinasTan kontaqtSi, rogorc 
mSTamnTqavi elementTan. es albaT ganpirobebulia rkinis 
segregaciis dabali koeficientiT- 8·10–6 [11]. bevri elementi, 
rogoricaa Cu, Fe da Ni, mcire segregaciis koeficientebiT 
10–5 -10–4 advilad cildeba siliciums mimarTuli gamyarebiT, 
siliciumis winaswari damuSavebis saWiroebis gareSe. xolo, 
P-is da B-is mosacileblad didi segregaciis koeficientebis, 
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0.35 da 0.8 Sesabamisad, gamo mxolod mimarTuli gamyarebis 
meTodi ar aris sakmarisi SoG-Si xarisxis siliciumis misaRe­
bad.

mTlianobaSi MG-Si-is gawmenda rkiniT aseTi xerxiT amci­
rebs minarevs ufro efeqturad, vidre gawmenda mimarTuli 
kristalizaciiT.
siliciumis gawmenda aluminiT. [12-18] samuSaoebSi Ses­
wavlilia aluminis gamoyeneba, rogorc liToni-gamxsnelisa 
siliciumis gasawmendad. siliciumis kristalizacia Al-Si nad­
nobidan warmoadgens maRali efeqturobis gamwmend dabal­
temperaturul meTods, romelic SedarebiT iafia. arsebobs 
am meTodis ramodenime variacia. am kvlevebSi yuradReba 
gamaxvilebulia P da B-is mocilebaze. boris aorTqleba 
vakuumuri procesiT Zalian rTulia misi dabali orTqlis 
wnevis gamo SedarebiT siliciumis wnevasTan. am minarevebis 
mocileba rTulia mimarTuli gamyarebiT segregaciis didi 
koeficientis gamoc. P da B-is segregaciis koeficientebi Si-
Al-s nadnobsa da myar Si-s Soris gacilebiT naklebia, vidre Si 
nadnobisa da myar Si-s Soris. 

magaliTad, P da B-is segregaciis koeficientebi Semcirda 
0.35-dan da 0.8-dan 0.08-mde da 0.15-mde, Sesabamisad, Si-
Si, romelic wonasworobaSia Si-Al nadnobTan 1000°C tem­
peraturaze. es miuTiTebs imaze, rom Si-is kristalizacia 
Si-Al nadnobidan amcirebs minarevebis Semcvelobis dones 
SedarebiT Si-Tan, romelic gawmendilia mimarTuli kris­
talizaciiT. minarevebis gamoyofis temperaturis Semcireba 
Si-is nadnobSi iwvevs segregaciis koeficientis Semcirebas, 
anu aumjobesebs gawmendis dones.

gawmendis ZiriTadi principi SemdegSia. boris, fosforis 
da msgavsi minarevebis mosacileblad metalurgiuli silici­
umi ixsneba aluminis mdnarSi daaxloebiT 8000C temperatu­
raze. rodesac alumini-siliciumis Senadnobis xsnari kris­
taldeba, siliciumi myardeba fantelebis saxiT. minarevebi 
rCeba aluminSi, rac pirveli nabijia gawmendis procesSi, anu 
miRebulia siliciumi, dafaruli aluminiT. 
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Semdeg narevi civdeba da pirvel rigSi myardeba silici­
umi, alumini ki masSi gaxsnili minarevebTan Txevadia da ga­
daiRvreba (nax.5.6).

nax.5.6. Silicor Materials 
siliciumis gawmendis 
procesi aluminis  
nadnobis misaRebad

imis gamo, rom alumini axla Seicavs siliciums kvalTa ra­
odenobiT, is SeiZleba gaiyidos rogorc alumini- siliciumis 
Senadnobi. siliciumis fantelebi, dafaruli aluminis Txeli 
feniT, muSavdeba mJaviT am fenis mosaSoreblad. mJavas abaza­
naSi siliciumis fantelebis zedapirs aluminis fena Sordeba. 
es aris siliciumisTvis kidev erTi gawmendis safexuri. abaza­
nidan kvlav Rvrian aluminis Semcvel siTxes, romelic Seicavs 
alumins kvalTa saxiT. es siTxe gamoiyeneba Camdinare wylebis 
gamwmendi nagebobebis komerciul saqmianobaSi. darCenili ga­
recxili siliciumi kvlav Seicavs aluminis kvals. Semdeg adno­
ben fantelebs. siTbo iwvevs bolo darCenili aluminis atome­
bis gamoyofas da zedapirisken migracias. darCenili aluminis 
atomebi zedapirze Txel fenas qmnian. am fenasac aSoreben sili­
ciums da es aris saboloo gamwmendi nabiji, romelic saWiroa 
mziuri sisufTavis siliciumis misaRebad. TviT alumini-sili­
ciumis Senadnobebi gamoiyeneba satransporto da samSeneblo 
mrewvelobaSi, rogorc msubuqi da mtkice masala, romelic 
aumjobesebs produqcias. alumini-siliciumze dafuZnebuli 
Senadnobebi uzrunvelyofen saWiro simtkices, wonis dazogvas 
da moqnil teqnologias. magaliTad, Zravis blokis da saavto­
mobilo borblebis mwarmoeblebma am Senadnobebis gamoyenebiT 
miaRwies wonis Semcirebas simtkicis, gamZleobis da efeqturo­
bis Sewirvis gareSe. amrigad, warmodgenili warmoebis procesi 
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aRwevs or mizans, wmends siliciums minarevebisgan da gamoiyene­
ba mrewvelobaSi minimaluri zemoqmedebiT garemoze. am gada­
muSavebis procesis bolos, miiReba 99,9999% sufTa siliciumi 
(nax.5.7). minarevebi, romlebic amoRebulia, ZiriTadad arian 
yvelaze Znelad mosaSorebuli bori da fosfori. 

nax.5.7. Silicor Materials kompaniis procesiT miRebuli  
`mziuri~ siliciumi

miuxedavad imisa, rom siliciumis gawmenda aluminiT aR­
niSnuli meTodiT efeqturia, unda aRiniSnos, rom am meTods 
aklia gawmendis procesSi gravitaciis efeqti pirvel rig­
Si Si da Al-is simkvrivis axlo mniSvnelovnebebis gamo. ufro 
metic, Al-is segregaciis koeficienti Si-Si SedarebiT didia 
2.0·10−3 (danarTi 2), rac arTulebs Al-is moSorebas Si Semdgomi 
mimarTuli kristalizaciis gziT.

5.4. eleqtronuli klasis siliciumis miReba (EG-Si)
eleqtronuli klasis siliciumi (EG-Si) aris gansakuTrebiT 

maRali sisufTavis polikristaluri masala da warmoadgens 
nedleuls Semdgomi monokristaluri siliciumis zrdisTvis. 
EG-Si-is formireba MG-Si-dan xdeba qimiuri gamwmendi pro­
cesebis meSveobiT. dRes aseTi xarisxis siliciumis misaRebi 
yvelaze gavrcelebuli meTodia polisiliciumis daleqva ai­
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rad fazidan reaqtorSi Siemens (Chemical vapore deposition). ̀ qlo­
ris~ teqnologiebis gamoyenebiT `mziuri~ polikristaluri 
siliciumis miRebis mTeli procesi Seiqmna simensis kompaniaSi, 
ris gamoc mas xSirad uwodeben simensis process. am procesebis 
ZiriTadi koncefcia gulisxmobs MG-Si-is gardaqmnas aqrolad 
siliciumis naerTSi, romelic iwmindeba distilaciiT da Semd­
gomSi iSleba umaRlesi sisufTavis elementaruli siliciumis 
xelaxla warmoqmniT. gamoyenebuli ganwmendis xerxis miuxeda­
vad, pirveli nabiji aris MG-Si-is fizikuri dafxviereba, ra­
sac mohyveba misi gardaqmna siliciumis aqrolad naerTebad. 
rigi naerTebi, rogoricaa monosilani (SiH

4
), diqlorosilani  

(SiH
2
Cl

2
), triqlorosilani (SiHCl

3
) da siliciumis tetraqlori­

di (SiCl
4
) ganixileba qimiur Sualedur produqtebad. maT Soris, 

SiHCl
3 
gamoyenebas, rogorc Sualedur produqts,

 
mTeli rigi 

upiratesoba aqvs EG-Si warmoebisTvis.
qlorosilanis (simensis) procesi. polikristaluri silici­
umis warmoebis yvelaze gavrcelebuli da kargad damuSave­
bulia `simensis-teqnologia~, romelic gamoiyeneba ukve 50 
welia (fasi 40 evro/kg). triqlorosilanis (simensis) procesi 
mimdinareobs Semdegi sqemis mixedviT (nax.5.8) [19]. 

nax. 5.8. reaqciis gzebis sqematuri warmodgena EG-Si-is 
formirebisTvis qlorosilanis procesis gamoyenebiT
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simensis process gadayavs metalurgiuli siliciumi 
Zlieraqrolad siTxeSi samqlorosilanSi (SiHCl

3
), rogorc 

Sualedur produqtSi. is sinTezirdeba fxvnilis MG-Si-is 
gacxelebiT uwylo wyalbadis qloridiT (HCl) daaxloebiT 
300°C temperaturaze TxevadSi specialur reaqtorSi: 

	 Si
(my)

 + 3HCl
(airi)

⇌SiHCl
3(orTqli) + H

2(airi)
 		  (5.1)

reaqcia realurad aris wonasworuli da uaRresad eg­
zoTermuli. am reaqciis msvlelobisas minarevebi, rogori­
caa Fe, Al, da  B, qmnian maT haloidur naerTebs (FeCl

3
, AlCl

3
 

da BCl
3
). SiHCl

3
-is dabali duRilis temperaturiT ( 31.8°С), ad­

vilad distilirdeba halogenuri minarevebisagan. amgvarad 
miRebul SiHCl

3
-Si, eleqtrulad aqtiuri minarevebis koncen­

tracia, rogoricaa Al, P, B, Fe, Cu an Au aris 1-ze naklebi sili­
ciumis miliard atomze. 

Semdeg xdeba SiHCl
3
 aRdgena wyalbadiT: gawmendili SiHCl

3
 

reagirebs wyalbadTan 1100°C temperaturaze 200-300 saaTis 
ganmavlobaSi ultrasufTa siliciumis warmoqmniT:

	 SiHCl
3(orTqli)

+ H
2(airi)

→Si+3HCl 	           (5.2) 

es reaqcia mimdinareobs did vakuumur kameraSi, sadac sili­
ciumi ileqeba maRali sisufTavis Reroebze-madedeblebze 
patara zomis monokristaluri granulebis saxiT, ris Sedega­
dac warmoiqmneba ultrasufTa polikristaluri siliciumis 
Zelakebi U formis da 150-200 mm diametriT. am gziT miRebuli 
naxevargamtaruli siliciumis sxmulebi Semdeg qucmacdeba da 
xdeba nedleuli Semdgomi kristalizaciis procesisTvis. 

amrigad, simensis meTodiT orTqlidan qimiuri daleq­
vis procesiT metalurgiuli siliciumidan iwarmoeba po­
li-Si-nedli masala mzis elementebisTvis da eleqtronu­
li mrewvelobisTvis. am gziT miRebuli naxevargamtaruli 
polikristaluri gansakuTrebuli sisufTavis siliciumis 
sxmulebi imtrveva da warmoadgens nedleuls Semdgomi 
kristalizaciis procesisTvis monokristaluri EG-Si misa­
Rebad zonuri utigelo dnobis, an Coxralskis meTodebiT.
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rodesac siliciumi miiReba triqlorosilanisgan, reaq­
ciebSi warmoiqmneba siliciumis tetraqloridi (SiCl

4
) da wyal­

badis qloridi (HCl), rogorc Tanamdevi produqtebi, rac iw­
vevs siliciumis gamosavalis Semcirebas. amisaTvis siliciumis 
tetraqloridis (SiCl

4
) gardaqmna triqlorosilnSi (SiHCl

3
) xde­

ba ZiriTadad hidroqlorirebis gziT, risTvisac reaqtori 
ikvebeba wyalbadiT da MG-Si-is nawilakebiT. mTlianad simensis 
procesiT metalurgiul siliciums Sordeba 0.5%-1.5%-mde mi­
narevi. imisda mixedviT rogor safuZvlianad aris gamoxdili 
triqlorosilani da rogor mocilda minarevebi polisili­
ciumis naWrebis zedapirs, SeiZleba miRweuli iqnas polisi­
liciumis sisufTavis sxvadasxva done: SoG multikristaluri 
elementebisTvis (multi grade) -7N-8N; SoG monokristaluri ele­
mentebisTvis (mono grade) -9N-10N; EGS-10N-11N.

simensis procesma miaRwia uzarmazar progress siliciumis 
warmoebis xarjebis SemcirebaSi misi damuSavebis Semdeg; gansa­
kuTrebiT bolo ramdenime wlis ganmavlobaSi, polisiliciumis 
wamyvanma mwarmoeblebma naRdi fulis warmoebis xarjebi (amor­
tizaciis gamoklebiT) Seamcires 10 aSS dolaramde kilogramze.

unda aRiniSnos, rom miuxedavad gavrcelebisa da kargad 
Camoyalibebuli teqnikuri procesisa, simensis procesi Zal­
ze energomoxmarebadi teqnologiaa. garda amisa, triqlorsi­
lanis, rogorc Sualeduri nedleulis gamoyeneba, dakavSire­
bulia warmoebis mniSvnelovan ekologiur riskebTan. 

triqlorsilanis saSiSroebis klasi gaeros klasifikaciis 
mixedviT aris 4.3.

amave dros xdeba mavne minarevebis SeRweva siliciumSi reaq­
toris kameris kedlebis da danadgaris sxva nawilebis koro­
ziis Sedegad. Siemens-is procesis uaryofiTi mxareebis ga­
qarwylebisTvis mravali wlis ganmavlobaSi SemuSavebuli iyo 
polisiliciumis warmoebis sxvadasxva alternatiuli teqno­
logia. aseT teqnologiur midgomebs miekuTvneba polisilici­
umis warmoeba mduRare fenis teqnologia (Fluidized Bed Reactor).
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5.5. mduRare fenis teqnologia 
siliciumze dafuZnebuli mzis elementebis panelebis 

damzadebisaTvis saWiro energiis Rirebulebis 50%-s moi­
cavs TviT siliciumis nedleulis (poli da monokristalebis 
zrdisas) warmoebaze daxarjuli energiis Rirebuleba. 

amitom siliciumis saWiro nedleulis miRebaze, kerZod 
polisiliciumze, moxmarebuli energiis Semcireba ukidure­
sad mniSvnelovania. fasis Semamcirebeli alternatiuli teq­
nologia aris amerikuli, Jet Propulsion Laboratory (JPL Company) kom­
paniis mier SemuSavebuli mduRare fenis Fluidized Bed Reactor 
teqnologia [20,21]. am teqnologiaSi Sualedur nivTierebad 
gamoiyeneba ara triqlorosilani, aramed silani. Cveulebriv 
simensis reaqtorSi siliciumis nedleuli miiReba mkvrivi 
Reroebis saxiT. 

muSaobis am reJimSi, erTgvarovani daSla iTrguneba 
triqlorosilanis sakvebis SezRudviT dabali koncentra­
ciiT (4%). Fluidized Bed Reactor teqnologiaSi ki silani iSleba 
erTgvarovnad (airis faza) gaxurebiT maRal temperaturam­
de reaqtoris Tavisufal sivrceSi da bolos gamomuSavdeba 
Zalian wvrili submikronis zomis msubuqi siliciumis fxvni­
li. miuxedavad imisa, rom gamtarunarianoba didia silanis 
maRali koncentraciis gamo, fxvnilisebr produqts aqvs 
Zalian didi zedapiris farTobi, rasac SeuZlia gamoiwvios 
advilad misi dabinZureba. amave dros fxvnils aqvs Zalian 
dabali simkvrive marTvisTvis. siliciumis daleqva xdeba 
siliciumis madedebel marcvlebze didi siCqariT. am teq­
nologiaSi siliciumis nedleulis raodenoba didia da war­
moadgens mZlavr, iaf teqnologias da dResac muSavdeba aqti­
urad, rom Secvalos simensis teqnologia. am meTodis mTavari 
upiratesobaa droisa da energiis dazogva da, Sesabamisad, 
saboloo produqtis Rirebulebis Semcireba da warmoebu­
li polikristaluri siliciumis konkurentunarianobis  
gazrda.

https://www.sciencedirect.com/topics/engineering/fluidized-bed-reactor
https://www.sciencedirect.com/topics/engineering/fluidized-bed-reactor
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5.6. monokristaluri siliciumi
siliciumis teqnologiis bolo safexuri. gawmendis Semdeg 
miRebuli polisiliciumi mrewvelobaSi ukve nedleuli masa­
laa mzis elementebis mTeli rgolis warmoebisTvis. polisi­
liciumze dafuZnebulia siliciumis ori ZiriTadi tipis 
teqnologia: `mono~ da `multi~. am ori tipis siliciumis 
teqnologias efuZneba Tanamedrove fotogardamqmnelebis 
warmoeba.

siliciumis cilindruli monokristaluri sxmulebi Zi­
riTadad izrdeba Coxralskis meTodiT (CZ-Si) [22] da naklebad 
zonuri dnobiT. `mono~ siliciumis gazrda iZleva mkafiod 
orientirebul kristals erTi mimarTulebiT da xasiaTdeba 
maRali erTgvarovnobiT da efeqturobiT, magram mcire warma­
dobiT. misi warmoebis moculoba SezRudulia (200 kg-mde)  
(nax.5.9). 

nax.5.9. `mono~ siliciumis miReba Coxralskis meTodiT warmoebaSi  
(ECM GREENTECH)

erTi mxriv, monokristaluri siliciumi, Cveulebriv B-iT 
legirebuli p-tipis CoxralskiT gazrdili (CZ) siliciumis 
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firfitebi, TiTqos ufro efeqturia mzis elementebisTvis, 
vidre `multi~ kristaluri siliciumi, defeqtebis dabali 
simkvrivis da dabali arekvlis mqone kargad teqsturirebu­
li zedapiris gamo.

magram mrgvali monokristalebi unda daiWras fsev­
do-kvadratebad mrgvali kuTxeebiT mzis modulebisTvis, 
rac iwvevs ara mxolod masalis danakargs, aramed saboloo 
modulis safaris dakargvas. da rac ufro uaresia, boriT le­
girebuli siliciumis monokristalebi ganicdian seriozul 
sinaTliT gamowveul degradacias da Sesabamisad mcirdeba 
mzis elementis efeqturoba.
siliciumis simtkicis kontroli. siliciumis nedleulis 
deficiti da misi gazrdili fasi iwvevs masalis moxmarebis 
Semcirebis aucileblobas. es ZiriTadad miiRweva silici­
umis firfitis sisqis SemcirebiT. Tumca, siliciumis simyi­
fis gamo am Semcirebam SeiZleba gamoiwvios gatexvis Sansis 
zrda da amiT firfitebis raodenobis da Sesabamisad mzis 
elementebis da modulebis warmoebis Semcireba. siliciu­
mis firfitis stabilurobaze moqmedebs sxva meqanizmebic: 
daWris parametrebi, firfitis zedapirisa da gverdebis 
dazianeba. aseTi gavlenis Semcireba SeiZleba zedapiruli 
damuSavebis optimizaciiT (anu izoteqsturirebiT), magram 
es sakmarisi ar aris, saWiroa siliciumis firfitebis meqa­
nikuri Tvisebebis gaumjobeseba, amitom masalis simtkicis 
kontroli sakvanZo da kritikuli sakiTxia, roca sakiTxi 
exeba siliciumis firfitebis sisqis Semcirebas. bolo 
dros SesaZlebeli gaxda siliciumis firfitebis meqaniku­
ri Tvisebebis, kerZod misi plastiurobis gazrdis SesaZ­
leblobebis moZieba [23, 24]. dadginda, rom siliciumis 
legireba minarevebiT Ge-iT (2.5·1020cm-3) da Ge (4·1019cm-3) 
+B(9·1018cm-3) afiqsirebs da amuxruWebs dislokaciebis ga­
daadgilebas.
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5.7. `mono~ da `multi~ kristaluri  
siliciumis inovaciuri teqnologiebi
Camosxma siliciumis produqtebis miRebis erT-erTi 

yvelaze iafi gzaa. Tumca fizikur-qimiuri Tvisebebis er­
Tobliobis mixedviT, siliciumi ar miekuTvneba samsxme­
lo masalebs. misi Camosxma `mono~ da `multi~ siliciumis 
kristalebis misaRebad warmatebiT gamoiyeneba mzis elemen­
tebis dasamzadeblad. siliciumis didi blokebis warmoeba 
xorcieldeba Sesabamisi zomis yalibebSi CamosxmiT, rasac 
mohyveba mimarTuli kristalizacia qvemodan zeviT. es sxmu­
lebi SemdgomSi iWreba ufro patara 10x10m2 firfitebad. es 
ukanaskneli ki iWreba 0.6mm sisqis firfitebad, ris safuZvel­
zec mzaddeba mzis elementebi.
`multi~ kristaluri siliciumi. `multi~ kristaluri sili­
ciumis (mc-Si) firfitebi iwarmoeba gamdnari siliciumis 
mimarTuli gamyarebiT did reaqtorebSi madedeblis gareSe, 
rac zrdis misi warmoebis efeqturobas (nax.5.10)[25, 26]. 

nax. 5.10. `multi~ kristaluri siliciumis (mc-Si) Camosxmis 
meTodiT miRebis sqema [25]

marcvlebi bevrad ufro didia vidre firfitis sisqe (0.3 
mm) da ganvrcobilia mTel firfitaze. yvela komerciulad 
damuSavebuli `multi~ kristaluri firfita damuSavebulia 
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trafaretuli beWdvis TanmimdevrobiT, iseve rogorc mo­
nokristaluri firfitebi, Tumca garkveuli gansxvavebebiT. 

kristalografiuli defeqtebis simkvrive ̀ multi~krista­
lur firfitaze ufro maRalia imis gamo, rom aq warmodge­
nilia ara mxolod marcvlis sazRvrebis efeqtebi, aramed 
marcvalSi dislokaciebi da wertilovani defeqtebi. xSirad 
minarevebis done ufro maRalia, radgan gamoiyeneba naklebad 
sufTa wyaro, masala da ufro uxeSi warmoebis aRWurviloba. 
amitom miuxedavad imisa, rom `multi~kristaluri silici­
umis gazrda bevrad ufro advilia, vidre monokristalebis 
da maTi Rirebuleba ufro dabalia, `multi~kristalis 
xarisxi dabalia, vidre monokristalisa. 

marcvleulis sazRvrebi qmnian damatebiTi defeqtebis 
doneebs naxevargamtaris akrZalul zonaSi da warmoadgenen 
maRali rekombinaciis siCqaris lokalur centrebs, rac iwvevs 
araZiriTadi denis matarebelTa saerTo sicocxlis xan­
grZlivobis Semcirebas. garda amisa, marcvlebis sazRvrebi 
amcireben efeqturobas denis matarebelTa moZraobis Sefer­
xebiT da p-n gadasvlaze gamavali denisaTvis maSuntirebeli 
gzebis SeqmniT. marcvlebis sazRvrebze Zalian didi rekombi­
naciuli danakargebis Tavidan asacileblad, marcvlis zoma 
unda iyos minimum ramdenime milimetri. es piroba aseve niSnavs, 
rom erTi marcvlis zoma ufro didi iqneba vidre mzis elemen­
tis sisqe, rac Seamcirebs denis matareblisTvis winaaRmdego­
bas da mzis elementis sasazRvro regionebis mTlian sigrZes. 
kidev erTi nakli aqvs mc-Si firfitebs-zedapiris teqsturi­
rebis Semdeg maRali arekvla zedapiris mowamvlis Semdeg, rac 
iwvevs mzis elementebSi optikur danakargs. 

aseTi `multi~kristaluri siliciumi farTod gamoiyeneba 
samrewvelo mzis elementebSi. `multi~ siliciumis sxmulis 
zrda xdeba vakuumur induqciur RumelSi. sxmulis warmoebis 
moculoba `multi~ siliciumis SemTxvevaSi mniSvnelovnad 
maRalia (1.5 tonamde) da iZleva Rirebulebis Semcirebis sa­
Sualebas. meTodi xasiaTdeba didi warmadobiT, Tumca ufro 
dabali erTgvarovnobiT da RirebulebiT. `multi~ silici­
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umis morfologiis gamo maTze dafuZnebuli mzis energiis 
gardaqmnelebis efeqturoba dabalia. 

rogorc monokristaluri, ise `multi~kristaluri sili­
ciumis firfitebis SemTxvevaSi, mrewvelobaSi damkvidrebu­
lia tendencia ufro Txeli firfitebis gamoyenebaze. aseTi 
firfitebi ufro moqnilia siliciumSi Jangbadis donis sa­
kontrolod, rac iZleva saSualebas bori-Jangbadi defeqtis 
sakiTxis damakmayofileblad mogvarebas. 
mono-msgavsi siliciumi. dResdReobiT, gaurkveveli da ara­
stabiluri fotoeleqtruli bazari moiTxovs uaRresad ino­
vaciur midgomebs, romlebsac SeuZliaT Seamciron masalebi­
sa da mowyobilobebis warmoebis xarjebi da erTdroulad 
gazardon energia/m2 Tanafardoba. es niSnavs mzis elemente­
bisTvis fuZeSre masalebis dominanturi monokristaluri  
(CZ-Si) da `multi~kristaluri (mc-Si) siliciumis teqnolo­
giebis Serwymis aucileblobas. amis mizezia is, rom cal-cal­
ke es 2 saxis masala ar aris yvelaze Sesaferisi mzis ele­
mentebis warmoebisTvis: orives aqvs Tavisi dadebiTi da 
uaryofiTi mxare. mecnierebi bolo ori aTwleulis ganmav­
lobaSi cdilobdnen am ori meTodis Serwymas, magram waru­
mateblad. arc ise didi xania, rac moxda am teqnologiebis 
Serwyma mono-msgavsi siliciumis teqnologiaSi. es axali, 
erT-erTi yvelaze mimzidveli teqnologia Semodis da ikavebs 
fotoeleqtruli mrewvelobis bazars. mono-msgavsi silici­
umis firfitebi warmoadgenen monokristaluri Tvisebebis 
mqone siliciumis sxmulebs, romlebic damzadebulia Camos­
xmiT zrdis samrewvelo RumelebSi. 

mono-msgavsi siliciumis teqnologia gamiznulia silici­
umis iseTi monokristaluri masalis Sesaqmnelad, romelic 
memkvidreobiT iTavsebs garkveuli raodenobiT Cz-Si mono­
siliciumis upirates Tvisebebs da mc-Si-siliciumis dabali 
xarjebis efeqturobas da gamoyenebuli masis masStabis Sem­
cirebas. mono-msgavsi siliciumis gamoyeneba ̀ multi~krista­
lurTan SedarebiT iZleva 1.0%-1.5% damatebiT efeqturobas 
Cveulebriv mc-Si-Tan SedarebiT.
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mono-msgavsi siliciumis meTodi aris monokristaluri 
siliciumis sxmulis zrdis meTodi, romelic dafuZnebulia 
Camosxmis meTodze. mono-msgavsi siliciumis misaRebad SeiZ­
leba gamoyenebul iqnas TiTqmis igive gazrdis Rumeli da 
procedurebi, romlebic `multi~kristaluri siliciumis­
Tvis (mc-Si) gamoiyeneba. msgavseba mc-Si Camosxmis procesTan 
gansazRvravs dabali Rirebulebisa da maRali gamtarunari­
anobis upiratesobas. mTavari gansxvaveba mc-Si procesebTan 
aris is, rom monokristaluri madedeblebis gamoyenebiT SeiZ­
leba miRebul iqnes monokristaluri siliciumis sxmulebi. 

siliciumis monokristalebis gazrdis idea reaqtorSi 
(tigelSi) madedeblebTan erTad fskerze didi xnis win iyo 
SemoTavazebuli ciszekis mier [27]. mono-msgavsi siliciumis 
miRebis meTodebis SemuSaveba mzis elementebisTvis ki iwye­
ba stodardis da sxv. samuSaodan [28]. mas Semdeg am meTodma 
ganicada didi ganviTareba da daxvewa. arsebobs mono-msgav-
si siliciumis miRebis meTodebis mravali variacia, magram Zi­
riTadi principi darCa ucvleli [25-38].

cnobilia, rom Coxralskis meTodiT moculobiTi sili­
ciumis kristali amoiweva tigelSi CaSvebuli madedebliT 
nadnobis zedapiridan. kristalis zrda mimdinareobs nela 
temperaturul SualedSi, romelic warmoiqmneba gancalkeve­
buli gamaTboblebiT RumelSi. kristali gadaadgildeba gas­
wvriv im poziciidan, romelic Seesabameba dnobis wertils, 
magram axla Tu am procesSi madedebeli kristali moTavsdeba 
tigelis fskerze, kristalebi igive kristaluri orientaci­
iT, rogoric madadabelisaa, gaizrdeba madedebelze epitaq­
siurad. 

mono-msgavsi meTodiT siliciumis warmoeba ZiriTadad 
igivea, rac zemoT aRwerili vertikaluri kristalis amowevaa 
Semdegi teqnikuri maxasiaTeblebis TvalsazrisiT: moicavs 
mimarTul zrdas tigelSi fskeridan zemoT monokristaluri 
madedeblebis gamoyenebiT. meore mxriv, mono-msgavsi meTodi 
msgavsia Camosxmis meTodisa, romelic gamoiyeneba mc-Si sili­
ciumis miRebisaTvis mzis elementebisTvis. nax.5.11-ze war­
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modgenilia mono-msgavsi Camosxmis meTodis sqema [25]. Camos­
xmis meTodis SemTxvevaSi pirvel rigSi siliciumis nedleulis  
masala tigelSi mTlianad dneba dnobis maRal temperaturaze. 
Semdeg Rumeli civdeba da kristalebi izrdeba mimarTulad 
fskeridan tigelis saTavamde. am procesis sawyis safexurze 
tigelis fskeris zedapirze Caisaxeba SemTxveviTi saxiT sxva­
dasxva kristaluri orientaciis kristaluri marcvlebi.

nax. 5.11. mono-msgavsi siliciumis Camosxmis meTodiT miRebis sqema. 
a-madedebeli, b-nedleulis dnoba madedeblebis SenarCunebiT,  

g-mimarTuli zrda [25]

es sawyisi kristaluri marcvlebi moqmedeben rogorc Sab­
loni, Semdegi mimarTuli kristalizaciisaTvis. Sedegad iz­
rdeba svetovani `multi~ kristaluri sxmuli, romelic mem­
kvidreobiT iRebs sawyis marcvlis struqturas. zrda xdeba 
[100] mimarTulebiT. marcvlebs Soris sazRvrebi narCunde­
ba sxmulebSi. mono-msgavsi siliciumi SeiZleba CaiTvalos 
idealur masalad mzis elementebisTvis: kvadratuli, mo­
nokristaluri, dabali struqturuli defeqtis simkvriviT 
da damzadebis dabali RirebulebiT.

Camosxmis procesSi WurWlis Seucvlelobis gamo miiReba 
Camosxmuli kvazi monokristaluri siliciumi (QSC), anu Ca­
mosxmuli kristali erTi didi dominanturi marcvliT cen­
trSi da patara marcvlebiT garSemortymuli.

amis Semdeg, Cveulebrivi Camosxmis iafi teqnikis gamo­
yenebiT, mrewvelobas SeuZlia Seqmnas ufro efeqturi mo-
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no-msgavsi siliciumi, rogorc mzis elementis alternati­
uli fuZeSre. siliciumis monokristalebze dafuZnebuli 
`multi~kristaluri siliciumis zrda wina xazze gamodis 
`mziuri~ siliciumis miRebis teqnologiebSi. mono-msgavsi 
(mono-like, pseudomono or quasimono) firfitebi farTodaa gata­
nili bazarze, rogorc ukiduresad inovaciuri teqnologia 
fotoeleqtruli mrewvelobisTvis. mono-msgavs silicium­
Si brwyinvaledaa Serwymuli monokristaluri CoxralskiT 
amoweuli Cveulebrivi (CZ-Si) siliciumis firfitebisTvis 
yvelaze xelsayreli maxasiaTebeli, rogoricaa maTze da­
fuZnebuli mzis elementebis maRali efeqturoba da dabali 
Rirebuleba, maRali produqtiuloba da sruli kvadratis 
forma, romelic axasiaTebs kargad cnobil `multi~krista­
lur Camosxmis zrdis meTods. 

mono-msgavsi Si-is firfitebis misaRebi teqnologiis 5 
wlis investiciebis Semdeg saukeTeso Sedegebi iyo demon­
strirebuli mzis energiis safrangeTis erovnuli institu­
tis INES-is (French National Institute of Solar Energy) da franguli 
kompania ECM GREENTECH mier. damuSavebulia teqnologia 
`Crystalmax~, romelic iZleva saSualebas iwarmoos 1500kg 
`caste-mono~ monokristaluri siliciumi. dRes kvlevebi mi­
marTulia Si-is mono-msgavsi firfitebis simtkicis da sxva 
maxasiaTeblebis gasaumjobeseblad da maRalefeqturi mzis 
elementebis (mag. heterogadasvlebi) warmoebaSi gamosaye­
neblad.`Crystalmax~ mzis elementebis margi qmedebis koefici­
entia 21% samrewvelo warmoebaSi.

mono-msgavsi meTodi ukve warmoadgens sxmulebis Camos­
xmis Semdegi Taobis meTods mzis elementebSi gamosayenebeli 
siliciumis sxmulebis misaRebad, romelic Caanacvlebs arse­
bul Camosxmis meTodebs.

https://ecm-greentech.fr/
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Tavi 6 

siliciumis gawmenda  
mimarTuli gamyarebiT

metalurgiuli siliciumis gawmendis mravalferovani 
teqnologiuri procesebis safuZvelia mimarTuli gamyare­
ba, anu mimarTuli kristalizacia. mimarTuli gamyareba mniS­
vnelovani Sualeduri safexuria metalurgiuli meTodebis 
gamoyenebisas liTonuri minarevebis mosaSoreblad ultra 
sufTa siliciumis miRebisaTvis. metalurgiuli siliciu­
mis (MG-Si) minarevebis gawmenda normaluri mimarTuli kris­
talizaciiT moicavs or sxvadasxva teqnologiur midgomas 
[1-9]. pirveli midgoma aris MG-Si-is normaluri mimarTuli 
gamyareba mravaljeradi gadadnobiT. am SemTxvevaSi nadno­
bis gamyareba xorcieldeba zevidan qveviT madedeblis gare­
Se perpendikularad nadnobis zedapiris mimarT. xolo meore 
midgoma iTvaliswinebs metalurgiuli siliciumis gawmendis 
ganxorcielebas nadnobidan kristalis mravaljeradi amo­
weviT. am SemTxvevaSi nadnobis kristalizacia xorcieldeba 
zevidan qveviT madedeblis gamoyenebiT. 

kristalis amowevis Coxralskis meTodi yvelaze gavrcele­
bulia nadnobidan naxevargamtaruli masalebis msxvili, didi 
zomis monokristalebis misaRebad mrewvelobaSi. gawmendis 
aRniSnuli meTodebis SerCeva xorcieldeba siliciumi_ mi­
narevis sistemis konkretuli fizikur-qimiuri Tvisebebidan 
gamomdinare. amave dros es meTodebi SedarebiT iafi da 
ekologiurad sufTaa. 

orive meTods safuZvlad udevs liTonuri minarevis seg­
regacia gamyarebisas [10,11]. mimarTuli gamyarebis kristalebis 
zrdis efeqturi da martivi meTodi jer kidev Soreul war­
sulSi gamoiyeneboda mravali liTonisa da tute haloidis 
kristalebis gasazrdelad. siliciumSi makrosegregaciis for­
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mirebis meqanizmebis codna sakvanZo sakiTxia siliciumis gaw­
mendis Sesaferisi pirobebis dasadgenad. mimarTuli gamyare­
bis meTodi yuradRebas ipyrobs imiTac, rom gansakuTrebiT 
efeqturia gardamavali liTonebis mosaSoreblad. isini Ziri­
Tadi fonuri minarevebia, romlebic swrafad difundirebadia 
da moqmedeben mzis elementebSi rogorc araZiriTadi muxtis 
matarebelTa rekombinaciis centrebi. am minarevebis moSoreba 
ki siliciumis warmoebaSi gansakuTrebiT kritikulia. 

6.1. mimarTuli gamyarebiT siliciumis  
gawmendis Taviseburebani 
segregaciis intensiuroba Zlieraa damokidebuli minareve­

bis ganawilebis koeficientze. mimarTuli kristalizacia efeq­
turi meTodia liTonuri minarevebis mosacileblad galRo­
bili siliciumidan imis gamo, rom liTonebis wonasworuli 
ganawilebis koeficienti myar da Txevad fazebs Soris Zalian 
mcirea (danarTi 2). B, P da O

2
 garda siliciumSi minarevebis 

umetesobisTvis k
0
<<1[12-14], rac ganapirobebs maT Zlier seg­

regacias gamyarebis dros. rac Seexeba, boris da fosforis seg­
regacias maTTvis k

0
≈1, xolo Jangbadis k

0 
arc ise mcirea, rac mo­

iTxovs siliciumis gawmendis sxva saxis gadamuSavebis safexurs.
mimarTuli gamyarebisas mimdinare procesebis kvleva sa­

Sualebas iZleva eqsperimentulad dadgindes siliciumSi gar­
damavali liTonebis segregaciuli gawmendis realuri fiziku­
ri SesaZleblobebis sazRvrebi multikristaluri siliciumis 
miRebis dros. metalurgiuli siliciumis am tradiciuli mi­
narevebis (Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Mg, Al) umetesobas aqvT 
xelsayreli wonasworuli ganawilebis koeficienti (k

0
<<1). 

arsebobs gamyarebiT minarevebis segregaciis ramdenime 
analitikuri modeli, romlebsac safuZvlad udevs brtyeli 
myari-siTxis zedapiris modeli. tilerisa da sxv. [14] mixed­
viT minarevis gadaadgileba xdeba mxolod difuziiT da ara 
konveqciiT. Seilis [15] mixedviT ki siTxeSi Zlieri konveqcia 
Tanabrad anawilebs minarevs siTxeSi. bartoni da sxv. [16] ga­
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nixilaven Sualedur SemTxvevas, rodesac konveqcia ar aris 
sakmarisad Zlieri siTxis sruli homogenizaciisTvis, magram 
mniSvnelovnad moqmedebs minarevis gadaadgilebaze. yvela 
am modelSi minarevis segregacia gamyarebisas Zlier aris 
damokidebuli Txevad (CL) da myar mdgomareobaSi (CS) mina­
revis xsnadobebs Soris sxvaobaze. Termodinamikuri wonas­
worobisas, romelic xasiaTdeba wonasworobis ganawilebis 
koeficientiT (k

0
) segregacia ufro Zlieria, roca k

0
<1. naxe­

vargamtaruli masalebis gadadnoba, rogorc komponentebis 
gancalkavebis da gasufTavebis meTodi, SesaZlebelia gamoye­
nebul iqnas iseTi nivTierebebisTvis, romlebic xasiaTdebian 
sakmarisad dabali orTqlis wneviT, rogoricaa siliciumi. 

6.2. metalurgiuli siliciumis gawmenda  
normaluri mimarTuli gamyarebiT  
mravaljeradi gadadnobiT
madedeblis gareSe normaluri mimarTuli gamyarebis 

mravaljeradi gadadnobis da Txevad mdgomareobaSi dayov­
nebis procesi gamoyenebuli iyo metalurgiuli siliciumis 
gawmendis Sualedur safexurad maRali sisufTavis silici­
umis miRebis procesSi.

6.2.1. mimarTuli gamyarebis procesi
kristalis zrda mimarTuli gamyarebiT madedeblis gareSe 

efeqturi da martivi teqnologiaa, romelic saerTod gamoye­
nebuli iyo jer kidev Soreul warsulSi, gasul saukuneSi sxva 
mravali masalisTvisac, rogoricaa liTonebis da tute ha­
loidis kristalebisTvis [17]. am meTodiT miRweuli kristalis 
zrdis siCqareebi igive rigisaa, rac miiRweva ufro teqnolo­
giurad rTuli iseTi meTodebisas, rogoricaa Coxralskis da 
zonuri dnobis meTodebi. amrigad, mimarTuli gamyareba aris 
ekonomikurad mimzidveli midgoma da alternatiuli meTodi 
siliciumis kristalebis gawmendisa farTomasStabiani gamoye­
nebisTvis, magaliTad, mzis elementebisaTvis.
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mimarTuli gamyarebis dros madedeblis gareSe xdeba masa­
lis `Camosxma~ yvelaze Sori bolodan da miemarTeba verti­
kalurad qveviT. am mimarTuli gamyarebis procesSi liTonuri 
minarevebi gadanawildebian sxmulis bolosken, myardebian da 
gawmendils toveben siliciumis sxmulis ZiriTad nawils. gaw­
mendis procesSi, segregaciis garda, CarTulia sxva meqanizme­
bic, rogoricaa minarevis xsnadobis da aqroladobis sxvaoba 
garkveul temperaturaze wonasworul mdgomareobaSi myof 
Txevad da myar fazebSi. eqsperimentul masalad SerCeuli iq­
na metalurgiuli siliciumi 98 won% Si da 2% minarevebis nak­
rebiT Semdegi 9 damoukidebeli komponentiT: Fe, Al, Р, Са, Cu, 
Mg, Mn, Ni da Ti. ZiriTadi minarevebia Al, Ca, Fe da Ti, radgan Ti­
Toeuli maTganis Semcveloba Si -Si >0.1won%. metalurgiuli 
siliciumis minarevis krebulidan Al, Mg – advildnobadi, Ca, 
Cu, Ni, Mn, Ni-saSualodnobadi, Ti, Fe – Zneldnobadi liTonebia. 

gamdnari metalurgiuli siliciumis mimarTuli gamyareba 
ganxorcielda vertikalur Coxralskis RumelSi. nax.6.1-ze 
gamosaxulia metalurgiuli siliciumis mravaljeradi ga­
dadnobiT gawmendis realizaciis teqnologiuri sqema.

nax.6.1. metalurgiuli siliciumis mravaljeradi gadadnobiT 
gawmendis teqnologiuri sqema.

1 _ kvarcis tigeli; 2 _ grafitis qvesadgami; 3 _ nadnobi; 4 _ grafitis 
maxurebeli; 5 _ gazgamwovi mowyobiloba; 6 _ airebis gamyvani mili
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metalurgiuli siliciumi natexebis saxiT itvirTeba 
kvarcis tigelSi (1) misi sruli moculobis SevsebiT gadno­
bis Semdeg. siTxis (3) svetis simaRlis Sefardeba zedapiris 
farTTan ≈0.4. Semdeg kamera ixureba da amoitumbeba 10-3 tor 
wnevamde. CatvirTuli metalurgiuli siliciumi dneba kvar­
cis tigelSi grafitis gamaxurebliT 14300C-15000C tempera­
turebis farglebSi. siliciumis maRali reaqtiulobis gamo 
JangbadTan da naxSirbadTan gamdnar mdgomareobaSi iZule­
buls xdis procesi ganxorcieldes inertuli airis damcav 
atmosferoSi.

dasawyisSi siliciumis koncentrirebis procesebi Zi­
riTadad xorcieldeba minarevebis aorTqlebiT siliciu­
mis ZiriTadi masisagan, romelic imyofeba myar, an Txevad 
mdgomareobaSi. advilqroladi minarevebi aqtiurad orT­
qldebian nadnobis zedapiridan. sawyis etapze dabal tempe­
raturebze siliciumi iwmindeba im minarevebis narevisagan, 
romlebic ufro aqroladia vidre ZiriTadi komponenti. 
danadgarSi wnevisa da atmosferos Semadgenlobis cvlile­
biT regulirdeba aqroladi komponentebis Semadgenlo­
ba. roca siliciumi xurdeba, RumelSi xdeba im minarevebis 
aorTqlebac, romelTa dnobis temperatura naklebia sili­
ciumis dnobis temperaturaze. Semdgom etapze xorciel­
deba temperaturis aweva 500C-700C-iT dnobis temperaturis 
zeviT da nadnobi yovndeba inertuli airis argonis wnevis 
qveS (0.5atm) 2-3 saaTiT (cxrili 6.1) ufro Zneldnobadi mi­
narevebis (rkina, titani da sxva) asaorTqlebad. maRali 
temperaturis zemoqmedebiT dabali wnevis pirobebSi xdeba 
aorTqleba im minarevebisac, romelTa orTqlis wneva metia 
vidre siliciumisa. esenia fosfori, alumini da sxva. aqro­
ladi minarevebi aorTqlebis Semdeg gaedineboda gazgamwovi 
mowyobilobiT.

nadnobis dayovnebis mizania agreTve siliciumidan dar­
Cenili minarevebisgan Semdgari widis (anu sxmulis yvelaze 
dabinZurebuli nawili) zeda da qveda fenebis gamoyofa. 
temperaturis regulirebiT 14300C-15000C farglebSi, erT­
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droulad atmosferos amotumbviT da minarevebis xsnado­
bis, aqroladobis da segregaciis koeficientis gansxvave­
bis gamo siliciumSi wonasworul mdgomareobaSi myof 
Txevad fazaSi xdeba kontroldauqvemdebare minarevebis 
wveTebis gamoyofa da maTi erTad Serwyma, anu koagulacia. 
anu siliciumis minarevebis ZiriTadi masisagan mimarTuli 
kristalizaciis gadadnobis dros warmoiqmneba Txevadi 
fenebi, romlebic gansxvavdeba simkvriviT, anu minarevebiT 
gamdidrebuli liTonuri wida da gawmendili siliciumi. 
minarevebis xsnadobisa da xvedriTi wonis mixedviT wida 
koncentrirdeba kristalis zeda da qveda nawilebSi. am 
dros xdeba nadnobis gayofa siliciumis da widis fenebad. 
Semdeg gamoirTveba maxurebeli kristalis srul gacivebam­
de. nadnobi kvarcis tigelSi gadadis myar mdgomareobaSi 
neli gaciebiT (20C-iT wuTSi) da formirdeba polikrista­
luri siliciumis sxmuli. kristalis amoRebis Semdeg zeda 
(madedeblis) da qveda widiani nawilebi iWreba. darCenili 
kristali winaswari gawmendis Semdeg kvlav gadaidnoba.

cdebis Catareba damcvel airis-argonis atmosferoSi 
aneitralebda gamdnar mdgomareobaSi siliciumis maRali 
qimiuri aqtiobis unars.

6.2.2. gawmendis Sedegebi
siliciumis sxmulis gaswvriv calkeuli minarevebis ga­

nawilebis profilebis gamokvlevam aCvena, rom sxmulis 
qveda nawili ufro dabinZurebulia, vidre sawyisi meta­
lurgiuli Si, romelic gadaadnes. mimarTuli kristali­
zaciiT da mravaljeradi gadadnobiT gawmendili meta­
lurgiuli siliciumis qimiuri Semadgenlobis monacemebi, 
dadgenili rentgenuli speqtruli mikroanalizatoriT da 
emisiur-speqtruli analiziT, moyvanilia 6.1 cxrilSi da 
nax.6.2-ze. 
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cxrili 6.1. MG-Si-is da gadadnobili MG-Si-is qimiuri Semadgen-
loba dadgenili rentgenuli speqtruli mikroanalizatoriT 

da emisiur-speqtruli analiziT; nimuSebi: MG-Si-sawyisi, MG-Si-1 
erTxel, MG-Si-2 orjer da MG-Si-3 samjer gadadnobili metal-

urgiuli siliciumi

ni
mu

Se
bi minarevis Semadgenloba, won%

na
d
no

bi
s 

d
ay

o
vn

eb
is

 
d
r
o
, s

aa
T
i

Si Al Mg Са Fe Mn Ni Ti Cu

MG-Si 98.30 0.40 0.02 0.3 0.5 0.04 0.02 0.15 0.003  -

MG-Si-1 99.60 0.10 0 0 0.20 0.01 0.007 0.10 0.001  2

MG-Si-2 99.90 0.012 0.001 0.004 0.01 0.002 0 0.10 0.001  5

MG-Si-3 99.97 0.005 0.003 0 0.01 0 0 0.01 0.001  6

nax.6.2. minarevebis Semadgenlobis 
damokidebuleba metalurgiul 
siliciumSi T~14300C -15000C-ze  
gadadnobis procesis dayovnebis 
droze
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6.1 cxrilidan da nax.6.2-dan Cans, rom ukve pirveli gadad­
nobis Semdeg siliciumi sagrZnoblad iwmendeba umravlesi 
minarevisagan da xdeba mavne minarevebis gandevna kristalis 
bolo nawilSi. Semdegi gadadnobiT arasasurveli minarevebis 
koncentraciis Semcirebis procesi grZeldeba. unda aRiniSnos, 
rom metalurgiuli siliciumi gaiwminda praqtikulad yvela 
minarevisagan. kerZod, saSualodnobadi minarevebisagan-Al, Mg, 
Fe, Mn, Ni, Ca, Cu- gawmenda ganxorcielda sakmaod efeqturad. 
aqedan Ca, Cu, Ni minarevebis raodenoba gadadnobis Sedegad ise 
Semcirda, rom scildeba gansazRvris meTodebis gamJRavnebis 
farglebs. gamonakliss warmoadgens titani da rkina. amis mize­
zia titanis da rkinis maRali dnobis temperaturebi, maTi daba­
li aqroladoba siliciumis zedapiridan da maRali qimiuri 
swrafva siliciumisken. amrigad, siliciumis mesame gadadnobis 
teqnikuri Sedegia-98won% metalurgiuli siliciumidan 99.97 
won%-iani polikristaluri siliciumis miReba. 

Si-is gawmendis xarisxis da Semdegi etapis procesisaTvis 
vargisianobis dadgenis ZiriTadi kriteriumebia ara marto 
qimiuri Semadgenloba, aramed kristalebis eleqtrofizikuri  
parametrebi da struqtura. gawmenda aisaxa rogorc eleq­
trofizikur parametrebze, ise Si–is struqturaze. gawmendis 
procesSi moxda eleqtrogamtarobis tipis Secvla n-tipidan 
p- tipze (cxrili 6.2) da denis matarebelTa koncentraciis 
cvlileba. eleqtrul Tvisebebze mxolod is elementebi ax­
denen gavlenas, romlebic qmnian siliciumTan myar xsnars. 

cxrili 6.2. MG-Si-is da gawmendili MG-Si-is  
siliciumis eleqtruli Tvisebebi

ni
mu

Se
bi

Si,
won%

denis matare­
belTa kon­
centracia, 
p,n, sm-3/tipi

kuTri 
eleqtruli 
winaRoba,ρ, 

om·sm

denis 
matarebel­
Ta Zvrado­
ba, μ, sm2/v·w

nadnobis 
T~1430°C-1500°C- 
ze dayovnebis 
dro, saaTi

MG-Si 98.30  1.2·1018/n  0.22  25  -

MG-Si-1 99.60  1.2·1018/n  0.10  46  2

MG-Si-2 99.90  1.7·1017/p  0.53  70  5

MG-Si-3 99.97  3·1016/p  0.20  300  6
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denis matarebelTa koncentracia gadadnobiT mcirdeba 
da Semdeg eleqtronul gamtarobidan gadadis xvrelurze 
(cxrili 6.2). samjer gadadnobil nimuSebSi denis matare­
belTa Zvradoba sagrZnoblad TiTqmis aTjer izrdeba sawyis 
siliciumTan SedarebiT. es miuTiTebs imaze, rom minarevi 
Semcirda, moxda Zlieri gawmenda gadadnobiT. eleqtru­
li Tvisebebis gazomvebis Sedegebi srul SesabamisobaSia 
mikrostruqturul, rentgenofazur da emisiur speqtrul 
analizebTan. nax.6.3-ze moyvanilia Si-is eqsperimentuli ni­
muSebis mikrostruqtura misi gawmendis sxvadasxva etapze. 
mikrostruqturaSi daikvirveba Fe, Al, Р, Са, Cu, Mg, Mn, Ni, 
da Ti minarevebis sawyis metalurgiul siliciumTan Seqmni­
li ucxo evteqtikuri fazebis CanarTebis kvali. minarevebis 
koncentracia aRemateba maTi xsnadobis zRvars siliciumSi 
[12]. Sedegad, Warbi raodenobis minarevebs ar SeuZliaT Seq­
mnan myari xsnari siliciumTan da gamoiyofa CanarTebis saxiT 
siliciumis matricaSi.

nax.6.3. sxvadasxva sisufTavis siliciumis eqsperimentuli 
nimuSebis mikrostruqtura, x100: a) n- MG-Si; b) n- MG-Si-1 (pirvelad 

gadadnobili); g) p- MG-Si-2 (meored gadadnobili); d) p- MG-Si-3 
(mesamed gadadnobili).

a)n-MG-Si (98.30 won.% Si-iT,~2 won % arasasurveli minarevebiT da n 
=1.2·1018 sm–3 denis matarebelTa koncentraciiT); mikrostruqtura 
miRebulia qimiuri gaprialebiT HNO3 + HF (1:1) mJavebis narevSi da 

mowamvliT 30 % KOH tutian xsnarSi 50°C –100°C temperaturaze 1-5 wuTi

es CanarTebi evteqtikuri xasiaTisaa. pirveli gadadnobis 
Semdeg siliciumis struqtura ufro mkvrivia da xasiaTdeba 
marcvlebis didi zomiT da gamrudebis gareSe swori sazRvre­
biT. struqtura TandaTanobiT umjobesdeba yoveli momdev­
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no gadadnobis Semdeg. gawmendis procesSi fazis CanarTebi 
mcirdeba moculobaSi da bolos TiTqmis qreba.

amrigad, mimarTuli normaluri kristalizaciis meTodiT 
metalurgiuli siliciumis gawmendisas Catarebulma kvle­
vebma aCvena gawmendis maRali xarisxi (cxrili 6.3, nax.6.3). 
dadgenilia, rom gawmendis efeqturobis gasazrdelad mi­
zanSewonilia Catardes minimum samjer gadadnoba.

	 cxrili 6.3. MG-Si-is gawmendis efeqturoba,%

minarevebi gawmendis efeqturoba,%

pirveli  
gadadnoba

meore  
gadadnoba

mesame  
gadadnoba

 Al  75  97  99

 Mg  100  95  85

 Са  100  99  100

 Fe  60  98  98

 Mn  85  95  100

 Ni  65  100  100

 Ti  33  33  93

6.3. metalurgiuli siliciumis gawmenda  
normaluri mimarTuli kristalizaciiT 
amoweviT nadnobidan madedebliT
Coxralskis meTodi mimarTuli kristalizaciis magali­

Tia. mimarTuli kristalizaciis meTods, gawmendis Tval­
sazrisiT, mniSvnelovani upiratesoba aqvs sxmulis gaswvriv 
minarevebis araTanabari ganawilebis gamo. k

0
<1 ganawilebis 

koeficientis mqone minarevebis koncentracia Txevad sili­
ciumSi uwyvetad izrdeba, anu myari siliciumi sufTavde­
ba kristalis zrdisas. minarevebis koncentracia mzardi 
kristalis sigrZis nebismier wertilSi ganisazRvreba Sei­
lis-galiveris gantolebiT [15]:

			   С
my

=k
0
.С

0
.(1– g)k – 1	  	 (6.1),
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sadac g=V
my

/V
0
, g- sawyisi moculobis dakristalebuli nawi­

lia, V
my

- dakristalebuli fazis moculobaa, V
0
-Txevadi fazis 

sawyisi moculobaa. roca g=0 minarevis koncentracia nadnob­
Si С tolia С

0
_ misi sawyisi mniSvnelobisa nadnobSi. rodesac 

siTxe ireva nawilobriv mxolod konveqciis gziT, fvanma [18] 
ganazogada es gantoleba wonasworuli ganawilebis koefi­
cientis k

0
 CanacvlebiT efeqturi ganawilebis koeficientiT 

(k): k=C
my

/C
Tx

. k-s gamosaTvlelad bartonma da sxv. [16] ivarauda 
uZravi Txevadi fena δ sisqis, romelSic gaxsnili minarevi 
gadaadgildeba mxolod difuziiT. am fenis gareT siTxe mTli­
anad iyo Sereuli konveqciiT da hqonda erTgvarovani C

Tx Semad­
genloba. am SemTxvevaSi, bartonma [16] ganixila ra difuziis 
kvazi-stabiluri mdgomareoba uZrav Txevad fenaSi, gamoTvala, 
rom efeqturi ganawilebis koeficienti k tolia (Tavi 2):

 

			 
k0+(1-k0)e-vδ/D

k0k=
		

(2.3)

naTelia, rom ganawilebis koeficientis mcire mniSvne­
lobisTvis, minarevebis koncentracia mzardi kristalis 
sigrZis nebismier wertilSi daaxloebiT ukuproporciulia 
siTxis WurWelSi darCenili fraqciisa (moculobis nawili). 
Sesabamisad, minarevebis koncentracia kristalis sigrZis 
gaswvriv mcirdeba. 

6.3.1. kristalizaciis procesi
metalurgiuli sisufTavis siliciumis gawmenda minareve­

bisagan mimarTuli kristalizaciiT, kristalis amoweviT nad­
nobidan madedeblis gamoyenebiT ganxorcielda Coxralskis 
modernizebul vakuumur danadgarze C–984. cnobilia, rom 
kristalebis miReba amoweviT didi moculobis nadnobidan 
mis Tavisufal zedapirTan madedeblis kontaqtiT pirvelad 
Catarebul iqna poloneli mecnieris Coxralskis mier 1918 
wels [19] iseTi liTonebis kristalizaciis xarisxis dasad­
genad, rogoricaa kala, TuTia da tyvia. dRes am meTodis modi­
fikaciis mniSvnelovani raodenoba arsebobs gaerTianebuli 
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saerTo saxeliT _ Coxralskis meTodi. am meTods aqvs mTeli 
rigi upiratesoba siliciumis kristalebis miRebisas: martivi 
Rumelis dizainisa da kontrolis saSualeba, muSaobis simar­
tive, gazrdili kristalis sisufTavesa da srulyofilebaze 
kontrolis maRali xarisxi da sxva. kristalis amowevis meTo­
dis arsi SemdegSia: kazms tvirTaven tigelSi, adnoben herme­
tul kameraSi vakuumSi, an inertul atmosferoSi. 

Semdeg kristalizaciis maxlobel temperaturaze nadno­
bis Tavisufal zedapirTan kontaqtSi mohyavT madedebeli, 
romelsac dabali siCqariT gadaaadgileben vertikalurad 
zemoT, romlis drosac mas mohyveba nadnobis dakristalebu­
li sxmuli. amisTvis yvela SemTxvevaSi Sesabamisi danadgaris 
ZiriTadi kvanZebia: teqnologiuri nawili, romelic war­
moadgens kameras Sesabamisi teqnologiuri aRWurvilobiT 
da eleqtruli nawili, romelic moicavs marTvisa da energo­
momaragebis eleqtrul da vakuum-gazganawilebis sistemebs. 
teqnologiuri nawilis ZiriTadi kvanZia muSa kamera, romlis 
sqema warmodgenilia nax.6.4-ze. 

nax.6.4. Si-is kristalebis amowevis 
meTodiT misaRebi vakuumuri 
danadgaris teqnologiuri 
sqema.1-kvarcis tigeli 
(gamdnari siliciumis maRali 
qimiuri aqtiobis gamo rTulia 
konteineris masalis SerCeva. 
maRali sisufTavis sinTezuri 
kvarci yvelaze Sesaferisia); 
2-grafitis qvesadgami; 3-nadnobi; 
4-maxurebeli; 5-gazgamwovi 
mowyobiloba; 6-tigelis RerZi; 
7- madedeblis gadamtani Woki; 
8-madedebeli; 9-kristalis yeli, 
10-siliciumis kristali
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muSa kameris qveda nawilSi moTavsebulia grafitis qve­
sadgami (2) siTburi ekranebiT, romelSic Tavsdeba kvar­
cis tigeli (1). grafitis qvesadgams da tigels nadnobTan 
erTad SeuZliaT ara marto brunva RerZis (6) saSualebiT, 
aramed gadaadgileba vertikalurad saWiro temperaturu­
li pirobebis SesarCevad. grafitis qvesadgamis da kvarcis 
tigelis brunvis meqanizmi moTavsebulia danadgaris qveda 
nawilSi, muSa kameris qveS. Wokze (7) magrdeba madedebeli (8) 
grafitisgan damzadebuli madedebelis damWeris meSveobiT.

kameris TavSi (Tavsaxuri) moTavsebulia madedeblis ga­
damtani Wokis (7) brunvis da vertikalurad gadaadgilebis 
meqanizmebi. Wokis brunvis siCqare SeiZleba icvlebodes 0br/
wuT-100br/wuT farglebSi, vertikaluri gadaadgilebis siC­
qare ki 0mm/wuT-1mm/wuT. 

samuSao kameraSi CarTulia gazgamwovi mowyobiloba (5). 
qimiuri reaqciis airadi produqtebi grafits da tigels 
irgvliv ekvrian da efinebian dedamdnaris zedapirs, nawi­
lobriv ixsnebian masSi da abinZureben mas JangbadiT da 
naxSirbadiT. amave dros warmoqmnili produqtebi Sedis 
urTierTqimiur reaqciaSi da warmoqmnis Zneldnobad pro­
duqtebs. sabolood es Zneldnobadi produqtebi (SiC, SiO

2
) 

ileqeba dedamdnaris zedapirze, warmoqmnian Zneldnobad  
afsks da abrkoleben kristalis gazrdas. 

kvarcis tigelidan siliciumis nadnobis zedapiridan 
amowevisas aqtiurad orTqldeba SiO, romelic warmoiqmneba 
tigelis masalis gaxsnisas nadnobSi. Jangbadi uwyvetad xvde­
ba nadnobSi da Semdeg aorTqldeba SiO- is saxiT. ase, rom Jan­
gbadis raodenoba mcirdeba, xolo naxSirbadisa ki izrdeba 
kristalis bolosaken. gazgamwovi mowyobilobis milis qve­
da nawili Tavsdeba mdnaris zedapirTan iseTnairad, rom uz­
runvelyofilia reaqciis airadi produqtebis amoqaCva maTi 
warmoqmnisTanave. amiT aridebuli iqneba mdnaris zedapirTan 
mavne airadi produqtebis urTierTqmedebis da Zneldnobadi 
produqtebis warmoqmnis pirobebi.

kameris Sida moculobaSi SeRweva uzrunvelyofilia kare­
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biT, romelic ixureba hermetulad da aqvs saTvalTvalo fan­
jara. kameris qveda nawili mierTebulia vakuum-airis gamana­
wilebel sistemasTan. 

dnobebi metalurgiuli siliciumis gasawmendad xor­
cieldeba inertuli airis argonis garemoSi 0.5 atmosferos 
qveS. winaswar danadgari gamoitumbeba 10–4 mm vercxliswylis 
svetamde. amis Semdeg argonis neli nakadiT xdeba danadgaris 
`gamorecxva~ da bolos danadgari ivseba argoniT saTanado 
wnevamde. danadgarze denis miwodebisas da saTanado tem­
peraturis miRwevis Semdeg irTveba gazgamwovi mowyobiloba. 
inertuli airis miwodeba da gawova regulirdeba iseTnairad, 
rom teqnologiuri procesis mimdinareobis periodSi samuSao 
kameraSi argonis wneva ucvlelad rCeba 0.5 atmosferos do­
neze. kazmis mTlianad gadnobis Semdeg pirvel rigSi dgindeba 
danadgaris siTburi inercia, anu denis gansazRvruli Zalis mi­
wodebisas saWiro dro maxureblidan nadnobis centramde siT­
bos misaRwevad. dadginda, rom 30 mm diametris kristalis miRe­
bis pirobebSi danadgaris inercia Seadgens 7 wuTs. amis Semdeg 
iwyeba optimaluri pirobebis Zieba: yvela maxurebels gaaCnia 
erTgvarovani temperaturuli sartyeli, romlis sigane gani­
sazRvreba 5mm–6mm-iT. sasurvelia kristalizaciis procesis 
sawyisidan bolomde uzrunvelyofil iqnas, rom kristali­
zaciis fronti ar gamovides aRniSnuli temperaturuli zonis 
farglebidan. am mizniT iwyeba dakvirveba, Tu rogoria mdnaris 
zedapirze temperaturis ganawileba, rac miiRweva danad­
garze denis Zalis miwodebiT TandaTanobiT, didi sifrTxi­
liT, SemcirebiT manam, vidre nadnobis zedapirze ar gaCndeba 
kristalizaciis dawyebis niSani. aq SesaZlebelia gamoikveTos 
temperaturis ramdenime xasiaTis ganawileba:

•	nadnobis mTliani gadaciveba; 
•	mxolod periferiis gadaciveba;
•	optimaluri radialuri temperaturuli pirobebi. 

kristalis zrdis procesSi kristalizaciis `fronti~ 
unda iyos yvelaze civi adgili nadnobSi. es iwvevs krista­
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lizaciis siTbos arinebis aucileblobas. kristalis zrdis 
dros siTbos mocilebis regulirebiT kontroldeba misi 
forma. temperaturuli gradientis ararsebobis SemTxvevaSi 
nadnobis mcire gadacivebac ki iwvevs arasasurvel kristali­
zacias mTel zedapirze (nax. 6.5).

nax.6.5. siliciumis nadnobis zedapirze gadaciebiT gamowveuli 
kristalizacia

xolo mkveTri temperaturuli gradienti nadnobis zeda­
piris gaswvriv, Zlierad arRvevs temperaturuli velis si­
metriulobas. es ki dendritebis warmoqmnis wyaroa zeda­
piris gadaciebuli kididan (nax. 6.6). 

nax.6.6. siliciumis nadnobis zedapirze warmoqmnili dendritebi
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Tavidan mdnaris zedapiri SeiZleba moxvdes optimaluri 
temperaturis sartyels zemoT. am dros vizualurad daik­
virveba mTlianad nadnobis zedapiris Tanabari gadaciveba. 
am SemTxvevaSi saWiroa tigeli TandaTanobiT gadaadgil­
des maxureblis siRrmeSi. Tu amiT Seqmnili gadaxureba ar 
moxsnis nadnobis gacivebas, inerciis gaTvaliswinebiT Tan­
daTanobiT unda gaizardos gamaxurebelSi denis Zala, rom 
mdnaris zedapirze warmoqmnili myari fena mTlianad gadnes. 
Semdegi dakvirveba tigelis gadaadgilebasTan erTad grZel­
deba manamde, vidre mdnaris zedapiri ar moxvdeba optimalur 
temperaturul sartyelSi, e.i. miRweuli iqneba mdnaris zeda­
pirze optimaluri radialuri ganawileba, anu temperaturu­
li izoTermis minimumi daemTxveva mdnaris zedapiris centrs. 
am SemTxvevaSi mdnaris temperaturis morigi Semcirebisas 
centrSi Caisaxeba erTi kristali maSin, rodesac mis garSemo 
periferia SedarebiT gadaxurebulia. Tu am SemTxvevaSi tem­
peraturuli pirobebi ar Seicvleba, warmoSobili krista­
li TandaTan ganviTardeba da miiRebs Sesaferis krista­
lografiul habituss. es imis maCvenebelia, rom mdnaris zeda 
fena imyofeba optimalur temperaturul pirobebSi–sasur­
veli temperaturuli gradientiT. aseTi pirobebis miRwevis 
Semdeg xdeba nadnobis TandaTanobiT gadaxureba warmoSobi­
li kristalis gadnobamde. temperaturis aweva unda moxdes 
danadgaris inerciis gaTvaliswinebiT. Zlieri gadaxureba ar 
aris mizanSewonili, radgan did gadaxurebas mosdevs didi 
gadaciveba, rac didad abrkolebs kristalizaciis wonaswo­
rul process. 

amowevis win nadnobs ayovneben dnobis temperaturaze 
odnav maRla aqrolad minarevebisgan gasawmendaT (daw­
vrilebiT 6.2.1). muSa kameris civ nawilebze aqroladi mina­
revebis daleqvis acileba xdeba argonis nakadis SewoviT, 
romelic miewodeba kameris zeda nawils da gamoidevneba 
gaz-gamwovi mowyobilobiT. madedebelis kristaluri ori­
entacia [111] mimarTulebiT aridebs amoweul kristalSi dis­
lokaciebis warmoqmnas.
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Cveulebriv kristalebis amowevis procesi moicavs Semdeg 
safexurebs:

a)	 kristaluri madedeblis SemolRoba (e.w. mowamvla);
b)	 kristalis nominalur diametrze gasvla madedebelze 

gazrdili viwro (yeli) zomidan;
g)	 mudmivi diametris kristalis zrda;
d)	Sebrunebuli konusis Seqmna da kristalis mowyveta 

nadnobis zedapiridan;
e)	 gazrdili kristalis gacieba.
kristalis amozrdis procesi Semdegi TanmimdevrobiT 

mimdinareobs: madedebeli exeba nadnobis zedapirs da am 
mdgomareobaSi dayovndeba nadnobis Tavze, anu misi gaTboba 
grZeldeba manam, vidre ar Camoyalibdeba temperaturuli 
wonasworoba. madedeblis gaTboba aridebs Termodartymas, 
romelic SeiZleba moxdes civi madedeblis kontaqtis dros 
nadnobis zedapirTan. amrigad, optimaluri temperaturuli 
pirobebis Seqmnis Semdeg CairTveba winaswar SemTbari madede­
beli, romelic dabali siCqariT uaxlovdeba mdnaris zeda­
piris centrs da exeba mdnars. 

madedeblis mdnarTan sruli kontaqtis Semdeg iwyeba 
amowevis procesi fiqsirebuli siCqariT. Zalze neli tem­
piT mcirdeba miwodebuli denis simZlavre; miwodebuli 
siTbos reagireba tigelis kedlebidan iwyeba da vrceldeba 
periferiidan mdnaris centrisken, sadac mimdinareobs 
kristalizaciis procesi. denis simZlavris Semcirebas­
Tan erTad irTveba kristalis amowevis meqanizmi gaTva­
liswinebul siCqareze da kristali iwyebs zrdas sigrZesa 
da diametrSi.

denis simZlavris Semcireba grZeldeba kristalis sasur­
veli diametris miRwevamde. kristalis diametris gazrdas­
Tan erTad izrdeba kristalizaciis frontze gamoyofili 
kristalizaciis siTbo da amasTan dakavSirebiT aucilebelia 
Sesaferisad denis simZlavris Semcirebis siCqaris gazrda. 
aseT pirobebSi radialuri temperaturuli gradienti Se­
darebiT meti moculobis mdnaris zedapirze unda gadiddes 
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ise, rom SemTxveviTma temperaturulma fluqtuaciebma ar 
gamoiwvion kristalizacia tigelis kedlebidan.

amowevis meTodiT kristalis amozrdisas nadnobis zeda­
piris centrSi madedeblis mdnarTan Sexebisas kristali­
zaciis `frontze~ iqmneba gadaciebuli nadnobis metad viw­
ro zona, romlis temperatura nadnobis temperaturaze 
naklebia, danarCeni nadnobi ki gadaxurebulia (nax. 6.7). aseTi 
temperaturuli pirobebi kristalizaciis frontis sxva­
dasxva ubanSi araerTgvarovania, rac kristalis diametris 
zrdasTan erTad metad sagrZnobia, radgan izrdeba kristali­
zaciis frontis diametric.

 

nax. 6.7. nadnobis zedapirze temperaturis radialuri ganawilebis sqema

praqtikaSi, Cveulebriv danadgarebi ver uzrunvelyofen 
idealur simetriul temperaturul ares kristalizaci­
is frontze, amitom saWiroa kristalis zrdis procesSi 
kristalisa da misi dedamdnaris Semcveli tigelis brunva 
erTmaneTis sawinaaRmdego mimarTulebiT. es amave dros xels 
uwyobs kazmis sawyisi komponentebis erTgvarovan ganawile­
bas nadnobSi. am SemTxvevaSi gasaTvaliswinebelia is mdgo­
mareoba, rom kristalisa da mdnaris brunvisas kristali­
zaciis frontis TiToeuli wertilis zrdis pirobebi drois 
mixedviT icvleba. amis gamo kristalisa da tigelis brunvaTa 
siCqare iTxovs didi dakvirvebiT SerCevas. 

kristalis zrdis procesSi, temperaturis gradientebi 
rogorc kristalSi, aseve nadnobSi, ar rCeba mudmivi Termu­
li pirobebis cvlilebis gamo, romelic dakavSirebulia ti­
gelSi nadnobis moculobis SemcirebasTan da mzardi krista­
lis masis da zedapiris matebasTan, romlis meSveobiTac 
xdeba siTbos arineba. gazrdili monokristalebis xarisxi 
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didwilad ganisazRvreba nadnobis Termuli da hidrodinami­
kuri nakadebis bunebiT.

is minarevebi, romlebic ar aqroldnen amowevis procesSi, 
ganawilebis koeficientis mixedviT gadanawildebian krista­
lis TavSi da boloSi, amitom Semdgomi gadakristalebisaTvis 
gamoiyeneba kristalis Sua nawili. rogorc wesi, kristalis 
amowevisas boloSi kvarcis tigeli tydeba. amis asarideblad 
kristali bolo wveTamde amoiweva. 

6.3.2. metalurgiuli siliciumis nadnobidan  
mimarTuli kristalizaciiT erTjeradi  
amoweviT gawmendis Sedegebi

amowevis siCqaris gavlena minarevebis makro segregaciaze 
siliciumis gamyarebisas. sxvadasxva siCqariT amoweuli me­
talurgiuli siliciumis qimiuri Semadgenlobis monacemebi 
dadgenili rentgenuli speqtruli mikroanalizatoriT da 
emisiur-speqtruli analiziT moyvanilia cxril 6.4 -Si da 
nax.6.8-ze. 

cxrili 6.4. MG-Si-is nadnobidan sxvadasxva siCqariT amoweuli 
Si-is qimiuri Semadgenloba dadgenili rentgenuli speqtruli 

mikroanalizatoriT da emisiur-speqtruli analiziT

nimuSe­
bi

 minarevis Semadgenloba, won% Si- is amowevis 
siCqare, mm/wuT Si Al Mg Са Fe Mn Ni Ti Cu  B

n- MG-Si 98.30 0.40 0.02 0.3 0.5 0.04 0.02 0.15 0.003 -  -

MG-Si -5-4
MG-Si -5-6

99.80
99.90

0.003
0.001

0.003
0.001

-
- 

0.050
0.020

-
-

-
-

0.120
0.080

0.002
0.001

-
-  0.25

MG-Si -6-2 99.93 0.003 0.040 - 0.020 - - 0.010 0,001 -  0.15

MG-Si -7-2
MG-Si -7-4

99.95
99.96

0.005
0.004

0.010
0.010

-
-

0.005
0.008

-
-

-
-

0.030
0.020

0.001
0.001

-
-  0.35

MG-Si -8-2 99.99 0.001 0.001 - 0.002 - - 0.005  - -  0.25

MG-Si -9-2
MG-Si -9-4

99.98
99.98

0.002
0.001

0.002
0.001

-
-

0.001
0.001

-
-

- 
-

0.014
0.012

0.001
0.003

-
-  0.30

MG-Si -10-2
MG-Si -10-4

99.96
99.98

0.002
0.001

0.001
0.001

-
-

0.004
0.003

-
-

-
-

0.015
0.015

0.001
0.001

0.003
0.004  0.30

MG-Si -11-2
MG-Si -11-4

99.98
99.96

0.002
0.003

0.003
0.001

-
-

0.002
0.005

0.002
0.005

-
-

0.008
0.020

0.001
0.005

0.003
0.003  0.30
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cxrilSi naCvenebia agreTve dnobebis Catarebis pirobe­
bi – kristalis amowevis siCqare. Si amoweuli iyo sxvadasxva 
siCqariT-0.1mm/wT, 0.25mm/wT, 0.30mm/wT, 0.35mm/wT. sxvadasxva 
minarevis Semadgenlobis cvlileba MG-Si amowevis siCqareze 
damokidebulebiT naCvenebia nax. 6.8-ze.

nax.6.8. Si-is 
eqsperimentuli nimuSebSi 
mavne minarevebis 
Semadgenlobis 
cvlileba mimarTuli 
gamyarebis procesSi 
nadnobidan amowevisas 
amowevis siCqareze 
damokidebulebiT. 
minarevebi: 1)Al; 2)Ti; 3)Fe; 
4) Mg

6.4 cxrildan da nax.6.8-dan Cans, rom yvela gamoyenebul 
amowevis siCqareze amowevis Semdeg, siliciumi iwmendeba um­
ravlesi mavne minarevisagan da xdeba maTi gandevna krista­
lis bolo nawilSi. vayovnebT ra nadnobs 30wuT-44 wuTamde 
inertuli airis atmosferoSi nadnobi iyofa qveda widis da 
zeda siliciumis fenebad. es kargad Cans nax. 6.9-dan, Tu ro­
goraa gabinZurebuli kristalis bolo nawili (muqi feris) da 
gabinZureba mcirdeba kristalis amowevis siCqaris gazrdiT. 
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nax.6.9. metalurgiuli siliciumi (a) da siliciumis kristalebi 
mimarTuli kristalizaciiT gawmendis Semdeg amowevis sxvadasxva 

siCqariT. mm/wT: b)0.15; g)0.25; d)0.3; e)0.3 (monokristali _ xedi zemodan).

metalurgiuli siliciumis gawmendisas minarevis nakre­
bidan Ca, Mn da Ni minarevebis raodenoba amowevis Semdeg ise 
Semcirda(<0.001won%), rom scildeba gansazRvris meTodebis 
gamJRavnebis farglebs. minarevebi siliciumSi sxvadasxva 
fizikuri Tvisebebis gamo gansxvavebuli meqanizmebiT eq­
vemdebarebian gawmendis proceduras, magram amJRavneben 
erTnair damokidebulebas amowevis siCqarisadmi. eqsperi­
mentulma Sedegebma gviCvena, rom amowevis siCqaris sidide 
Zlier gavlenas axdens gawmendis xarisxze. siliciumis amo­
wevis siCqaris zrdiT gawmendis efeqturoba izrdeba, xolo 
optimaluri gawmendis efeqti miiReba ~0.30mm/wT amowevis 
siCqareze. 

siliciumSi minarevebs Mg, Mn, Cu, Fe, Ni da Тi-s aqvT sakmari­
sad mcire ganawilebis koeficienti (danarTi 2) 10-4-10-6 rigi­
sa da amitom maTgan gawmenda xdeba ZiriTadad segregaciiT. 
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rac Seexeba gawmendas minarevebis aorTqlebiT cnobilia, rom 
minarevis raodenoba (m), romelic orTqldeba nadnobis Ria 
zedapiris erTeulidan (tigelis kedlebidan molekulebis 
arekvlis gaTvaliswinebiT) tolia:

			 
m= βP (-------------)2πRT

M 1/2
	  	

(6.2),

sadac P– minarevis orTqlis wonasworuli wnevaa, M- mi­
narevis molekularuli wona, R- airis mudmiva, T-dnobis 
temperatura, β =156.6------------  , α

αl
d

1+-----
α_kondensaciis koeficienti,  

d- tigelis diametri, l-tigelis kedlebis simaRle nadnobis 
Tavze. 

gawmenda aorTqlebiT ufro efeqturia im elementebisaT­
vis, romelTa orTqlis wneva aRemateba siliciumis orTqlis 
wnevas. siliciumidan ufro advilad orTqldeba is minarevi, 
romelsac aqvs ufro maRali orTqlis drekadoba sxva da­
narCeni Tanabari pirobebis dros. minarevis da siliciumis 
orTqlis drekadobis Sefardeba gansazRvravs minarevis da 
siliciumis gancalkavebis xarisxs. am Tanafardobebidan ga­
momdinare SeiZleba davyoT minarevebi da vivaraudoT, rom 
siliciumis nadnobis gawmenda aqroladi minarevebisagan 
mcirdeba Semdegi rigis mixedviT: Mg>Ca>Mn>Al>Cu>Fe>Ni>Тi. 
Al da Ca minarevebis ganawilebis koeficientebi 2.0·10-3 da 
8.0·10-3 Sesabamisad ar aris sakmarisad mcire (danarTi 2) imis­
Tvis, rom maTgan gawmenda moxdes mimarTuli kristaliza­
ciiT gawmendis kanonzomierebiT, magram Al-is da Ca-is najeri 
orTqlis wneva bevrad aRemateba siliciumisas. ase rom maTi 
gandevna SeiZleba nadnobis zedapiridan airad fazaSi maRal 
temperaturebze da Semdeg gazgamwov mowyobilobiT. 

eleqtruli Tvisebebis monacemebi (cxrili 6.5) adasture­
ben Sedegebs, dadgenils rentgenuli speqtruli mikroanali­
zatoriT da emisiur-speqtruli analiziT( cxr.6.4).
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cxrili 6.5. MG-Si-is da sxvadasxva siCqariT amoweuli MG-Si-is 
eleqtruli Tvisebebi

ni
mu

Se
bi

Si
, 
wo
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d
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, s
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·w
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o
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s 
t
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-i

s 
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o
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si
Cq

ar
e,

 m
m/

wu
T

MG-Si 98.30  1.2·1018  0.22  25  n  -

MG-Si-6-2 99.93  8·1016  53  417  p  0.15

MG-Si-8-2 99.99  4.5·1017  35  480  p  0.25

MG-Si-5-4 99.80  1.3·1016  50  240  p  0.25

MG-Si-9-2 99.98  2·1016  39  510  p  0.3

MG-Si-7-2 99.95  5·1016  1  133  p  0.35

6.3.3. ganawilebis koeficienti mimarTuli gamyarebisas

rogorc zemoT iyo aRniSnuli, siliciumis kristalebis 
amowevisas minarevebi gadanawildeba kristalsa da nadnobs 
Soris garkveuli TanafardobiT da es procesi xasiaTde­
ba minarevis ganawilebis koeficientiT myar da Txevad fa­
zebs Soris. amitom efeqturi ganawilebis koeficientis (k) 
gamokvleva teqnologiur paremetrebze damokidebulebiT 
saSualebas iZleva minarevebis ganawilebis kanonzomiere­
bis dadgenas Coxralskis meTodiT sxvadasxva teqnologiur 
pirobebSi amoweuli siliciumis sxmulis gaswvriv. silici­
umSi umravlesi minarevis wonasworuli ganawilebis koefi­
cienti k

0
<1. rogorc formula (2.3)-dan Cans k pirvel miax­

loebaSi damokidebulia procesis Catarebis pirobebze da 
aris kristalis zrdis siCqaris da brunvaTa ricxvis funqcia. 
eqsperimentuli nimuSebisaTvis siliciumSi dadgenili mina­
revis Semadgenlobis safuZvelze gamoTvlili iyo efeqtu­
ri ganawilebis koeficientis damokidebuleba siliciumis 
kristalis amowevis siCqareze (nax.6.10). 
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nax.6.10. siliciumSi minarevebis efeqturi ganawilebis koeficientis 
(k) cvlileba mimarTuli gamyarebis procesSi nadnobidan amowevisas 

amowevis siCqareze damokidebulebiT. minarevebi: 1-Al; 2-Cu;3-Fe; 4-Mg; 5-Ti

amowevis siCqare 0mm/wT ekuTvnis `wonasworobas~, praq­
tikulad Zalian dabal amowevis siCqares. gansazRvruli 
amowevis siCqarisTvis ki efeqturi ganawilebis koeficien­
ti damokidebulia amowevis siCqareze, akmayofilebs k

0
 ≤ k ≤1 

utolobas, izrdeba amowevis siCqaris zrdasTan da Semdeg 
uaxlovdeba 1-s Zalian maRali siCqareebisaTvis (roca pro­
cesSi CairTveba swrafad gadaadgilebuli gamyofi faza)
(nax.6.10). 

es Sedegi TanxmobaSia barton-prima slixteris Teori­
asTan [16, 17]. am Teoriis, Tanaxmad roca minarevis wonaswo­
ruli ganawilebis koeficienti k

0
<1, kristalizaciis siCqa­

ris Semcirebisas efeqturi ganawilebis koeficienti unda 
Semcirdes. kristalebis amowevis procesSi Coxralskis meTo­
diT xdeba minarevebis TandaTanobiT dagroveba nadnobSi yve­
la minarevisTvis, romlebisTvisac k<1. amis mizezia nadnobSi 
kristalizaciis frontidan minarevis mdnari fazisken ukug­
deba. Sesabamisad minarevis koncentracia uSualod zrdad 
zedapirTan aRemateba koncentracias nadnobis moculoba­
Si. amitom k>k

0. da kristalis zrdis procesSi xdeba nadnobis 
progresuli gamdidreba minarevebiT misi myar fazaSi cudi 
xsnadobis gamo. Tu zrdis procesSi k=const, minarevis koncen­
tracia kristalSi izrdeba roca k < 1. 
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am faqts aqvs dadebiTi da uaryofiTi mxare. dadebiTi 
mxarea, rom kristali ufro sufTaa vidre Txevadi faza da 
kristalis amoweva aris gasufTavebis meTodi. amitom krista­
lis qveda nawili yovelTvis cildeba, sadac yvela minarevi 
koncentrirdeba, radgan gamyarebis Semdeg yvela minarevi 
gadadis myari fazis qveda nawilSi. es gansazRvravs uaryo­
fiT mxares: Znelia minarevis Semadgenlobis erTgvarovani 
ganawilebis miRweva kristalis gaswvriv. am SemTxvevaSi seg­
regaciis efeqti Zalian didia da is amowevis siCqarisadmi 
Zlier mgrZnobiarea (nax.6.9).

6.3.4. minarevis ganawileba sxmulis gaswvriv  
kristalis mimarTuli gamyarebisas
kristalis amowevisas, nadnobidan naxevargamtaris sxmu­

lis gaswvriv minarevis ganawilebis maTematikuri aRwerisaT­
vis, daSvebebi pirvelad mkafiod Camoyalibebuli iyo fvanis 
mier [20]. esenia: 

1.	 myar fazaSi difuzuri procesebi SeiZleba ugulve­
belyofiliyos, anu myar fazaSi komponentebis difuzi­
is koeficienti D

my
= 0; 

2.	 komponentebis gadanawileba da Sesabamisad Semadgen­
lobis gaTanabreba Txevad fazaSi xdeba myisve, anu 
efeqturi difuziis koeficienti D

Tx
= ∞ e.i. xdeba Txe­

vadi fazis sruli Sereva;
3.	 ganawilebis efeqturi koeficienti k mudmivi sididea. 

es dasaSvebia minarevis mcire koncentraciisas;
4.	 masalis moculobebi ar icvleba gadnobisas da gamyare­

bisas; 
5.	 ar xdeba gacvla Txevad fazebsa da airad fazebs Soris. 
kristalis amowevisas nadnobidan minarevis ganawileba 

sxmulis sigrZis gaswvriv aRiwereba (6.1)[15]. 
roca к     <<1 formula (6.1) SeiZleba gadavweroT ase:

			 
C

my
(X) ≅ ---------

k·Со

1-g  		
(6.3),

C
my

(X) ≅ ---------
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sadac k·Со _ mudmivi sididea. formula (6.3) gviCvenebs, rom 
С

my
(Х) ukuproporciulia nadnobis darCenili nawilisa. 

siliciumis myar fazaSi minarevis koncentraciis damoki­
debuleba gamyarebul nawilze fardobiT erTeulebSi 
naCvenebia nax.6.11-ze.

nax.6.11. siliciumSi 
minarevebis Semadgenlobis 
ganawileba sxmulis 
gaswvriv

amrigad, dnobis dros warmoiqmneba 2 an meti siliciumis 
da widis siTxis fenebi, romlebic gansxvavdeba simkvriviT da 
xdeba siliciumis gawmenda Fe, Al, Р, Са, Cu, Mg, Mn, Ni da Ti mina­
revebisagan gansxvavebuli meqanizmebiT, an maTi kombinaciiT. 
Tu romeli meqanizmiT ganidevneba minarevebi, es damokidebu­
lia maT qimiur Tvisebebze, ganawilebis koeficientze Txe­
vad da myar fazebs Soris, aqroladobis xarisxze, orTqlis 
drekadobaze, dnobis temperaturaze, xvedriT wonaze da sxva 
Tvisebebze. 
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6.3.5. mikrostruqtura da gawmendis efeqturoba

miRebuli nadnobidan amowevis meTodiT mimarTuli gam­
yarebiT gawmendili siliciumis cilindruli sxmulebis mak­
rostruqtura ZiriTadad Sedgeba svetisebri marcvlebisgan 
sxmulis RerZis paralelurad. nax.6.12-ze moyvanilia eqsperi­
mentuli nimuSebis mikrostruqtura zrdis perpendikula­
rul sibrtyeebze kristalis amowevis sxvadasxva siCqaris 
dros. Tu sawyisi metalurgiuli siliciumis mikrostruq­
turaSi daikvirveba kontroldauqvemdebare minarevebis 
fuZeze evteqtiuri fazebis CanarTebis kvali, gawmendis  
procesSi ki fazis CanarTebi moculobaSi TiTqmis qreba.

nax.6.12. sxvadasxva sisufTavis siliciumis eqsperimentuli nimuSebis 
mikrostruqtura, x100; a) MG-Si; siliciumi amoweuli siCqareebiT, 

mm/wT: b)0.15; g)0.25; d) 0.3; e)0.35; v) monokristali 0.3; z) monokristali 0.3

imis gamo, rom arc calkeuli ujredebi da arc dendritebi 
ar SeiniSneba sxmulebSi, gamoyofili nawilakebis ararsebo­
ba da sistemuri gadametcivebis kriteriumis Sesruleba miu­
TiTebs myari_ Txevadi sazRvris zedapiris formis siaxloves 
sibrtyesTan kristalis amowevis 0.3 mm/wm siCqarisTvis. miRe­
buli Sedegebi miuTiTeben tipiur normalur mikrosegrega­
ciaze, rodesac kristalis zrdis siCqare icvleba.

rogorc nax.6.12-dan Cans, amowevis siCqaris gazrdiT 
mikrostruqtura xdeba nakleb defeqtiani da ufro msxvil­
marclovani. 0.15mm/wT siCqariT amoweul siliciumSi jer 
kidev daikvirveba meore fazis CanarTebi. siliciumis amowe­
vis siCqaris gazrdiT meore fazis CanarTebi mcirdeba da 
0.30mm/wT–iT amoweul kristalebSi meore fazis CanarTe­
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bi qreba. es dakavSirebulia siliciumis gawmendis xarisxis 
gaumjobesebasTan. 

cxr.6.6 gviCvenebs, rom siliciumi gaiwminda umravlesi 
minarevisagan efeqturad 1.5-3 rigiT: siliciumis Semcveloba 
99.99won%, xolo minarevis jamuri Semcveloba 10-2won%. 

cxrili 6.6. MG-Si-is gawmendis efeqturoba,%

nimuSebi
minarevebi Si- is amow­

evis siCqare, 
mm/wuT Al Mg  Са Fe Mn Ni Ti Cu

MG-Si -5-4 98.70 75 100 90 100 100 0 33  0.25

MG-Si -5-6 99.00 80 - 90 - - 20 33  0.25

MG-Si -6-2 99.00 0 100 98 100 100 93 67  0.15

MG-Si-7-2 98.70 50 100 99 100 100 80 67  0.35

MG-Si -7-4 99.00 50 - 98 - - 87 67  0.35

MG-Si -8-2 99.70 95 100 99.6 100 100 97 100  0.25

MG-Si-8-4 99.70 75 - 99.6 - - 95 100  0.25

MG-Si -8-6 99.50 75 - 99.4 - - 93 67  0.25

MG-Si -9-2 99.50 90 100 99.8 100 100 90 67  0.25

MG-Si -9-4 99.70 95 - 99.8 100 100 92 0  0.25

MG-Si-10-2 99.70 95 100 99.2 100 100 90 67  0.30

MG-Si-10-4 99.50 95 - 99.4 100 100 83 67  0.30

MG-Si-11-2 99.50 85 100 99.6 100 100 95 67  0.30

MG-Si-11-4 99.00 95 - 99 100 100 87 0  0.30

6.4. metalurgiuli siliciumis nadnobidan 
siliciumis miReba orjer amoweviT

gawmendis procesebi. nax.6.13-ze naCvenebia metalurgiuli 
siliciumis nadnobidan siliciumis monokristali miRebuli 
orjer amoweviT mimarTuli kristalizaciiT. 

nax.6.13. metalurgiuli siliciumis nadnobidan 0.3 mm/wT siCqariT 
orjer amoweviT miRebuli siliciumis kristali
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orjer amowevis Semdeg eqsperimentul siliciumis kris­
talSi qimiuri Semadgenlobis monacemebi, romlebic dadge­
nili iyo rentgenuli speqtruli mikroanalizatoriT da emi­
siur-speqtruli analiziT moyvanilia cxril 6.7-Si.

cxrili  6.7. MG-Si-is da tigelis sxvadasxva siCqariT nadnobidan orjer 
amoweviT miRebul siliciumis kristalebSi minarevis Semcveloba

nimuSebi
minarevis Semadgenloba, won% tigelis

brunva 
/wuTAl Mg Са Fe Mn Ni Ti Cu B

sawyisi 0.40 0.02 0.3 0.5 0.04 0.02 0.15 0.003 _

MG-Si-12-2 0.001 0.001  _ 0.002  _  _ 0.005 _ 0.002  5

MG-Si-13-2 0.001 0.001  _ 0.003  _  _ 0.005 _ 0.002  10

MG-Si-14-2 0.001 0.001  _ 0.003  _  _ 0.003 0.001 0.002  15

tigelis brunvis siCqaris gavlenis dasadgenad siliciumis  
gawmendis xarisxze, dnobebi Catarda sxvadasxva brunvis 
siCqariT 5br/wT-15br/wT farglebSi. monacemebi cxr. 6.7-dan 
gviCveneben, rom kristalis amowevis siCqarisagan gansxvave­
biT brunvis siCqaris cvlileba 5br/wT-15br/wT farglebSi 
ar axdens gavlenas gawmendis procesze. cdebma agreTve aCve­
na, rom siliciumis kristalis brunvis optimaluri siCqare 
iyo 15br/wuT.
eleqtruli Tvisebebi da gawmendis efeqturoba. eleqtruli 
Tvisebebis gazomvebis Sedegebi moyvanilia cxril 6.8-Si.

cxrili 6.8. MG-Si-is da sxvadasxva siCqariT nadnobidan 
orjer amoweviT miRebul p-tipis siliciumis nimuSebi

nimuSebi

kuTri 
eleqtruli 
winaRoba,ρ, 

om∙sm

denis 
matarebelTa 
koncentra­
cia, p, sm-3

denis 
matarebel­
Ta Zvrado­
ba, μ, sm2/v·w

amowevis 
siCqare
mm/wT

tigelis 
brunvis 
siCqare 
br/wT

sawyisi 1 5·1016 153 0.25 _

MG-Si-12-2 50 4.2·1016 300 0.25 5

MG-Si-13-2 50 3.5·1015 35 0.25 10

MG-Si-14-2 25 6.3·1014 400 0.25 15
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rogorc gazomvebis Sedegebi gviCvenebs, rom orjer amowe­
vis Semdeg denis matarebelTa koncentracia 10-100 jer 
Semcirda, kuTri eleqtrowinaRoba da denis matarebelTa 
Zvradoba ki gaizarda. 
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Tavi 7

metalurgiuli siliciumis nadnobidan 
mimarTuli kristalizaciiT  

miRebuli kristalebis  
rentgeno-difraqciuli fazuri analizi 

da infrawiTeli speqtroskopia

7.1. rentgeno-difraqciuli fazuri analizi
siliciumis gawmendis procesis yovel safexurze yvelaze 

mTavari aqtualuri problemaa minarevebis Semcvelobis kon­
troli. minarevebis dasaSvebi raodenobis arseboba silici­
umSi damokidebulia imaze, Tu romel sferoSi gamoiyeneba 
siliciumi. imisda mixedviT, Tu ra miznebisTvis gamoiyeneba 
siliciumi, mis saxeobas (MG-Si, SoG-Si da EG-Si) da garkveul 
parametrebs uzrunvelyofs gansazRvruli minarevebis nak­
rebi. vinaidan, minarevebis Semadgenlobis dadgena mniSvne­
lovani teqnologiuri safexuria siliciumis warmoebaSi, 
misi sisufTavis analizis meTodebis arCevisas kvlevis xan­
grZlivobisa da fasis garda mxedvelobaSia misaRebi da ga­
saTvaliswinebeli SesaZlo gamosamJRavnebeli minarevebis 
raodenoba, maTi gamJRavnebis zRvari, aucilebeli xelsawyo­
ebis misawvdomoba [1-3]. 

gasaTvaliswinebelia agreTve, rom siliciumi ZiriTadad 
gamoiyeneba kristalur, an amorful/kristaluri Txeli 
afskebis (epitaqsiuri fenebis) saxiT sxvadasxva fuZeSreze. 
aqedan gamomdinare, siliciumi_minarevebis ganzavebuli 
myari xsnarebis sistemis gawmendis procesis (minarevebis 
Semcveloba) sakontrolod erT-erTi yvelaze mimzidveli 
da misawvdomia rentgeno-difraqciuli fazuri analizi. es 
mravalelementiani minarevebis nakrebis gamJRavnebis meTo­
di dafuZnebulia masalis komponentebTan dakavSirebuli 
rentgeno-difraqciuli xazebis identifikaciaze. TiToeul 
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minarev-liTons aqvs Tavisi damaxasiaTebeli xazi rentgenis 
sxivebis speqtrSi, romlis intensiurobis gazomviT ganisaz­
Rvreba minarevis raodenoba.

rentgeno-difraqciuli fazuri analizi dafuZnebulia 
rentgenuli sxivebis gabnevaze kristaluri meseris atome­
biT, roca kristaluri obieqtis zedapirze ecema parale­
luri monoqromatuli rentgenis sxivebi φ kuTxiT, sadac φ 
kuTxis aTvla xdeba obieqtis sibrtyidan (nax.7.1)[2].

nax.7.1. a)rentgenuli sxivebis gabneva kristaluri meseriT,  
b) rentgenuli difraqtometris sqema; F _ rentgenuli milis fokusi, 

S1 _ Sesasvleli da S2  _ gasasvleli xvrelebis sistema,  
D _ rentgenuli gamosxivebis (Mo) deteqtori, romelic brunavs 

orjer meti siCqariT, vidre eqsperimentuli nimuSi 

 rentgenuli gamosxivebis konaSi is ori sxivi, romelic 
airekvleba d _ kristalis sibrtyeTaSorisi manZilis mqone 
mezobeli atomuri sibrtyeebidan, svlaTa Soris sxvaobiT (Δ):

			   Δ=2dsinφ 			   (7.1), 
romelic tolia talRis sigrZeTa (λ) mTeli ricxvisa:

			   2dsinφ=nλ, 			   (7.2)

(sadac n–difraqciuli maqsimumis rigia da tolia 1, 2, 3 da 
a.S.), zeddebis Semdeg warmoqmnis difraqciul maqsimumebs. 
(7.2) cnobili vulf-bregis gantolebaa. am formulidan Cans, 
rom sibrtyeTa Soris manZili d SeiZleba ganisazRvros, Tu 
cnobilia talRis sigrZe λ da difraqciuli maqsimumebis mde­
bareoba φ. sibrtyeTa Soris manZilebis d ojaxis gansazRvra, 
romelnic mTlianad axasiaTeben masalis kristaluri meseris 
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tips, xdeba rentgenuli difraqtometris bregis-brentanos 
sqemis [4,5] safuZvelze (nax.7.1). 
metalurgiuli siliciumi n-MG-Si. am principze dafuZne­
buli rentgeno-difraqciuli fazuri analiziT miRebu­
li kontroldauqvemdebare Fe, Al, Р, Са, Cu, Mg, Mn, Ni da Ti 
minarevebis nakrebis Semcveli metalurgiuli siliciumis  
(n-MG-Si) rentgeno-difraqtograma naCvenebia nax.7.2-ze [6]. 
naxazze rentgenis sxivebis intensiuroba gadazomilia ordi­
natTa RerZze, xolo difraqciis kuTxe φ -abscisTa RerZze. 
siliciumSi TiToeul fazas aqvs Tavisi specifikuri krista­
luri gisosi garkveuli parametrebiT da mas rentgenis xaze­
bis sakuTari sistema aqvs difraqtogramaSi. amitom im dros, 
roca fazuri Semadgenloba SeuZlebelia dadgindes qimiuri 
analizis monacemebiT, rentgeno-difraqciuli fazuri ana­
lizi iZleva saWiro informaciis miRebis saSualebas MG-Si-is 
rTul Semadgenlobaze. 

nax.7.2. 98 won% Si -is sisufTavis metalurgiuli siliciumis 
rentgenofazuri speqtri [6]

n-MG-Si-is eqsperimentuli nimuSis rentgeno-difraqto­
grama, gamosaxuli nax.7.2-ze, damaxasiaTebeli aris mraval­
faziani MG-Si-saTvis, sadac minarevebis mniSvnelovani ra­
odenobaa. difraqtograma aCvenebs mravalkomponentiani 
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MG-Si-is yovel fazas da iZleva maTi procentuli Semadgen­
lobis gansazRvris saSualebas.
metalurgiuli siliciumis nadnobidan madedebliT amoweviT 
miRebuli siliciumi. metalurgiuli siliciumis pirdapir 
nadnobidan 0.3mm/wuTSi siCqaris amoweviT miRebuli eqsperi­
mentuli nimuSebis kristalebi (Tavi 6, [6]) denis matarebel­
Ta koncentraciiT n=1.2·1018sm–3 gadadian n-tipidan p-tipis 
siliciumSi (99.99 won.% Si-iT), denis matarebelTa koncen­
traciiT 2·1016 sm–3 da ZvradobiT 510 sm2·v-1·wm-1. es niSnavs, rom 
MG-Si gaiwminda umravlesi minarevebisagan 1.5–3 rigiT 99.99 
won%-mde da minarevis ~10–2won%-is Semadgenlobamde. es Se­
degi dadasturebulia mikrostruqturiTa (nax.6.12) da ren­
tgenofazuri analiziT (nax.7.3). 

nax.7.3. metalurgiuli siliciumis nadnobidan 0.3mm/wuT 
siCqariT amoweuli siliciumis rentgenofazuri speqtri [6]

mikrostruqturisa da rentgenofazuri analizis Sedegebi 
gviCveneben, rom MG-Si nadnobidan amoweviT miRebuli eqsperi­
mentuli siliciumis kristalebSi, amowevamde sawyis mikro­
struqturaSi, dakvirvebuli sxvadasxva fazebis CanarTebis kva­
li qreba da matrica xdeba erTfaziani, mkvrivi struqturiT. 
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rogorc aRniSnuli iyo, yvela nivTierebis kristalur 
fazas aqvs misTvis damaxasaTebeli difraqciis suraTi, ro­
melic ganasxvavebs mas sxva nivTierebebisgan. amitom eqsperi­
mentuli siliciumis difraqtogramis rentgenofazuri speq­
tris (nax.7.3) identificireba ganxorcielda standartul 
(etaloni) sufTa siliciumis difraqtogramasTan SedarebiT 
[7]. rentgenis sxivebis difraqtogramis gaSifvrisTvis eq­
sperimentidan ganisazRvreboda kuTxeebi φ, romlebic Seesa­
bameboda difraqciis maqsimumebs. sibrtyeTa Soris manZilebi 
d yvela xazisTvis sxvadasxva (hkl)-sTvis gamoiTvleba maRali 
garCevadobis rentgenis speqtroskopiis vulf–bregis fun­
damenturi gantolebiT (7.2),

n-MG-Si-is nadnobidan amoweuli Si-is [6] da standartuli 
sufTa siliciumis (etaloni)[7] rentgenis difraqtogramebis 
ZiriTadi xazebis sibrtyeTa Soris manZilebisa da mTavari xa­
zebis intensiurobis monacemebi moTavsebulia cxrilSi 7.1 
klebadobiT. 

cxrili 7.1. sibrtyeTa Soris manZilebi da mTavari xazebis  
intensiuroba n-MG-Si nadnobidan amoweviT miRebuli  

siliciumis eqsperimentuli kristalebisTvis

siliciumi etaloni [2] amoweuli n-MG-Si nadnobidan

  1  2  3  4

sibrtyeTa 
Sorisi man­
Zili/inten­
siuroba

3.138/100
1.920/60
1.63/35
1.357/8
1.246/13

3.1467/100
1.9246/60
1.6407/35
1.3598/8
1.2476/13

3.1467/100
1.9253/60
1.6413/35
1.3605/8
1.2482/13

3.1486/100
1.926/60
1.6413/35
1.3609/8
1.2482/13

3.1486/100
1.9253/60
1.6413/35
1.3609/8

difraqtogramis yvela xazis gazomili intensiuroba ga­
moxatulia procentebSi yvelaze Zlier xazTan SedarebiT, 
romlis intensiuroba Seesabameba 100%. difraqtogramebis 
xazebis maqsimumebis intensiuroba damokidebulia siliciu­
mis kristalis qimiur Semadgenlobaze.

sibrtyeTa Soris manZilebis da xazebis fardobiTi inten­
siurobis eqsperimentuli da etalonuri siliciumisTvis 
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cxriluri mniSvnelobebis damTxveva (gazomvis cdomilebis 
farglebSi) masalaSi fazebis erTmniSvnelovani gansaz­
Rvris saSualebas iZleva. sufTa standartuli siliciumis  
[7] yvela ZiriTadi difraqciuli maqsimumi gamJRavnebuli 
iqna gawmendili siliciumis rentgen-difraqtogramaze. 
nax.7.3 mixedviT eqsperimentuli siliciumi aris erTfa­
ziani da narCeni minarevebi 10–2 won%-iT ar aris dafiqsire­
buli rentgeno-difraqtogramis analizebiT, magram narCe­
ni minarevebis arseboba vlindeba eleqtrul TvisebebSi  
(n=2·1016sm–3) da gamJRavnebulia emisiuri speqtruli anali­
zebiT. es miuTiTebs imaze, rom Tumca rentgeno-difraqciuli 
analizis meTodi mravalkomponentiania, misi mgrZnobiaro­
ba dabalia. meTods ar aqvs sakmarisi mgrZnobiaroba rom 
gamJRavndes minarevebis raodenoba <10–2 won%. maSasadame, 
rentgeno-difraqciuli fazuri analizis gamoyeneba damoki­
debulia siliciumis gawmendis safexurze. dadginda mina­
revebis gamJRavnebis qveda zRvari da is Sesaferisia silici­
umis sisufTavis analizisTvis mxolod 99.99 won% Si donemde. 
rentgeno-difraqciuli fazuri analizi SesaniSnavi meTodia 
siliciumSi minarevebis nakrebis Semadgenlobis erTdrouli 
gansazRvrisaTvis. es meTodi iZleva TiToeuli komponentis 
identificirebis da maTi Semadgenlobis dadgenis saSualebas 
masalaSi, magram mxolod maSin, roca komponentebis Semcvelo­
ba ≥10–2 won%. rentgenodifraqtogramis analizebis gamoyeneba 
gaumjobesdeba sxva meTodebTan SexamebiT. 

7.2. naxSirbadis da Jangbadis qceva siliciumSi
im ZiriTadi fonuri minarevebis garda, rogoricaa azoti 

da swrafad difundirebadi mZime liTonis minarevebi, ro­
melnic daikvirveba siliciumis monokristalebSi, yurad­
saRebia naxSirbadi da Jangbadi. siliciumSi uamrav ara­
kontrolirebad minarevebs Soris es minarevebi gamoirCeva 
eleqtrulad araaqtiurobiT. isini Cveulebriv gauTvalis­
winebeli da teqnologiuri procesebis Tanamdevi minarevebia 
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naxevargamtarebSi. naxSirbadi da Jangbadi, urTierTqmedeben 
ra siliciumis atomebTan, auareseben siliciumis Tvisebebs 
da uaryofiTad moqmedeben masze damzadebuli xelsawyoebis 
maxasiaTeblebis stabilurobaze, da Sesabamisad, xelsawyo­
ebis muSaobis xarisxis gauaresebis mTavari mizezicaa. xel­
sawyoebSi SeiZleba mxolod naxSirbadiT da JangbadiT Rari­
bi siliciumis kristalebis gamoyeneba. amitom, naxSirbadisa 
da Jangbadis minarevebis moSoreba siliciumidan kritikuli 
sakiTxia. 

istoriulad mravali meTodi gamoiyeneboda rogorc 
naxSirbadis, ise Jangbadis koncentraciis gansasazRvravad 
(masspeqtrometria, neitron-aqtivaciuri analizi da sxva). 
magram, arsebuli meTodebi amJRavneben mxolod elementa­
rul naxSirbads da Jangbads. isini ar avlenen maT an iZle­
vian Secdomas, roca naxSirbadi da Jangbadi sxvadasxva ne­
bismieri formiTaa naxevargamtarebSi. Tan yvela es meTodi 
iTxovs nimuSis daSlas, rac Zviria da xangrZlivi. naxSirba­
dis da Jangbadis atomebis qimiuri kavSirebi siliciumisa da 
sxva minarevebis atomebTan SeiZleba gaanalizdes infrawi­
Teli speqtroskopiiT, romelsac ar aqvs arcerTi zemoaR­
niSnuli uaryofiTi mxare. siliciumis atomebi qmnian qimiur 
kavSirebs naxSirbadis atomebTan (Si-C) da Jangbadis atomeb­
Tan (Si-O-Si) kristaluri meseris struqturaSi. naxSirbadi­
sa da Jangbadis gamosavlenad infrawiTel speqtroskopiaSi 
gamoiyeneba 2mkm-25mkm ubnis talRis sigrZis gamosxiveba. 
am talRebis sigrZeze siliciumi gamWirvalea da gamosxive­
ba gadis nimuSSi. minarevis arsebobisas siliciumis qimiu­
ri kavSirebi talRis sigrZesTan rezonansSi STanTqaven ga­
mosxivebis garkveul nawils, anu Jangbadisa da naxSirbadis 
atomebis arseboba siliciumSi iwvevs infrawiTeli STan­
Tqmis speqtrebSi STanTqmis zolebis warmoqmnas ~1100sm-1 da  
~ 607sm-1 talRis sixSireebze Sesabamisad. amitom gamokvle­
vebi tardeboda 400sm-1-1300sm-1 areSi. sinaTlis raodenoba, 
romelic am dros STainTqmeva, im minarevebis atomebis kon­
centraciis proporciulia, romlebic ayalibeben qimiur 
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kavSirebs siliciumTan, anu STanTqmis zolebis siRrme pro­
porciulia Jangbadisa da naxSirbadis atomebis koncentra­
ciisa. amrigad, infrawiTeli speqtroskopia gamoiyeneba nax­
Sirbadis da Jangbadis koncentraciis sididis gasazomad. 
infrawiTel speqtroskopiaSi, ufro mosaxerxebelia tal­
Ris sigrZis warmodgena Sesabamisi sixSireebis (sm-1) erTeu­
lebiT (sixSire = 1/talRis sigrZe).

7.2.1. naxSirbadi siliciumSi
naxSirbadis wyaro. Cveulebisamebr, naxSirbadi, rogorc 
gauTvaliswinebeli minarevi, xvdeba naxevargamtarebSi maTi 
miRebisas teqnologiuri aRWurvilobis gamo. siliciumSi nax­
Sirbadi xvdeba misi miRebis pirvelive safexurze-aRdgenisas 
kaJbadidan naxSirbadiT. naxSirbadi xvdeba siliciumSi misi 
gasufTavebis bolo safexuris ganxorcielebis drosac: 
sufTa da legirebuli Si-is monokristalebi Cveulebriv iz­
rdeba Coxralskis meTodiT. am kristalebis miRebis pro­
cesSi naxSirbadi JangbadTan erTad gadadis maTSi grafitis 
gamaxureblidan da kvarcis tigelidan: gacxelebuli grafi­
ti reagirebs kvarcTan da Sedegad warmoiqmneba siliciumis 
karbidis naerTi da naxSirorJangi.

reaqciis airadi produqtebi kontaqtSia nadnobis zeda­
pirTan da abinZurebs mas. amavdroulad minarevebis urTi­
erTreaqciis gamo Zneldnobadi produqtebi ileqeba nadno­
bis zedapirze, reagireben masTan da nadnobi mdidrdeba 
naxSirbadiT. nadnobis gaciebisas CanacvlebiTi naxSirba­
dis atomebma SeiZleba Seqmnan centrebi precipitatebis da­
sagroveblad da moxdes karbidis naerTis izoliriba. 
infrawiTeli STanTqmis speqtrebi. infrawiTeli STanTqmis 
speqtrebis gamokvlevebma naTlad gamoavlines naxSirbadis 
atomebis rxevebis lokaluri modebis arseboba Si-Si. 607sm-1  
talRur ricxvze daikvirveba mkafio STanTqmis zoli, rac 
dakavSirebulia siliciumSi optikurad aqtiuri naxSirbadis 
atomebis rxevebTan [8,9]. nax.7.4-ze moyvanilia Coxralskis 



132

meTodiT kvarcis tigelidan amoweuli p-tipis n~1015sm-3 denis 
matarebelTa koncentraciis mqone siliciumis monokrista­
lis infrawiTeli speqtrebi 570sm-1-660 sm-1 ubanSi [10].

nax.7.4. Coxralskis meTodiT airis gamwovi mowyobilobis 
gareSe miRebuli p-tipis siliciumis monokristalebis, 

STanTqmis koeficientis damokidebuleba talRur ricxvze; 
gazomvebi: absoluturi (1,2) da diferencialuri (3) infrawiTeli 

speqtroskopiis meTodebiT (300K). aralegirebuli  
Si (p ~1015sm-3 ) (1) da sagangebod legirebuli naxSirbadiT Si (2, 3) [10]

cnobilia, rom optikurad aqtiuria naxSirbadis is 
atomebi, romlebic meseris kvanZebSi CanacvlebiT ikave­
ben siliciumis atomebis adgils. ase rom STanTqmis zolis 
arseboba 607sm-1 talRis sigrZeze siliciumSi aixsneba nax­
Sirbadis atomebis lokalizebuli rxevebiT meseris kvan­
ZebSi, romlebic meseris struqturaSi Cveulebriv ekava 
siliciumis atomebs. modeli naxSirbadi_Canacvlebis mina­
revi ufro savaraudoa, vidre kvanZTaSoris minarevi [8-10]. 
naxSirbadis atomebi, romlebic Caanacvleben siliciumis 
atomebs, qmnian siliciumis karbidis Tavisebur daWimul 
molekulebs. naxSirbadis da Si-s atomebs Soris gadidebu­
li manZili, Cveulebriv siliciumis karbidTan SedarebiT, 
amcirebs simtkicis mudmivebs. rogorc Cveulebriv, ni­
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muSebis gaciveba oTaxidan Txevadi azotis temperaturam­
de, iwvevs yvela STanTqmis zolis 0.5%-iT gadaadgilebas 
ufro maRali sixSireebisken.

speqtris am ubanSi, kerZod, 607sm-1 naxSirbadis zol­
Tan axlos amave talRis sixSireze daikvirveba siliciu­
mis kristaluri meseris rxevebiT gamowveuli meseris or­
fononiani STanTqmis zoli, romlis STanTqmis koeficienti 
(α) αmeseri

maqs
=0.8sm-1 [11] da igi zed edeba minarevebis STanTqmis 

zolebs. am zolis STanTqmis efeqtis gamoricxvis mizniT 
optikuri gazomvebis absoluturi meTodiT miRebuli Se­
degebi Semowmebuli iqna diferencialuri meTodis safuZ­
velze Catarebuli gamokvlevebiT. am meTodis gamoyenebis 
dros standartuli naxSirbadisagan Tavisufali sufTa 
siliciumis nimuSi Tavsdeba SedarebiTi sxivis arxSi da 
meore gamzom arxSi-imave sisqis gamosakvlevi nimuSi. sili­
ciumis meseris sakuTari STanTqmis zolebi da maTi gavlena 
avtomaturad gamoiricxeba Cawerili speqtridan. nax.7.4-ze 
moyvanili diferencialuri meTodiT miRebuli speqtri 

gviCvenebs siliciumSi ufro gamokveTil STanTqmis zols, 
dakavSirebuls mxolod naxSirbadis atomebis arsebobas­
Tan da amasTan talRuri ricxvis 607sm-1 ubanSi ar daik­
virveba araviTari struqtura dakavSirebuli kristalur 
meserTan.

vinaidan infrawiTeli STanTqmis intensiuroba (α
maqs

), 
roca talRuri ricxvi tolia 607sm-1, proporciulia op­
tikurad aqtiuri naxSirbadis koncentraciisa Si-Si, ni­
muSebSi naxSirbadis Semcvelobis gamoTvla ganxorcielda 
gantolebiT N=c·α

maqs
, sadac c=1.1·1017sm-2 aris graduirebis 

koeficienti, romelic miRebulia optikuri monacemebisa da 
aqtivaciis analizis Sedegebis SedarebiT [10]. absoluturi 
meTodiT gazomvebiT miRebuli Sedegebi Semowmda kvlevis 
diferencialuri meTodiT. Tu rogor ganawilda naxSirba­
dis koncentracia siliciumis sxmulis sigrZis gaswvriv na­
Cvenebia nax 7.5. 
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nax.7.5. naxSirbadis koncentraciis (Nc) ganawileba siliciumis 
sxmulis sigrZis gaswvriv (dawyebuli madedeblis bolodan 

sxmulis bolomde); aralegirebuli (1) da sagangebod naxSirbadiT 
legirebuli siliciumis (2) kristalebi. wertilebi Seesabamebian 

siliciumis firfitebs amoWrils sxmulidan naxSirbadis 
koncentraciis dasadgenad [10] 

naxSirbadis ganawilebis cvlileba aralegirebuli da nax­
SirbadiT legirebuli kristalebis sigrZeze identuria: dai­
kvirveba naxSirbadis gradienti sigrZis gaswvriv. unda aRi­
niSnos, rom naxSirbadis Semcveloba mniSvnelovnad icvleba 
kristalis sigrZeze. naxSirbadiT legirebul kristalSi misi 
koncentracia mniSvnelovnad ufro metia, vidre aralegire­
bulSi (nax.7.5). naxSirbadis koncentracia izrdeba krista­
lis bolosken. es miuTiTebs naxSirbadiT nadnobis gamdidre­
baze misi segregaciis gamo kristalis zrdis dros, rac ar 
SeiZleba aixsnas mxolod naxSirbadis dabali ganawilebis 
koeficientiT siliciumSi (k=0.07). es aseve dakavSirebulia 
imasTan, rom kristalis zrdis dros nadnobi mdidrdeba sad­
nobi kameris atmosferoSi arsebuli naxSirbadis Semcveli 
minarevebTan urTierqmedebis gamo da kvarcis tigelTan da 
kvarcis grafitTan qimiuri reaqciebis Sedegad. ase rom, sa­
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varaudoa, rom siliciumis nadnobSi naxSirbadis segregaciis 
procesTan erTad naxSirbadiT nadnobis gamdidrebis xarisxi 
damokidebuli iqneba kristalebis zrdis procesis xan­
grZlivobaze. naxSirbadis koncentracia siliciumis dnobis 
temperaturaze aRwevs 3.5·1017sm-3, rac aRemateba naxSirbadis 
atomur xsnadobas myar siliciumSi.
naxSirbadis gavlena siliciumis Tvisebebze. amrigad, naxSir­
badis atomebi ikaveben siliciumis atomebis kvanZebs meser­
Si, anu gadadian meserSi ZiriTadad Canacvlebis poziciaSi da  
qmnian Si-C qimiur kavSirebs siliciumis atomebTan [8-10]. 

savaraudod naxSirbadi, romelic xvdeba nadnobSi, monawi­
leobs kompleqsebis warmoqmnis procesSi da urTierTqmedebs 
defeqtebTan. rogorc wesi, naxSirbadis arseboba moculobiT 
kristalebSi cvlis siliciumis struqturis srulyofile­
bas, erTgvarovnobas da muxtis matareblebis sicocxlis xan­
grZlivobas, rac xdeba siliciumis da masze damzadebuli xel­
sawyos parametrebis arastabilurobis mizezi. 

Si-C qimiuri kavSirebi mavne zemoqmedebas axdenen mzis ele­
mentebis da Cipebis muSaobaze: iwveven firfitebis msxvreva­
dobas da Suntirebas. 

naxSirbadma SeiZleba gamoiwvios maRali gaJonvis denebi 
p-n gadasvlebSi. Tumca, meores mxriv, naxSirbadi TavisTavad 
farTod gamoiyeneba Tanamedrove naxevargamtaruli struq­
turebis dasamzadeblad, maT Sorisaa heterostruqturebi, 
zemeserebi, kvanturi struqturebi [12]. 

naxSirbadisgan nadnobis gawmenda rTuldeba imiT, rom igi 
aris sustad aqroladi minarevi. SesaZlebelia nadnobidan 
naxSirbadis aorTqlebis procesis gaaqtiureba Jangbadis 
aorTqlebis gazrdis gziT, romelsac gadaaqvs naxSirbadi. 
teqnologiis ganviTarebis amJamindeli done iZleva Sesaba­
misi pirobebis SerCevis saSualebas, rogoricaa airis dinamika 
kameraSi da atmosferos Semadgenloba da grafitis aRWur­
vilobis xarisxis gaumjobeseba. kvarcis gaxsnis siCqare nad­
nobSi mcirdeba kameraSi wnevis matebasTan erTad. es procesi 
SesaZlebelia dnobis Serevis intensiurobis kontroliT. 
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7.2.2. Jangbadi siliciumSi
mraval `teqnologiur~ Tanamdev minarevebs Soris, romle­

bic xvdeba siliciumSi naxSirbadis msgavsad, Jangbadi Tavi­
si zegavleniT teqnologiuri procesis dros gamoirCeva 
gansakuTrebulad rTuli qceviT. Coxralskis meTodiT gaz­
rdil siliciumSi Jangbadis koncentraciam SeiZleba miaRwios 
2·1018sm-3 da mas SeuZlia SesamCnevad Secvalos misi eleqtruli, 
optikuri da sxva Tvisebebi, urTierTqmedebs ra siliciumis 
atomebTan, meseris defeqtebTan da siliciumSi arsebuli mina­
revebis atomebTan. siliciumis uzarmazari qimiuri swrafvis 
gamo Jangbadisadmi, procesebi, romlebic dakavSirebulia 
Jangbadis qcevasTan Si-Si rTulia. warmatebebi siliciumis 
teqnologiaSi bevrad damokidebulia am problemis irgvliv 
arsebuli fundamenturi kiTxvebis pasuxis gacemaze. 
infrawiTeli STanTqmis speqtrebi. mravalricxovani infra­
wiTeli speqtrebis kvlevebiT dadginda, rom Jangbadis Sem­
cveli Si avlens JangbadTan dakavSirebul STanTqmis zols 
∼1106sm-1 (9.1mkm) oTaxis temperaturaze [13-18]. optikuri 
meTodis gamoyenebisas gaTvaliswinebuli iyo, rom aRniSnul 
~1100sm-1 areSi, (iseve rogorc ~607sm-1 naxSirbadis atomebis 
STanTqmis zolis areSi), amave talRis sixSireze daikvir­
veba siliciumis kristaluri mesris rxevebiT gamowveuli 
meseris orfononebiani STanTqmis zolebi, romelnic zed 
edeba minarevebis STanTqmis zolebs: Jangbadis gareSe sili­
ciumi ki amJRavnebs mxolod meseris STanTqmis piks am tal­
Ris sigrZze [11]. siliciumSi kristaluri meseris STanTqmis 
gavlenis gamoricxvis mizniT optikuri gazomvebi ganxor­
cielda diferencialuri meTodiT (nax.7.6). am meTodis ga­
moyenebis dros, Jangbadisa da naxSirbadisagan Tavisufali 
standartuli sufTa siliciumis nimuSi Tavsdeba Sedarebi­
Ti sxivis arxSi, xolo meore, gamzom arxSi-imave sisqis ga­
mosakvlevi nimuSi. siliciumis meseris sakuTari STanTqmis 
zolebi da maTi gavlena avtomaturad gamoiricxeba Caweri­
li speqtridan.
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nax.7.6- ze moyvanilia Coxralskis meTodiT kvarcis tigeli­
dan amoweuli p-tipis ~1015sm-3 denis matarebelTa koncentraciis 
mqone siliciumis monokristalis [10,14] infrawiTeli speqtri 
400sm-1-1400 sm-1ubanSi miRebuli diferencialuri meTodiT. 

nax.7.6. p-tipis siliciumis monokristalebis (p ~1015sm-3) gaSvebis 
infrawiTeli speqtri miRebuli diferencialuri meTodiT (300K)[14]

optikuri STanTqma ∼1106sm-1-is ubanSi dakavSirebulia Si-
Si gaxsnil dispersirebuli Jangbadis atomebis arsebobas­
Tan. temperaturis dawevisas Jangbadis STanTqmis zoli gada­
adgildeba maRal sixSireebisken. magaliTad, Txevadi azotis 
temperaturaze ∼1100sm-1 gadaadgildeba 1128sm-1-ken. 

dadgenilia, rom siliciumSi Jangbadis atomebi qmnian Ca­
nergviT myar xsnars da nawildebian kristaluri meseris kvan­
Zebs Soris, anu Jangbadi aris e.w. Canergili minarevi. Jangba­
dis atomebi arRveven normalur Si-Si kovalentur kavSirs da 
qmnian Si-O-Si qimiur kavSirebs Jangbadis atomebTan krista­
luri meseris struqturaSi. am kvazimolekulis antisimet­
riuli rxevebi pasuxismgebelia optikuri STanTqmis zolze 
1106sm-1-is talRis sigrZeze (nax. 10.2). es dasturdeba msgav­
si Zlieri infrawiTeli STanTqmis zolis 1100sm-1 talRur 
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ricxvze gamovleniT mravali silikatebis, organosilici­
umis naerTebis amorfuli siliciumis infrawiTel speqtreb­
Si [19]. optikuri STanTqmis zolis bunebis gamosavlenad 9 
mkm-is ubanSi gazomili iyo STanTqma [18] Txel SiO

2
 afskebze, 

romlebic mzaddeboda SiO-s aorTqlebiT vakuumSi natriumis 
qloridis fenovan zedapirebze da Semdeg daJangviT. SiO

2
-s 

STanTqmis zolis maqsimumi aRmoCnda 10mkm-ze da gadainac­
vla 9.3mkm-ze daJangvis Semdeg. amrigad, silikatebze da SiO

2
 

-is sxvadasxva modifikaciaze optikurma gazomvebma daamt­
kica, rom STanTqmis zoli 9mkm-ze aris SiO

2
 kavSiris rxevebis 

Sedegi. cnobilia, rom STanTqmis zolis maqsimaluri sixSire 
Zalian mcired icvleba garemos drekadi cvlilebebis dros. 

am faqtiT aixsneba Si-O da SiO
2 rxevebis rezonansuli six­

Sireebis siaxlove: manZili Si-sa da Jangbadis atomebs Soris 
silikatebSi da kvarcis modifikaciebSi aris 1.6 Å. amitom, kai­
zeri da sxv. [18] varaudoben, rom arsebobs gaxsnili Jangbadi 
Si-Si `Tavisufali~ calkeuli SiO

2
 kvazimolekulebis saxiT. Se­

sabamisad, gaxsnili Jangbadis koncentraciis gamoTvla xdeba 
rogorc calkeul oscilatorebze STanTqmis intensiurobis 
gamoTvla. Coxralskis meTodiT kvarcis tigelidan amoweu­
li p-tipis n~1015sm-3 denis matarebelTa koncentraciis mqone 
siliciumis monokristalSi (Tavi 6) Jangbadis maqsimaluri 
xsnadoba dnobis temperaturaze Seadgens 1.8.1018sm-3. Jangbadis 
koncentracia gamoiTvala formuliT Nc=B(α

maqs
- α

0
), sadac α

maqs- 

STanTqmis koeficientia 9.1mkm-ze, α
0 
meseris STanTqma am areSi, 

B-koeficienti gamoTvlilia aqtivaciis meTodiT [20]. 
Jangbadis koncentracia 9.1mkm pikis farTis proporci­

ulia. vinaidan, am talRis sigrZeze daikvirveba piki, romelic 
dakavSirebulia siliciumis meseris rxevebTan, eqsperimen­
tulad ganisazRvreba saerTo Jangbadi-meseris pikis farTi. 
STanTqma, romelic gansazRvrulia JangbadiT, ganisazRvreba 
rogorc pikis farTis da im farTobs Soris sxvaobiT, rome­
lic dakavSirebulia meseris rxevebTan. zusti gamoTvlebi­
saTvis gamoiyeneba cnobili miaxloebiTi integrirebis meTo­
di _ trapeciis meTodi.
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Jangbadis qceva. siliciumis miRebis teqnologiuri pro­
cesis dros kontroldaumqvedebare Jangbads, imyofeba ra 
airad mdgomareobaSi, an myar xsnarSi, SeuZlia ganicados 
cvlilebebi gacxelebisas. Jangbadi ixsneba siliciumis 
nadnobSi dnobis temperaturis zemoT (14140C). roca sili­
ciumi civdeba, garemos temperaturamde warmoiqmneba ze­
gajerebuli mdgomareoba. 1270K-ze dabal yvela tempera­
turaze Jangbadi_siliciumis myari xsnari zegajerebulia, 
rac iwvevs mis daSlas. zedmeti maRali koncentraciebiT 
stabiluri xsnarisTvis mocemul temperaturaze Jangbadi 
CaiWireba siliciumis meseriT da warmoqmnis sxvadasxva sa­
xis kompleqsebsa da struqturul defeqtebs. amrigad, Jan­
gbadi SeiZleba iyos ara mxolod atomurad dispersirebul 
(Canergil) mdgomareobaSi. siTbos damuSavebis pirobebidan 
gamomdinare, Jangbadis atomebi SeiZleba dakavSirebuli 
iyvnen kristaluri meseris defeqtebTan, iyos meseris vakan­
siebSi, an Seqmnas Jangbadis ramdenime atomis kompleqsi, an 
iyos dagrovebis saxiT dislokaciebze da sxva arasrul­
yofilobaze. amitom, siliciumis gazrdil monokristalSi 
Jangbadis atomebis mxolod 95% meseris struqturis kvan­
Zebs Sorisaa Canergili. kvanZebs Soris Canergili Jangba­
dis atomebi ki ZiriTadad ar axdenen gavlenas siliciumis 
eleqtrul maxasiaTeblebze. xsnadobis zemoT Jangbadis 
atomebi siliciumis energetikul akrZalul zonaSi war­
moqmnian damatebiTi doneebs da am gziT axdenen gavlenas 
kristalebis eleqtrul Tvisebebze. Jangbadis atomebis ama 
Tu im mdgomareobaSi yofna siliciumSi ar aris calsaxa. 
Jangbadis atomebma siliciumis kristalur meserSi SeiZ­
leba daikavon sxvadasxva poziciebi. Sesabamisad, Jangbadis 
atomebi sxvadasxva gziT gamovlindnen eleqtrul da opti­
kur gazomvebSi. amrigad, Jangbadis qceva siliciumSi ar aris 
trivialuri, rTulia da damokidebulia bevr faqtorze.
Jangbadis gavlena siliciumis Tvisebebze. Jangbadis atomebis 
xsnadobis zemoT siliciumis gaxurebisas im temperature­
bamde, romlebic aniWebs Jangbads mobilurobas, daikvirveba 
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siliciumis gamoyofis tendencia SiOx saxiT. roca Jangbadi 
gamoiyofa xsnaridan, man SeiZleba Camoayalibos eleqtronu­
lad aqtiuri defeqtebi, romlebic gavlenas axdenen silici­
umis firfitebze damzadebuli mowyobilobebis maxasiaTeb­
lebze. Teoriulad Jangbadis precipitatebis garkveul 
tipebs SeuZliaT gamoqaCon liTonis minarevebi siliciumSi. 
am movlenebis kontrolisTvis saWiroa Jangbadis atomebis 
koncentraciis marTva im siliciumis firfitebSi, romelnic 
gaTvaliswinebulia xelsawyos Sesaqmnelad. 

7.2.3. siliciumis dabinZureba JangbadiT da naxSirbadiT
siliciumis kristali amowevis maRali temperaturebis 

pirobebSi aqtiur urTierTqmedebaSia kvarcis tigelTan [21]: 

			   Si+SiO
2
>2SiO		   	 (7.3) 

da grafitTan. gaxurebuli grafiti Sedis reaqciaSi kvarcTan 
da warmoiqmneba siliciumis karbidi da naxSirbadis orJangi 
Semdegi reaqciiT:

			   2C+SiO
2
→SiC+CO

2
 ↑ 		  (7.4)

airadi CO
2 reagirebs gavarvarebul grafitTan da qmnis 

naxSirbadis Jangs 

			   CO
2
+C→2CO 			   (7.5)

maRal temperaturebze da dabal wnevebze CO da SiO airad 
mdgomareobaSia. qimiuri reaqciebis airadi produqtebi CO 
da SiO grovdeba samuSao kameraSi, uvlis gars dedamdnaris 
zedapirs, nawilobriv ixsneba masSi da abinZurebs mas. amave 
dros warmoqmnili produqtebi Sedian urTierTqimiur reaq­
ciaSi da warmoqmnian Zneldnobad produqtebs:

			   CO+2Si→SiC+SiO 		  (7.6)

			   CO+3SiO→SiC+2SiO
2
 	  	 (7.7) 	  
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Tavi 8

siliciumis gamoyeneba mrewvelobaSi

mTis qanebidan eqstrahirebuli siliciumi (98won%), ro­
melic cnobilia rogorc metalurgiuli (teqnikuri) sili­
ciumi (MG-Si), intensiurad didi masStabiT iwarmoeba mZime 
mrewvelobisTvis, ZiriTadad aluminis Senadnobebisa da fo­
ladis warmoebaSi.

xolo metalurgiuli siliciumis mcire nawili iwmindeba 
Semdgom naxevargamtaruli mrewvelobisTvis. amrigad, meta­
lurgiuli klasis siliciumi aris gadamwyveti safexuri sili­
ciumis Semdgomi, ufro maRali klasis damuSavebis procesSi. 
eleqtronuli mowyobilobebis da mzis elementebis warmoe­
bisTvis ukiduresi sisufTavis pirobebi moiTxoven metalur­
giuli siliciumis (MG-Si) damatebiT gamwmend etapebs. 

8.1. siliciumis gamoyeneba mZime mrewvelobaSi
siliciumi ar aris toqsikuri, rac iZleva misi gamoye­

nebis saSualebas nebismier mrewvelobaSi da amavdroulad ar 
aqcevs teqnologiur process potenciurad saSiS procesad. 
siliciumis naklia simyifis Sexameba karg simtkicesTan. ami­
tom, siliciumi ar gamoiyeneba mzidi konstruqciebisTvis, 
magram siliciumis gamoyeneba teqnologiur procesebSi Se­
saZlebels xdis masalebis zedapiris sworad damuSavebas, 
rac mniSvnelovania xelsawyoTmSeneblobisTvis. 

Si aris Zlieri deoqsidizatori. es Tviseba gansazRvravs 
ZiriTad mimarTulebas Si-is gamoyenebisaTvis metalurgia­
Si _ rogorc Senadnobis erTerT komponents [1]. metalur­
giuli, anu teqnikuri siliciumi gamoiyeneba metalurgiaSi 
ZiriTadad Jangbadis mosacileblad liTonebis nadnobidan, 
kerZod, foladis, Tujis da zogierT sxva Senadnobis deoq­
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sidizaciisTvis da aris legirebuli liTonebis Senadnobebis 
Semadgeneli nawili.

foladisTvis 2%Si-s damateba zrdis mis gamZleobas da 
elastiurobas, agreTve drekadobisa da SekumSvis procents 
da kveTis farTobs maRali zemoqmedebis winaaRmdegobis 
dros. aseTi foladi gamoiyeneba rogorc sakonstruqcio ma­
sala. 

koroziisadmi da maRali temperaturisadmi mdgradi meta­
lurgiuli siliciumis Senadnobebis da foladis warmoeba 
Seucvlelia mravali sxva mowyobilobisTvis. didi masStabiT 
siliciumi iwarmoeba ferosiliciumis saxiT. ferosilici­
umi (FeSi) aris rkinisa da siliciumis Senadnobi, siliciumis 
cvalebadi SemcvelobiT 10%-dan 90%-mde. igi gamoiyeneba 
rogorc egreT wodebuli mTavari Senadnobi foladis war­
moebaSi, romelsac is emateba mcire raodenobiT mza pro­
duqtis Tvisebebis dasaregulireblad. ferosiliciums 
iyeneben samxedroebi, raTa swrafad warmoqmnan wyalbadi 
aerostatebisTvis.

gansakuTrebiT saintereso da mniSvnelovania rkina da si­
liciumis Senadnobebis, e.w. siliciumis foladebis gamoye­
neba eleqtrul mrewvelobaSi (Zravebi, transformatorebi 
da a.S.). naxSirbadis dabali Semcvelobis siliciumis fola­
debs, anu eleqtroteqnikur foladebs, aqvT SesaniSnavi mag­
nituri Tvisebebi transformatoris gularis Sesaqmnelad. 
siliciumis CarTuloba foladSi xels uwyobs histerezis 
danakargebis Semcirebas. amiT foladis magnituri gamta­
rianoba umjobesdeba, rac iwvevs magnituri velis gaZlie­
rebas transformatorSi da transformatoris efeqturobis 
zrdas. eleqtroteqnikuri foladi agreTve gamoiyeneba sxva­
dasxva eleqtromowyobilobis magnituri sqemebis warmoebaSi 
_ eleqtromagnitebi, generatorebi, eleqtroZravebi, dro­
selebi, sareleo magnituri sqemebi, ferorezonansuli Zabvis 
stabilizatorebi da a.S [2].

upiratesad, metalurgiuli siliciumi gamoiyeneba alu­
minis CamosxmisTvis, aluminis Senadnobi produqtebis Se­
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saqmnelad [3]. alumini aris rCeuli liToni, radgan is gamZle, 
saimedo da msubuqia. metalurgiuli siliciumTan Serwymi­
sas, aluminis dadebiTi Tvisebebi kidev ufro Zlierdeba, rac  
qmnis maRalefeqtur Senadnobebs (siluminis Senadnobebs), 
romelTa erTerTi yvelaze gavrcelebuli gamoyenebaa sa­
avtomobilo industria da romelic moixmars mrewveloba­
Si gamoyenebuli metalurgiuli siliciumis 55%-s. alumin­
Si siliciumis mniSvnelovnad maRali raodenoba (12%) qmnis 
evteqtikur narevs, romelic myardeba Zalian mcire Termuli 
SekumSviT. es mniSvnelovnad amcirebs rRvevas da bzarebs, 
romlebic warmoiqmneba stresisgan. siliciumi aseve mniS­
vnelovnad aumjobesebs aluminis simtkices da, Sesabamisad, 
cveTamedegobas.

Si-Al maRalefeqturi Senadnobebi gamoiyeneba agreTve 
eleqtro satransporto saSualebebis iseTi nawilebis dasam­
zadeblad, rogoricaa korpusi, Zravebi, borblebi da xraxne­
bi. metalurgiuli siliciumi brinjaos Senadnobis da silu­
minis (aluminis Senadnobi siliciumTan: fuZe Al, 4%-22 % Si da 
Fe, Cu, Mn, Ca, Ti, Zn minarevebi) erT-erTi komponentia.

metalurgiuli siliciumi gamoiyeneba agreTve silanebis, 
organosiliciumis masalebis warmoebaSi, wyalbadis warmoe­
bis sferoSi da plastmasis mrewvelobaSi. 

rogorc antibloki (danamati), siliciumi qmnis naerTebs 
TiTqmis yvela liTonTan -silicidebs. silicidebi xSirad 
gamoiyeneba birTvul da eleqtronul mrewvelobaSi. yvela 
silicidi gansxvavdeba SeduRebis unariT da simtkiciT da 
gamoiyeneba Sesabamis adgilebSi: gazis turbinebi, Rumelis 
gamaTboblebi da sxva. silicidebs aqvT mravali sasargeblo 
Tviseba, rogoricaa Jangvisadmi da neitronebisadmi mdgra­
doba da a.S. rigi elementebis silicidebi erT-erTi yvelaze 
mniSvnelovani masalaa TermoeleqtrobisTvis. siliciumis 
mravalricxovani da mravalferovani naerTebi SuSis, kera­
mikis, aguris, faifuris, brolis, cementisa da betonis da a.S. 
warmoebis safuZvelia. maT warmoebas axorcielebs silika­
turi mrewveloba. Tanamedrove mSenebloba dafuZnebulia 

https://ru.wikipedia.org/wiki/%D0%9A%D1%80%D0%B5%D0%BC%D0%BD%D0%B8%D0%B9
https://ru.wikipedia.org/wiki/%D0%96%D0%B5%D0%BB%D0%B5%D0%B7%D0%BE
https://ru.wikipedia.org/wiki/%D0%9C%D0%B5%D0%B4%D1%8C
https://ru.wikipedia.org/wiki/%D0%9C%D0%B0%D1%80%D0%B3%D0%B0%D0%BD%D0%B5%D1%86
https://ru.wikipedia.org/wiki/%D0%9A%D0%B0%D0%BB%D1%8C%D1%86%D0%B8%D0%B9
https://ru.wikipedia.org/wiki/%D0%A2%D0%B8%D1%82%D0%B0%D0%BD_(%D1%8D%D0%BB%D0%B5%D0%BC%D0%B5%D0%BD%D1%82)
https://ru.wikipedia.org/wiki/%D0%A6%D0%B8%D0%BD%D0%BA
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sxvadasxva silikatebze (siliciumis mJavas marilebi). didi 
popularobiT sargeblobs silikatisgan damzadebuli webo, 
igi gamoiyeneba rogorc `saSrobi~ mSeneblobaSi da piroteq­
nikur warmoebaSi qaRaldis webosTvis. 

Tanamedrove konstruqciebi efuZneba silikatebis mra­
valferovnebas. mina aq yvelaze sainteresoa. igi dafuZnebu­
lia aluminosilikatebze, magram sxva nivTierebebis umniSvne­
lo minarevebi, Cveulebriv oqsidebi, aZlevs masalas uamrav 
gansxvavebul Tvisebas, maT Soris fers. 

siliciumis gamoyenebis speqtri gafarTovda: energiis Se­
naxva da globaluri qimiuri industria. siliciumi aucile­
belia aluminis da qimiuri produqtebis warmoebisTvis, 
radgan is uzrunvelyofs maT arsebiT Tvisebebs.

siliciumis naerTebi aris nedleuli didi da mzardi sam­
rewvelo da samomxmareblo produqtebisTvis, rogoricaa si­
likonis rezinis nawilebi, ureTanis qafi, daluqva, adhezive­
bi, sapoxi masalebi, sakvebi danamatebi, safarebi da kosmetika. 
batareis anodSi grafitis nacvlad siliciumis CarTvam Se­
iZleba mniSvnelovnad gazardos batareis efeqturoba. sili­
ciumis anodis teqnologiis mimdebare inovaciebi perspeqti­
ulia. magram siliciumis warmoeba energo intensiuria, rac 
zrdis mis warmoebis Rirebulebas. 

8.2. siliciumis gamoyeneba rogorc sawvavi
dRes energiis gamomuSaveba aucileblad dakavSirebulia 

dedamiwis atmosferoSi wvis produqt naxSirorJangis airis 
CO

2 
Semcvelobis zrdasTan, rac msoflio masStabis udidesi 

problemaa. siliciumis gamoyeneba rogorc sawvavi gandevnis 
naxSirbads da Jangbads energetikidan.

cnobilia, rom energiis miReba SesaZlebelia ara mxolod 
naxSirwyalbadebis dawviT aTiaTasobiT tona CO

2
 reaqciis 

produqtis gamoyofiT, aramed qimiurad sxva elementebis ur­
TierTqmedebiT, romlebic aranakleb gavrcelebulia Cvens 
planetaze, vidre cnobili naxSirwyalbadebi. aseT elements 



145

miekuTvneba siliciumi. siliciumi ar aris aalebadi, magram 
mas SeuZlia iwvodes garkveul pirobebSi. siliciumis wvas 
ar axlavs atmosferoSi saTburis airebis, pirvel rigSi, nax­
SirorJangis gamoyofa. siliciumis wva tovebs `nacars~ imave 
qviSis da nitratebis saxiT. amrigad, siliciums aqvs kidev er­
Ti SesaniSnavi gamoyeneba: is SeiZleba gamoyenebul iqnas ro­
gorc sawvavi. am ideis ganxorcieleba dakavSirebulia bevri 
teqnologiuri promlemis gadawyvetasTan, magram ganxorcie­
lebadia. 

8.2.1. siliciumis dawva JangbadSi
Tu siliciumi daiwveba JangbadSi maSin miiReba 205kkal/

mol. sainteresoa siliciumis wvis siTbo Sedardes dRes arse­
buli naxSirwyalbadebian sawvavebis wvis siTbos sidideebTan. 
magaliTad, bunebrivi airis, anu airTa nazavis mTavari kom­
ponentis meTanis _ organuli binaruli naerTis (CH

4
) dawvi­

sas gamoiyofa 210kkal/mol, benzinis dawvisas-170 kkal/mol, 
xolo naxSiris dawvisas gamoiyofa 94 kkal/mol. 

amrigad, siliciumi, rogorc sawvavi, ukeTesia da momge­
biania vidre naxSiri da TiTqmis tolfasia bunebrivi airisa. 
magram siliciumis, rogorc sawvavs, gamoyenebas azri aqvs Tu 
mis miRebas dasWirdeba naklebi energia, vidre is energia, ro­
melic gamoiyofa misi miRebis procesis dros. 

cnobilia, rom roca qviSas kaJbads SiO
2
 acxeleben maRal 

gansazRvrul temperaturaze is iSleba mis Semadgenel nawi­
lebad siliciumad da Jangbadad: 

			   SiO
2(myari)

 → Si
(myari)

 + O
2(airi)

 	 (8.1)

am dros ixarjeba 205kkal/mol. radgan siliciumi iwveba 
JangbadSi miiReba isev 205kkal/molze, romelic gamoiyofa 
siliciumis dawvisas. amrigad, aseTi xerxiT miRebuli sili­
ciumis gamoyeneba rogorc sawvavisa, kargavs azrs. amitom, 
siliciumis gamoyeneba rogorc sawvavisa, momgebiania Tu is 
aRdgenilia SiO

2
-dan gaxurebiT naxSiriT Semdegi reaqciis 

mixedviT:

https://ka.wikipedia.org/wiki/%E1%83%90%E1%83%98%E1%83%A0%E1%83%98
https://ka.wikipedia.org/wiki/%E1%83%91%E1%83%98%E1%83%9C%E1%83%90%E1%83%A0%E1%83%A3%E1%83%9A%E1%83%98_%E1%83%9C%E1%83%90%E1%83%94%E1%83%A0%E1%83%97%E1%83%98
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			   SiO
2
 + 2C = Si + 2CO↑ 		  (8.2)

es reaqcia iTxovs narevis gaxurebas wiTel gavarvare­
bamde. roca naxSiri miierTebs Jangbads Semdeg reaqcia Ta­
vis Tavs uzrunvelyofs energiiT. reaqciis dros ixarjeba 
94kkal/molze, rac bevrad naklebia SiO

2
 wvis dros JangbadSi. 

es aixsneba naxSirbadis maRali qimiuri swrafviT silicium­
Tan. amitom siliciumis miReba naxSirbadiT aRdgeniT SiO

2
 kaJ­

badidan misi sawvavad gamosayeneblad momgebiania. 
ekonomikis TvalsazrisiT momgebiania maRali xarisxis 

naxSiris gamoyeneba. dabali xarisxis naxSirbadi Seicavs go­
girds da sxva mavne garemosTvis nivTierebas. TviT siliciu­
mis dawva JanbadSi aRiwereba reaqciiT:

			   Si
(myari)

 + O
2(airi)

→SiO
2(myari) 	  

(8.3)

siliciumi iwvis JangbadSi, imis gamo rom, silicium_Jan­
gbadis bmebi bevrad ufro Zlieria, vidre siliciumi_sili­
ciumis bmebi. magram siliciumis naWris cecxlze danTeba 
iseTive rTulia, rogorc almasis cecxlze danTeba. am orive 
myar sxeuls aqvs msgavsi, mWidrod SefuTuli kristaluri 
struqtura.

8.2.2. siliciumis dawva wylis orTqlSi
garkveul pirobebSi, katalizatoris arsebobisas, SesaZ­

lebelia siliciumis urTierTqmedeba wylis orTqlTan:

		  Si
(myari)

+2H
2
O

(airi)
→SiO

2(myari)
+2H

2(airi) 	
(8.4)

miiReba wyalbadi da gamoiyofa 205 kkal/mol. (8.4) reaqci­
iT miRebuli wyalbadi SeiZleba gamoyenebul iqnas rogorc 
sawvavi: 

	  	 2H
2(airi)

+O
2 (airi)

→2H
2
O

(airi) 		
(8.5)

reaqcias Tan axlavs daaxloebiT 70kkal/mol siTbos gamo­
yofa, sul daaxloebiT 270kkal/mol. es momgebiani procesia, 
radgan amis garda gamoiyofa 205kkal/mol siTbo da qviSa 
SiO

2(myari)
, romelic kvlav SeiZleba gamoyenebul iqnas silici­

umis misaRebad da a.S. procesi meordeba. am dros ixarjeba 
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marto naxSiri. vinaidan miiReba meti siTbo es ufro momgebi­
ani procesia, vidre zemoT moyvanili procesi (8.3 ) reaqciiT. 

8.2.3. siliciumis dawva azotSi
siliciumi garkveul pirobebSi iwvis azotSic [4]. aRmoC­

nda, rom siliciumi Zlierad urTierTqmedebs azotTan 5000C 
temperaturaze, Tu is Zlierad daqucmacebulia da katali­
zatorad gamoyenebulia spilenZis oqsidi. amrigad, erT-er­
Ti yvelaze inertuli airi, azoti CarTulia reaqciaSi da 
siliciumis dawvisas azotSi gamoiyofa 180kkal/mol siTbo. 
Tumca am SemTxvevaSi gamoiyofa naklebi siTbo, magram sili­
ciumis azotSi dawvas aSkarad aqvs upiratesoba. 

azotis atmosferoSi siliciumis wvas ar axlavs saTbu­
ri airis_naxSirorJangis airi, romelic isedac bevria haer­
Si, gamoiyofa atmosferoSi da Tavad wvis procesis Sedegad 
miiReba reaqciis produqti_ igive qviSa. magram procesi 
mimdinareobs ara Jangbadis, aramed nitridis safuZvelze. 
amrigad, `nacris~ nacvlad, gamoiyofa siliciumis nitridi 
Si

3
N

4
, saidanac mogvianebiT SeiZleba miRebul iqnas iafi amia­

ki, rac safuZvelia azotis warmoebisTvis. azoti bevria haer­
Si. siliciumis nitridis `nacridan~ SeiZleba miRebuli iyos 
iafi amiaki, romelic varga rogorc Zalian ZviradRirebuli 
azoturi sasuqi da iafi wyalbadi. 

8.3. siliciumis gamoyeneba Termuli  
energiis Senaxvis sistemebSi

siTbos monitoringi. yoveldRiur cxovrebaSi gamoyenebu­
li kompaqturi eleqtronuli mcire zomis xelsawyoebi Tan­
daTan xdeba sul ufro patara, gluvi da msubuqi. es garda­
uvlad arTulebs maT Sinagan geometrias, rac gamowveulia 
maTi moculobis SemcirebiT. Sedegad am xelsawyoebSi siT­
bos saTanado gafrqveva xdeba problemad. damatebiT uka­
belo teqnologiebis ganviTareba sagrZnoblad zrdis mwar­
moeblurobas, simZlavres da funqcionalur aqtivobas. im 
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dros, roca farTovdeba eleqtronikis funqciebis sfero, 
datvirTva procesorebze am xelsawyoebSi xdeba cvaleba­
di da savaraudod iwvevs simZlavris rxevebs. anu Sesabamisi 
siTbos marTvis gareSe temperaturis mateba gamoiwvevs xel­
sawyos muSaobis gauaresebas an gamoyvanas mwyobridan da dis­
komforts masTan muSaobisas. magaliTad, Tu mowyobilobis 
temperatura izrdeba 10°C -20°C, warumateblobis maCvenebel­
ma SeiZleba gaizardos 100%-iT [5]. 

Tumca, siTbos marTvis problema ar Semoifargleba eleq­
tronikiT. problemaa iseTi sistemebis SemuSaveba, romleb­
sac SeuZliaT energiis efeqturad Senaxva da roca es saWiro 
iqneba, is gamoyenebuli iqnas [6]. aseTi sistemebi, aucilebe­
lia, magaliTad, ganaxlebad energiaze dafuZnebuli eleq­
trosistemebis marTvisTvis [7,8].

siTburi energiis moxmarebis uwyvetma zrdam warmoSva 
siTbos monitoringis problema. siTburi energiis SeZena, 
Senaxva da gacema (gagrileba) gadasawyveti amocanaa msoflio 
masStabiT. siTburi energiis monitoringis sistemebi moi­
caven sxvadasxva teqnikur (meqanikur, eleqtroqimiur, qimi­
ur, eleqtruli da siTbur) meTodebs, romlebic uzrunvel­
yofen wonasworobas energiis momaragebasa, gamoyenebasa da 
gacemas Soris. 

siTburi energiis pirdapiri Senaxva Tavidan icilebs ener­
giis erTi formidan meoreSi gadasvlis aucileblobas da, Se­
sabamisad, amcirebs gardaqmnis danakargebs. siTburi energi­
is Senaxvis sistemebSi Warbi energia, miRebuli sxvadasxva 
procesebis gamoyenebiT, inaxeba Semnaxvel garemoSi, rogorc 
Sinagani energia, Semdgomi gamoyenebisTvis. siTburi energi­
is Senaxvis sistemebi dayofilia sam sxvadasxva kategoriad: 
mgrZnobiare (kuTri siTbotevadoba), faruli siTbos Senaxva 
da Termoqimiuri siTbos Senaxva [6]. 
siliciumi-fazurad cvladi masala. siTburi energiis Senax­
vis sistemebis SemuSavebis sxvadasxva SesaZlo gadawyvetile­
bebs Soris gamoirCeva is sistemebi, romlebic dafuZnebulia 
fazurad cvlad masalebis farul siTbos Senaxvaze. maT aqvT 
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didi potenciali Caanacvlon farTomasStabiani energiis 
moTxovnileba da moaqvT rogorc ekonomokuri ise ekologi­
uri sargebeli. 

fazurad cvladi masala iseTi nivTierebaa, romelic ga­
moyofs an STanTqavs sakmaris energias anu farul energias 
(siTbos), ucvleli temperaturis pirobebSi fazuri gadas­
vlisas, raTa uzrunvelyos sasargeblo siTbos miwodeba an 
gagrileba. fazurad cvladi masalebis pasiuri siTbos gamo­
yenebaze dafuZnebuli siTburi energiis Senaxvis sistemebSi 
ar moixmareba damatebiTi energia da ar aris saWiro moZravi 
komponentebi. fazurad cvladi masalebis sistemebi moicaven 
siTbos regulirebis sistemebis farTo speqtrs, maT Sori­
saa energiis moZiebis, Senaxvis da eleqtronuli gagrilebis 
sistemebi [9,10].

sistemebi, romlebic dafuZnebulia fazurad cvlad ma­
salebze, sadac energia inaxeba faruli energiis saxiT, 
yvelaze efeqturia, radgan uzrunvelyofen gacilebiT ma­
Rali simkvrivis energiis (Senaxuli energia moculobis er­
TeulSi) Senaxvas, Senaxuli da gamoyofili siTbos Soris 
ufro mcire temperaturis sxvaobiT [6]. 

fazurad cvlad masalebs SeuZliaT daareguliron siTbu­
ri energiis gamoyenebis farTo speqtri, kerZod, isini siTbu­
ri energiis Senaxvis sistemebis sakvanZo elementebia da gan­
sazRvraven maT funqcionirebas da uzrunvelyofen energiis 
maRal simkvriveebs. rogorc wesi, aseTi masalebi iafia. amave 
dros gasaTvaliswinebelia, rom siTbos eqstraqciis maRali 
siCqare dakavSirebulia masalis maRal siTbogamtarobasTan 
myar mdgomareobaSi. 

amrigad, siTburi energiis Senaxvis sistemebisTvis sau­
keTesoa is fazurad cvladi masalebi, romlebsac aqvT gar­
kveuli Tvisebebi: faruli siTbos maRali simkvrive, maRali 
siTbogamtaroba da siTbotevadoba, kongruentuli dnoba da 
moculobis mcire cvla fazuri gadasvlis dros, dabali ze­
gaciveba, kristalis zrdis maRali siCqare, qimiuri mdgrado­
ba, qimiuri daSlis dabali mgrZnobeloba, aratoqsikuri da 
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araaalebadi qceva, iafi da komerciulad misawvdomi Warbad 
[6,10]. 

amis garda, rogorc wesi, faruli siTbo miT metia, rac ufro 
maRalia nivTierebis dnobis temperatura. amitom, Termuli 
energiis Senaxvis sistemebisTvis sainteresoa maRali dnobis 
temperaturis mqone masalebi. nax. 8.1-ze naCvenebia fazurad 
cvladi masalis mier siTbos STanTqmis da emisiis procesi.

nax.8.1. fazurad cvladi masalis fazuri gadasvlis profili

energoresursebis Senaxvis axali teqnologiebis SemuSave­
bisTvis konkurentuli RirebulebiT da uxvi dedamiwaze da 
iafi, usafrTxo da zemoT CamoTvlili Tvisebebis masalebis 
gamoyenebiT erTerTi idealuri masalaa siliciumi. silici­
umi miekuTvneba fazurad cvlad masalebs da iqna aRiarebuli, 
rogorc perspeqtiuli masala energiis SenaxvisaTvis maRal­
temperaturul sistemebSi. aq miRebulia mxedvelobaSi misi 
ukiduresad maRali faruli siTbo (1800 j/g an 500 vt-sT/kg) 
kombinaciaSi zomierad maRal dnobis teperaturasa (14140C) 
da maRal siTbo gamtarobasTan (~25vt/mK -30 vt/mK) (danarTi 
1). amas Tan erTvis siliciumis dabali Rirebuleba ($2/kg-ze 
naklebi an $4/kvt/sT) da siWarbe dedamiwaze [10]. 
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siliciumze dafuZnebuli sistema iZleva siTburi energi­
is uzarmazari simkvrivis ~1 megavat-saaTi/m3 Senaxvis SesaZ­
leblobas, rac 10-20-jer aRemateba tyvia- mJavas batareebis, 
2-6-jer Li-ion batareebis SesaZleblobebs da 5-10-jer kon­
centrirebuli mzis energiis Tanamedrove energiis Senaxvis 
sistemebis SesaZleblobebs. siliciumi energiis erT-erTi 
yvelaze maRali simkvrivesa da yvelaze dabali xarjebis uz­
runvelyofili masalaa arsebuli siTburi energiis Senaxvis 
sistemebis masalebs Soris [11]. 

pirveli eqsperimentebi gamdnar siliciumze warmatebiT 
ganxorcielda samxreT kaliforniis universitetSi (aSS) 
mikroTanamgzavrebisTvis mzis siTburi sistemis SesamuSa­
veblad [12].

fazurad cvlad masalebze dafuZnebuli energiis Senax­
vis sistemebSi Senaxuli energia faruli energiis saxiT SeiZ­
leba gardaiqmnas eleqtroenergiaSi, rac saWiroa, magali­
Tad, Termofotovoltaikuri elementebisTvis [13]. Termuli 
energiis Senaxvis sistemebi gamoiyeneba agreTve, Termoio­
nur [14], hibridul Termoionur-fotovoltaikur [15] da sxva 
xelsawyoSi.
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Tavi 9

mzis elementebi

9.1. mze-alternatiuli da ganaxlebadi 
energiis wyaro
pirveladi energiis wyaroebs aqvT mravali forma, maT 

Sorisaa birTvuli energia, wiaRiseuli energia (navTobi, qva­
naxSiri, bunebrivi airi) da ganaxlebadi wyaroebi (qari, mzis, 
geoTermuli da hidroenergia). sazogadoebis mier miRebuli 
am wyaroebidan ZiriTadi energiis moxmarebuli saxeoba eleq­
trulia. energiis yvela arsebuli wyaro gardaiqmneba eleq­
trulSi da saWiroebs sakmarisad rTul Sualedur deficitur 
masalebisgan damzadebul agregatebs da masalebs. gamonak­
liss warmoadgenen fotoeleqtruli, Termoeleqtruli, Ter­
moemisiuri da magnito-hidrodinamiuri meTodebi. es meTode­
bi ara marto gamoricxaven Sualedur agregatebs, aramed 
amartiveben gardaqmnis procesebs da zrdian maT saimedobas. 

mcire energetikaSi (ramodenime aTasi vatamde) alterna­
tiuli da ganaxlebadi energiis wyaroebs Soris naxevargam­
tarul fotoeleqtrul gardaqmnelebs gansakuTrebuli 
adgili ukavia mTel msoflioSi. TiTqmis yvela danarCeni 
ganaxlebadi energiis wyaro (hidroenergia, meqanikuri, geo­
Termuli da sxva) xasiaTdeba SezRuduli SesaZleblobebiT 
da maTi gamoyeneba dakavSirebulia did sirTuleebTan. Tu 
gaviTvaliswinebT eleqtroenergiis moxmarebis Tanamedrove 
gazrdil dones, tradiciuli miwis wiaRiseuli resursebis 
Semcirebas da amowurvas, ukanasknel wlebSi katastrofebs 
atomur sadgurebze (Cernobili, pensilvania, fukuSimo), 
gasagebia didi interesi fotoenergetikisadmi mzis energiis 
dauSreteli wyaroTi. mzis energiiT eleqtrobis generaci­
asTan dakavSirebul teqnologiasa da kvlevis sferos lite­
raturaSi uwodeben fotovoltaiks (Photovoltaics). 

http://en.wikipedia.org/wiki/Photovoltaics
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fotoeleqtroba aris mzis gamosxivebis erTsafexuriani 
pirdapiri gardaqmnis procesi eleqtrobaSi mzis elemen­
tebis gamoyenebiT. fotoenergetika ki aris mzis energiis ga­
moyenebis martivi da moxerxebuli meTodi. fotoenergetikas 
dasWirda xangrZlivi ganviTarebis gzis gavla vidre moiZebna 
ekonomikurad mizanSewonili didi raodenobis energiis miRe­
bis teqnikuri gadawyveta da masStabebis gazrda. 

fotovoltaikuri efeqti aRmoCenili iyo frangi fizikosis 
a.bekerelis mier 1839 wels. es iyo mzis elementebis teqnologi­
is dasawyisi. gavida xangrZlivi 44 weli da pirveli fotoele­
menti damzadda selenze 1876w v.adamsis da r.evansis mier. magram 
mzis elementi iyo Zalian araefeqturi. margi qmedebis koefici­
enti (mqk,η) anu gamomuSavebuli energiis Sefardeba fotoele­
mentze dacemuli mzis energiasTan iyo 1%-2%. 

1905 wels a.ainSteinma Camoayaliba martivi, magram gardam­
texi Teoria, romelic Zalian kargad xsnida fotoeleqtrul 
movlenebs, fotonebis STanTqmas sinaTlis sixSiresTan dakav­
SirebiT [1]. 18 wlis Semdeg am naSromSi man miiRo nobelis pre­
mia. gavida as welze meti fotovoltaikuri efeqtis aRmoCenis 
Semdeg da mxolod 1950 wlebSi gamoCndnen pirveli fotoe­
leqtruli xelsawyoebi. ase rom sxva tradiciuli eleqtro­
bis generaciis teqnologiebTan SedarebiT fotoeleqtruli 
sistemebi energetikul bazarze SedarebiT axlebia.

pirveli cnobebi Si-is mzis elementebze gamoqveynda 1954 
wels, roca cnobil Bell Laboratories sakvlevo centrSi damuSave­
buli iyo pirveli fotoelementi siliciumis difuzuri p-n 
gadasvlis fuZeze [2-4]. siliciumi iyo pirveli masala, rome­
lic gardaqmnida mzis sakmaris gamosxivebas eleqtrobaSi da 
realurad gamoyenebuli iqna rogorc energiis wyaro. kaSkaSa 
mzis naTebiT am fotoelementiT warmoebuli eleqtroba iyo 
Zalian Zviri: eleqtruli simZlavris 1 vati Rirda 1000$. am 
dros qvanaxSiridan miRebuli eleqtruli simZlavris 1 vati 
Rirda 2$. Bell Laboratories mier xeliT damzadebuli siliciumis 
mzis elementis margi qmedebis koeficienti iyo 4%, romelic 
Semdgom gaizarda 11%-mde. 
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mas Semdeg Zalian bevri ram gakeTda fotoelementebis 
efeqturobis gazrdisaTvis. am dargis ganviTarebis da 
masStaburi kvlevebis pirveli stimuli modioda kosmosuri 
mrewvelobidan 1960 wlebSi dedamiwis Tanamgzavrebis ener­
giiT uzrunvelsayofad. pirveli Tanamgzavri, romelmac 
gamoiyena mzis panelebi, iyo aSS-s Tanamgzavri Vanguard 1958 
wels Hoffman Electronics mier damzadebuli mzis elementebiT. 
gaCnda interesi dedamiwis stacionaruli sakomunikacio 
Tanamgzavris warmoebisa da gaSvebis mimarT, romelSic mzis 
energia uzrunvelyofda sicocxlisunarian eleqtromoma­
ragebas. es iyo gadamwyveti ganviTareba, romelmac xeli Seuw­
yo ramdenime mTavrobis mier mzis elementebis gaumjobesebi­
saTvis kvlevebis dafinansebas. 

Semdegi stimuli iyo gasul saukuneSi 70-ian wlebis navTo­
bis krizisi, rodesac msoflios yuradReba fokusirebuli 
iyo alternatiuli da ganaxlebadi energiis wyaroebis moZie­
baze dedamiwaze gamosayeneblad. aman xeli Seuwyo gamok­
vlevebis ganviTarebas dedamiwaze fotoeleqtrobis gamo­
yenebisaTvis. Tumca, navTobis krizisi male Sewyda, navTobis 
fasi da alternatiuli energetikisadmi interesi mkveTrad 
daeca 80 wlebSi da mzis elementebis sakvlevi samuSaoebis fi­
nansireba amoiwura. 

`mkvdari periodi~ daeSva `mziur~ samecniero sazogadoe­
baze. Tumca mzis elementebi ki iyvnen ukve gaumjobesebuli 
da ekavaT mowinave pozicia, rogorc energiis alternatiul 
wyaros. swrafad iyo gaTviTcnobierebuli maTi upiratesoba 
da gamoyeneba moSorebuli ubnebis energiiT momaragebisaTvis.  
aman xeli Seuwyo dedamiwaze fotoeleqtrobis warmoebis gan­
viTarebas. daiwyo mzis elementebis gamoyeneba kalkulatoreb­
Si, saaTebSi da sxva mcire zomis, portatiul mowyobilobebSi.

ukve 1980 wlebSi mecnierulma kvlevebma gamoiRes Sedege­
bi da mzis elementebis margi qmedebis koeficientma daiwyo 
zrda. 1985 wels miRweuli iyo margi qmedebis koeficientis 
gazrda 20%-mde. Semdegi aTi wlis ganmavlobaSi mzis ele­
mentebis warmoebis zrda weliwadSi meryeobda 15%-20%-is 
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doneze da ganpirobebuli iyo ZiriTadad moSorebuli obi­
eqtebis energomomaragebis bazriT. 1997 wels mzis elemen­
tebis warmoebis zrdam miaRwia 38%, 2008 wels ki-62%. 

mzis energetikis sistemebis ganviTarebaSi gansakuTre­
biT mniSvnelovani roli Sesrulebuli iyo germaniisa da 
iaponiis saxelmwifoebis mier. 90-ian wlebSi maTze modis am 
teqnologiebis ganviTarebis masStabis mniSvnelovani zrda. 
arsebobs mravali teqnologiuri meTodi, rom miRweul iqnas 
aSS$0.50- 0.75/vat-piki fasiani moduli [5]. mzis mowyobilo­
bis simZlavre gamoixateba vat-pikSi. mzis elementis fasi aris 
mocemuli eleqtruli pikuri simZlavris erTeulze. es aris 
maqsimaluri eleqtruli simZlavre, romelic mzis elements 
SeuZlia gamoimuSaos idealur pirobebSi: mzis koleqtori, 
romelic mimarTulia mzisken uRrublo caSi. mzis panele­
bisTvis idealuri orientacia samxreTia. 

mzis energiis doza mzis eleqtrobis Rirebulebis sakiTxSi 
mniSvnelovani faqtoria. am mxriv jerjerobiT optimalurTan 
miaxloebuli mdgomareoba mxolod ramodenime adgilasaa, maT 
Sorisaa saqarTveloc. saqarTvelos teritoriaze mzis energiis 
mniSvnelovani resursebis gamo mzis energia SeiZleba warmoad­
gendes seriozul alternativas tradiciuli energetikisaT­
vis. rTuli reliefuri (maRalmTiani, Sori, Znelad misadgomi) 
pirobebis gamo mzis fotoeleqtruli sistemebis gamoyenebis 
potenciali saqarTveloSi friad mniSvnelovania [6].

dRes fotoeleqtruli sistemebi gamoiyeneba ara mar­
to moSorebul ubnebSi. praqtikuli da ekonomikuri mize­
zebis garda fotoeleqtruli mowyobilobebi yuradRebas 
ipyroben imiT, rom isini arian eleqtroenergiis warmoebis 
erTerTi yvelaze ekologiurad sufTa wyaro. teqnikosebs 
ar aSinebs arc Rrubliani dReebi, arc mzis sxivebis STanTqma 
atmosferoTi. mzis elementebis warmoeba mudmivad izrdeba 
da sul ufro meti momxmarebeli yavs maT. maTi gamoyenebis 
sfero farToa, dawyebuli ramdenime megavatis simZlavris 
mqone eleqtrosadguridan mzis kalkulatoramde.

mzis elementebi unikaluria imiT, rom isini pirdapir gar­



156

daqmnian dacemuli mzis gamosxivebas eleqtrobaSi uxmaurod, 
dabinZurebisa da moZravi nawilebis gareSe, rac maT saimedo 
da xangamZle energiis wyarod xdis. mzis elementebis muSoba 
dafuZnebulia imave principebze da masalebze, romelTa meS­
veobiT moxda Zlieri gardatexa komunikaciur da kompiute­
rul sistemebSi.

9.2. mzis energiis wyaroebi dedamiwaze da 
`saTburis~ efeqti
dedamiwaze energiis mopovebis ramodenime xerxs Soris 

pirvel rigSia qimiuri da birTvuli sawvavi. qimiuri sawvavi 
aris navTi, bunebrivi airi da naxSiri. birTvuli sawvavi aris 
urani da Toriumi. msubuq elementebs Soris pirvelia wyalba­
di. energiis miRebis meore gza hidroenergia da geoTermiaa.

Termodinamikis kanonebis Tanaxmad arsebobs energiis 
mopovebis mesame xerxi, sadac gamoiyeneba temperaturaTa 
sxvaoba (siTbos nakadi gaxurebuli sxeulidan civisken na­
wilobriv SeiZleba gardaiqmnas meqanikur muSaobaSi). tem­
peraturaTa sxvaoba dedamiwaze gxvdeba nebismier adgilas: 
dedamiwis qerqSi, msoflio okeaneSi da atmosferoSi. yvela 
es SesaZleblobani dakavSirebulia mzis gamosxivebis dace­
masTan dedamiwaze. gamonaklis warmoadgens mxolod atomuri 
da geoTermuli eleqtrosadgurebi. 

mzis gamosxivebis moqmedebis mravalsaxeoba ganpirobebu­
lia pirvel rigSi garkveuli gamosxivebis energiis arse­
bobiT. miuxedavad imisa, rom mze ganixileba calke energiis 
wyarod dedamiwaze da gansxvavebulad birTvuli da wiaRi­
seuli energiis wyaroebidan, mzis energia realurad ama Tu 
im formiT aris dedamiwaze arsebuli mTeli energiis wyaro. 
wiaRiseuli sawvavi (navTi, naxSiri, bunebrivi airi) aris arse­
biTad milioni wlebis win Senaxuli mzis energia. 

hidroeleqtroenergiac ki warmoqmnilia mzisagan. hidro­
eleqtrosadgurebi iyeneben wylis mimoqcevas bunebaSi. ufro 
metic, maTi muSaoba SeuZlebelia wylis aorTqlebis gareSe 
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da energiis simZlavre damokidebulia mzis mier wylis aor­
Tqlebaze. wylis Semdgomi dabruneba dedamiwaze wvimis saxiT 
uzrunvelyofs wyalsacavebs wyliT. 

dedamiwa Rebulobs mzis sxivebis mxolod mizerul nawils. 
magram es wilic kolosaluria da sakmarisia nebismieri pro­
eqtis gansaxorcieleblad.

eleqtroenergiis warmoebis tradiciuli teqnologie­
bi Zlier azianeben garemos (toqsikuri mZime liTonebi, 
gogirdis da azotis Jangeulebi, romlebic atmosferoSi 
gardaiqmnebian gogirdis da azotis mJavebad da brundebi­
an dedamiwaze mJave wvimebis da Tovlis saxiT). gansakuTre­
biT aRsaniSnavia klimatis globaluri daTboba, gamowveuli 
`saTburi~ efeqtiT- `saTburi~ airebis-naxSirwyalbadebis 
Warbi SemcvelobiT haerSi. energiis seqtori aris `saTburi~ 
airebis (naxSiroJangis airi, meTani da sxva) mTavari mwarmoe­
beli wiaRiseuli sawvavis dawvis Sedegad [7,8]. 

es airebi STanTqaven 7mkm-13mkm areSi gamosxivebas, romel­
sac asxivebs dedamiwis zedapiri, inaxaven am energias da xels 
uSlian dedamiwis zedapiris gacivebas. amiT irRveva energiebis 
bunebrivi gacvla mzis dacemul dasxivebasa da dedamiwis 
zedapiridan kosmosSi gasul energias Soris. es ki iwvevs tem­
peraturis zrdas dedamiwaze. amitom dRes msoflio iTxovs 
ekologiurad sufTa energias. varaudoben, rom 2030 wlisaT­
vis mosalodnelia 1-4 gradusiT temperaturis gazrda, rac 
gamoiwvevs savalalo Sedegebs bunebaSi da klimatSi. amis gar­
da sawvavis dawva ara marto aRaribebs dedamiwas, is abinZurebs 
niadags, wyals da haers mavne narCenebis uamravi raodenobiT. 

hidroeleqtrosadgurebTanac ar aris yvelaferi wesrig­
Si. mdinareebis wylis reJimis cvlileba gavlenas axdens kli­
matze da anadgurebs floras da faunas. sawvavis maragi da 
hidroenergiis gamoyenebis SesaZleblobebi mimarTulia amo­
wurvisaken. eWvs gareSea energiis mopovebis yvelaze optima­
luri xerxia mzis gamosxivebis pirdapiri gamoyeneba. es iZle­
va navTis, gazis, naxSiris Canacvlebis saSualebas. magaliTad, 
1kg siliciumi mzis elementebSi 30 wlis ganmavlobaSi gamo­
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imuSavebs 300 mvt.s. aqedan advilia gadaiTvalos (navTobis 
kuTri wvis siTbo 43.7mj/kg), rom 1kg siliciumis mzis ele­
mentebiT gamomuSavebuli eleqtroenergia ekvivalenturia 
daaxloebiT navTobis 75 tonisa. sainteresoa sxvadasxva ti­
pis eleqtrosadgurebis maxasiaTeblebis Sedareba (danar­
Ti 4). is aCvenebs, rom fotoeleqtruli eleqtrosadguri 
yvelaze ekologiurad sufTaa da advilad asagebi (modulis 
konstruqcia).

9.3. mzis gamosxivebis maxasiaTeblebi
mzis gamosxiveba aris mzis mier gamosxivebuli eleqtro­

magnituri gamosxivebis saxeli. mzis gamosxiveba, sxvadasxva 
teqnologiebis gamoyenebiT, SeiZleba daWerili da gardaq­
mnili iqnas energiis sasargeblo formebad, rogoricaa siTbo 
(pirdapiri gaTbobis sistemebi saxuravebze, mzis Rumelebi 
da a.S.) fotosinTezi da eleqtroenergia. Tumca, am teqno­
logiebis teqnikuri mizanSewoniloba da ekonomikuri Sedegi 
damokidebulia konkretul adgilas arsebul mzis resursze. 

mzis gamosxivebis done, romelic modis fotoeleqtrul 
panelebze, gansxvavdeba panelis mdebareobisa da drois in­
tervalebis mixedviT dRis ganmavlobaSi. Sedegad, mzis ga­
mosxivebis done pirdapir gavlenas axdens fotoeleqtrul 
panelebis simZlavreze. amitom, mzis gamosxivebis parametre­
bis codna mzis energetikisTvis umniSvnelovanesi sakiTxia. 
mzis gamosxiveba. mze aris gavarvarebuli airiani sfero, rom­
lis gamosxivebis energiis wyaroa TermobirTvuli reaqciebi. 
mzis wiaRSi atomebis birTvebs Soris mimdinareobs birTvuli 
reaqciebi oc milion kelvinze met temperaturaze_umarTa­
vi TermobirTvuli sinTezi. mTavari am birTvul reaqciebs 
Soris aris wyalbadis gardaqmna heliumSi. gamosxiveba mzis 
birTvidan da Sida fenebidan pirdapir ar daikvirveba, radgan 
Zlierad STainTqmeva wyalbadis atomebiT mzis zedapirTan 
axlos. siTbo gadmoicema konveqciiT am fenebis meSveobiT. 
mzis zedapirs aqvs daaxloebiT 6000K temperatura. mzis 
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energia aris korpuskularuli (protonebis nakadi) da eleq­
tromagnituri bunebis gamosxiveba. mzis energiis ZiriTadi 
nawili amoifrqveva eleqtromagnituri gamosxivebis saxiT 
ultraiisferidan infrawiTel diapazonSi, anu moicavs: xi­
lul sinaTles, ultraiisfer, infrawiTel da radiotalRe­
bis, rentgenul da gama gamosxivebas (nax.9.1).

nax.9.1. eleqtromagnituri speqtri anu eleqtromagnituri 
gamosxivebis talRebis da sixSireebis (kvantebis energiis) speqtri

dedamiwaze dacemuli mzis gamosxiveba xasiaTdeba ramodeni­
me sakvanZo maxasiaTebliT, romlebic gansazRvraven Tu rogor 
urTierTqmedeben dacemuli sxivebi mzis elementTan an sxva 
sxeulTan. mzis gamosxivebis mniSvnelovani maxasiaTeblebia: 
dacemuli Suqis speqtruli Semadgenloba; mzis gamosxivebis in­
tensiuroba; mzis elementze dacemuli sxivebis dacemis kuTxe; 
gansazRvrul zedapirze dacemuli mzis gamosxivebis energiis 
raodenoba wlis an dRis ganmavlobaSi [9-13].
fotonebis nakadi. kvanturi meqanikis Tanaxmad fotoni 
mJRavndeba an rogorc talRa an rogorc nawilaki (nax.9.2).

nax. 9.2. `talRuri paketi~: a) maRali energiis fotoni cisferi 
sinaTlisTvis; b) dabali energiis fotoni wiTeli SuqisTvis;  

g) dabali energiis fotoni infrawiTeli sxivebisTvis

fotonebis nakadi gansazRvras mzis elementiT gamomuSave­
bul dens anu sinaTliT warmoqmnil eleqtronebis raodeno­



160

bas. fotonebis nakadi (Ф) aris fotonebis ricxvi (Ν
fotoni

), ro­
melic ecema mzis elementis farTis erTeulze erT wamSi:

			   Ф=Ν
fotoni

/ m2·wm 		  (9.1).

energiis simkvrive (mzis gamosxivebis intensiuroba). mzis 
gamosxiveba pirvel rigSi xasiaTdeba iseTi parametriT, ro­
goric intensiurobaa, e.i. farTis erTeulze dacemuli ener­
giiT (simZlavriT). es parametri gansxvavebulia dedamiwis 
sxvadasxva regionSi. dedamiwaze mzis gamosxivebis maqsima­
luri intensiuroba daaxloebiT 1300 vt/m2-ia. fotonis tal­
Ris sigrZe an energia da fotonebis nakadi saSualebas iZleva 
gamoiTvalos energiis simkvrive (gamosxivebis intensiuroba 
1vat/m2) mocemuli talRis sigrZisTvis. energiis simkvrive 
ganisazRvreba rogorc fotonebis nakadis (Ф) da erTi foto­
nis energiis namravli. 

			   I= Ф·hc/λ an I=eФ·1.24/λ 	 (9.2), 

sadac λ talRis sigrZea (mkm) da e, h da c –mudmivebia. 
am tolobidan gamomdinareobs, rom erTi da igive inten­

siurobis gamosxivebis miRebisaTvis maRali energiis (mokle 
talRebi) fotonebis SemTxvevaSi saWiroa naklebi fotonebis 
nakadi vidre dabali energiis (grZeli talRebi) fotonebi­
saTvis. 
mzis gamosxivebis nakadis speqtruli simkvrive (Iλ). mzis ele­
mentebis analizis dros sinaTlis wyaros erTerTi gavrce­
lebuli maxasiaTebeli aris mzis gamosxivebis nakadis speq­
traluri simkvrive. es aris energiis simkvrive garkveuli 
talRis sigrZisTvis:

			   Iλ=eФ·1.24/λ2 an Iλ=eФЕ2/1.24 	 (9.3),

sadac Iλ-gamosxivebis nakadis speqtruli simkvrivea  
(vat/m2·mkm); Ф- fotonebis nakadi (Ν

fotoni
/m2·wm), Е- fotonis 

energia (ev).
sruli ganaTeba. gamosxivebis wyaros kidev erTi maxasiaTebe­
lia wyaros sruli naTeba (obieqtis ganaTebuloba). is miiReba 
speqtruli ganaTebulobis integrirebiT yvela talRis sig­
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rZeze an energiebze. magram umravles SemTxvevaSi speqtruli 
ganaTebulobis zusti gantoleba ar arsebobs. 

integrirebis magier speqtruli ganaTebulobas zomaven 
yoveli talRis sigrZisaTvis da Semdeg ajameben. energiis 
simkvrive, romelsac asxivebs mze, gamravlebuli mzis zeda­
piris farTze iZleva mTel energias, romelsac asxivebs mze 
da is tolia 9.5·1025vatisa.
Savi sxeulis gamosxiveba. mzis gamosxivebis WeSmariti speq­
truli intensiurobis dadgena Zalian rTulia. magram mzis 
gamosxiveba, rogorc sxva wyaros gamosxivebac, karg miaxloe­
baSi SeiZleba aiweros absoluturad Savi sxeulis modelis 
gamosxivebiT, romlis speqtruli maxasiaTebeli naCvenebia 
nax.9.3-ze. 

nax.9.3. atmosferos zeda sazRvarze pirdapiri mzis gamosxivebis 
normaluri simkvrivis (1) da 6000K temperaturis absoluturad Savi 

sxeulis gamosxivebis speqtruli maxasiaTebeli (2)

absoluturad Savi sxeuli STanTqavs mTel mis zedapirze 
dacemul yvela talRis sigrZis eleqtromagnitur gamos­
xivebas da arafers areklavs. misi STanTqmis koeficientia 1. 
is asxivebs gamosxivebas, romlis speqtri damokidebulia mis 
temperaturaze. Savi sxeuli Tu ar asxivebs TvalisTvis xi­
lul areSi Cans absoluturad Savad, radgan STanTqavs yvela 
sigrZis talRas. 
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mzis sistemaSi absoluturad Savi sxeulis Tvisebebs umaR­
lesi miaxloebiT flobs mze. mzis elementebisaTvis sain­
teresoa is Savi sxeuli, romelic asxivebs TvalisTvis xilul 
areSi speqtruli ganaTebis maqsimumiT, rogorc mze. Savi 
sxeulis speqtruli ganaTeba aRiwereba plankis gamosxivebis 
kanoniT [10]: 

 			   F(λ) = ----------------------------2πhc2

λ5(exp(------)-1)hc
kλT

		  (9.4), 

sadac λ- gamosxivebis talRis sigrZea, Т- temperaturaa, h, c da 
k – mudmivebi.

am formulis Tanaxmad speqtruli ganaTeba damokidebu­
lia talRis sigrZeze da temperaturaze. Savi sxeulis sruli 
ganaTeba (H

mze
, vat/m2) speqtruli ganaTobis integrirebiT yve­

la talRebze iZleva:

			            H
mze

=σ.T4 			   (9.5), 

sadac σ – stefan bolcmanis mudmivaa, T- Savi sxeulis tempera­
turaa (K). Savi sxeulis damatebiTi mniSvnelovani parametria 
speqtruli ganaTebis maqsimumis talRis sigrZe (λ

piki
), romel­

zec xdeba energiis udidesi nawilis gamosxiveba. es talRis 
sigrZe ganisazRvreba vinis kanoniT:

			         λ
piki

=2900/T 			  (9.6) 

mzis gamosxivebis speqtri. mzis elementis simZlavre pirvel 
rigSi damokidebulia mzis gamosxivebis speqtrze. mzis ga­
mosxiveba Sedgeba sxvadasxva sixSiris talRisagan (nax. 9.1). 
mzis energiis 99% modis 100nm-4000nm talRebis sigrZis in­
tervalze. xolo mzis gamosxivebis speqtri dedamiwis zeda­
pirTan moicavs 280nm-3000nm (0.2mkm-3mkm) talRebis diapa­
zons (nax.9.3). mzis speqtrSi pirobiTad gamoiyofa sami ubani: 
ultraiisferi (λ <390nm), xiluli (390nm<λ<760nm) da infra­
wiTeli (λ>760nm)(nax. 9.1). maqsimumi speqtrul mrudSi mde­
bareobs xiluli Suqis 400nm-700nm areSi, kerZod, mwvane Suqis 
midamoSi-500nm-565nm (~hν =2.2ev) (nax. 9.4). 
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nax.9.4. xiluli sinaTlis speqtri

adamianis Tvalis udidesi mgrZnobiaroba (speqtris xilu­
li are) emTxveva mzis gamosxivebis udides intensiurobas. 
mzis sxivebi, romelsac Cven vxedavT, aris mxolod patara 
nawili im gamosxivebis mTeli eleqtromagnituri speqtris, 
romelsac asxivebs mze da ecema dedamiwas. talRis sigrZis 
gamosxivebis wvlilis ganxilva jamurSi (danarTi 5) aCvenebs, 
rom mzis gamosxivebis energiis ganawileba speqtrSi sxvada­
sxva talRebis sigrZis mixedviT ar aris Tanabari. 

9.4. mzis gamosxiveba kosmosSi da dedamiwis 
zedapirze

kosmosi. mzes moSorebuli nebismieri obieqti iRebs mzis mTe­
li gamosxivebis nawils. mzis zedapiris ganaTeba (I) aris ener­
giis simkvrive, romelic ecema obieqtze. mzis gamosxivebis 
erTi da igive nakadi ecema sxvadasxva farTis zedapirs. rac 
ufro didi manZilia mzisgan, miT ufro meti farTis zeda­
pirze ganivrcoba mzis gamosxivebis nakadi. amitom, obieqtis 
ganaTeba kosmosSi mcirdeba rac ufro Sordeba obieqti mzes. 
mzisgan D manZiliT moSorebuli obieqtis ganaTeba tolia 
mzis gamosxivebis saerTo energiis sT4·4pR2

mze
 (σ –stefan bol­

cmanis mudmivaa,4pR2
mze

 – mzis zedapiris farTi, R
mze

 -mzis ra­
diusi) ganayofisa obieqtis zedapiris farTze 4πD2, romel­
zec ecema mzis Suqi. amitom obieqtis ganaTebaa: 

			   H
0
= R2

mze
· H

mze /D2 		  (9.7),

sadac H
mze =5.961∙107 vat/m2–mzis zedapiris ganaTeba gansaz­

Rvrulia stefan- bolcmanis gantolebidan. dedamiwis atmos­
feros sazRvarTan mzis gamosxiveba (9.7) formuliT tolia 
1.36 kvat/m2. 
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dedamiwa moZraobs mzis garSemo elifsur orbitaze da 
dedamiwa_mzes manZili periodulad mcired (3%-4%) icvle­
ba. mzis gamosxivebis udidesi nakadi ivlisSia, umciresi –ian­
varSi. amave dros TviT mzis gamosxivebac ar aris mudmivi. 
amitom jamSi dedamiwaze dacemuli gamosxivebis nakadis sim­
kvrivec icvleba. Cveulebriv es cvlilebebi ar aris mniS­
vnelovani fotoeleqtruli sistemebis gaTvlebisTvis da 
SeiZleba mzis gamosxiveba CaiTvalos mudmivad.
dedamiwis zedapiri. atmosferomde mosuli mzis Suqi Sedare­
biT mudmivia da gansxvavdeba dedamiwis zedapiramde mosuli 
mzis gamosxivebisagan. sxvadasxva talRis sigrZe sxvadasxva­
nairad STainTqmeva da ganibneva. atmosferoSi Semosvlisas 
mzis gamosxivebis intensiuroba sustdeba ZiriTadad infra­
wiTeli gamosxivebis (wylis orTqliT) da ultraiisferi sxi­
vebis (ozoniT) STanTqmiT da gamosxivebis gabneviT (mtvriT 
da aerozolebiT). mzis gamosxivebis mokle talRuri nawili 
(300nm) ganibneva da STainTqmeva atmosferos zeda nawilSi, ra­
dio talRebi (20m-30m) ekranirdeba atmosferos mier. mzis at­
mosferomde mosuli da miwaze dacemuli mzis energia atmos­
feroSi Semosvlis Semdeg nawildeba Semdegnairad: anarekli 
atmosferoTi, RrublebiT da dedamiwis zedapiriT; STanTqmu­
li atmosferoTi, miwiT da okeaniT; gamosxivebuli kosmosSi 
atmosferodan da dedamiwidan; haeris asvla zemoT; faruli 
siTbo wylis orTqlSi; gamosxiveba STanTqmuli atmosferoTi.

mzis dasxivebis raodenoba, romelic aRwevs dedamiwis 
zedapirze nebismier wertils, mniSvnelovnad Secvlilia da 
ganisazvreba: amindiT anu atmosferuli movlenebiT, STan­
Tqmis da gabnevis CarTviT; atmosferos lokaluri cvlile­
bebiT (wylis aorTqleba, Rrublebi, gaWuWyianeba); adgil­
mdebareobis geografiuli ganediT da wlisa da dRis droTi, 
dRis xangrZlivobiT garkveul ganedze da sezonuri cvli­
lebebiT. CamoTvlili faqtorebi iwveven miRebuli gamosxi­
vebis energiis, speqtraluri Semadgenlobis da dedamiwaze 
mzis sxivebis dacemis kuTxis cvlilebebs. 

yvelaze naklebi cvlilebebi mzis dasxivebis raodenoba­
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Si daikvirveba udabno adgilebSi (Rrublebis ar arsebobis 
gamo) da agreTve ekvatoris midamoebSic (mzis mimarT dedami­
wis mdebareobis mcire sezonuri cvlilebis gamo). amrigad, 
dedamiwis zedapirTan atmosferos mier gamowveuli mzis 
gamosxivebis cvlilebebs Soris mzis elementebisaTvis mTa­
varia: mzis gamosxivebis intensiurobis Semcireba STanTqmis, 
gabnevis da arekvlis gamo atmosferoSi; mzis gamosxivebis 
speqtruli Semadgenlobis cvlileba sxvadasxva talRis sig­
rZis gansxvavebuli STanTqmis an gabnevis gamo; atmosferos 
lokaluri cvlilebebi. 
atmosferuli movlenebi. roca mzis Suqi Semodis atmosfero­
Si airebis (maT Soris Jangbadi, naxSirorJangi, wylis orTqli), 
mtvris nawilakebis da aerozolebis mier fotonebis STanTqmis 
Sedegad mzis gamosxivebis speqtrze Cndeba Rrmulebi (nax.9.5), 
romlebic Seesabamebian am fotonebis energiebs. 

nax.9.5. mzis gamosxivebis speqtruli intensiuroba: a)1-mzis 
gamosxivebis miaxloebiTi warmodgena 6000K temperaturis 
absoluturad Savi sxeulis modelis gamosxivebiT; 2- mzis 
gamosxiveba atmosferos gareT; 3- dedamiwamde miRweuli 

mzis gamosxiveba; b)adamianis Tvalis udidesi mgrZnobiaroba 
(speqtris xiluli are) emTxveva mzis gamosxivebis udides 

intensiurobas [7,11]

nax.9.5-dan Cans, rom wylis orTqli da naxSirorJangis airi 
STanTqaven speqtris Soreuli infrawiTeli aris mniSvnelovan 
nawils 2mkm zemoT, ozoni ki STanTqavs ultraiisfer ares 0.3mkm 
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qvemoT. Tumca atmosferuli airebis mier fotonebis STanTqma 
cvlis miwiszeda mzis gamosxivebis speqtrul Semadgenlobas, 
magram isini mcire gavlenas axdenen gamosxivebis nakadis saer­
To simkvriveze anu intensiurobaze. gamosxivebis nakadis saer­
To simkvrives ZiriTadad cvlis gamosxivebis STanTqma da gab­
neva haeris molekulebiT da mtvris nawilakebiT. molekuluri 
STanTqmis Sedegia ara Rrmulebi gamosxivebis speqtrSi, aramed 
gamosxivebis intensiurobis Semcireba, romelic damokidebu­
lia imaze, Tu ra gzas gaivlis sinaTle atmosferoSi (nax.9.6). 

nax.9.6. mzis sxivebis 
mier atmosferoSi 
gavlili manZili 
horizontze mzis 
sxvadasxva mdebareobis 
dros

nax.9.7-ze naCvenebia Tu rogor icvleba mzis gamosxivebis 
speqtri, roca icvleba mzis elementze mzis sxivebis dacemis 
kuTxe. 

nax.9.7. energiis ganawileba mzis speqtrSi mSral da sufTa 
atmosferoSi horizontze mzis sxvadasxva simaRleze
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dacemuli Suqis gabnevis Sedegad warmoqmnili pirdapiri da 
difuzuri gamosxiveba. mzis Suqi Semodis ra atmosferoSi ara 
marto STainTqmeva, aramed, agreTve ganibneva atmosferos 
molekulebiT. es gansakuTrebiT mniSvnelovania mokle tal­
RebisaTvis (lurji Suqi). amis garda Suqi ganibneva aerozo­
lis da mtvris nawilakebze. ganbneva ar xdeba mxolod erTi 
mimarTulebiT. aseT sinaTles ewodeba difuzuri. karg mzian 
dRes difuzuri gabneva Seadgens daaxloebiT mTeli dacemu­
li sinaTlis 10%-s.

kosmosSi da dedamiwis zedapirze mzis gamosxivebis dama­
tebiTi damaxasiaTebeli parametrebi moyvanilia danarT 6-Si.

9.5. naxevargamtari masalebis SesarCevi  
kriteriumebi mzis elementisaTvis 
fotoeleqtrobis safuZvels warmoadgens muxtis matare­

belTa warmoqmna fotonebis mier. amitom, elementebis mu­
SaobisaTvis gamosadegi naxevargamtari masalebis mTavari 
ganmsazRvreli parametrebia: akrZaluli zonis sigane, de­
nis matarebelTa koncentracia, mzis sxivebis zemoqmedebiT 
Tavisufali muxtis matareblebis warmoqmna da rekombinacia. 

rasakvirvelia, mzis elementebis funqcionirebisTvis ar­
sebiTi mniSvneloba aqvs naxevagamtarebis ZiriTad eleqtrul 
parametrebs (denis matarebelTa koncentracia da Zvradoba), 
romelTa optimaluri mniSvnelobebi miiRweva naxevargam­
tarebis teqnologiis daxvewiT. mzis elementebisaTvis ki um­
Tavresi mniSvneloba aqvs naxevargamtarebis optikur Tvise­
bebs, kerZod, STanTqmis koeficients, arekvlas da sxvas. 
STanTqma. naxevargamtarze dacemuli fotonebi airekvleba 
mis zedapiridan da STainTqmeva masSi, an Tu arc airekleba, 
arc STainTqmeva isini gava masSi. mzis elementebisaTvis arek­
lili da gasuli fotonebi danakargia, radgan isini ar monawi­
leoben eleqtrobis SeqmnaSi. fotonebi E

f
 energiiT naklebi 

vidre akrZaluli zonis sigane, sustad urTierTqmedeben 
naxevargamtarTan, ar STainTqmebian, gadian masSi TiTqos is 
gamWirvalea, ar warmoqmnian fotoeleqtronebs.	
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xolo STainTqmeva Tu ara fotoni es damokidebulia mis 
energiaze (E

f
). roca fotoni STainmTqmeva, mas gadayavs eleq­

troni valenturi zonidadan gamtarobis zonaSi. mxolod im 
SemTxvevaSi Tu fotons aqvs sakmarisi energia rom gadaiy­
vanos eleqtroni valenturi zonidan gamtarobis zonaSi is 
monawileobs denis SeqmnaSi. minimaluri energia (Eg), romelic 
saWiroa, rom eleqtroni bmul mdgomareobidan gadavides Ta­
visufalSi, sadac SeuZlia miiRos monawileoba eleqtrogam­
tarobaSi, tolia naxevargamtaris akrZaluli zonis siganisa 
da aseTi energiis erTi fotoni generirebs erT eleqtrons.

roca fotonebis energia izrdeba da > Eg maT urTierT­
qmedeba SeuZliaT valenturi zonis bevrad ufro met eleq­
tronebTan, Sedegad isini STainTqmeva. magram im fotonebiT, 
romelTa energia metia vidre akrZaluli zonis sigane, Ta­
visufali eleqtronebi warmoiqmnebian mxolod uSualod 
valenturi zonis kidesTan myofi eleqtronebiT. akrZaluli 
zonis siganeze meti energia ikargeba, radgan siTburi pro­
cesebis gamo eleqtronebi swrafad kargaven Warb energias da 
ubrundebian akrZaluli zonis kides. STanTqmis aseTi xasiaTi 
kargad aisaxeba nax.9.8-ze.
STanTqmis koeficienti da siRrme. mzis elementis nebismier 
ubanze Suqis intensiuroba (I) ganisazRvreba STanTqmis koefi­
cientiT (α,sm-1) da manZiliT STanmTqmeli masalis (siRrmiT) 
zedapiridan (x ), romelzec gamoiTvleba intensiuroba Sem­
degi formuliT:

				    I= I
0
e- αx 			  (9.8), 

sadac I
0
 – sinaTlis intensiurobaa mzis elementis zedapirze, 

α-STanTqmis koeficientia (α=4πk/λ, λ-talRis sigrZea da k 
eqstinqciis koeficientia). es formula ZalaSia, Tu arekvla 
mcirea da ugulvelyofilia. es gantoleba gviCvenebs, rom 
sinaTlis intensiuroba eqsponenciurad mcirdeba misi naxe­
vargamtaris siRrmeSi Sesvlisas. sinaTlis STanTqmis koefi­
cienti damokidebulia TviT naxevargamtari masalis bunebaze 
da STanTqmuli sxivis talRis sigrZeze. 

STanTqmis koeficienti gviCvenebs Tu ra siRrmeze Sedis 
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garkveuli talRis sigrZis mzis Suqi naxevargamtarSi vidre 
is STainTqmeva. buger-lambert-beras kanonis Tanaxmad sinaT­
lis gavrcelebisas mSTanTqav garemoSi STanTqmis siRrme to­
lia STanTqmis koeficientis Sebrunebuli sididisa α-1. da­
bali STanTqmis koeficientiT masalebSi fotonebi cudad 
STainTqmeva. masalis gaTxelebiT is gamWirvale xdeba moce­
muli talRis sigrZisTvis. 

radgan STanTqmis koeficienti damokidebulia talRis 
sigrZeze, sxvadasxva talRis sigrZis gamosxiveba Sedis 
sxvadasxva siRrmeze vidre STainTqmeva masaliT. STanTqmis 
siRrme aris saWiro parametri, radgan gviCvenebs siRrmes 
masalaSi, romelzec Suqis intensiuroba mcirdeba daaxlo­
ebiT 36%-iT sawyisTan SedarebiT (mcirdeba 1/e-jer). 

didi energiis eleqtromagnitur talRebs (mokle talRe­
bi) aqvT maRali STanTqmis koeficienti da isini STainTqmeva 
mcire siRrmeze zedapiridan. magaliTad, cisferi sinaTli­
saTvis (λ=0.45 mkm) α=105sm-1 siliciumis mzis elementebisaTvis 
da is STainTqmeva Zalian axlo manZilze zedapiridan, sul 
ramdenime mikrometris siRrmeze. amave dros, dabali ener­
giis eleqtromagnituri talRebi (grZeli talRebi) STain­
Tqmeva naklebi intensiurobiT. magaliTad, wiTeli sinaTlis­
Tvis (λ=0.8mkm) α=103sm-1 da is STainTqmeva ufro Rrmad. wiTeli 
sinaTle Sedis siliciumSi ramodenime aseuli mikronis siRr­
meze, xolo infrawiTeli eleqtromagnituri talRebisTvis 
(λ=1.1mkm) α=103sm-1 da isini STainTqmeva Zalian sustad, radgan 
energia axloa siliciumis akrZalul zonasTan. 

naxevargamtarebis STanTqmis koeficienti Zlieradaa da­
mokidebuli talRis sigrZeze im fotonebisaTvisac, romel­
Ta energia aRemateba akrZaluli zonis siganes. STanTqmis 
speqtrs aqvs mkveTri kide, radgan fotonebs, akrZaluli zo­
nis siganeze naklebi energiiT, ar yofniT energia, raTa ga­
daiyvanon eleqtroni valenturi zonidan gamtarobis zona­
Si. Sedegad, sinaTle ar STainTqmeva. nax.9.8-ze naCvenebia mzis 
elementebisaTvis gamoyenebadi ZiriTadi naxevargamtari ma­
salebis STanTqmis speqtri. 
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nax.9.8. mzis 
elementebisaTvis 
vargisi ZiriTadi 
naxevargamtari 
masalebis STanTqmis 
speqtri 300К- ze. 
1-GaAs; 2-InP; 3-Ge; 
4- kristaluri Si; 5- 
amorfuli Si

akrZalul zonasTan axlo energiiT fotonebis STanTqma 
SedarebiT mcirea, radgan maTTan SeuZliaT iurTierTqmedon 
(gamoiwvion STanTqma) mxolod eleqtronebs uSualod valen­
turi zonis kidesTan. 

10mm sisqis siliciumSi STainTqmeva akrZaluli zonis 
siganeze meti energiis fotonebis mqone praqtikulad mTeli 
sinaTle. 30mkm sisqis masalaSi STainTqmeva mxolod mTeli 
dasxivebis 30%. danakargebia speqtris grZeltalRovan areSi 
(wiTeli da narinjisferi sinaTle).
ZiriTadi da araZiriTadi denis matareblebi. fotonebis 
STanTqmis dros warmoiqmneba rogorc ZiriTadi ise ara Ziri­
Tadi denis matareblebi. umravles SemTxvevaSi denis ZiriTa­
di matareblebis koncentracia, romlebsac qmnian fotonebi, 
ramdenime rigiT naklebia vidre naxevargamtarSi arsebuli de­
nis ZiriTadi matareblebis raodenoba. amitom denis ZiriTadi 
matareblebis koncentracia mziT dasxivebul naxevargamtar­
Si SeiZleba CaiTvalos ucvlelad. sapirispiroa araZiriTadi 
denis matareblebisaTvis. fotonebiT Seqmnili araZiriTadi 
denis matareblebis koncentracia bevrad aRemateba arsebul 
wonasworul raodenobas. amitom fotonebiT warmoqmnili 
araZiriTadi denis matareblebis koncentracia SeiZleba CaiT­
valos saerTo araZiriTadi denis matareblebis raodenobad.
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denis matarebelTa warmoqmnis siCqare. anu eleqtronebis 
ricxvi (G), romelic warmoiqmneba mzis elementis nebismier 
wertilSi, fotonebis STanTqmis gamo, mniSvnelovani para­
metria mzis elementis funqcionerebisaTvis. Tu fotonebis 
STanTqma, anu mzis sinaTlis intensiurobis Semcireba, iwvevs 
pirdapir eleqtron-xvrelis warmoqmnas, maSin denis matare­
belTa warmoqmnis siCqare masalis Txel fenaSi ganisazRvre­
ba sinaTlis intensiurobis cvlilebiT am fenaSi gavlisas. 
amitom intensiurobis ganmartebidan gamomdinare formula 
(9.8)-is diferencirebiT miiReba eleqtronebis ricxvi, rome­
lic warmoiqmneba mzis elementis nebismier wertilSi: 

			   G= αN
0
e- αx 			   (9.9)

sadac N
0
- fotonebis nakadia anu zedapiris erTeul farTze 

drois erTeulSi dacemuli fotonebis ricxvi. rogorc for­
mulidan Cans eleqtron-xvrelebis ricxvi, romelic warmoiq­
mna mzis elementis zedapirze, maqsimaluria sadac sinaTlis 
udidesi nawili STainTqmeva. amitom, fotoelementebi Zalian 
mgrZnobiarea naxevargamtaris zedapiris Tvisebebis mimarT. 
denis matarebelTa warmoqmnis siCqare sxvadasxva talRis 
sigrZisTvis gansxvavebulia. Tu rogoria es damokidebuleba 
naCvenebia siliciumis SemTxvevisaTvis nax.9.9. -ze.

nax.9.9. denis 
matarebelTa 
warmoqmnis siCqaris 
damokidebuleba 
sinaTlis Sesvlis 
siRrmeze siliciumSi 
mzis standartuli 
speqtris (AM1.5) 
pirobebSi. elementis 
zedapiri Seesabameba 
0mkm, sadac 
maRalenergetikuli 
cisferi Suqis udidesi 
nawili STainTqmeva
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nax.9.9–dan Cans, rom denis matarebelTa warmoqmnis siC­
qare zedapirze ramdenime rigiT aRemateba generacias ufro 
Rrmad nimuSSi. zedapiridan cota moSorebiT siRrmeSi gene­
racia TiTqmis ucvlelia. fotoeleqtruli sistemebis pro­
eqtirebis dros gasaTvaliswinebelia, rom mzis gamosxiveba 
moicavs sxvadasxva talRis sigrZis sxivebs, romlebic xasiaT­
debian gansxvavebuli denis matarebelTa warmoqmnis siCqariT. 
amiT aixsneba is, rom, magaliTad, siliciumSi lurji sinaT­
le (λ=0.45mkm, α=103sm-1) STainTqmeva Zalian axlo zedapirTan 
pirvel mikronebSi da Sedegad ar Seaqvs wvlili denis warmo­
qmnaSi. xolo wiTeli sinaTle (λ=0.8mkm, α=103sm-1) STainTqme­
va ufro Rrmad. infrawiTeli gamosxiveba (λ

STanTqma
=1.1mkm, 

α=103sm-1) STainTqmeva sustad, radgan misi energia axlosaa 
siliciumis akrZaluli zonis energiasTan.
rekombinacia mzis elementis moculobaSi. roca sinaT­
lis STanTqmis dros xdeba Warbi denis matarebelTa (eleq­
tronebis da xvrelebis) generacia wonasworobis principis 
mixedviT unda moxdes Sebrunebuli procesi-rekombinacia, 
roca eleqtronebi da xvrelebi rekombinireben. eleqtroni 
brundeba cariel adgilas valentur zonaSi da xvreli qre­
ba. mTavari sakiTxi, romelic warmoiqmneba rekombinaciis 
procesis dros aris is, rom mniSvnelovania Tu rogori sa­
xiT gamoiyofa ganTavisuflebuli energia. naxevargamtare­
bis monokristalebSi rekombinacia xorcieldeba ZiriTadad 
Semdegi sami tipis meqanizmiT: gamomsxivare (zonebs Sorisi) 
rekombinacia, oJes rekombinacia da rekombinacia minarevebis 
centrebze. 

vinaidan siliciumi aris arapirdapirzoniani naxevargam­
tari, zonebs Sorisi rekombinacia siliciumSi umniSvneloa 
da mas ugulveyofen. oJes rekombinacia mniSvnelovania Zli­
er legirebuli naxevargamtarebisaTvis, romlebic ar gamoi­
yeneba mzis elementebSi. amitom, siliciumisTvis rekombi­
nacia minarevebis centrebze aris yvelaze mniSvnelovani da 
ganxorcielebadi meqanizmi [14].

roca mzis sxivebi warmoqmnian araZiriTad matareblebs, 
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maTi ricxvi izrdeba da aRemateba wonasworul koncentra­
cias da sistema cdilobs daubrundes wonasworul kon­
centracias rekombinaciis procesiT. TviT es procesi e.w. 
`rekombinaciis siCqare~ damokidebulia Warb araZiriTad 
matarebelTa ricxvze. magaliTad, Tu araZiriTadi matare­
belTa ricxvi araa Warbi `rekombinaciis siCqare~ nulis to­
lia. mzis elementebis muSaobisaTvis gadamwyveti mniSvnelo­
ba aqvs or parametrs: araZiriTad matarebelTa sicocxlis 
xangrZlivobas (τ) da difuzur sigrZes (L). es parametrebi 
gansazRvraven Tu ramden xans iarsebeben masalaSi aRgznebul 
mdgomareobaSi eleqtronebi da xvrelebi, vidre moxdeba maTi 
rekombinacia. 

roca Warbi araZiriTadi matareblebis koncentracia (Δn) 
naklebia malegirebeli elementis koncentraciaze (denis 
matarebelTa inJeqciis dabali done), araZiriTadi matare­
belTa sicocxlis xangrZlivoba (τ) dakavSirebulia rekombi­
naciis siCqaresTan (R) formuliT:

				    τ = --------Δn
R

 		  (9.10)

araZiriTadi matarebelTa difuzuri sigrZe aris sa­
Sualo manZili, romelzec SeuZlia gadaadgildes muxtis 
matarebels im adgilidan sadac warmoiqmna im adgilamde 
sadac is rekombinirebs. araZiriTadi matarebelTa sicoc­
xlis xangrZlivoba da difuzuri sigrZe naxevargamtarSi 
Zlier arian damokidebuli rekombinaciis tipze da intensi­
urobaze. siliciumis mzis elementebisaTvis rekombinaciis 
siCqare damokidebulia naxevargamtar masalaSi arsebuli 
defeqtebis raodenobaze da fuZeSris da mzis elementis 
teqnologiaze. 

araZiriTadi matarebelTa sicocxlis xangrZlivobam si­
liciumSi SeiZleba miaRwios 1mwams, xolo difuzurma sigrZem 
100mkm-300mkm. es ori parametri gansazRvravs naxevargamta­
ris xarisxs da vargisianobas mzis elementebisaTvis. araZiri­
Tadi matarebelTa sicocxlis xangrZlivoba da difuzuri 
sigrZe dakavSirebulni arian Semdegi formuliT:
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				    L = √Dτ  		  (9.11),

sadac L – difuzuri sigrZea (metrebSi), D – difuziis koefi­
cientia (m²/w) da τ – sicocxlis xangrZlivobaa (wamebSi).
rekombinacia mzis elementis zedapirze. nebismieri defeqti an 
minarevi naxevargamtaris moculobaSi an zedapirze iwveven re­
kombinacias. TviT naxevargamtaris zedapirze defeqtebi war­
moqmnilia kristaluri mesris xisti rRveviT, misi periodu­
lobis wyvetiT da amis gamo atomTaSorisi wyvetili bmebiT. 
amitom, zedapiri aris gansakuTrebulad maRali intensiuro­
bis rekombinaciis wyaro. rekombinaciis maRali siCqare zeda­
pirTan axlos ubnebSi aRaribebs maT araZiriTadi denis matare­
blebiT. es ki iwvevs denis matarebelTa difuzias ufro maRali 
denis matarebelTa koncentraciis mqone mezobel ubnebidan. 
aqedan gamomdinare, zedapiruli rekombinaciis siCqare gani­
sazRvreba araZiriTadi denis matarebelTa gadaadgilebis 
siCqariT zedapirisaken. am e.w. zedapiruli rekombinaciis siC­
qaris maqsimaluri mniSvneloba umravles naxevargamtarebi­
saTvis aris 1·107 sm/w. zedapiruli rekombinacia maRalia mzis 
elementebSi, magram SeiZleba SeizRudos. es xdeba naxevargam­
taris zedapiris pasivaciiT anu zedapirze gansakuTrebuli 
fenis wazrdiT, romelic kravs zedapirze gawyvetil atom­
TaSorisi bmebs. Tu zedapiri idealuradaa pasivirebuli, masze 
ar xdeba rekombinacia, misken muxtebi ar moZraoben da zedapi­
ruli rekombinaciis siCqare nulis tolia.

rekombinacia axdens gavlenas rogorc denis matarebelTa 
gayofaze (mokle CarTvis deni), ise inJeqciis denze (rogorc 
uqmi svlis Zabvis Sedegi). imisTvis, rom p-n gadasvlam gayos 
yvela sinaTliT generirebuli denis matarebeli saWiroa 
minimumamde iqnas dayvanili rogorc zedapiruli, ise mocu­
lobiTi rekombinacia [14].
optimaluri naxevargamtari masalebis SerCeva mzis elementisaT-
vis. energiis ganawileba mzis speqtrSi (nax.9.5 da nax. 9.7) gviCve­
nebs, rom optimaluri naxevargamtari masalis SerCevisas mTavari 
faqtoria –saWiro akrZaluli zonis siganis mqone masala. nax.9.5 
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da nax. 9.7 mixedviT mzis gamosxivebis speqtruli maxasiaTebeli 
dedamiwis atmosferos gareT, dedamiwis atmosferoSi nebismier 
geografiul mdgomareobaze, dRis da wlis dros da horizontze 
mzis sxvadasxva simaRleze xasiaTdeba TvalisTvis xilul areSi 
speqtruli intensiurobis maqsimumiT.

cxadia, warmatebiT muSaobisTvis mzis elementma unda 
STanTqos rac SeiZleba meti mzis energia. naxevargamtaris 
akrZaluli zonis sigane gansazRvravs Tu mzis speqtris ra na­
wils STanTqavs fotoelementi. akrZaluli zona unda See­
sabamebodes mzis fotonebis udides energiis nakads (axlo 
infrawiTeli da xiluli gamosxiveba). kvantis energia hν 
(hν=1.24/λ) unda aRematebodes akrZaluri zonis siganes (Eg), rom 
sinaTlem Seqmnas eleqtron-xvrelis wyvili. Tu akrZaluli 
zonis sigane Zalian farToa, dRis sinaTlis fotonebis udide­
si nawili SeuZlebelia STanTqmuli iyos; Tu akrZaluli zonis 
sigane Zalian viwroa fotonebis umravles nawils aqvs energia 
ufro meti vidre saWiroa rom Seqmnan denis matareblebi, isi­
ni Zlier STainTqmevian, magram maTi energia ikargeba siTburi 
gabnevis gamo, xolo danarCeni fotonebi usargebloa.

naxevargamtarSi, romlis akrZaluli zonis sigane tolia 
mzis speqtrul mrudSi maqsimumisa, daaxloebiT naxevari 
dacemuli kvantebidan, romelTa energia naklebia maqsimumze, 
ver SeZlebs eleqtron-xvrelis wyvilebis Seqmnas. Zalian 
viwro zonis SemTxvevaSi ki piriqiT yvela kvanti Seqmnis 
wyvilebs. magram foto e.m.Z. am SemTxvevaSi mcirdeba [14]. 

umaRlesi misawvdomi margi qmedebis koeficientis mniSvne­
loba η uaxlovdeba α/φ

0·hν (φ
0
-p-n gadasvlis potencialuri 

barieris simaRlea) sidides [15]. gaTvlebi aCveneben, rom mzis 
sinaTlis SemTxvevaSi TvalisTvis xilul areSi speqtruli 
ganaTebis maqsimumiT, optimaluri margi qmedebis koeficien­
ti miiReba iseTi naxevargamtarebisaTvis, romelTa akrZalu­
li zonis sigane daaxloebiT 1.5ev-ia.

amave dros, mzis elementebis efeqturi muSaobisaTvis saWi­
roa daculi iyos Semdegi piroba _ dacemuli mzis gamosxive­
bis udidesi nawili unda iqnas STanTqmuli. amitom, naxevargam­

http://ru.wikipedia.org/wiki/%D0%9B%D1%8F%D0%BC%D0%B1%D0%B4%D0%B0
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taris aqtiuri fenis optikuri STanTqmis koeficienti unda 
iyos sakmarisad didi, rom uzrunvelyos mzis sxivebis energi­
is mniSvnelovani nawilis STanTqma fenis sisqis farglebSi.

mzis gamosxivebis umniSvnelovanesi nawilis STanTqmis da 
eleqtron-xvrelis wyvilis efeqturi gancalkavebis Tvise­
bebi gaaCnia kristalur araorganul naxevargamtarebs. 
kristaluri araorganuli naxevargamtarebis STanTqmis 
koeficientebi akrZaluli zonis siganeze meti energiis fo­
tonebisaTvis aris ~102sm-1-105sm-1. xolo, maTi muxtis matare­
belTa Zvradoba 102sm2/v·w-103sm2/v·w-is rigisaa [16] (nax.9.8).

umravlesi naxevargamtarebis akrZaluli zonis siganis 
mniSvnelobebi arian 1ev-3ev areSi, romelic kargad gadafaravs 
dedamiwaze dacemuli mzis gamosxivebis speqtrs. Cveulebriv 
komerciul fotoelementebSi gamoiyeneba is naxevargamtare­
bi, romelTa akrZaluli zonis siganis mniSvneloba axlosaa 
mrudis pikTan (nax.9.10), e.i. Si, GaAs, InP, GaP. mzis energiis gana­
wilebis, akrZaluri zonis da STanTqmis koeficientis mixed­
viT efeqturi fotogardaqmnelebisaTvis misaRebi araorganu­
li naxevargamtarebia Si(Eg=1.12ev), GaAs (Eg =1.32ev), InP (Eg=1.35ev), 
CdTe(Eg =1.5ev), GaP (Eg =2.26ev) [17]. es is naxevargamtarebia, rom­
lebic akmayofileben ZiriTadad kriteriums mzis elementebi­
saTvis SesarCevad. maTi akrZaluli zonis sigane sakmarisia, 
rom eleqtronebma advilad gadalaxon akrZaluli zona, roca 
isini ganicdian xiluli Suqis fotonebis dartymebs. 

nax.9.10. mqk 
damokidebuleba 
akrZaluli zonis 
siganeze sxvadasxva 
naxevargamtarebisaTvis; 
mzis speqtri:1-AM1.5 da 
2-AM 0
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9.6. mzis elementebis muSaobis ZiriTadi 
principebi da eleqtruli parametrebi

p-n gadasvla. Tanamedrove mzis elementi erTerTi urTule­
si xelsawyoa naxevargamtar xelsawyoTa Soris, Tumca misi 
muSaobis principi martivia. rogorc sxva eleqtronuli 
xelsawyosTvis, mzis elementis ZiriTadi nawili p-n- eleq­
tronul-xvreluri gadasvlaa. p-n gadasvla warmoiqmneba 
naxevargamtari masalis legirebiT garkveuli tipis gamta­
robis (an p- an n- tipis) minareviT, romelic uzrunvelyofs 
ZiriTadi masalisadmi sawinaaRmdego tipis gamtarobis ~1 
mikronis sisqis zedapiruli fenis Seqmnas. nax.9.11.-ze naCve­
nebia n- da p- fenebs Soris p-n- gadasvlis fenis warmoqmna.

nax.9.11. p-n 
gadasvlis 
fenis warmoqmna 
naxevargamtarSi

malegirebeli minarevis koncentracia am fenaSi unda iyos 
mniSvnelovnad ufro maRali, vidre minarevis koncentraciaa 
ZiriTad masalaSi. es saWiroa iq arsebuli ZiriTadi Tavisufali 
denis matareblebis gasaneitralebad da sawinaaRmdego tipis 
gamtarobis Sesaqmnelad. muxtebis gadadinebis Sedegad, n- da 
p- fenebis sazRvrebTan, warmoiqmneba fenis ZiriTadi matareb­
lebiT gaRaribebuli ubnebi moculobiTi arakompensirebuli 
dadebiTi muxtiT n- fenaSi da moculobiTi uaryofiTi muxtiT 
p- fenaSi. es ubnebi jamSi qmnian p-n- gadasvlas. am dros yvela 
arakompensirebuli muxti fokusirebulia р-n gadasvlaSi, xolo 
р- da n- areebi aRmoCndebian eleqtrulad neitralur barier­
Si, romelic warmoiqmna ZiriTadi matareblebis difuziiT р-n 
gadasvlaze. amgvarad warmoiqmneba potencialuri barieri, 
romelic xels uSlis eleqtronebis Semdgom gadasvlas n-dan 
p-areSi da piriqiT, xvrelebisas p-dan n-Si. 

Termodinamikuri wonasworobis dros fermis done mTel 
sistemaSi erT simaRlezea. am SemTxvevaSi denebi ganpirobebu­
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lia Tavisufali denis matareblebiT, romelnic warmoiSva 
siTburi aRgznebebiT. jamSi deni udris 0. 

р-n gadasvlaze arsebuli kontaqturi potencialTa sxva­
oba anu potencialuri barieri ewinaaRmdegeba ZiriTadi de­
nis matarebelTa gavlas, e.i. eleqtronebis p- fenis mxridan. 
magram winaaRmdegobis gareSe atareben araZiriTadi denis 
matareblebs sawinaaRmdego mimarTulebiT. p-n gadasvlis es 
Tviseba gansazRvravs foto eleqtromamoZravebeli Zalis  
(e.m.Z.) warmoqmnis SesaZleblobas fotoelementis mzis sxive­
biT dasxivebisas. mzis elementis orive fenaSi gamosxivebiT 
warmoqmnili arawonasworuli muxtis matareblebi (eleqtro­
nul-xvreluri wyvilebi) gancalkavdebian p-n gadasvlaze: 
araZiriTadi matareblebi (e.i.eleqtronebi) Tavisuflad 
gadian am gadasvlaSi, da ZiriTadi matareblebi (xvrelebi) 
ferxdebian. elementis zedapiris ganaTebisas, e.i. roca mzis 
sxivebis fotoni xvdeba mzis elementis zedapirs, eleqtroni 
STanTqavs dacemuli sinaTlis fotons da `gadaxteba~ gam­
tarobis doneze. 

gare Txel fenaSi warmoiqmneba `eleqtron-xvrelis~ wyvi­
lebi, romelTa umravlesoba fenis siTxelis gamo ver as­
wrebs rekombinacias da xvdeba р-n gadasvlaSi. warmoiqmneba  
eleqtromamoZravebeli Zala, romelic qmnis gare kontur­
Si eleqtronebis mimarTul moZraobas, eleqtrul dens. ve­
lis zemoqmedebiT eleqtronebi gadaadgildebian n- aresken, 
xvrelebi p- aresken. amrigad, mzis dasxivebis Sedegad р-n 
gadasvlaze orive mimarTulebiT warmoiqmneba araZiriTadi 
arawonasworuli muxtis matareblebis fotoeleqtronebis 
da fotoxvrelebis deni, rac saWiroa mzis elementis muSao­
bisTvis. р-n gadasvliani mzis elementSi fotoeleqtruli 
movlenis gaSlili Teoria moyvanilia [18,19] naSromebSi.
mzis elementebis muSaobis ZiriTadi principebi. amrigad, 
mzis elementis moqmedeba sami nawilisgan Sedgeba:

1.	 energiis miReba, rodesac mzis energiis fotonebi eleq­
tronebs `aRviZebs~. akrZaluli zonis energiaze meti 
energiis fotonebis STanTqma naxevargamtaris mier  
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qmnis Tavisufal xvrelebs da eleqtronebs fotoele­
mentis p-n- gadasvlasTan.

2.	 muxtis matarebelTa gancalkaveba p-n gadasvlis eleq­
truli velis mier. Tavisufali muxtebi gancalkav­
debian eleqtronebis nakadad erTi mimarTulebiT da 
xvrelebis sawinaaRmdegod da qmnian potencialTa sxva­
obas, romelic ganisazRvreba gamosxivebis intensiuro­
biT da p-n- gadasvlis simaRliT.

3.	 energiis Segroveba, rodesac denis matareblebi gadas­
cemen energias gare datvirTvas da wreds Sekraven.

mzis elementis umartivesi konstruqcia naCvenebia  
nax.9.12-ze. p- tipis naxevargamtari masalis firfitis zeda­
piridan, mcire siRrmeze Seqmnilia p-n- gadasvla Txeli 
liTonuri kontaqtiT. firfitis qveda mxareze datani­
lia mTliani liTonuri kontaqti. xolo ganaTebul Txel 
n- fenaze kontaqts aqvs Txeli zolebis forma. ase, rom mzis 
elementis zedapiris udidesi nawili rCeba Ria. roca fo­
toelementi ganaTdeba STanTqmuli fotonebi warmoqmnian 
gawonasworebul eleqtron-xvrelebis wyvilebs.

nax.9.12. mzis 
elementis 
umartivesi 
konstruqcia
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gaTiSuli p-n- gadasvlis zonuri modeli naCvenebia  
nax.9.13-ze. im eleqtronebs, romlebic warmoiqmneba p-fenaSi 
p-n-gadasvlasTan axlos, SeuZliaT miuaxlovden p-n-gadas­
vlas da iq arsebul vels gamoyavs isini n- areSi (vardebian n- 
areSi) (xvrelebs, romlebmac miaRwies p-n gadasvlas ar SeuZ­
liaT gadalaxon potencialuri barieri da rCebian p-areSi). 
analogiurad n–fenaSi Seqmnili Warbi xvrelebi nawilobriv 
gadaitaneba p- fenaSi (nax.9.13). 

nax.9.13. gaTiSuli p-n- gadasvlis zonuri modeli: a) ganaTebis 
sawyis momentSi; b)zonuri modelis cvlileba mudmivi ganaTebis 

moqmedebisas da foto-e.m.Z. warmoqmna. Lh da Le- xvrelisa da 
eleqtronis difuzuri sigrZeebi Sesabamisad

amrigad, p-n- gadasvla acalkavebs SuqiT Seqmnil eleq­
tronebs da xvrelebs. Sedegad n- fena SeiZens damatebiT uar­
yofiT muxts, xolo p- fena–dadebiTs. arsebuli pirvandeli 
kontaqturi potencialis sxvaoba naxevargamtaris p- da n- fe­
nebs Soris mcirdeba da wredSi warmoiqmneba Zabva (nax.9.13b). 
denis wyaros uaryofiT poluss Seesabameba n- fena, xolo  
p- fena-dadebiTs. magaliTad, Si- Si muxtis aseTi gadatana qmnis 
~0.6v-0.7v potencialur bariers. roca datvirTva (eleqtruli 
winaRoba) irTveba eleqtrul qselSi, mzis sxivebiT warmoqmnili 
eleqtronebi gamodian p- tipis ubnidan da Sedian n- tipis ubanSi. 

eleqtronebi moZraoben ra gare wredSi kargaven ener­
gias, Semdeg brundebian p- tipis masalaSi, sadac maT SeuZli­
aT rekombinirdnen valenturi zonis xvrelTan, romelic iq 
datoves. Sedegad warmoiSveba dabali energiis fotoni. am­
rigad, mzis gamosxiveba qmnis eleqtrul dens.
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mzis elementebis eleqtruli parametrebi. mzis elementebis 
maxasiaTeblebi damokidebulia mis zedapirze dacemuli mzis 
sxivebis intensiurobaze [15,16]. mzis elementis yvelaze mniS­
vnelovani maxasiaTeblebia sinaTlisa da pirdapiri sibnelis 
voltamperuli maxasiaTebeli da speqtruli mgrZnobiaroba. 
mzis elementebis dasaxasiaTeblad mniSvnelovani paramet­
rebia agreTve mokle CarTvis deni, uqmi svlis Zabva, Sevse­
bis koeficienti da margi qmedebis koeficienti, romlebic 
gamoiTvleba voltamperuli maxasiaTeblidan. mzis elemen­
tebisTvis, rogorc arawrfivi mowyobilobisTvis, omis kano­
ni misi Cveulebrivi formiT ar gamodgeba. 

fotoelementebis dasaxasiaTeblad SeiZleba gamoyenebul 
iqnas voltamperuli maxasiaTeblebi mudmivi temperaturisas 
da dacemuli mzis sxivebis mudmivi intensiurobisas. mudmivi 
intensiurobis mqone mzis sxivebis dacemisas siliciumis fo­
toelementebis p-n- gadasvlaze damyarebuli foto-e.m.Z. aRi­
wereba voltamperuli maxasiaTebelis Semdegi gantolebiT:

			   U=(AkT/q)ln((I
fon

-I)I
gaj

/+1) 	 (9.12),

sadac I
gaj

- gajerebis denia, I
fon

- fotodenia.
nax. 9.14-ze gamosaxulia siliciumis mzis elementis tipi­

uri voltamperuli maxasiaTebeli. 

nax.9.14. siliciumis 
mzis elementis tipiuri 
voltamperuli 
maxasiaTebeli, roca A=2, 
I
fon

=30 ma/sm2, U
uqmi

 =0.55v,  
R•S=1 om•sm2 (S-mzis 
elementis farTi)



182

mzis elementi pirvel miaxloebaSi SeiZleba warmodgenili 
iyos paralelurad SeerTebuli denis wyarosa ( ) da diodis 
( ) ekvivalenturi sqemiT. nax.9.15-ze moyvanilia nax.9.14-ze 
warmodgenili voltamperuli maxasiaTebelis Sesabamisi 
siliciumis mzis elementis ekvivalenturi sqema.

nax.9.15. mzis elementis 
ekvivalenturi sqema

sqema Seicavs I
fon

=SqN
0
Q denis wyaros, sadac S fotoelemen­

tis farTia, Q – uganzomilo mamravli, romelic aCvenebs 
sinaTliT Seqmnili yvela eleqtron-xvrelis (SN

0
) wyvilis 

wils, romelic ikribeba p-n-gadasvliT. denis wyarosTan 
paralelurad CarTulia p-n-gadasvla, romelzec gamavali 
deni tolia I

gaj
[eqU/kT-1]. p-n-gadasla aSuntirebs datvirTvas 

(R). Zabvis gazrdisas deni datvirTvaSi swrafad izrdeba da 
R winaRobaSi miiReba deni I. gamosaxuleba (9.12) samarTli­
ania fotoelementze nebismieri speqtruli Semadgenlobis 
gamosxivebis dacemis drosac. maqsimaluri simZlavre miiRe­
ba, rodesac mzis elementi imyofeba a moniSnul reJimSi 
(nax.9.14). fotoelementis 1 sm2-dan moxsnili maqsimaluri 
simZlavre tolia:

			   P = I
fon

∙U = xI
mokle

∙U
uqmi

 		  (9.13), 

sadac x -voltamperuli maxasiaTeblis Sevsebis koeficien­
ti gamoiyeneba mzis elementis Sida danakargebis dasaxasi­
aTeblad (x= I

maqs
∙U

maqs  /I
mokle

∙U
uqmi

), U
uqmi 

– uqmi arasamuSao svlis 
Zabvaa (voltamperuli mrudis gadakveTis wertils Zabvis 
RerZTan ewodeba arasamuSao svlis Zabva), I

mokle
–mokle CarT­

vis denia, xolo gadakveTis wertils denis RerZTan-mokle 
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CarTvis deni. uqmi svlis Zabva mcired aris damokidebuli ga­
naTebaze, im dros, roca mokle CarTvis deni da Sesabamisad 
samuSao deni pirdapir proporciulia ganaTebisa. nax.9.16-ze 
moyvanilia siliciumis mzis elementis voltamperuli maxa­
siaTeblebi dacemuli mzis sxvadasxva intensiurobaze.

nax.9.16. siliciumis mzis elementis voltamperuli maxasiaTeblebi 
mzis sxvadasxva intensiurobaze, vt/m2:1-250; 2-500; 3-750; 4-1000

siliciumis mzis elementis eleqtrowinaRobiT datvir­
Tvisas SeiZleba aigos gamosavali simZlavris Zabvaze damo­
kidebulebis grafiki (nax.9.17).

nax.9.17. siliciumis mzis elementis simZlavris (1) da denis (2) 
damokidebuleba Zabvaze



184

nax.9.17 aCvenebs maqsimaluri simZlavris mruds silici­
umis mzis elementisTvis. simZlavris mrudis vardna mwver­
valis Semdeg bevrad ufro cicabo Cans, vidre zrda. aqedan 
gamomdinareobs, rom samuSao wertilis arCevisas umjobesia 
daSvebuli iyos Secdoma qveda Zabvis mxares, vidre mwverva­
lidan marjvniv.

mzis elementis mqk (η) ganisazRvreba rogorc mzis elemen­
tis mier gare datvirTvis winaRobaze gacemuli maqsimaluri 
simZlavris (I

maqs
∙U

maqs  ) Sefardeba mzis elementis zedapirze 
dacemul mzis gamosxivebis jamur simZlavresTan (P):

			   η = I
maqs

∙U
maqs / P 			  (9.14)

mzis elementisgan maqsimaluri Sedegis misaRebad misi 
Semavali winaRoba SeTanxmebuli unda iyos mzis elementis 
gamosaval winaRobasTan. es uzrunvelyofs muSaobas maqsima­
luri simZlavris wertilSi. 

amrigad, mzis elementis ZiriTadi parametri aris volt­
amperuli maxasiaTebeli, romelic iZleva saSualebas arCeul 
iqnas mzis elementis muSaobis optimaluri reJimi e.i. dat­
virTvis optimaluri winaRoba. mzis elementiT generirebu­
li simZlavris SefardebiT dacemuli mzis gamosxivebis sim­
ZlavresTan SesaZlebelia gamoiTvalos mqk dacemuli mzis 
gamosxivebis simZlavre ki SeiZleba gaizomos graduirebuli 
etalonuri mzis elementis saSualebiT. 

rogorc yvela naxevargamtari xelsawyo, mzis elemente­
bi Zalian mgrZnobiare arian temperaturis mimarT. tempera­
turis gazrda amcirebs akrZaluli zonis siganes da amitom 
axdens gavlenas naxevargamtarebis Tvisebebze. mzis elemen­
tis muSaobis mniSvnelovani momentia maTi damokidebuleba 
temperaturaze. mzis elementebs ar uyvarT ufro maRali 
temperaturebi, vidre 700С (nax.9.18). kaSkaSa mzian dRes ele­
mentebi xurdebian 600С-700С -mde, da amitom yoveli mzis ele­
menti kargavs daaxloebiT 0.07v.  
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nax.9.18. siliciumis mzis elementis voltamperuli maxasiaTeblebi 
sxvadasxva temperaturaze

250С-is erTi gradusiT meti gaxurebisas mzis elementi 
kargavs ZabvaSi 0.002v, ese igi 0.4%/0С. mTel msoflioSi ele­
mentTa pasportizaciisaTvis miRebulia Semdegi standartu­
li pirobebi: ganaTeba 1000vt/m2, temperatura 250С, speqtri 
AM=1.5 (mzis speqtri 450 ganedze).
fotoeleqtruli mowyobilobebi. 0.6v aris Zalian dabali 
Zabva imisaTvis, rom moiZebnos misi momxmarebeli. Zabvis 
gasazrdelad mzis elementebs aerTeben mimdevrobiT da de­
nis Zalis gasazrdelad _ paralelurad, rogorc Cveuleb­
riv batareebis SemTxvevaSi. Semdeg xdeba maTi hermetizacia 
da iqmneba jamuri Zabva. naxevargamtarebis firfitebi Ser­
Ceuli unda iqnas erTnairi zomis, winaaRmdeg SemTxvevaSi 
gamosavali deni ar aRemateba yvelaze cudi elementis maxa­
siaTeblebs.

mowyobiloba, romelic konstruqciulad aerTianebs eleq­
trulad erTmaneTTan SeerTebul mzis elementebs nebismieri 
sasurveli kombinaciiT da aqvs gamosasvleli momWerebi gare 
momxmarebelTan mierTebisaTvis, aris fotoeleqtruli mo­
duli. paraleluri CarTviT gamomuSavdeba ufro didi deni, 
vidre mimdevrobiT CarTvisas. magram, paralelur CarTvas 
Tan axlavs arsebiTi problemebi. magaliTad, Crdilis efeqts 
SeuZlia Caketos ufro susti (naklebad ganaTebuli) parale­
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lurad eleqtrulad SeerTebuli mzis elementebi. moxdeba 
wredis gaTiSva CrdilSi myof elementze. es movlena iwvevs 
simZlavris arsebiT danakargebs da azianebs elements. didi 
denis SemTxvevaSi es elementi SeiZleba gamovides mwyobri­
dan. amis asacileblad yovel elements uerTeben maSuntire­
bel diods. batareebis muSaobisas normalur reJimSi diodebi 
mzis elementis ZabviTaa Caketili. roca nebismieri elementi 
xvdeba CrdilSi misi maSuntirebeli diodi ixsneba da bata­
rea muSaobs 0.6v-iT ufro naklebi ZabviT. mzis elementebis 
mavTulebi unda regulirdebodes damoukideblad, raTa ar 
iyvnen SeerTebuli paralelurad da gamoyenebul iqnas spe­
cialuri paraleluri wredebi.

fotomodulebs xSirad aqvT SuSa wina mzis mxares, rome­
lic atarebs Suqs, icavs naxevargamtaris firfitebs meqani­
kuri cveTisagan, wvimis, qarisa da setyvis zemoqmedebisgan. 
eleqtrulad da meqanikurad erTmaneTTan SeerTebuli fo­
toeleqtruli modulebi qmnian mzis batareas. mzis bata­
reebi gamoiyeneba energiis Sesanaxad, roca deni ar aris 
saWiro im wuTSi. mravali modulis gaerTianebisas, jamuri 
modulebis jgufs, orientirebuls erT sibrtyeSi, uwode­
ben mzis panelebs. gansxvaveba modulsa da panels Soris aris 
is, rom moduli ar SeiZleba daiSalos ufro patara mosax­
mar komponentebad. mzis paneli ki SeiZleba daiSalos mzis 
modulebis krebulad.
mzis elementis efeqturobis Teoriuli maqsimumi (Sok­
li-quiseris zRvari). p-n gadasvliani fotoelementebis 
Teoriuli efeqturobis (η) maqsimumis damokidebuleba 
naxevargamtaris akrZaluli zonis sidideze arakoncen­
trirebuli mzis gamosxivebisaTvis gamoTvlilia [20]-Si 
(nax. 9.19). 
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nax.9.19. mzis elementis efeqturobis maqsimumis (Sokli-quiseris 
zRvaris) damokidebuleba akrZaluli zonis siganeze. a) mzis 

elementis efeqturobis maqsimumis atmosferoSi infrawiTeli 
STanTqmis zolebis gamo mrudi aris talRiseburi; b) Sokli-quiseris 
zRvari gadidebuli masStabiT mzis elementis efeqturobis pikis areSi

nax.9.19-ze moyvanili efeqturobis mrudidan Cans, rom 
mzis mTliani gamosxivebis dacemisas (1000vt/m2) 1.12ev 
akrZaluli zonis mqone siliciumis fotoelementze mxolod 
33.7% SeiZleba gardaiqmnas eleqtrobaSi (337vt/m2). dana­
kargebi margi qmedebis koeficientSi gamowveulia Semdegi 
ZiriTadi faqtorebiT: speqtruli danakargebi, rekombinacia 
da absoluturad Savi sxeulis gamosxivebis efeqti (danarTi 
7). yvela zemoT CamoTvlili danakargis wvlili mizezia mzis 
elementis maqsimaluri Teoriuli efeqturobis 33.7%, an 337 
vt/m² AM1.5 dros. sxva faqtorebic amcireben mzis elementis 
maqsimalur Teoriul efeqturobas. magaliTad, Canergvis 
defeqtebi.

unda aRiniSnos, rom moxsenebuli Sokli-quiseris maq­
simalurad SesaZlebeli efeqturoba 33.7% dafuZnebulia 
ramodenime fundamentur varaudze: mzis gamosxiveba mode­
lirdeba 6000K absoluturad Savi sxeulis gamosxivebiT, 
mzis elementi Seicavs erT p-n gadasvlas da naxevargamta­
ris akrZaluli zonis sigane axloa siliciumis akrZalul 
zonasTan, p-n gadasvla awyobilia xiluli SuqisaTvis da 
fotonebis nebismieri Warbi energia dakargulia. Teoriuli 

zRvari gviCvenebs energiis maqsimalur raodenobas, romelic 
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miiReba mzis elementze dacemuli TiTo fotonidan. martivi 
fotoelementisaTvis Sokli–quiseris zRvari SeiZleba gai­
zardos kaskaduri fotoelmentebis SeqmniT, mzis energiis 
koncentrirebiT elementze da sxva meTodebiT. 
mzis elementebis muSaobis pirobebi. amrigad mzis elemen­
tebis efeqturi muSaobisaTvis zemoT moyvanili pirobebis 
garda (naxevargamtaris aqtiuri fenis optikuri STanTqmis 
koeficienti unda iyos sakmarisad didi da akrZaluli zonis 
sigane unda Seesabamebodes mzis fotonebis energiis sidides) 
saWiroa daculi iyos Semdegi:

•	 ganaTebisas warmoqmnili eleqtronebi da xvrelebi 
unda efeqturad ikribebodes sakontaqto eleqtrodeb­
ze aqtiuri fenis orive mxridan, raTa acilebuli iqnas 
usargeblo muxtis matarebelTa rekombinacia; 

•	 mzis elementis barieri naxevargamtarul gadasvlaSi 
unda iyos sakmarisad maRali; 

•	 mzis elementTan mimdevrobiT CarTuli sruli wina­
Roba (datvirTvis winaRobis gamoklebiT) unda iyos 
mcire imisaTvis, rom muSaobis procesSi Semcirdes sim­
Zlavris danakargebi;

•	 Txeli fenis struqtura unda iyos erTgvarovani mzis 
elementis mTel aqtiur areSi. amiT gamoricxuli iqneba 
damokleba da maSuntirebeli winaRobis gavlena ele­
mentebis maxasiaTeblebze.

9.7. fotovoltaikis momavali
energiis problemebi. msoflio masStabiT ZiriTadi energi­
is wyaroebze (navTobi, gazi, qvanaxSiri, hidroeleqtruli, 
birTvuli, geoTermuli, qaris, mzisa da xis energia) moTxovna 
yovelwliurad izrdeba minimum 1.6 %-iT (nax.9.20).
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nax.9.20. energiis moTxovna msoflio masStabiT

aqedan organuli wiaRiseuli sawvavis maragis (navTobi, 
gazi, qvanaxSiri) amowurvasTan dakavSirebuli energetikuli 
problemebis gadawyveta iyo da iqneba aqtualuri. `navTobis 
xana~ dasasruls uaxlovdeba. amrigad, rogorc resurse­
bis amowurvis, ise naxSirbadis gamonabolqviT gamowveuli 
ekologiuri problemebis gadasawyvetad saWiro iyo energiis 
alternatiuli, idealurad ganaxlebadi wyaroebi. energeti­
kuli krizisis gamwvavebis molodinSi mecnierTa yuradReba 
mimarTulia energiis alternatiuli wyaroebis Ziebisaken. 
perspeqtiuli iyo energiis ganaxlebadi iseTi wyaros gamo­
yeneba rogoricaa mzis energia. am mimarTulebiT muSaoba 
mimdinareobda ukve XX saukunis meore naxevridan. perspeqti­
ulad iTvleba naxevargamtaruli siliciumis bazaze damza­
debuli fotoeleqtruli gardamqmnelebi. 

dRes fotoelementis mier gamomuSavebuli energiis mTa­
vari problemaa Rirebulebis Semcireba. es ki TavisTavad 
margi qmedebis koeficientis gazrdas ukavSirdeba [5,20]. Tu 
omamde fotoelementis mqk iyo 1%, dRes seriuli fotoele­
mentebis, romelic kosmossa da miwiszeda gamoyenebisaa, mqk 
Seadgens 30%-s. mzis energetikis sawinaaRmdego tradiciuli 
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faqtoria mzis sxivebis `gabneva~. samwuxarod mzis energiis 
mcire nawili ecema dedamiwis zedapiris farTobis erTeuls. 
es niSnavs, rom didi simZlavris mzis eleqtrosadgurebma unda 
daikavon mniSvnelovani teritoriebi. magram, igive situaciaa 
hidroenergetikaSic. aq iZireba uzarmazari teritoriebi da 
iqmneba uzarmazari wyalsacavebi didi simZlavreebis misaRe­
bad. xSirad iZireba soflis meurneobisaTvis gankuTvnili 
noyieri miwebi. mzis eleqtrosadgurebs ki sWirdeba mxolod 
awyoba. es ki Seudareblad martivia im uzarmazar saamSeneblo 
samuSaoebTan SedarebiT, romelic saWiroa Cveulebrivi hid­
ro da atomuri sadgurebisaTvis. momavalSi mzis energetika 
SeiZleba gaxdes atomuri da TermobirTvuli eleqtrosad­
gurebis konkurenti. msoflioSi miiswrafvian usafrTxo da 
ekologiurad sufTa eleqtrosadgurebisken _ mzis energe­
tikisaken. mzis energetikas grZeli da Zneli gza aqvs gasavle­
li. magram ara ufro grZeli da rTuli vidre TermobirTvul 
sadgurebs.
pirveli Taobis mzis elementebi. siliciumze, rogorc de­
damiwaze uxvad gavrcelebul, stabilur da ara toqsikur 
masalaze, damzadebuli mzis elementebi aris yvelaze dam­
kvidrebuli xelsawyo mzis energiis efeqturad gardasaqmne­
lad eleqtroenergiaSi. siliciumis mzis elementebis dam­
zadebis teqnologia kargad damuSavebulia da uwyvetad 
umjobesdeba da bevrad iafia, vidre sxva naxevargamtarebze 
damzadebuli mzis elementebi. miuxedavad amisa, siliciumis 
mzis elementebiT miRebuli eleqtroenergiis fasi maRalia 
da es maTi ZiriTadi naklia. damzadebuli mzis modulis jamu­
ri fasis Rirebulebis naxevars Seadgens siliciumis fuZe­
Sris fasi. mzis elementis damzadebisas gamoiyeneba maRali 
xarisxis nedleuli mono an poli siliciumi, romlis warmoe­
ba moiTxovs energiis maRal xarjs. TviT siliciumis xarjic 
mniSvnelovania imis gamoc, rom didia siliciumis danakargi 
misi damuSavebisas da daWrisas, rogorc naxerxi, magaliTad, 
Coxralskis meTodiT miRebuli siliciumis SemTxvevaSi. Se­
degad maRali efeqturobis mqone kristaluri siliciumis 
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mzis elementebis warmoebis maRali xarjebi xels uSlis fo­
toeleqtruli mowyobilobebis farTo gamoyenebas. 

meores mxriv, bunebrivia, rom Rirebulebis fasis dakle­
ba SeiZleba moxdes margi qmedebis koeficientis gazrdiT. 
aq dabrkolebaa, romelic dakavSirebulia imasTan, rom 
siliciumi arapirdapiri zoniani naxevargamtarebia da misi 
STanTqmis koeficienti ar aris maRali da saWiroebs kompen­
sirebas sinaTlis damWeri struqturebiT. magram es ar aris 
sakmarisi SedarebiT dabali STanTqmis gamo. sakmarisi sinaT­
lis STanTqmisTvis, kristaluri Si unda iyos minimum 30 mkm 
sisqis, Tu efeqturi STanTqmis gasaumjobeseblad Sesabamisi 
optikuri teqnika ar gamoiyeneba. es ki iTxovs axali Taobis 
mzis elementebs.
meore Taobis mzis elementebi. margi qmedebis koeficientis 
gazrda SesaZlebelia mzis elementis damzadebis teqnologi­
is srulyofis xarjze. siliciumis Rirebulebis Semcirebis 
potenciali imaleba iseTi masalis gamoyenebaSi, romelic 
ar iTxovs daqucmacebas. am TvalsazrisiT interes warmoad­
gens mzis elementebis damzadeba Txel fenebze [21,22]. meore 
Taobis Txeli fenis mzis elementebi saWiroeben im masalis 
daaxloebiT 1/100-s, rac saWiroa pirveli Taobis mzis ele­
mentebis masaRebad. Txelfeniani mzis modulebis warmoebis 
Rirebulebis Semcirebis tempebi ufro maRalia, vidre Zvirad 
Rirebuli kristalur e.w. `sqel~ siliciumze dafuZnebu­
li modulebis warmoebis fasi. Txeli fenebis teqnologias 
aqvs sxva rigi upiratesoba, rac SeuZlebelia moculobiTi 
kristaluri naxevargamtarebis gamoyenebisas: drekadi da 
naxevrad gamWirvale modulebi, maTi mcire wona da agreTve 
nebismier zedapirze damagrebis SesaZlebloba.

Txelfeniani teqnologiis mniSvnelovani upiratesobaa  
xelsawyos struqturebis damzadebis SesaZlebloba Zalian 
did farTobze da araviTari ekologiuri problemebi. Txeli 
fenebi SeiZleba miRebul iqnas nebismieri masalis da zomis 
fuZeSreze da amave dros amJRavneben radiaciul mdgradobas.

principSi, bevri naxevargamtaruli masala SeiZleba gamo­
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yenebuli iqnas am miznisTvis. magram mxolod ramdenime maTga­
nia sakmarisad saintereso. idealur SemTxvevaSi, STamnTqme­
li masala efeqturi miwiszeda mzis elementisTvis unda 
iyos naxevargamtari 1ev–1.5 ev akrZaluli zoniT, mzis gamos­
xivebis maRali optikuri STanTqmiT (104 sm−1− 105 sm−1) talRis 
sigrZis 350nm–1000nm ubanSi, maRali kvanturi gamosavaliT 
warmoqmnili denis matareblebisTvis, didi difuziis sig­
rZiT da dabali rekombinaciis siCqariT. Tu yvela es Sez­
Rudva dakmayofilebulia da ZiriTadi masala farTod aris 
xelmisawvdomi, masala iZleva saSualebas damzaddes prin­
cipSi Txelfeniani mzis elementis mowyobiloba. warmoebis 
teqnologiis da aRwarmoebis TvalsazrisiT aseTi masalaa 
elementaruli siliciumi.

Tumca arapirdapiri akrZaluli zonis gamo dabali STan­
Tqmis koeficientis mqone siliciumi ar aris idealuri ma­
sala Txelfeniani mzis elementebisTvis. miuxedavad amisa, 
arsebobs mecnierebis mniSvnelovani Zalisxmeva kristaluri 
Si-ze dafuZnebuli Txelfeniani mzis elementebis SesamuSa­
veblad. kristaluri Si-s Txeli fenebi SeiZleba gaizardos 
daleqviT an dabal temperaturaze (miiReba mikrokristalu­
ri Si) an maRaltemperaturuli teqnologiiT. am ukanasknel 
SemTxvevaSi gazrdili siliciumis fenebis Tvisebebi msgav­
sia moculobiTi kristaluri Si -is Tvisebebisa.

siliciumis fenebi SeiZleba daileqos amorfuli saxiTac. 
amorful siliciums (a-Si) aqvs ufro maRali akZraluli zona 
(1.7ev) vidre kristalur siliciums (c-Si) (1.1ev), rac niSnavs, 
rom is ufro Zlierad STanTqavs mzis speqtris xilul nawils, 
vidre speqtris infrawiTel nawils. radgan nanokristalur 
Si (nc-Si) aqvs daaxloebiT igive akrZaluli zona, rac c-Si, ami­
tom nc-Si da a-Si SeiZleba kombinirdes Txeli fenebis saxiT 
da Seiqmnas kaskaduri mzis elementi, gaerTiandes Txel fe­
nebad da Seiqmnas feniani mzis elementi, romelsac ewodeba 
tandemuri mzis elementi. es bevrad ufro iafia, magram am 
tandemis efeqturoba dabalia daaxloebiT 6% -8% (am dros 
η= 30%- siliciumis mzis wina Taobis elementebisTvis). Tumca 



193

radiaciis moqmedebiT Txelfeniani mzis elementebi nakle­
bad swrafad gamodian mwyobridan, vidre pirveli Taobis mzis 
elementebi. 

magram amorfuli siliciumi naklebad gamoiyeneba foto­
voltaikSi. xelsawyoebis struqturebis maxasiaTeblebis de­
gradaciis problema amorfuli siliciumis teqnologiaSi 
aris ZiriTadi da ar aris mTlianad gadawyvetili. maxasiaTeb­
lebis degradacia aris seriozuli problema rac akavebs 
amorfuli siliciumis Txel fenebze mzis elementebis far­
To gamoyenebas.
fotovoltaikis resursebi. dRes fotoeleqtruli modu­
lebi gamoiyeneba eleqtrul qselTan dakavSirebuli energi­
is warmoebisTvis. magaliTad, dRes amerikis SeerTebul 
StatebSi moqmedebs msoflioSi mzis 5 umsxvilesi (danarTi 
8) da 2500 mzis mZlavri momgebiani eleqtrosadguri, sadac 
gamoyenebulia rogorc kristaluri siliciumis, iseve Txel­
feniani mzis modulebi.

dedamiwaze uamravi siliciumia, magram Tu mTeli msofli­
os mzis eleqtroenergia miiReba 180mkm -300mkm sisqis (pirve­
li Taoba) Cveulebrivi siliciumis firfitebis gamoyenebiT, 
maSin saWiro iqneba 100-jer meti qarxnebis raodenoba maT 
dasamzadeblad da dasWirdeba 100 weli. amave dros, rogorc 
iyo aRniSnuli, siliciumis mzis elementebi Zviria da anaz­
Raurebadi dro 15-20 welia tipiuri saxlisTvis.

sxva naxevargamtaruli masalebisTvis ukeTesi foto­
eleqtruli TvisebebiT saWiroa indiumi, romelic faqti­
urad deficitia da 5-10 weliwadSi indiumi amoiwureba. 

gaTvaliswinebuli unda iqnas fotogardamqmnelebis gamo­
sadegobis vada da amogebis vada. magaliTad, monokristaluri 
siliciumis mzis elementis gamosadegobis vadas Seadgens 20 
wels simZlavris sawyisi donidan 25%-iT daklebiT. amorful 
siliciumze damzadebul mzis elementebs erTi wlis muSaobis 
Semdeg mqk ecema 9%–10%-dan 5%–6%-mde. 

mzis energiis kuTri fasi msoflioSi cvalebadia sxvada­
sxva saxelmwifoSi. mzis energiis fasi umravles SemTxveveSi 
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proporciulia sawarmos farTisa. maRalefeqtur elementebs 
SeuZliaT Seamciron sawarmos farTi da fasi, im SemTxvevaSic 
ki, Tu TviT mzis elementebi arian ufro Zviri. mzis energiis 
sawarmoebis ekonomikis SefasebisaTvis sasargebloa calke 
mzis elementis efeqturobis Sefaseba. ZiriTadi parametre­
bi, romlebic saWiroa SefasebisaTvis, arian mokle CarTvis 
deni da Ria wredis Zabva. 

mzis elementebis mier eleqtrobis Rirebulebis sakiTxSi 
kidev ori faqtori moqmedebs: romelime SerCeul qveyanaSi 
eleqtroenergiis moxmarebis xarji da mzis energiis doza. am 
mxriv jerjerobiT optimalurTan miaxloebuli mdgomareoba 
mxolod ramodenime adgilasaa. 

mzis energiis teqnologiebis Rirebulebis Sesamcireblad 
SesaZlebelia ramdenime sakiTxis gadawyveta: masalebis da 
damuSavebis Rirebulebis Semcireba, p-n gadasvlis efeqtia­
nobis gazrda, warmoebis moculobis da mzis energiis miRebis 
moculobis gazrda. am problemis gadasawyvetad ramdenime 
mimarTulebis gamoyenebaa saWiro, rogoricaa qimiuri inJine­
ria, masalaTmcodneoba da a.S. 

unda garkveul iqnas pasuxi or SekiTxvaze: siliciumi 
Sinagani Tvisebebis gamoa SezRuduli, Tu kristalur do­
neze arsebuli defeqtebis gamo. mzis elementis firfitaSi 
defeqtebis arsebobis SemTxvevaSi, energiis miRebisas, bevri 
eleqtroni mimReb donemde ver aRwevs.
mzis elementebi kosmosSi. kosmosi sainteresoa imiT, rom 
kosmosSi, atmosferos zemoT 30%-iT metia mzis energia da 
eleqtroenergiis gardaqmna ufro efeqturia. magram sili­
ciumi naklebad sainteresoa kosmosisTvis, vinadian nakle­
bad radiaciulad mdgradia. amitom siliciumi iTvleba masa­
lad miwiszeda mzis energetikisTvis. Tumca Txeli fenebiani 
mzis elementebi Seicaven nakleb masalas, vidre Cveulebrivi 
siliciumis mzis elementebi da ufro mdgradia radiaci­
uli dazianebis mimarT. amitom isini upiratesad gamoiyene­
ba kosmosSi. masalebi unda iyos mdgradi radiaciis mimarT. 
mzis elementebi gamoiyeneba TanamgzavrebSi gankuTvnili 
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komunikaciebisTvis, amindis prognozisa da gazomvisTvis, 
kvlevebisTvis (saerTaSoriso kosmosuri sadguri, hablis 
kosmosuri teleskopi (the Hubble Space Telescope) da a.S. radi­
aciis zemoqmedebis xarisxi damokidebulia Tanamgzavris si­
maRleze dedamiwis zedapiridan.

momavalSi energetikuli problemis gadaWris erT-erTi 
gzaa ufro meti uxvi mzis gamosxivebis dasaWerad gamoyenebu­
li iqnas fotoeleqtrosadgurebi dedamiwis Tanamgzavrebze 
da eleqtrobis gadacema dedamiwaze mokle eletromagnitu­
ri talRebiT.
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Tavi 10

siliciumis gamoyeneba eleqtronikaSi

10.1. eleqtronikis safuZvlebi
Tanamedrove teqnologiebis Seqmna da gamoyeneba momge­

biania mxolod im SemTxvevaSi, Tu mowyobilobis Semadgeneli 
nawilebis zomebi mcirea, moixmaren mcire energias da aqvT 
Zalian maRali saimedooba. axla da uaxloes momavalSi, mxo­
lod naxevargamtaruli eleqtronuli mowyobilobebi akma­
yofilebs am moTxovnebs. kerZod, integralur naxevargam­
tarul sqemebSi calkeuli mowyobilobebis xazovani zomebi 
ar aRemateba milimetris measeds, moxmarebuli simZlavreebi 
izomeba milivatebSi da saimedooba aRwevs asobiT wels [1-3]. 
Tvisebebis aseTi kombinacia iZleva saSualebas Seiqmnas ur­
Tulesi da saimedo mowyobilobebi. 

ganviTarebis mokle droSi, naxevargamtarulma eleqtro­
nikam grZeli da ucvlelad gamarjvebebis gza gaiara. es gza 
daiwyo wertilovani tranzistorebiT da swrafad gadavida 
sibrtyiTi (planar) naxevargamtarul mowyobilobebze. dasaw­
yisSi, TiToeuli mowyobiloba, miuxedavad misi miniaturuli 
zomisa, mzaddeboda calke kristalur firfitaze. Semdeg ki 
moxerxda erTnairi xelsawyoebis jgufis damzadeba saerTo 
firfitaze da misi daWra naWrebad diskretuli xelsawyoe­
bis misaRebad. ukve mniSvnelovani warmateba ki iqna miRweuli 
roca moxerxda sxvadasxva xelsawyoebis da maT Soris aucile­
beli SeerTebebis damzadeba saerTo naxevargamtarul fir­
fitaze. yvelafris safuZveli iyo tranzistori, romelic 
bolo dromde iyo yvelaze maRali miRweva. 

rogorc ki gaCnda tranzistori, man gamoavlina naxevar­
gamtaruli xelsawyoebisTvis damaxasiaTebeli upiratesoba 
vakuumur eleqtronul naTurebTan: mcire zomebi, swrafqme­
deba, maRali saimedooba da dabali energetikuli moxmareba.
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Teoriam da gamocdilebam aCvena, rom naxevargamtaruli 
xelsawyoebi SeiZleba kidev ufro dapataravebuliyo. saWi­
ro iyo mowyobilobebis Seqmna komponentebis didi raode­
nobiT da SezRuduli da zogjer Zalian mcire, moculobiT. 
mTavari warmateba am mimarTulebiT iyo integraluri sqeme­
bis SemuSaveba. xelsawyoebis absolutur umravlesobaSi, 
rogorc diskretul, aseve integralur, muSaobis principi 
moiTxovs naxevargamtarSi Seiqmnas fenebi, romlebic gan­
sxvavdeba Tavisi TvisebebiT. magaliTad, diodSi aris gan­
sxvavebuli gamtarobis tipiT ori aseTi fena (p-n), triod­
Si mxolod samia (p-n-p an n-p-n). maT Soris sazRvrebi unda 
iyos Tavisufali yovelgvari ukontrolo minarevebisagan. 
fenebi iqmneba erTgvarovani kristalebis SigniT garedan 
minarevebis SeyvaniT-Cveulebrivi difuziiT da iSviaTad  
ionuri dabombviT. istoriulad, orive teqnologiuri me­
Todi warmoiSva TiTqmis erTdroulad, magram praqtikaSi  
mxolod difuzia gamoiyeneboda naxevargamtaruli xel­
sawyoebis warmoebaSi. es aris SesaniSnavi iafi meTodi, rome­
lic uzrunvelyofs produqciis saWiro xarisxs.

naxevargamtaruli mowyobilobebis masobrivma warmoebam 
ganapiroba egreT wodebuli gegmuri teqnologiis SemuSave­
ba, romelmac SesaZlebeli gaxada erTdroulad calke patara 
naxevargamtarul firfitaze asobiT erTnairi tipis xel­
sawyos damzadeba. 

Semdgomi mniSvnelovani progresi moitana fotoliTo­
grafiis teqnikis gamoyenebam. sinaTlis sxivebi, romlebic 
gadian niRbebis gamWvirvale WrilebSi, xazaven sazRvrebs 
calkeul xelsawyoebs da ubnebs Soris, romlebic eqvem­
debareba specialur Semdgom damuSavebas. teqnologia Se­
saZlebels xdis erT firfitaze ara mxolod erTi, aramed 
sxvadasxva tipis xelsawyoebis miRebas, aseve maT Soris 
SeerTebebisac. da am gziT miRebuli iqna mTliani mza sqemebi, 
romelTac ewodeba integraluri sqemebi. ra Tqma unda, es ar 
amowuravs fotoliTografiuli teqnologiis yvela SesaZ­
leblobas. 
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arsebiTad igive, magram garkveulwilad ufro rTuli teq­
nologiis daxmarebiT, SesaZlebelia sxvadasxva integraluri 
sqemebis mniSvnelovani raodenobis damzadeba da maTi erT­
maneTTan dakavSireba. diskretuli xelsawyoebidan integ­
raluri wredamde, calkeuli integraluri sqemebidan maT 
gaerTianebamde did integralur sqemebad, es aris gza, rome­
lic gaiara naxevargamtarulma eleqtronikam. amavdroulad, 
eleqtronuli sqemebis diskretuli elementebis zomebi Sem­
cirda mikronamde. zomis Semdgom Semcirebas, SemuSavebuli 
teqnologiiT, xels uSlis xiluli sinaTlis talRis sigrZis 
zRvari, daaxloebiT naxevari mikronis toli. am barieris 
dasaZlevad, dagegmili iyo eleqtronuli optikis gamoyene­
ba Cveulebrivis nacvlad. did integralur sqemebs mohyva 
zedidi. aq difuziisa da fotoliTografiis nacvlad gamoi­
yeneba kontrolirebadi ionuri da eleqtronuli sxivebi. am 
eleqtron-ionur teqnologiur kompleqs elionika ewodeba. 
Seiqmna liToni -oqsidi naxevargamtaruli (CMOS) tranzis­
tori, Zalian farTomasStabiani gaerTianeba (VLSI), bipolaru­
li CMOS, heterogadasvlebiani bipolaruli tranzistorebi 
da heterostruqturuli velis efeqtis tranzistorebi.

Seiqmna eleqtronuli teqnologiebis axali Sto-opto­
eleqtronika [4]. sinaTlis nakadebis gamoyenebam eleqtrul 
denebTan erTad da maTi urTierT gardaqmnam warmoqmna axa­
li SesaZleblobebi sufTa eleqtrul sqemebTan SedarebiT: 
SesaZlebeli xdeba aparaturis siCqaris gazrda, didi raode­
nobiT informaciis gadacema da damuSaveba.

tranzistorma gauxsna gza TiTqmis yvela eleqtronuli 
mowyobilobis ganviTarebas. eleqtronuli mowyobilobe­
bi farTod gamoiyeneba mrewvelobis mraval dargSi: smart­
fonebidan dawyebuli uzarmazar monacemTa centrebamde, 
internetiT uzrunvelyofili eleqtro skuterebidan daw­
yebuli hiperbgeriTi TviTmfrinavebamde, kardiostimula­
torebidan amindis prognozirebad superkompiuterebamde. 
yoveli maTganis SigniT aris uxilavi da gamoucnobi, es teq­
nikuri patara elementebi yvelafers SesaZlebels xdis. es aris 
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naxevargamtari da yvelaze xSirad siliciumi. anu am saocrebis 
Semomqmedi, ZiriTadi aqtiuri elementi aris monokristaluri 
gansakuTrebuli sisufTavis EG siliciumis firfitebi. 

firfitebi Txelia (sisqe damokidebulia firfitis dia­
metrze, magram, rogorc wesi, 1 mm-ze naklebia), amoWrilia 
siliciumis monokristaluri sxmulidan. dRes da axlo moma­
valSi eleqtronul miwiszeda teqnologiebSi siliciums ar 
hyavs konkurenti. arsebuli Cipebis deficiti aris Sexseneba 
imisa, Tu ra ZiriTad rols asruleben naxevargamtarebi sazo­
gadoebisTvis saWiro mrewvelobis amden kritikul sferoSi. 
es tendencia gagrZeldeba, radgan eleqtronikaze moTxovna 
izrdeba (danarTi 9). 

siliciumze dafuZnebuli optoeleqtronika aris mraval­
waxnaga teqnologia, romelic stabilurad izrdeboda aT­
wleulebis ganmavlobaSi, magram ara eqsponenciurad. zogi­
erTma gamoyenebam, rogoricaa intensiuri- piqseliani 
signalis SemuSaveba da Cipidan CipTan optikuri urTierTkav­
Siri, STambeWdavi zrda ganicada, xolo sxva gamoyenebebi 
CrdilSi darCa.

wlebis ganmavlobaSi, kvlevam da SemuSavebam gamoavlina 
ramdenime unikaluri Si-ze dafuZnebuli optoeleqtronikis 
mniSvnelovani mimarTuleba. optoeleqtronikaSi siliciu­
mi gamoiyeneba agreTve sxvadasxva sensorul mowyobilobeb­
Si, zust mikromeqanikur sistemebSi. Tumca siliciumis ara­
pirdapiri energetikuli zonis gamo ar arsebobs siliciumis 
lazerebi da SezRudulia sinaTlis gamomsxivari diodebis 
(LEDs) efeqturoba.

siliciumze dafuZnebuli optoeleqtronika gulisxmobs 
fotonuri da eleqtronuli komponentebis gaerTianebas 
siliciumis Cipze anu firfitaze.

optoeleqtronikaSi Serwymulia fotonikis faseuloba da 
eleqtronikis iaffasiani masiuri warmoebis upiratesoba. 
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10.2. siliciumi eleqtronikaSi
tranzistoris dasawyisi. warsulSi eleqtronuli teqno­
logia dafuZnebuli iyo eleqtronul vakuumur milebze, 
romlebic warmoadgendnen sinaTlis naTurebs. es milebi 
gamoiyeneboda rogorc diodebi da triodebi imdrondel 
eleqtronul mrewvelobaSi, sadac kontroldeboda da Zli­
erdeboda eleqtruli deni qselebSi. magram es milebi ar iyo 
saimedo da moixmardnen did simZlavres da xurdebodnen, 
anu gamoyofdnen didi raodenobiT siTbos. amis garda, im­
droindeli transkontinentaluri komunikaciebisTvis saWi­
ro iyo ultramaRali sixSiris eleqtromagnituri talRebis 
gamoyeneba. xolo vakuumur milebs ar SeeZloT aseTi six­
Sireebis aRqma. 

amitom, Telephone Laboratories amerikeli mecnierebi uiliam 
Sokli, jon bardini da uolter brateini ikvlevdnen vaku­
umuri milebisa da eleqtromagnituri releebis (romelnic 
muSaobdnen dabali siCqariT imdroindel telefonebis 
qselSi) Canacvlebis SesaZleblobas naxevargamtarebiT. 
1947 wlis miwuruls dekemberSi, qristeSobamde ori dRiT 
adre, maT warmatebiT warmoadgines gamogonebuli pirveli 
naxevargamtaruli xelsawyo moqmedebaSi. es iyo pirveli 
wertili-kontaqturi tipis tranzistori (transistience-gar­
damavali winaRoba) germaniumis fuZeze. tranzistori gan­
kuTvnili iyo eleqtruli signalebis gaZlierebis, kon­
trolis da generirebisTvis [5]. amiT SedarebiT didi zomis 
eleqtronuli vakuumuri milebi Secvales patara mow­
yobilobiT, romelic moixmarda nakleb energias. moxda erT-
erTi yvelaze gamorCeuli teqnikuri garRveva mecnierebisa 
da teqnologiebis istoriaSi. patara tranzistorma Sva 
integraluri sqemebi da mikroprocesori da amiT Secvala 
msoflio. es me-20 saukunis mTavari gamogoneba SesaniSnavi 
magaliTia imisa Tu rogor SeuZlia mecnierul kvlevas 
Seqmnas sasargeblo samrewvelo produqti.

dasawyisSi tranzistorebis didi umravlesoba mzaddebo­
da germaniumis bazaze. germaniums qonda bevri upiratesoba: 

https://wblog.wiki/ka/Transistor
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is naklebad iyo reaqtiuli da dabali dnobis temperaturis 
gamo misi miRebis teqnologia da masTan muSaoba SedarebiT 
ufro advili iyo. 

mecnierebi acnobierebdnen, rom tranzistoris wertilo­
vani kontaqtis struqturas hqonda serioziuli SezRudvebi 
da agrZelebdnen muSaobas ufro saimedo da aRwarmoebadi 
mowyobilobis Sesaqmnelad. Semdgom Soklis mier SemuSavda 
bipolaruli gadasvlebiani tranzistori wertilovani kon­
taqtebis gareSe, romelic dominirebda 30 wlis ganmavlobaSi.
siliciumis tranzistori. mniSvnelovani winsvla iyo sauke­
Teso siliciumis tranzistori SemuSavebuli tanenbaumis 
mier 1954 wels [6,7]. momdevno wlebis ganmavlobaSi mravali 
gansxvavebuli warmoebis meTodi Seiqmna ufro swrafi, iafi 
da ufro saimedo tranzistorebis warmoebisTvis. tranzis­
toris gamogonebisTanave moxda revolucia eleqtronika­
Si da warmoiqmna mikroeleqtronika [8]. da ukve 75 welia rac  
Bell Telephone System gadis Znel gzas momavlis teqnologiamde 
5G standartamde. 

dafuZnebul naxevargamtarul masalaze tranzistoriT 
SesaZlebeli iyo agreTve eleqtruli signalebis gaZliere­
bis, kontrolisa da generirebis garda denis CarTva da ga­
morTva. tranzistori muSaobisas ar cxeldeboda, gamoyofda 
dabal siTbos. naxevargamtarebze monumenturi kvlevebis­
Tvis da tranzistoris efeqtis aRmoCenisTvis Soklis, bar­
dins da brateins gadaeca nobelis premia fizikis dargSi 1956 
wels. pirvelma naxevargamturulma tranzistorma, iyo ra 
mcire zomis, SesaZlebeli gaxada rTuli mikrosqemebis minia­
turizacia.

vakuumuri milebis tranzistorebiT CanacvlebiT gadaw­
yda uamravi problema: energiis moxmarebis ekonomia, xel­
sawyos zomis da wonis Semcireba da erTiani integraluri 
sqemis Seqmna, dabali samuSao Zabvebi, romelnic Tavsdeba­
dia mcire simZlavris elementebian batareebTan, xelsawyo­
ebis moqnili konstruqciis uzrunvelyofa (xelmisawvdomia 
damatebiTi mowyobilobebi, romlebic uzrunvelyofen kon­
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struqciis moqnilobas), fizikuri simtkice, siswrafe, siafe 
da efeqturoba. 

mas Semdeg, rac daixvewa maRali susafTavis da srulyofi­
li siliciumis monokristalebis miReba, masze damzadebuli 
xelsawyoebis raodenoba mkveTrad gaizarda da 1970 wlidan 
germaniumis tranzistorebis warmoeba Sewyda da Cainacvla 
ufro stabiluri, gamZle, maRali gamosavalis da denis daba­
li gaJonvis mqone siliciumis tranzistorebiT. siliciumi 
xdeba mTavari masala naxevargamtarul mrewvelobaSi da ika­
vebs wamyvan poziciebs eleqtronuli xelsawyoebis miniatu­
rizaciasa da farTo-masStabian integralur sqemebSi. sili­
ciumma Secvala yvelaferi. 

dabadebisTanave mikroeleqtronikis mrewvelobam gani­
cada mravali wlis ganmavlobaSi uprecedento feTqebadi 
zrda, ganpirobebuli ori faqtoriT: planaruli integra­
luri sqemebis gamogoneba da naxevargamtaruli xelsawyoe­
bis SekumSvis SesaZlebloba, ris saSualebas iZleoda sili­
ciumi.

tranzistori Tanamedrove eleqtronikis erTerTi Ziri­
Tadi samSeneblo blokia, rogorc integraluri sqemebis 
aqtiuri komponenti anu mikroCipi. dRes mikroCipi xSirad 
Seicavs miliardobiT am minimasStabis tranzistorebs, ro­
melnic amotvifrulia Cipis mbzinvare zedapirebze. mravali 
eleqtronuli xelsawyos miniaturizacia, komponentebis in­
tegraciiT erT Cipze qmnian maRali simkvrivis tranzistore­
bis wredebs. TiTqmis yvela eleqtronul mowyobilobebSi 
Rrmad CaSenebuli tranzistorebi iqca informaciis samyaros 
`nervul ujredebad~ [1].

liTonis oqsidi-naxevargamtaris velis efeqtis tran­
zistori (MOSFET), aseve cnobili rogorc liTonis oqsi­
di-naxevargamtari (MOS) tranzistori, pirveli kompaqturi 
tranzistoria, romlis miniaturizacia SesaZlebeli iyo da 
gamoSvebuli seriulad farTo gamoyenebisaTvis. MOS tran­
zistori fundamenturi samSeneblo blokia Tanamedrove 
cifruli eleqtronikisTvis.
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siliciumis tranzistoris upiratesoba. principSi, yvela 
tranzistoris eleqtrul sqemaSi SesaZlebelia gamoyenebul 
iqnas rogorc Ge, ise Si tranzistorebi. miuxedavad imisa, 
rom, eleqtronebi da xvrelebi ufro swrafad moZraoben 
(ufro maRali denis matarebelTa Zvradobis gamo) germanium­
Si, vidre siliciumSi, germaniums qonda seriozuli SezRvud­
vebi. erTerTi ZiriTadi iyo viwro akrZaluli energetikuli 
zona (0.67ev) TiTqmis 2-jer naklebi siliciumis akrZalul zo­
nis siganeze (1.12ev). es ki is energiaa, romelic saWiroa eleq­
tronebis gadasayvanad gamtarobis zonaSi. didi akrZaluli 
zona uzrunvelyofs sakuTari denis matarebelTa dabal 
koncentracias. es saSualebas iZleva Seiqmnas rezistorebi 
maRalomuri monacemebiT da uzrunvelyos dabali gaJonvis 
denebi p-n gadasvlaSi. Sesabamisad, viwro akrZaluli zonis 
gamo germaniumis tranzistors hqonda ufro maRali gaJon­
vis denebi. Sedegad, roca temperatura izrdeboda, misi p-n 
gadasvlebi `iZireboda~ Tavisufali eleqtronebis `zRvaSi~. 
amasTanave Ge-is tranzistorebi ufro mgrZnobiarea tempera­
turis mimarT da 75°C-ze maRla germaniumis tranzistorebi 
wyveten muSaobas: siliciumis samuSao temperaturaa 1500 C, 
rac orjer metia germaniumTan SedarebiT (-60°С … +70°С); ami­
tom, maTi Si-iT Canacvleba xdis eleqtrul sqemas ufro sta­
bilurs da gamZles ufro maRali kuTri datvirTvisadmi. 
maRal temperaturebze germaniumis kristalebis struqtura 
ziandeba. xolo, Warbi siTbo arc ise advilad azianebs sili­
ciumis kristalebs. 

tranzistoris sxva maxasiaTeblebic ukeTesia siliciumis­
Tvis. magaliTad, siliciumis diodebs da tranzistorebs SeuZ­
liaT imuSaon gacilebiT maRal Zabvebze, vidre germaniumis, 
rac niSnavs siliciumis gammarTvelebis maRal gamRvrev Zabvebs 
anu p-n gadasvlebis mkveTri garRvevis ubanSi muSaobis unars. 

siliciumis xelsawyoebs aqvT dabali sapirispiro denebi; 
siliciumi teqnologiurad advilad dasamuSavebelia da didi 
raodenobiT aris dedamiwis qerqSi germaniumis sapirispirod. 
Sesabamisad siliciumi gacilebiT iafia. 
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siliciumis tranzistorebis upiratesobebs Soris gansa­
kuTrebiT mniSvnelovania, rom siliciumi warmoqmnis Jangs, 
romelic aadvilebs masTan muSaobas. SiO

2 afskis minarevebis 
difuziis koeficientebi naklebia, vidre siliciumis da uz­
runvelyofs zedapiris mniRbav da pasivirebis Tvisebebs.

am Tvisebis gamo Jangbadi mniSvnelovan rols asrulebs 
siliciumis naxevargamtarul mowyobilobebSi, magaliTad, 
liToni-oqsidis naxevargamtarul MOS tranzistorebSi. 

siliciumis maRali siTbogamtarobis (1.48 vati/smK samjer 
aRemateba GaAs-isas 0.5 vati/smK) gamo xdeba xelsawyos muSao­
bisas generirebuli Warbi siTbos raodenobis gafantva da 
gacema. es aZlevs siliciumis xelsawyoebs saSualebas imuSaos 
ufro didi simZlavris pirobebSi, vidre germaniumia [9,10]. 

eleqtronikis teqnologiebis swraf ganviTarebas xeli 
Seuwyo im garemoebam, rom siliciumi iZleoda integra­
lur sqemebSi tranzistorebis zomebis mudmivi Semcirebis 
saSualebas, amavdroulad maTi funqcionirebis siCqaris 
gazrdas da energiis moxmarebis Semcirebas. warmoebis teq­
nologiis gaumjobesebasTan erTad, rac siliciumis mrewve­
lobas saSualebas aZlevs saimedod awarmoos Cipebi 450 mm-mde 
diametris siliciumis firfitebze, Cipebis zomebis Semcire­
bam gamoiwvia mexsierebis simkvrivisa da procesoris siCqaris 
eqsponenciuri mateba da xarjebis eqsponenciuri Semcireba.

siliciumis gamoyenebis sferoSi miRweuli warmatebe­
bi mWidro kavSirSia misi warmoebis teqnologiaSi mudmivad 
ganxorcielebul gaumjobesebebTan, siwmindis xarisxis gaz­
rdisa da monokristalebis struqturis srulyofis mimar­
TulebiT.

siliciumi iZleva saSualebas sakmarisad patara zomis 
tranzistorebis moTavsebas mikroCipze, rac xsnis karibWeebs 
gajetebis mozRvavebisTvis, romlebic yovelwliurad ufro 
patara da efeqturi xdebian. Cipebis miniaturizacia da sxva 
inovaciebis stabiluri tempi uprecedento iyo da miadga 
fizikis sazRvrebs. Sedegad miniaturizaciis tempi Senelda. 
xelsawyoebis miniaturizacias xeli Seuwyo agreTve silici­
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umis kargma meqanikurma Tvisebebma: is advilad, modelirde­
ba patara zomebamde, magaliTad, problemebis gareSe iWreba 
200mkm-500mkm firfitebad. 

Tanamedrove tranzistorebis danaxva dRes SeuZlebeli 
gaxda SeuiaraRebeli TvaliT: erTi Cipi malavs miliardo­
biT tranzistors. yvelaferze metad, warmoebis am eqsponen­
ciurma gaumjobesebam gamoiwvia cifruli revolucia. Cipis 
damzadeba aris erT-erTi yvelaze intensiuri kvleva-war­
moebis procesi dedamiwaze. damzadeba rTulia da saWiroebs 
maRal specializebul xarjebs da aRWurvilobas miniaturu­
li masStabiT saWiro sizustis misaRwevad. mxolod naxevar­
gamtaruli firfitebis mTlian warmoebaSi SeiZleba iyos 
1400-mde procesis safexuri (procesis sirTulis mixedviT). 
da procesis TiToeuli etapi, rogorc wesi, moicavs sxva­
dasxva uaRresad daxvewili xelsawyoebisa da manqanebis ga­
moyenebas da iTxovs dros, jamSi 26 kviras.

amrigad, tranzistori aris eleqtronuli teqnologi­
is mowyobiloba, romelic cifruli teqnikis saTaveSia. mis 
kvaldakval Seiqmna naxevargamtarebze dafuZnebuli mrewve­
lobis mravali dargi, sadac siliciumi dRes da axlo moma­
valSic ZiriTad komponentad rCeba.

10.3. daJangvis procesebi integraluri 
sqemebis warmoebaSi da siliciumis  
Termuli stabiluroba
eleqtronikis mrewvelobisTvis umniSvnelovanesi prob­

lema, rogoricaa- siliciumis integraluri sqemebis masiuri 
warmoeba, gadaiWra mas Semdeg rac 1950-ian wlebSi egviptel­
ma inJinerma mohamed atalam warmoadgina naxevargamtaruli 
mowyobilobebis damzadebis axali meTodi [11]. 
zedapiris pasivacia. am meTodiT siliciumis firfita ifa­
reba siliciumis oqsidis saizolacio feniT ise, rom eleq­
troba saimedod aRwevs gamtar siliciumSi qvemoT, anu av­
lens saukeTeso saWiro eleqtrul Tvisebebs. SiO

2
 afskebSi 
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minarevebis difuziis ufro dabali koeficientebi, vidre 
siliciumSia, uzrunvelyofen mniRbav da pasivirebis Tvise­
bebs.

oqsidis fena xels uSlis garkveul malegirebel elemen­
tebs SeaRwion siliciumis firfitaSi, xolo zogierT saWiro 
elements ki aZlevs amis saSualebas. SiO

2
 fena mniSvnelovnad 

amcirebs siliciumis zedapirze eleqtronuli mdgomare­
obebis koncentracias, romlebic xels uSlida eleqtro­
energiis miRwevas siliciumis firfitamde. amave dros SiO

2
 

fena xels uwyobs p-n gadasvlebis eleqtruli maxasiaTeb­
lebis SenarCunebas da zRudavs am eleqtruli maxasiaTeb­
lebis degradacias garemos atmosferos mier. amave dros SiO

2
 

fena siliciumis zedapiris gaswvriv ketavs denis gaJonvis 
gzebs. 

amrigad, siliciumis daJangva integraluri sqemebis war­
moebis ganuyofeli procesia. umaRlesi xarisxis integralu­
ri sqemebis miRebisTvis aucilebelia maRali xarisxis sili­
ciumis Jangis formireba, romelic: rogorc niRabi icavs 
siliciums minarevis implantaciisgan an difuziisagan, uz­
runvelyofs zedapiris pasivacias, izolirebs erT xelsawyos 
meoresgan (dieleqtrikuli izolacia), aris MOS struqture­
bis komponenti da eleqtrulad izolirebs mravaldoneebi­
an liTonur sistemebs. Jangis fenebi formirdeba siTburi 
daJangviT (muxtis dabali simkvrivis donis aucileblobis 
SemTxvevaSi Jangisa da siliciumis zedapirs Soris), sveli 
anodizaciiT, qimiuri orTqlis daleqviT (liTonis zeda­
pirebze) da plazmuri daJangviT. Jangis fenebis gansxvave­
buli meTodebis gamoyeneba damokidebulia konkretul amo­
canaze integraluri sqemebis warmoebisas. 

siliciumis zedapiris maRali qimiuri swrafvis gamo Jan­
gbadis mimarT Jangis fena swrafad formirdeba atmosferos 
zemoqmedebiT. mSrali daJangvis procesis dros Jangbadis 
wyaroa airadi Jangbadi:

			   Si
(my)

 + O
2(airi)

→SiO
2(my) 		

(10.1)
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sveli daJangva aiwereba: 

		  Si
(my)

+2H
2
O

(airi)
→SiO

2(my)
+2H

2(airi) 		
(10.2)

rodesac daJangvisas Camoyalibebul Si-SiO
2
 sistemaSi zeda­

piri Si-sa da SiO
2
 sazRvrebs Soris siliciumSi gadaadgildeba, 

misi moculoba farTovdeba. Tu gaviTvaliswinebiT Si da SiO
2
-

is simkvrives da molekulur wonas, miiReba, rom 0.44 Å Si ga­
moiyeneba 1.0Å SiO

2
-is misaRebad. SiO

2
  fenebis sisqe Si fuZe­

Sreze advilad ganisazRvreba afskis feriT (danarTi 10).
Termuli stabiluroba. siliciumis masis (m) zusti moni­
toringi, gaxurebisas mudmivi siCqariT (100C), iZleva sa­
Sualebas gaizomos masis cvlileba gaxurebis sxvadasxva 
safexurze da warmoadgens am masalebis pasuxs Termul 
daZabulobaze. siliciumis Termogravimetriuli analizis 
Sedegebi 200C-10000C temperaturul intervalSi mudmivi 
siCqariT(100C/wuT) gaxurebisas naCvenebia nax.10.1-ze. deri­
vatografiuli kvlevebi gviCveneben sufTa siliciumis masis 
(m) temperaturul m=f(T) wrfiv damokidebulebas, rac niS­
navs, rom adgili ar aqvs masis danakargs gaxurebisas.

nax.10.1. siliciumis Termogravimetruli (1) da diferencialuri 
(2) analizebis mrudebi gaxurebisas 10K/wT siCqariT 200C-10000C 

temperaturul intervalSi

masis mcire gazrda (4%) daikvirveba 8000C temperatu­
ramde. es dakavSirebulia siliciumis daJangvasTan da ukve 
sakmarisi sisqis SiO

2 fenis warmoqnasTan. es bunebrivi proce­
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sia, romelic gardaqmnis sufTa siliciumis zedapirs ufro 
qimiurad stabilur oqsidad da aris garemosTan qimiuri re­
aqciiT siliciumis TandaTanobiTi `gafuWebis~ procesi.

SiO
2 fenis warmoqmna iwvevs gadaxrebs sufTa siliciumis in­

frawiTeli STanTqmis speqtrSi. nax.10.2-ze moyvanilia sili­
ciumis SefardebiTi gaSvebis speqtrebi (siliciumis gaxure­
bis Semdeg 8000C-ze 1saaTis ganmavlobaSi) sufTa siliciumis 
(miRebuli zonuri dnobiT) speqtrTan SedarebiT. SiO

2 fenis 
arsebobas siliciumis zedapirze

 
Seyavs damatebiTi struqtu­

ra sufTa siliciumis infrawiTel speqtrebSi 1100sm-1da 460sm-1 

sixSireebze, rac saerTod damaxasiaTebelia amorfuli SiO
2
.

nax.10.2. 2nm sisqis siliciumis monokristalis infrawiTeli 
SefardebiTi gaSvebis speqtri 8000C temperaturaze 1 saaTi  

gaxurebis Semdeg, Sedarebuli sufTa siliciumis (miRebuli  
zonuri dnobiT) speqtrTan (300K)

elifsometriuli kvlevebiT miRebulia, rom gaxurebiT 
miRebuli afskis gardatexis maCvenebeli1.46 emTxveva amor­
fuli SiO

2 mniSvnelobas.
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10.4. siliciumis infrawiTeli  
fotodeteqtorebi
eleqtromagnituri gamosxiveba, rogorc Suamavali, iZle­

va Zvirfas informacias gare samyaroze. xiluli sinaTle am 
TvalsazrisiT ar saWiroebs komentars. gansakuTrebiT Ri­
rebul informacias inaxavs infrawiTeli sxivebis speqtri. 
is gavrcelebulia xiluli sinaTlis ubnis kididan 0.8mkm-
dan aseuli mikronamde, sadac is Seerwymis radio talRebis 
speqtrs. sasargeblo informacia eleqtromagnituri talRe­
biT miiReba fotodeteqtorebiT. isini warmoadgenen kvan­
tur-fotonur mowyobilobebis erTerT klass e.w. kvantur 
deteqtorebs [12]. 

infrawiTeli deteqtorebis es klasi gansakuTrebiT mniS­
vnelovania mecnierebis, teqnologiisa da samxedro baz­
risTvis, maT Sorisaa infrawiTeli sensorebi, optoizola­
torebi, optikur-boWkovani komunikaciis sistemebi da 
optikuri kavSirebi. fotodeteqtorebi naxevargamtaruli 
mowyobilobebia, romlebsac SeuZliaT optikuri signalebis 
eleqtrul signalebad gardaqmna [13]. am movlenis miRma ar­
sebuli Teoriis safuZvelia: deteqtoris ZiriTadi elemen­
ti unda iyos srulyofili monokristaluri naxevargamtari 
zomieri akrZaluli zoniT, rogoricaa siliciumi.

samuSao talRis sigrZeze fotodeteqtors unda hqondes 
maRali mgrZnobiaroba, reagirebis maRali siCqare, minimalu­
ri xmauri, mcire zoma, dabali Zabva da maRali saimedooba 
samuSao pirobebSi. mzis elementebs, romlebic gardaqmnian 
mzis energias eleqtrulSi aqvT garkveuli msgavseba fotode­
teqtorebTan. mTavari gansxvaveba am xelsawyoebs Soris aris 
farTobi, samuSao sixSire da optikuri wyaro. fotodeteq­
torebi, maT Soris siliciumis fuZeze, TavisTavad moicaven 
fotogamtarebs, fotodiodebs, fototranzistors da a.S.

arsebobs ori tipis infrawiTeli fotodeteqtorebi: sa­
kuTari gamtarobis mqone (sufTa) naxevargamtarebze da mina­
revian naxevargamtarebze dafuZnebuli. aseTi deteqtore­
bi fundamenturad gansxvavdebian erTmaneTisagan da maTi 
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Tvisebebi damokidebulia, rogorc TviT naxevargamtarze, 
ise minarevebis Tvisebebze Sesabamis deteqtorebSi. minareve­
bian kvantur deteqtorebisTvis saWiroa minarevebi infra­
wiTeli reaqciis gasaaqtiureblad [13-15]. sakuTari gamta­
robis mqone naxevargamtarebze dafuZnebul deteqtorebs 
ar sWirdeba minarevebi infrawiTeli mgrZnobiarobis gasaaq­
tiureblad. infrawiTeli fotodeteqtoris mgrZnobiaro­
ba ganisazRvreba minarevebiT, romlebic Seiyvaneba ZiriTad 
naxevargamtarSi. aseTi deteqtoris muSaoba damokidebulia 
arCeul minarevebze, romlebic qmnian energiis lokalizebul 
doneebs akrZaluli energetikuli zonis farglebSi. amitom 
infrawiTeli fotodeteqtorebis teqnologiaSi farTod 
gamoiyeneba siliciumi ara marto sufTa saxiT, aramed mizan­
mimarTulad legirebuli minareviT. 

fotodeteqtorebis or tips Soris muSaobis principebis 
gansxvaveba naCvenebia nax.10.3-ze siliciumis infrawiTeli 
fotodeteqtorebisTvis. moyvanilia eleqtronuli doneebi 
diagramaze sufTa da n-tipis siliciumisTvis.

nax.10.3. eleqtronis doneebi da gadasvlebi sakuTar gamtarobis 
mqone (a) da minarevian (b) siliciumze dafuZnebul deteqtorebSi
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fotonis gaaqtiurebisTvis misi energia E unda akmayo­
filebdes pirobas E ≥ Eg (sakuTari gamtarobis mqone silici­
umis deteqtori) da E ≥ E

ion (minarevuli deteqtori), sadac 
Eg siliciumis akrZaluli zonis siganea, xolo E

ion minarevis 
eleqtronuli agznebis energiaa. vinaidan cnobilia, rom 

		  E=hc/λ anu E (ev)=1.24/ λ(mkm) 		  (10.3), 

sadac c _ sinaTlis siCqarea, λ _ fotonis talRis sigrZea, h 
_ plankis mudmivaa, fotodeteqtori mgrZnobiarea mxolod 
im fotonebisTvis, romelTa talRis sigrZe λ≤ λ

zRv
, sadac λ

zRv
 

zRvruli talRis sigrZis tolia:

		  λ= hc /Eg da λ
ion

= hc /E
ion

 		  (10.4)

denis matarebelTa agzneba deteqtoris tipze damoki­
debulebiT Sesabamisi talRis sigrZis mqone fotonebiT xde­
ba an valenturi zonidan an minarevis donidan akrZalul 
zonaSi Sesabamisad da warmoiqmneba eleqtronebi an xvrelebi. 
mxolod is fotonebi, romelTa energia akmayofilebs (10.4) 
pirobas iwveven aqtiur gadasvlebs. 

sorefis samuSao iyo pirveli yovlismomcveli samuSao 
minarevebze dafuZnebuli siliciumis fotodeteqtorze [16]. 
Tumca, siliciumis upiratesoba germaniumTan SedarebiT, 
rogoricaa dieleqtrikuli mudmiva (romelic iZleva ufro 
mokle dieleqtrikuli relaqsaciis dros da dabal tevado­
bas), minarevis ufro maRali xsnadoba, dabali gardatexis 
maCvenebeli da sxva, ar iyo sakmarisi, rom miRebuliyo germa­
niumis deteqtorebze ukeTesi deteqtorebi. ase iyo 1970-an 
wlebamde. siliciumis deteqorebi gadaxedili iyo mxolod 
misi miRebis teqnologiis daxvewis da axali tipis xelsawyoe­
bis gamogonebis Semdeg, rogoricaa xelsawyoebi dawyvilebu­
li muxtebiT (charge-coupled devices, CCDs) [17] da liToni-sili­
cidi/siliciumi Sotkis barieris deteqtorebi[18]. 

amiT pirvelad gaxda SesaZlebeli bevrad ufro daxve­
wili deteqtorebis miReba erT saerTo siliciumis CipSi 
ukve ramodenime funqciis ganxorcielebiT. efeqturi Cipis 
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masStabis siliciumis fotodeteqtorebis SemuSaveba gax­
da erT-erTi gadamwyveti nabiji fotonikis Serwymisa eleq­
tronikasTan. xelsawyos maRali xarisxis misaRebad saWiroa 
narCeni minarevebis zusti kontroli da minarevebis opti­
maluri koncentraciis SerCeva. 

siliciumis erT-erTi yvelaze mniSvnelovani upiratesoba 
aris is, rom misi kristaluri masalis xarisxisa da SesaniSnavi 
pasivaciis Tvisebebis gamo, mis fuZeze SesaZlebelia Zalian 
dabali `bneli~ denis mqone fotodeteqtorebis miReba [19]. 
siliciumis maRali simkvrive (2.329 g/sm3) da energiis saSua­
lo danakargi sigrZis erTeulze iZleva Txeli deteqtorebis 
(mag. 300mkm) agebis saSualebas, romlebic warmoqmnian ga­
zomvad signalebs. siliciumis fotodeteqtorebs SeuZliaT 
imuSavon haerze da oTaxis temperaturaze gansxavebiT sxva ma­
salebisgan, romlebisTvis saWiroa dabali temperaturebi.	

sinaTlis deteqtorebis alternativaa myari sxeulis si­
liciumis dioduri deteqtorebi. isini muSaoben ufro grZe­
li talRebis 0.1mkm-1.1 mkm ubanSi.
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danarTi 1. siliciumis Tvisebebi

danarTi 1a. siliciumis ZiriTadi fizikur-qimiuri 
Tvisebebi [1]

Tviseba sidide

atomuri nomeri 14 
atomuri masa 28

atomuri simkvrive (at/sm3) 5.0·1022

stabiluri izotopebi Si28 (92.28%), Si29 (4.67%), Si20 (3.05%)

radioaqtiuri izotopebi Si27 (β+, 4.9 wam), Si31 (β-, 170wuT)

eleqtronuli struqtura 1s22s22p63s23p2

kristaluri struqtura
waxnagcentrirebuli kuburi 
(almasis tipis) meseri

meseris parametri (300К), Å 5.4307

dieleqtruli SeRwevadoba 12

simkvrive (250С), g/sm3 2.3283 
Txevadi Si 2.2

mikrosisale,kg/mm2 1150

simtkice brinelis mixedviT 240

simtkice moosis mixedviT 7.0

drekadobis moduli, kg/mm2 10890

simtkicis zRvari SekumSvisas, kg/mm2 9.47

sublimaciis siTbo, kkal/moli 105

dnobis temperatura,0С
		         K

1414
1680

duRilis temperatura,0С 2500

orTqlis drekadoba (lgp), mm Hg 
(1200К-1688К) -1800/Т-1.022 lgT+12.83

Txevadi Si 17.100/Т -1.022 lgT + 12.31
dnobis temperaturaze 1.10-2

zedapiruli daWimuloba, erg/sm2 
argonSi 720
heliumSi 730±10
wyalbadSi 730-860

gamosxivebis unari 
1000К 0.64

1688К 0.46
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xvedriTi winaRoba,104,om·sm 23 -24 
akrZaluli zonis sigane (300К), ev 1.12

eleqtronebis difuziis  
koeficienti (300К), sm2/wm 35

xvrelebis difuziis koeficienti 
(300К), sm2/wm 13.1

gardatexis koeficienti  
talRis sigrZisas:

1.05mkm 3.565
2.6mkm 3.443
2.mkm-10.mkm 3.5

arekvliTis unari  
(talRis sigrZe>1.5mkm) 0.3

sakuTari gamtarobis siliciumis denis 
matarebelTa koncentracia (300К), sm-3 1.5·1010

eleqtronebis Zvradoba,sm2/v·wm 2000

xvrelebis Zvradoba,sm2/v·wm 500

efeqturi masa, m*/m
0

eleqtronebis 1.08

xvrelebis 0.32
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danarTi 1b. siliciumis meseris parametri  
temperaturul intervalSi [2] 

 T,K  a, Å
 300 5.4310
 317 5.4320
 374 5.4321
 493 5.4343
 599 5.4365
 750 5.4397
 956 5.4444
 1163 5.4491
 1311 5.4527
 1417 5.4553
 1513 5.4578

danarTi 1g. STanTqmis pikebis indicireba siliciumSi [3]

talRuri  
ricxvi,sm-1

optikuri 
fononebi

maxasiaTebeli 
temperatura,K

1448 TO+TO+TO 695+695+695
1378 TO+TO+LO 695+695+595
1302 TO+LO+LO 695+595+595
964 TO+TO 695+695
896 TO+LO 695+595
819 TO+LA 695+485
766 TO+TA+TA 695+204+204
740 LO+LA 595+470
689 LO+TA+TA 595+198+198
610 TO+TA 695+185
599 LO+TA 595+220
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danarTi 1d. siliciumis siTburi Tvisebebi [2,4]

Tviseba sidide
dnobis faruli siTbo,j/g 1800

siTbogamtaroba (myari)(250С), vt/m·K 25

siTbogamtaroba (Txevadi),vt/m·K 50

simkvrive (myari da Txevadi),kg/m3 2529

siTbotevadoba (myari da Txevadi),j/kg·K 1040

siTbo1g Si-is misayvanad dnobis temperaturamde, kj
dnobis siTbo,kj/mol 

1
50.6

siTburi gafarToebis wrfivi koeficienti, grad-1

100C-500C
2.69·10-6

250C 2.4·10-6

1500C 3.6·10-6

aorTqlebis siTbo dnobis temperaturaze,kj/g 16

moculobis SekumSva dnobisas (%) 9.5
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danarTi 2. metalurgiul siliciumSi  
Semavali minarevebis wonasworuli  
ganawilebis koeficientebi da dnobis 
temperaturebi [1] [2-5]*
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Al 2·10-3  660 2.7 2·1019(13500C) 1.8 8.5·10–5(1373K)

Са 8·10-3  851 1.53 - 8.6·102 -

C 7·10-1 (0.034-0.3)* - - - - -

Cu 4·10-4  1084 8.92 1·1018(12000C) 3.8·10-1 5·10-5(1173K)
Fe 8·10-6  1539 7.87 1.5·1016(12000C) 8.4·10-3 7·10-7 , 5·10-6

Mg 3.2·10-6  650 1.74 1·1016(12000C) - -

Mn 1.3·10-5  1246 7.44 - 8.2 -

Ni 1·10-4 (8·10-6)*  1455 8.96 - 3.5·10-3 1.6·10-4(1373K)
Р 3.5·10-1 - - 1021(12500C) - 2· 10–4

Ti 2.0·10-6 (3.6·10-6)*  1668 4.52 - 4.8·10-4 -

Ta (10-7 )* - - - - -

O
2

1.25-1.40 (0.2-1.25)* - - 1·1018(14000C) - -

Co (8·10-6)* - - - - -

V (4·10-6)* - - - - -

Cr (1.1·10-5)* - - - - -

As (0.3)* - - - - -

B (0.716-0.8)* - - - - -

Si - - 2.33 - 2·10-3 -
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danarTi 3. Tanafardoba nivTierebis  
sisufTavis ganmsazRvrel erTeulebs Soris

gazomvis erTeuli

ko
ef

ic
ie

nt
i

% ‰ g/
t
(g

r
am

/t
o
n)

pp
m

pp
M

1 % 10-2 1 101 104 104 107

1 ‰ 10-3 10-1 1 103 103 106

1ppm 10-6 10-4 10-3 1 1 103

1ppM 10-9 10-7 10-6 10-3 10-3 1

wonis wili,1g/t an 1mg/kg an 1ppmw 10-6 10-4 10-3 1 1 103

1mg/t 10-9 10-7 10-6 10-3 10-3 1

danarTi 4. sxvadasxva tipis  
eleqtrosadgurebis maxasiaTeblebi

eleqtrosadguris

tipi
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%

Tboeleqtrosadguri (naxSiri) 25 1.5 60 0.5 30
Tboeleqtrosadguri(mazuTi) 15 0.8 35 0.2 10
hidro eleqtrosadguri - 100 - - -
atomuri eleqtrosadguri - - 90 0.5 50

qaris  eleqtrosadguri 10 - - 1 -
bioeleqtrosadguri 10 - 20 0.2 10
fotoeleqtruli  sadguri - 2 - - -
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danarTi 5. sxvadasxva talRis sigrZis mzis 
gamosxivebis intensiurobis % wvlili 
jamur gamosxivebaSi [1]

talRis  
sigrZe,λ,nm

wvlili jamur 
gamosxivebaSi

wvlili jamur  
gamosxivebaSi, %

280-320
320-360
360-400

0.36
2.54
3.76

~7

400-520
520-640
640-800

18.25
18.14
17.54

~53

800-3000 39.41 ~40

danarTi 6. kosmosSi da dedamiwis  
zedapirze mzis gamosxivebis  
damaxasiaTebeli parametrebi

atmosferuli masa. atmosferuli anu haeris masa (АМ) aris 
atmosferuli gavlenis maCvenebeli dedamiwis zedapiramde 
mosuli mzis gamosxivebis intensiurobaze. es aris im gzis 
sigrZis, romelic sinaTlem unda gaiaros atmosferoSi vidre 
daecema dadamiwas, Sefardeba yvelaze mokle gzasTan (roca 
mze zenitSia) da tolia Y/X (nax.d6.1). 

nax.d6.1. mzis sxivebis mier 
atmosferoSi gavlili manZili 
zenitTan SedarebiT

http://ru.wikipedia.org/wiki/%D0%9B%D1%8F%D0%BC%D0%B1%D0%B4%D0%B0
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atmosferuli masa gviCvenebs Tu ramdenad Semcirda ga­
mosxivebis nakadis intensiuroba atmosferoSi gavlisas 
haeriT da mtveriT STanTqmis Semdeg. atmosferuli masa gani­
sazRvreba rogorc:

			   AM=1/cosθ 			   (d6.1), 
sadac θ – kuTxea, romelic aiTvleba vertikalidan (zeniti). 
roca mze Subis tarzea θ = 900, atmosferuli masa tolia1-s. 
atmosferuli masis sidide SeiZleba gamoiTvalos martivad 
Crdilis sigrZiT s, romelsac iZleva vertikaluri h simaR­
lis sari (nax.d6.2) formuliT:

			 
AM=

 

1 
 

დდაანნაარრთთიი  66..  კკოოსსმმოოსსშშიი  დდაა  დდეედდაამმიიწწიისს  ზზეედდააპპიირრზზეე  მმზზიისს  გგაამმოოსსხხიივვეებბიისს      
დდაამმაახხაასსიიაათთეებბეელლიი  პპაარრაამმეეტტრრეებბიი  

  

აატტმმოოსსფფეერრუულლიი  მმაასსაა.. ატმოსფერული ანუ ჰაერის  მასა (АМ) არის ატმოსფერული 
გავლენის მაჩვენებელი დედამიწის ზედაპირამდე მოსული მზის გამოსხივების 
ინტენსიურობაზე. ეს არის იმ გზის სიგრძის, რომელიც სინათლემ უნდა გაიაროს 
ატმოსფეროში ვიდრე დაეცემა დადამიწას, შეფარდება ყველაზე მოკლე გზასთან 
(როცა მზე ზენიტშია) და ტოლია Y/X (ნახ.დ6.1).  

 

  

ნახ.დ6.1. მზის სხივების მიერ ატმოსფეროში  
გავლილი მანძილი ზენიტთან შედარებით 

 

 

 

ატმოსფერული მასა გვიჩვენებს თუ რამდენად შემცირდა გამოსხივების ნაკადის 
ინტენსიურობა ატმოსფეროში გავლისას ჰაერით და მტვერით შთანთქმის შემდეგ. 
ატმოსფერული მასა განისაზღვრება როგორც: 
                                                                 AM=1/cos θ                                            (დ6.1) ,  
სადაც θ – კუთხეა, რომელიც აითვლება ვერტიკალიდან (ზენიტი). როცა მზე შუბის 
ტარზეა θ = 900, ატმოსფერული მასა  ტოლია1-ს. ატმოსფერული მასის სიდიდე 
შეიძლება გამოითვალოს მარტივად ჩრდილის სიგრძით s, რომელსაც იძლევა 
ვეერრტიკალური h  სიმაღლის სარი (ნახ.დ6.2) ფორმულით: 

                                                                   

                         (დ6.2)  
 

 

ნახ.დ6.2. ატმოსფერული მასის განსაზღვრა h სიმაღლით 
და s ჩრდილის სიგრძით 

 
 
 
 

 		
(d6.2)

 

nax.d6.2. atmosferuli masis 
gansazRvra h simaRliT da s 
Crdilis sigrZiT

dedamiwis sferuli zedapiris formis gauTvaliswineba 
gvaZlevs mcire Secdomas. Tumca saWiroebis SemTxvevaSi ar­
sebobs Sesabamisi formulebi [1]. 
standartuli mzis speqtri da gamosxiveba. mzis elementis 
efeqturoba mgrZnobiarea, rogorc dacemuli Suqis inten­
siurobis, aseve speqtruli Semadgenlobisadmi. mzis gamos­
xivebis ganawileba talRebis sigrZeebis mixedviT, anu gamos­
xivebis speqtruli Semadgenloba mniSvnelovani parametria, 
romelic xasiaTdeba cnebiT `haeris masa~ (AM-Air Mass). mzis 
speqtri icvleba dRis ganmavlobaSi da damokidebulia ad­
gilmdebareobaze. amitom, sxvadasxva mwarmoeblebis mier 
sxvadasxva adgilas da sxvadasxva dros damzadebuli mzis 
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elementebis zusti Sedarebis gaadvilebis mizniT SemoRebu­
lia standartuli speqtrebi da gamosxivebis intensiuroba 
dadamiwis zedapirTan da dedamiwis atmosferos gareT. nax.
d6.3-ze naCvenebia dedamiwis atmosferos gareT (kosmosi) da 
dedamiwaze zRvis doneze mzis speqtrebs Soris gansxvaveba. 

nax.d6.3. 
standartuli 
mzis speqtrebi 
kosmosSi da 
dedamiwaze 
gamoyenebisaTvis. 
speqtrebi: 1- AM0; 
2- AM1.5G; 3- 
АМ1.5D

mrudi 1 (nax.d6.3) asaxavs mzis speqtrs dedamiwis atmos­
feros gareT (kosmosSi, magaliTad, kosmosuri xomaldis 
bortze) e.i. nulovani haeris masisas (AM0). is axlosaa ab­
soluturad Savi sxeulis gamosxivebis intensiurobis gana­
wilebasTan 6000K-ze. АМ0-s ewodeba standartuli speqtri 
dedamiwis atmosferos gareT kosmosisaTvis. 

mzis gamosxivebis nakadis raodenobas dacemuls sxive­
bis mimarT, perpendikularul sibrtyis farTis erTeulze 
dedamiwis atmosferos gare zedapirze, mzis mudmiva ewode­
ba. es sidide gazomili iyo Tanamgzavrze da udris 1353vat/m2. 

dedamiwis zedapirTan mzis gamosxivebis speqtrul gana­
wilebas aCvenebs ori standartuli speqtri (mrudebi 2 da 3) 
(nax.d6.3). mrudi 2 moicavs pirdapir da difuzur gamosxivebas 
_ AM1.5G da mrudi 3 moicavs mxolod pirdapir gamosxivebas 
_ АМ1.5D. AM1.5G speqtri brtyeli modulebisaTvisaa jamuri 
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energiiT 970 vat/m2, praqtikulad miRebulia 1 kvat/m2. es mo­
xerxebulia gaTvlebisTvis da imis gamo, rom dacemul sxivebs 
axasiaTebs mcire cvlilebebi. АМ1.5D pirdapiri speqtri 
mzis koncentratorebisaTvisaa (moicavs pirdapir sxivebs 
damatebuli mzis garSemo brunavi komponentiT) jamuri ener­
giiT 900 vat/m2.
intensiurobis gamoTvla atmosferuli masis safuZvelze. 
mzis sxivebis pirdapiri mdgenelis yoveldRiuri intensi­
uroba aris atmosferuli masis funqcia. misi gansazRvra Se­
iZleba eqsperimentulad miRebuli gantolebidan [2]:

			 

 

3 
 

    დედამიწის ზედაპირთან მზის გამოსხივების სპექტრალურ განაწილებას აჩვენებს 
ორი სტანდარტული სპექტრი (მრუდები 2 და 3) (ნახ.დ6.3). მრუდი 2 მოიცავს 
პირდაპირ და დიფუზურ გამოსხივებას-AM1.5G და მრუდი 3 მოიცავს მხოლოდ 
პირდაპირ გამოსხივებას - АМ1.5D. AM1.5G სპექტრი ბრტყელი მოდულებისათვისაა 
ჯამური ენერგიით 970 ვატ/მ2, პრაქტიკულად  მიღებულია 1 კვატ/მ2. ეს 
მოხერხებულია გათვლებისთვის და იმის გამო, რომ დაცემულ სხივებს  ახასიათებს 
მცირე ცვლილებები. АМ1.5D პირდაპირი სპექტრი მზის კონცენტრატორებისათვისაა 
(მოიცავს პირდაპირ სხივებს დამატებული მზის გარშემო ბრუნავი კომპონენტით) 
ჯამური ენერგიით 900 ვატ/მ2. 
იინნტტეენნსსიიუურროობბიისს  გგაამმოოთთვვლლაა  აატტმმოოსსფფეერრუულლიი  მმაასსიისს  სსააფფუუძძვვეელლზზეე.. მზის სხივების 
პირდაპირი მდგენელის ყოველდღიური ინტენსიურობა არის ატმოსფერული მასის 
ფუნქცია. მისი განსაზღვრა შეიძლება ექსპერიმენტულად მიღებული განტოლებიდან 
[2]: 
 

                                                                                             (დ6.3) 

სადაც  ID – ინტენსიურობაა მზის სხივების მიმართ პერპენდიკულარულ სიბრტყეზე 
კვატი/მ2 ერთეულებში, АМ- ატმოსფერული მასა და 1.353 კვატ/მ2 მზის მუდმივა, 
რიცხვი 0.7 ითვალისწინებს ატმოსფეროს საზღვრამდე მოსული სინათლის  
დაახლოებით 70% მიღწევას  დედამიწის ზედაპირზე. ხარისხის მაჩვენებელი 0.678 
არის ემპირიული კოეფიციენტი, რომელიც ითვალისწინებს ატმოსფერული ფენების 
არაერთგვაროვნობას.     
    მზის გამოსხივების ინტენსიურობა იზრდება სიმაღლის ზრდასთან ერთად ზღვის 
დონის ზემოთ. მზის სხივების სპექტრალური შემადგენლობაც აგრეთვე იცვლება და 
ხდის ცას უფრო ლურჯს მაღლა მთაში. საქართველოს ტერიტორიის 36% ზღვის 
დონიდან 1500 მეტრის სიმაღლეზე მდებარეობს, რელიეფი მთაგორიანია, რაც 
მნიშვნელოვნად ზრდის მზის გამოსხივების დოზას. ზღვის დონიდან რამოდენიმე 
კილომეტრის სიმაღლეებისათვის ექსპერიმენტულ მონაცემებთან შესაბამისობა 
გვაძლევს [3]: 

                                           ,       (დ6.4) 

სადაც a= 0.14 და h- სიმაღლე ზღვის დონიდან კმ-ში. 

,( 

უღრუბლო ცის შემთხვევაშიც კი დიფუზური განბნევა შეადგენს პირდაპირი 
გამოსხივების 10%-ს. ამიტომ უღრუბლო დღეს საერთო ინტენსიურობა, რომელიც 
ეცემა მზის სხივებისადმი პერპენდიკულარულ მოდულს ტოლია: 

                                                                                                           (დ6.5) 

 	 (d6.3),

sadac ID – intensiurobaa mzis sxivebis mimarT perpendiku­
larul sibrtyeze kvati/m2 erTeulebSi, АМ- atmosferuli 
masa da 1.353 kvat/m2 mzis mudmivaa, ricxvi 0.7 iTvaliswinebs 
atmosferos sazRvramde mosuli sinaTlis daaxloebiT 70% 
miRwevas dedamiwis zedapirze. xarisxis maCvenebeli 0.678 
aris empiriuli koeficienti, romelic iTvaliswinebs atmos­
feruli fenebis araerTgvarovnobas. 

mzis gamosxivebis intensiuroba izrdeba simaRlis zr­
dasTan erTad zRvis donis zemoT. mzis sxivebis speqtruli 
Semadgenlobac agreTve icvleba da xdis cas ufro lurjs 
maRla mTaSi. saqarTvelos teritoriis 36% zRvis donidan 
1500 metris simaRleze mdebareobs, reliefi mTagoriania, 
rac mniSvnelovnad zrdis mzis gamosxivebis dozas. zRvis 
donidan ramodenime kilometris simaRleebisaTvis eqsperi­
mentul monacemebTan Sesabamisoba gvaZlevs [3]:

	

 

3 
 

    დედამიწის ზედაპირთან მზის გამოსხივების სპექტრალურ განაწილებას აჩვენებს 
ორი სტანდარტული სპექტრი (მრუდები 2 და 3) (ნახ.დ6.3). მრუდი 2 მოიცავს 
პირდაპირ და დიფუზურ გამოსხივებას-AM1.5G და მრუდი 3 მოიცავს მხოლოდ 
პირდაპირ გამოსხივებას - АМ1.5D. AM1.5G სპექტრი ბრტყელი მოდულებისათვისაა 
ჯამური ენერგიით 970 ვატ/მ2, პრაქტიკულად  მიღებულია 1 კვატ/მ2. ეს 
მოხერხებულია გათვლებისთვის და იმის გამო, რომ დაცემულ სხივებს  ახასიათებს 
მცირე ცვლილებები. АМ1.5D პირდაპირი სპექტრი მზის კონცენტრატორებისათვისაა 
(მოიცავს პირდაპირ სხივებს დამატებული მზის გარშემო ბრუნავი კომპონენტით) 
ჯამური ენერგიით 900 ვატ/მ2. 
იინნტტეენნსსიიუურროობბიისს  გგაამმოოთთვვლლაა  აატტმმოოსსფფეერრუულლიი  მმაასსიისს  სსააფფუუძძვვეელლზზეე.. მზის სხივების 
პირდაპირი მდგენელის ყოველდღიური ინტენსიურობა არის ატმოსფერული მასის 
ფუნქცია. მისი განსაზღვრა შეიძლება ექსპერიმენტულად მიღებული განტოლებიდან 
[2]: 
 

                                                                                             (დ6.3) 

სადაც  ID – ინტენსიურობაა მზის სხივების მიმართ პერპენდიკულარულ სიბრტყეზე 
კვატი/მ2 ერთეულებში, АМ- ატმოსფერული მასა და 1.353 კვატ/მ2 მზის მუდმივა, 
რიცხვი 0.7 ითვალისწინებს ატმოსფეროს საზღვრამდე მოსული სინათლის  
დაახლოებით 70% მიღწევას  დედამიწის ზედაპირზე. ხარისხის მაჩვენებელი 0.678 
არის ემპირიული კოეფიციენტი, რომელიც ითვალისწინებს ატმოსფერული ფენების 
არაერთგვაროვნობას.     
    მზის გამოსხივების ინტენსიურობა იზრდება სიმაღლის ზრდასთან ერთად ზღვის 
დონის ზემოთ. მზის სხივების სპექტრალური შემადგენლობაც აგრეთვე იცვლება და 
ხდის ცას უფრო ლურჯს მაღლა მთაში. საქართველოს ტერიტორიის 36% ზღვის 
დონიდან 1500 მეტრის სიმაღლეზე მდებარეობს, რელიეფი მთაგორიანია, რაც 
მნიშვნელოვნად ზრდის მზის გამოსხივების დოზას. ზღვის დონიდან რამოდენიმე 
კილომეტრის სიმაღლეებისათვის ექსპერიმენტულ მონაცემებთან შესაბამისობა 
გვაძლევს [3]: 

                                           ,       (დ6.4) 

სადაც a= 0.14 და h- სიმაღლე ზღვის დონიდან კმ-ში. 

,( 

უღრუბლო ცის შემთხვევაშიც კი დიფუზური განბნევა შეადგენს პირდაპირი 
გამოსხივების 10%-ს. ამიტომ უღრუბლო დღეს საერთო ინტენსიურობა, რომელიც 
ეცემა მზის სხივებისადმი პერპენდიკულარულ მოდულს ტოლია: 

                                                                                                           (დ6.5) 

, 	 (d6.4),

sadac a= 0.14 da h- simaRle zRvis donidan km-Si.
uRrublo cis SemTxvevaSic ki difuzuri ganbneva Seadgens 

pirdapiri gamosxivebis 10%-s. amitom uRrublo dRes saerTo 
intensiuroba, romelic ecema mzis sxivebisadmi perpendiku­
larul moduls tolia:
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    დედამიწის ზედაპირთან მზის გამოსხივების სპექტრალურ განაწილებას აჩვენებს 
ორი სტანდარტული სპექტრი (მრუდები 2 და 3) (ნახ.დ6.3). მრუდი 2 მოიცავს 
პირდაპირ და დიფუზურ გამოსხივებას-AM1.5G და მრუდი 3 მოიცავს მხოლოდ 
პირდაპირ გამოსხივებას - АМ1.5D. AM1.5G სპექტრი ბრტყელი მოდულებისათვისაა 
ჯამური ენერგიით 970 ვატ/მ2, პრაქტიკულად  მიღებულია 1 კვატ/მ2. ეს 
მოხერხებულია გათვლებისთვის და იმის გამო, რომ დაცემულ სხივებს  ახასიათებს 
მცირე ცვლილებები. АМ1.5D პირდაპირი სპექტრი მზის კონცენტრატორებისათვისაა 
(მოიცავს პირდაპირ სხივებს დამატებული მზის გარშემო ბრუნავი კომპონენტით) 
ჯამური ენერგიით 900 ვატ/მ2. 
იინნტტეენნსსიიუურროობბიისს  გგაამმოოთთვვლლაა  აატტმმოოსსფფეერრუულლიი  მმაასსიისს  სსააფფუუძძვვეელლზზეე.. მზის სხივების 
პირდაპირი მდგენელის ყოველდღიური ინტენსიურობა არის ატმოსფერული მასის 
ფუნქცია. მისი განსაზღვრა შეიძლება ექსპერიმენტულად მიღებული განტოლებიდან 
[2]: 
 

                                                                                             (დ6.3) 

სადაც  ID – ინტენსიურობაა მზის სხივების მიმართ პერპენდიკულარულ სიბრტყეზე 
კვატი/მ2 ერთეულებში, АМ- ატმოსფერული მასა და 1.353 კვატ/მ2 მზის მუდმივა, 
რიცხვი 0.7 ითვალისწინებს ატმოსფეროს საზღვრამდე მოსული სინათლის  
დაახლოებით 70% მიღწევას  დედამიწის ზედაპირზე. ხარისხის მაჩვენებელი 0.678 
არის ემპირიული კოეფიციენტი, რომელიც ითვალისწინებს ატმოსფერული ფენების 
არაერთგვაროვნობას.     
    მზის გამოსხივების ინტენსიურობა იზრდება სიმაღლის ზრდასთან ერთად ზღვის 
დონის ზემოთ. მზის სხივების სპექტრალური შემადგენლობაც აგრეთვე იცვლება და 
ხდის ცას უფრო ლურჯს მაღლა მთაში. საქართველოს ტერიტორიის 36% ზღვის 
დონიდან 1500 მეტრის სიმაღლეზე მდებარეობს, რელიეფი მთაგორიანია, რაც 
მნიშვნელოვნად ზრდის მზის გამოსხივების დოზას. ზღვის დონიდან რამოდენიმე 
კილომეტრის სიმაღლეებისათვის ექსპერიმენტულ მონაცემებთან შესაბამისობა 
გვაძლევს [3]: 

                                           ,       (დ6.4) 

სადაც a= 0.14 და h- სიმაღლე ზღვის დონიდან კმ-ში. 

,( 

უღრუბლო ცის შემთხვევაშიც კი დიფუზური განბნევა შეადგენს პირდაპირი 
გამოსხივების 10%-ს. ამიტომ უღრუბლო დღეს საერთო ინტენსიურობა, რომელიც 
ეცემა მზის სხივებისადმი პერპენდიკულარულ მოდულს ტოლია: 

                                                                                                           (დ6.5) 			   (d6.5)
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mzis moZraoba. mzis moZraoba caze, romelic gamowveulia 
dedamiwis brunviT Tavisi RerZis garSemo, cvlis im kuTxes, 
romliTac Suqis pirdapiri komponenti ecema dedamiwaze. mzis 
mdebareoba caze damokidebulia damkvireblis mdebareobaze 
dedamiwaze, dRis da wlis droze. mzis moCvenebiTi moZraoba 
aris mTavari faqtori, romelic gansazRvravs mzis elemen­
tis mier miRebuli energiis raodenobas. roca mzis sxivebi 
perpendikularulad ecema mSTamnTqmel zedapirs, energiis 
simkvrive zedapirze tolia dacemuli energiis simkvrivisa. 
roca kuTxe mzesa da STamnTqmel zedapirs Soris icvleba, 
dasxivebis intensiuroba zedapirze mcirdeba. roca mzis sxi­
vebi paraleluria mzis elementis mimarT da kuTxe normal­
Tan tolia 90°-is, dacemuli sinaTlis intensiuroba mcirdeba 
nulamde. Sualeduri kuTxeebisaTvis fardobiTi gamosxive­
bis intensiuroba proporciulia cosθ-si, sadac θ kuTxea mzis 
sxivebsa da mzis elementis normals Soris. kuTxe mzesa da 
dedamiwaze fiqsirebul adgilmdebareobis Soris damoki­
debulia am adgilis geografiul grZedze wlisa da dRis 
droze. TviT aisis da daisis dro damokidebulia adgilis 
geografiul grZedze. amitom, mzis sxivebis dacemis kuTxis 
gamosaTvlelad saWiroa fiqsirebuli adgilis geografiuli 
ganedis, grZedis, dRis da wlis dros codna. 
mzis daxrilobis da amaRlebis kuTxeebi. fotoeleqtruli 
sistemebis daproeqteba iTxovs mzis daxrilobis da amaR­
lebis kuTxeebis mniSvnelobebis codnas konkretuli adgi­
lisTvis, wlis da dRis droisTvis. imis gamo, rom dedamiwis 
brunvis RerZi daxrilia da is brunavs mzis garSemo, daxri­
lobis kuTxe (δ) ganicdis sezonur cvlilebebs: δ=0, δ dadebi­
Tia, roca CrdiloeT naxevarsferoSi zafxulia da uaryofi­
Tia, roca –zamTaria. δ- maqsimaluria da δ=23.45° zafxulis 
nabuniobas CrdiloeT naxevarsferoSi (22 ivniss) da δ mini­
maluria da δ=-23.45° zamTris nabuniobas (22 dekemberi). 
δ- damokidebulia wlis droze. anu daxrilobis kuTxe (δ) se­
zonurad icvleba 23.45°-dan -23.45°-mde. 
amaRlebis kuTxe anu mzis simaRlis kuTxe caSi, romelic 
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aiTvleba horizontidan aisis da daisis dros aris 0°. xolo, 
roca mze yvelaze maRlaa caSi, pirdapir Tavze, mzis simaR­
lis kuTxe caSi tolia 90°. aseTi SemTxveva daikvirveba, maga­
liTad, ekvatorze gazafxulis da Semodgomis buniobaze. 
amaRlebis kuTxe (nax.d6.4) icvleba mTeli dRis ganmavloba­
Si da damokidebulia adgilis geografiul ganedze da wlis 
droze. zenitis kuTxe analogiuria amaRlebis kuTxisa im 
gansxvavebiT, rom is aiTvleba ara horizontaluri RerZidan, 
aramed vertikaluridan.

nax.d6.4. mzis zenitisa (1) 
da amaRlebis (2) kuTxeebi

mzis elementebisTvis mniSvnelovania amaRlebis kuTxis 
maqsimaluri sidide konkretuli adgilisTvis. es aris mzis 
maqsimaluri simaRle caSi wlis garkveul dros. mze aRwevs 
maqsimalur simaRles SuadRes mzis droiT da damokidebu­
lia geografiul ganedze da daxris kuTxeze. mzis amaRlebis 
kuTxe mzian naSuadRevs CrdiloeT naxevarsferoSi dadebiTia 
da tolia: α=90−φ+δ da uaryofiTia samxreT naxevarsferoSi: 
α=90+φ−δ, sadac φ aris fiqsirebuli adgilis geografiuli 
ganedi. fotoeleqtruli sistemebis proeqtireba iTxovs ara 
marto monacemebs maqsimaluri amaRlebis kuTxeze, aramed 
monacemebs Tu rogor icvleba is dRis ganmavlobaSi.
polaruli kuTxe. polaruli kuTxe aris kuTxe, romelsac  
qmnis mzis mdebareoba CrdiloeTis mimarTulebasTan (anu 
mimarTuleba kompasiT im mxares saidanac moZraobs mze). 
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mzian SuadRes mze yovelTvis samxreTiTaa CrdiloeT naxe­
varsferoSi, da CrdiloeTiTaa samxreT naxevarsferoSi. po­
laruli kuTxe icvleba dRis ganmavlobaSi. buniobis dReebSi 
mze pirdapir amodis aRmosavleTiT da Cadis dasavleTiT. am 
dros polaruli kuTxeebia aisis dros 90° da daisis dros-
2700 miuxedavad geografiuli ganedisa. saerTod polaruli 
kuTxe icvleba geografiuli ganedis cvlilebasTan erTad 
wlis ganmavlobaSi. polaruli kuTxe aiTvleba rogorc kom­
pasis maCveneblebi _ 00 CrdiloeTiT da 1800 samxreTiT.
mzis mdebareoba. fotoeleqtruli sistemebi, romlebic 
Tvalyurs adevneben mzis mdebareobas da axorcieleben sxive­
bis koncentrirebas iTxoven mzis mdebareobis zust gansaz­
Rvras. rac ufro metia mzis gamosxivebis koncentracia, miT 
ufro meti sizustiT aris saWiro mzis TvalTvali. mzis ele­
mentebis swori orientacia mzis mimarT dgindeba ori sakvanZo 
parametriT polaruli da amaRlebis kuTxeebiT mzian SuadRes. 
mzis mdebareobis cvlileba dRis ganmavlobaSi ganisazRvre­
ba am ori kuTxis cvlilebiT. isini gamoiTvleba `mzis drois~ 
daxmarebiT. arsebobs mzis mdebareobis zusti gansazRvris 
mravali modeli, magaliTad, aSS-s samxedro-sazRvao observa­
toriis mier Sedgenili astronomiuli kalendari [4] da [5].
mzis gamosxivebis koncentratori. koncentratori mowyo­
bilobaa, romelic mzis gamosxivebas afokusirebs gamos­
xivebis mimRebze. gamosxivebis mimRebi ganlagebulia mzis 
energiis koleqtoris fokalur wertilSi an fokalur xaz­
ze. koncentratori `xedavs~ pirdapir mzis gamosxivebas, 
amitom gansakuTrebiT efeqturia klimatisTvis maRali 
pirdapiri dasxivebiT, dabali moRrublulobiT, dabali 
mtveriT an nisliT da a.S. (amdenad, misi geografiuli gamo­
yeneba SezRudulia). 

mzis gamosxivebis koncentratorebi fasdeba mzis gamos­
xivebis koncentraciis xarisxiT, romelic udris mSTanTqmel 
zedapirze gamosxivebis nakadis simkvrivis Sefardebas kon­
centratoris aperturis farTze mosul gamosxivebis na­
kadis simkvrivesTan. mzis gamosxivebis koncentraciis xa­
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risxma SeiZleba miaRwios 10000-s da mets. dReisaTvis 
yvelaze maRal efeqturobas mzis fotoelementi awarmoebs 
mzis gamosxivebis koncentraciis xarisxis 500 dan 1000-mde 
mniSvnelobebisaTvis. es niSnavs, rom mzis fotoelementis 
1sm2-s SeuZlia moixmaros 1000sm2-dan Sekrebili gamosxiveba. 
koncentratorebis gamoyeneba Zalian amcirebs farTobs 
romelic saWiroa fotoelementebisaTvis. magaliTad, 
Tu Cveulebriv sistemas, romelic moicavs 1m2 sWirdeba 
250sm²-iani (tipiuri Tanamedrove fotoelementebisaTvis) 
50 elementi, koncentratoris SemTxvevaSi sakmarisia 1 
fotoelementi koncentratoriT, rac amcirebs fass.

koncentrirebam 250-350 gadidebiT da haeris gagrilebiT 
SeiZleba xeli Seuwyos 24%-ze meti efeqturobis mqone mzis 
elementebis miRebas sapilote warmoebis procesSi. koncen­
tratoris uaryofiTi mxarea is, rom maRali koncentrirebis 
SemTxvevaSi mzis mcire gadaadgilebac ki gamoiwvevs mzis ga­
mosxivebis gadaadgilebas mzis elementidan. saWiroa xel­
sawyo, romelic gadaadgildeba mzesTan erTad. 
`mzis dro~. moxerxebulia dros aTvlisaTvis planetis dayo
fa calkeuli drois sartyelebiT. magram am drois sar­
tyelSi ar aris aucilebeli SuadRe emTxveodes im dros,  
roca mze ikavebs umaRles mdebareobas caSi. es exeba aissac. 
mzis amosvla ganisazRvreba im momentiT, roca mze amodis 
drois sartyelis erT nawilSi. magram imis gamo, rom sartye­
li sakmarisad ganieria, dro, roca mze gaanaTebs horizonts 
sartylis erT nawilSi gansxvavdeba im mzis amosvlis drosa­
gan, romelic miCneulia am sartyelisTvis. meores mxriv mzis 
dro yovel geografiul ganedze sxvadasxvaa. amitom mzis 
mdebareobis gansazRvrisaTvis unda dadgindes adgilobrivi 
mzis dro, Semdeg ki gamoiTvalos polaruli da amaRlebis 
kuTxeebi. adgilobrivi mzis dro is droa, roca mze aris caze 
umaRles wertilSi (zenitSi). adgilobrivi dro Cveulebriv 
gansxvavdeba adgilobrivi mzis droisagan dedamiwis orbitis 
eqscentrisitetis da SemoRebuli dros sartyelebis gamo.
mzis dasxiveba daxril sibrtyeze. mSTanmTqmeli zedapiris 



227

daxris kuTxes mzis sxivebis mimarT aqvs gadamwyveti mniSvne­
loba imisTvis, Tu dacemuli mzis energiis ra nawils miiRebs 
fotoeleqtruli sistema. mzis energiis nakadis simkvrive, 
romelic ecema mzis elements, damokidebulia ara marto 
TviT mzis energiis nakadis simkvriveze, aramed mzesa da fo­
toeleqtrul moduls Soris kuTxeze. mzis energiis nakadis 
simkvrive maqsimaluria, roca mSTanmTqmeli zedapiri da mzis 
Suqi perpendikularulia erTmaneTis mimarT. roca kuTxe 
icvleba nakadis simkvrive mcirdeba. sxivebis mdgeneli, ro­
melic paraleluria daxrili modulis mimarT airekvleba. 
daxril modulze mzis gamosxivebis dacemuli raodenoba 
aris dacemuli mzis sxivebis komponenti, romelic perpendi­
kularulia modulis zedapiris mimarT (nax.d6.5).

nax.d6.5. daxrili mSTanmTqmeli modulis zedapiri  
dacemuli mzis Suqis mimarT

formulebi, romelic gviCveneben Tu rogor gamoiTvleba 
daxril sibrtyeze dacemuli gamosxiveba (S

moduli
) an horizon-

talur zedapirze (S
horiz

) an perpendikularulad mzis mimarT 
(S

perpendikular
) zedapirze gazomil mzis gamosxivebiT. S

moduli
, S

horiz
 

da S
dacemuli

 damakavSirebeli gantolebebia:

		  S
moduli

= S
dacemuli

sinα 			   (d6.6)

		  S
moduli

= S
dacemuli

sin(α+ β) 		  (d6.7)

		  S
moduli

= S
dacemuli

sin(α+ β)/ sinα 		  (d6.8),
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sadac α aris amaRlebis kuTxe, β- modulis daxris kuTxe aT­
vlili horizontaluri sibrtyedan. 

geometriuli mosazrebidan gamomdinareobs, rom fiq­
sirebuli daxris kuTxis SemTxvevaSi maqsimaluri mwarmo­
ebluroba miiReba mTeli wlis ganmavlobaSi, roca is adgilis 
geografiuli ganedis tolia. ufro daqanebuli kuTxeebi 
optimalurni arian zamTarSi, naklebad daqanebuli kuT­
xeebi moixmaren gamosxivebis mniSvnelovan nawils zafxulSi. 
es gantolebebi aRweren mzis adgilmdebareobis cvlilebas 
caSi mTeli wlis ganmavlobaSi.

moyvanili gantolebebis safuZvelze SeiZleba miviRoT mo­
nacemebi zedapirze (daxrils garkveuli kuTxiT mzis mimarT) 
dacemuli mzis gamosxivebis maqsimaluri raodenobis Sesaxeb. 
am gantolebebiT miiReba agreTve informacia Tu rogoraa es 
monacemebi damokidebuli fiqsirebuli adgilis geografiul 
ganedze da wlis dReze.
mzis gamosxivebis gazomvebi. fotoeleqtruli sistemis dap­
roeqtebisaTvis saWiroa imis codna, Tu mzis Suqis ra rao­
denoba aris misawvdomi mzis elementisTvis fiqsirebul 
adgilas mocemul dros. amisTvis pirvel rigSi saWiroa mzis 
gamosxivebisa (energiis myisi simkvrive, kvat/m2) da insolaci­
is monacemebi. mzis gamosxivebis energiis myisi simkvrive icv­
leba dRis ganmavlobaSi nulidan RamiT da maqsimum 1 kvat/
m2-mde. energiis myisi simkvrive Zlieraa damokidebuli adgil­
mdebareobaze da amindze. energiis myisi simkvrivis gazomva 
moicavs mTliani gamosxivebis da/an misi pirdapiri mdgenelis 
gazomvebs periodulad, mTeli dRis ganmavlobaSi. gazomvebi 
xorcieldeba piranometriT (zomavs mTlian gamosxivebas) an 
pirheliometriT (zomavs pirdapir gamosxivebas). specialu­
rad mowyobil adgilebSi es monacemebi grovdeba ocze meti 
wlis ganmavlobaSi. arsebobs ufro iafi sxva alternatiuli 
xelsawyoebi, magram naklebad zusti. bolo monacemebi ga­
mosxivebis SefasebisaTvis miiReba Tanamgzavrebidan gadaRe­
buli suraTebis saSualebiT Rrublebis safaris analizidan. 
mzis insolacia. mzis gamosxivebis ufro martivi maxasiaTebelia 
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mzis insolacia, anu mzis energiis saerTo raodenoba, romelic 
miiReba fiqsirebul adgilas garkveuli dros periodis ganmav­
lobaSi, xSirad izomeba kvat·saaTi/m2·dRe erTeulebSi. 

miuxedavad imisa, rom mzis gamosxivebas da mzis insola­
cias aqvT erTnairi erTeulebi (mzis insolaciis erTeulis 
mricxvelSi ̀ saaTebi~), mzis insolacia aris mzis energiis myi­
si simkvrive gasaSualebuli mTeli mocemuli periodisTvis. 
mzis insolaciis monacemebi Cveulebriv gamoiyeneba martivi 
fotoeleqtruli sistemebis proeqtirebis dros. xolo mzis 
energiis myisi simkvrivis monacemebi gamoiyeneba rTul fo­
toeleqtruli sistemebis proeqtirebisas, sadac saWiroa 
sistemis maxasiaTeblebi dRis yovel momentSi. 
sarezervo energiis dagrovebis Sefaseba. mzis gamosxivebis 
energiis simkvrivis gasaSualebuli monacemebi, gansakuTre­
bulad erTi Tvis ganmavlobaSi, gamoiyeneba fotoeleqtru­
li modulebis saWiro raodenobis SefasebisaTvis. amis gar­
da, mTliani dasxivebis monacemebidan SeiZleba ganisazRvros 
zedized ramodenime Rrubliani dRis albaToba. ganmartebis 
Tanaxmad Rrublianad iTvleba iseTi dRe, roca miiReba Teo­
riulad mosalodneli gamosxivebis 50%-ze naklebi. magali­
Tad, zogierT adgilas oTxi zedized Rrubliani dRe SeiZleba 
moxdes weliwadSi erTxel, xuTi dRe zedized xuTweliwad­
Si erTxel. es informacia sasargebloa sarezervo energiis 
dagrovebis sakmarisi moTxovnebis Sesafaseblad. 

mzis resursi saqarTveloSi sakmarisia fotoeleqtru­
li sistemebisTvis, radgan isini iyeneben rogorc pirdapir, 
ise gabneuli mzis sxivebs. sxva teqnologiebi SeiZleba iyos 
ufro SezRuduli. Tumca, nebismieri mzis teqnologiiT 
gamomuSavebuli energiis raodenoba konkretul adgil­
ze damokidebulia imaze, Tu ra sididis mzis energia aRwevs 
mas. amitom, mzis teqnologiebs SeuZliaT efeqturad ifun­
qcioniron saqarTvelos yvela nawilSi.
difuzuri gamosxiveba. fotoeleqtruli sistemebis proeq­
tirebisas saWiroa damatebiT gabneuli gamosxivebis raodeno­
bis codna. Tu viciT saerTo gamosxiveba (Gh), pirdapiri gamos­
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xiveba (It) da amaRlebis kuTxe (α) maSin horizontalur zedapirze 
dacemuli difuzuri gamosxiveba (Dh) gamoiTvleba formuliT: 

			   Dh=Gh-Itsinα 			   (d6.9)

difuzuri gamosxiveba ar aris Tanabari caze, magaliTad, are 
uSualod mzis garSemo ufro kaSkaSaa vidre danarCeni ca. ar­
sebobs modeli [6], romelic difuzuri gamosxivebis gamoTvlis 
saSualebas iZleva am araerTgvarovnobis gaTvaliswinebiT.

danarTi 7. danakargebi mzis elementis  
margi qmedebis koeficientSi [1]

speqtruli danakargebi. siliciumSi gamtarobis zona daax­
loebiT 1.12ev-iT aris daSorebuli valentobis zonidan. es ki 
Seesabameba infrawiTel gamosxivebas talRis sigrZiT daax­
loebiT 1.1mkm. amitom mxolod im fotonebs SeuZliaT Seq­
mnan eleqtron- xvrelis wyvili, romelTac aqvT akrZaluli 
zonis siganeze (Eg) meti energia. Sedegad mzis elementebSi 
infrawiTeli mikrotalRebi da radiotalRebi ver Seitanen 
wvlils. anu wiTeli, yviTeli da lurji sinaTlis fotonebi 
da zogierTi axlo infrawiTeli xels Seuwyobs energiis ga­
momuSavebas. es ganapirobebs energiis zRvars, romelic SeiZ­
leba miRebuli iqnas mzisgan. 1000 vt/m2intensiurobis AM1.5 
mzis gamosxivebis 19%-s aqvs 1.1ev -ze naklebi energia da Se­
degad ar gamoimuSavebs energias mzis elementSi [1].

speqtruli danakargebis kidev erTi mniSvnelovani mizezia 
is, rom nebismieri energia, romelic metia akrZaluli zonis 
sidideze ikargeba. miuxedavad imisa, rom lurj gamosxivebas 
aqvs daaxloebiT orjer meti energia wiTel gamosxivebaze, am 
energias ver iWers mzis elementi erTi p-n gadasvliT. rode­
sac ecema lurji fotoni siliciums ki warmoiqmneba eleq­
troni ufro maRali energiiT vidre Eg, magram is kargavs am 
damatebiT energias roca gadaadgildeba p-n gadasvlisken 
(energia gardaiqmneba siTbod) [2]. es Seadgens dacemuli mzis 
gamosxivebis daaxloebiT 33%-s, rac imas niSnavs, rom sili­
ciumisTvis mxolod speqtris danakargebi gansazRvraven 
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mqk-is Teoriul zRvars daaxloebiT 48%-iT, yvela sxva 
faqtorebis gamoklebiT. arsebobs akrZaluli zonis siga­
nis optimaluri SerCeva: Tu Eg didia arc ise bevri fotoni  
qmnis eleqtron-xvrelebis wyvils, xolo roca Eg mcirea eleq­
tron-xvrelebis wyvils ar aqvs sakmarisi energia. akrZaluli 
zonis sididis zrdasTan mcirdeba fotonebis raodenoba, ro­
melTac aqvT energia akrZaluli zonis siganeze meti da ami­
tom denis simkvrive mcirdeba (nax.d7.1). 

nax.d7.1. mokle CarTvis denis simkvrivis (denis simkvrive  
nulovan Zabvaze) zRvaris (maqsimumis) damokidebuleba  

akrZaluli zonis siganeze

gamosxivebasTan dakavSirebuli rekombinacia. sinaTlis STan­
Tqmis dros xdeba Warbi denis matarebelTa (eleqtronebi 
da xvrelebi) generacia. wonasworobis principis mixedviT 
unda moxdes Sebrunebuli procesi-rekombinacia, roca 
eleqtronebi da xvrelebi rekombinireben da asxiveben 
fotons Sesabamisi energiiT. xvrelebi, moZraoben ra ma­
salaSi miizidebian eleqtronebis wyaroTi eleqtrodiT. 
Cveulebrivad, es xdeba fotoelementis ukana zedapirze. 

am dros, fotoeleqtronebi moZraoben eleqtrodisaken 
wina zedapirze. saerTod, xvrelebi moZraoben bevrad ufro 
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nela, vidre eleqtronebi. es niSnavs, rom, roca eleqtroni 
moZraobs p-n gadasvlisken, mas SeiZleba Sexvdes nela moZravi 
xvreli, romelic darCenili iyo wina fotoaRgznebidan. roca 
es moxdeba, eleqtroni rekombinirdeba atomze, da energia 
ikargeba. rekombinacia adgens zeda zRvars fotoelementis 
warmadobaze. amis garda, arsebobs imdeni xvreli moZraobaSi, 
rom axali eleqtronebi arasodes miaRweven p-n gadasvlas. 

nax.7.2 gviCvenebs, rom elementebSi gaTiSuli wredis 
Zabvis (Zabva nulovan denze) maqsimumi (zRvari) SezRudulia 
rekombinaciiT. am dros Cveulebrivi Si-is elementebis mar­
gi qmedebis koeficienti aRwevs gajerebas. Si-Si rekombinacia 
amcirebs Teoriul maxasiaTeblebs normalur pirobebSi 
zedmeti 10%-iT damatebiT siTbur danakargebTan. masalebs 
eleqtronebisa da xvrelebis ufro maRali ZvradobiT, 
SeuZliaT gaaumjobeson Si -is maxasiaTeblebi. 

nax.d7.2. Sokli-quiseris 
modelSi gaTiSuli 
wredis anu Zabvis (Zabva 
nulovan denze) (uqmi 
arasamuSao svlis Zabva) 
maqsimumis (zRvari) 
damokidebuleba 
akrZaluli zonis 
siganeze. mrudebi: 
mTliani- rekombinaciis 
gaTvaliswinebiT, 
punqtiri- rekombinaciis 
gareSe 

absoluturad Savi sxeulis gamosxivebis efeqti. nebismi­
eri sxeuli absoluturi nulis zemoT temperaturaze ga­
moasxivebs eleqtromagnitur gamosxivebas Savi sxeulis ga­
mosxivebis efeqtiT. 

mzis elementSi, garemos 300K temperaturaze, es energia 
Seadgens mzisgan miRebuli mTliani energiis 7%-s. energiis 
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nebismieri danakargi mzis elementSi gadadis siTboSi. amrigad, 
roca mzis elementi Tavsdeba mzeze misi temperatura izrdeba.  
mzis elementis temperaturis matebasTan erTad gamavali 
gamosxiveba da siTbos danakargi aseve izrdeba, gamtarobisa 
da konveqciis meSveobiT, sanam damyardeba wonasworoba. praq­
tikulad, wonasworoba Cveulebriv miiRweva 360K temperatura­
ze da mzis elementi Cveulebrivad muSaobs ufro dabali efeq­
turobiT, vidre oTaxis temperaturis intensiurobaze.
yvela danakargi erTad. Savi sxeulis gamosxivebis da rekombi­
naciis efeqtis gaTvaliswineba iZleva mzis elementis maqsi­
maluri Teoriuli efeqturobis 68%. amrigad, speqtruli da­
nakargebi warmoadgenen dakarguli simZlavris udides nawils.

sami zemoT CamoTvlili danakargis gaTvaliswineba [1] iZ­
leva mzis elementis maqsimaluri Teoriuli efeqturobas 
33.7%, an 337vt/m² AM1.5 dros. sxva faqtorebic amcireben 
mzis elementis maqsimalur Teoriul efeqturobas. magali­
Tad, Canergvis defeqtebi. 
speqtruli danakargebi. energia, romelic amoiReba ro­
gorc sasargeblo eleqtruli energia mcirdeba Semdegi da­
nakargebiT: fotonebis energia, romelTa sidideebi ufro 
dabalia vidre akrZaluli zonisa; cxeli fotogenerirebuli 
eleqtronebisa da xvrelebis mier dakarguli energia zonebis 
kideebTan maTi relaqsaciisas da sxva danakargebi. Tu mo­
xerxdeba erTis an metis am sami danakargidan acileba, maSin 
Sesabamisi konstruqciebi gadalaxaven Sokli-quiseris zRvars.

danarTi 8. amerikis SeerTebuli Statebis 
umsxvilesi mzis sadgurebi

dasaxeleba tevadoba, megavati wliuri generacia, gigavati saaTi
McCoy 485 721 
Solana 280 792 
Solar star I & II 597 1,621 
Topaz 585.9 1,256 
El Dorado `

https://en.wikipedia.org/wiki/McCoy_Solar_Energy_Project
https://en.wikipedia.org/wiki/Solana_Generating_Station
https://en.wikipedia.org/wiki/Solar_Star
https://en.wikipedia.org/wiki/Topaz_Solar_Farm
https://en.wikipedia.org/wiki/El_Dorado_Solar_Power_Plant
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danarTi 9. Cipebis deficiti
dRes, naxevargamtaruli Cipebis deficitia, romlebic 

sasicocxlad mniSvnelovania mrewvelobis mravali dargis­
Tvis. es is naxevargamtarebis Cipebia, romlis gareSe war­
moudgenelia Cveni yoveldRiuri cxovreba dawyebuli pa­
tara, msubuqi da bzinvare smartfonidan TviTfrinavamde, 
maT Sorisaa garToba da komfortic. miuxedavad imisa, rom 
mTavrobebi da mwarmoeblebi ganixilaven naxevargamtarebis 
Cipebis naklebobis Sevsebas, Cndeba kiTxva, Tu ratom war­
moiSva am problemis irgvliv aseTi aurzauri.

Cipebis deficitis mizezia mimdinare globaluri krizisi, 
romelmac daazarala 169-ze meti mrewvelobis dargi da ga­
moiwvia fasebis mniSvnelovani zrda da saqonlis deficiti. 
Cipebis deficiti pirvelad gamJRavnda 2021 wels msoflio 
masStabiT, rodesac daixura saavtomobilo warmoebis xazebi. 
naxevargamtarebis mrewveloba uCveulo yuradRebis centrSi 
aRmoCnda im Cipebis gamo, romlebic uzarmazari raodenobis 
funqcias asrulebda manqanaSi: Sida ganaTebidan dawyebuli 
savarZlebis kontroliT da damTavrebuli uxilavi xarvezi 
wertilebis amocnobamde. maRalteqnologiis da samomxma­
reblo eleqtronikis mwarmoeblebma daadastures Cipebis 
deficiti da gamoTqves SeSfoTeba.

es niSnavda ekonomikis wamyvani berketis naxevargamtare­
bis deficits. industriaSi didi xnis problemebis garda, ro­
goricaa naxevargamtarebis qarxnebSi arasakmarisi simZlavre, 
deficitis mizezi iyo ramodenime problebis erTroulad 
arseboba: COVID-19 pandemia, gazrdili moTxovnebi Cipebis 
gamoyenebis sferoebSi da naxevargamtarebis xarisxamde 
(99.9999999%) gawmendis aucilebloba, ukraina- ruseTis omi 
da CineT-amerikis savaWro omi. deficitis mizezia agreTve 
Cipebis warmoebaSi lazerebisTvis saWiro airis neonis fa­
sis gazrda. misi fasi eqvsjer gaizarda COVID-19 pandemiisa 
da ukrainaSi politikuri daZabulobis gamo. neonis miwodeba 
seriozulad SeizRuda 2022 wlis ruseTis SeWriT ukrainaSi, 
ramac gamoiwvia SiSi, rom konfliqtma SeiZleba gaauaresos 
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Cipebis deficiti. ukraina awarmoebs neonis globaluri mi­
wodebis daaxloebiT naxevars. 

xolo keTilSobili airis nebismier axal momwodebels 
minimum cxra Tve sWirdeba warmoebis gazrdisTvis. amave 
dros pandemiam moiTxova naxevargamtaris uprecedento ra­
odenoba. distanciuri muSaobisa da distanciuri swavlebis 
zrdam gamoiwvia kompiuterebze, qselis periferiul mowyo­
bilobebze da sxva samomxmareblo eleqtronikaze `Cipebze~ 
moTxovnis zrda. amavedros lokdaunis gamo, Cipebis warmoe­
bis obieqtebi daixura, ramac gamoiwvia maragebis amowurva. 
kompiuterebis tradiciuli gayidvebi wina welTan SedarebiT 
26.1%-iT gaizarda. 

da mainc Cipebis deficitis mTavari mizezia fotoeleq­
truli modulebisa da mikroeleqtronikis warmoebis uwyve­
ti zrda, ramac gamoiwvia siliciumis, rogorc maTi warmoebis 
mTavari masalis deficiti.

naklebad savaraudoa, rom Cipebis amJamindeli deficiti 
mogvardes uaxloes momavalSi, naxevargamtarebis warmoebis 
procesis sirTulis gamo. 

saSualo Tanamedrove manqanas SeiZleba hqondes 1400-dan 
1500-mde Cipi, zogierTs ki 3000-mde. manqanebis wili globa­
luri Cipebis warmoebis 15%-s Seadgens, xolo personalur  
eleqtronikas daaxloebiT 50%. Cipebis Semosavlebi ki miiRe­
ba arasaavtomobilo seqtorebidanac. mosalodnelia, rom Ci­
pebis deficiti globalur saavtomobilo industriisaTvis 
Seadgens 210 miliardi aSS dolars. gardauvalia, naxevargam­
tarebze moTxovnisa gagrZeleba, radgan ufro meti mrewve­
lobis dargi cifrulad gardaiqmneba. Cipebis msoflio 
masStabis deficiti xazs usvams naxevargamtaruli Cipebis 
mniSvnelobas da maTi warmoebis gazrdis aucileblobaze. 
naxevargamtaruli integraluri sqemebisa da mikroCipebis 
ZiriTadi Semadgeneli masalad miwiszeda eleqtronikisTvis 
kvlav siliciumi rCeba.
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danarTi 10. SiO2 fenebis sisqis gansazRvra Si 
fuZeSreze feriT dRis Suqze  
fluorescenciur ganaTebaze [1]

afskis 
sisqe, mkm

feri afskis 
sisqe, mkm feri

0.05 ruji 0.63 iisferi-mowiTalo
0.07 yavisferi 0.68 mocisfro

0.10 muqi iisferidan  
mowiTalo iisferamde

0.72 molurjo-momwvane

0.12 samefo lurji 0.77 moyviTalo

0.15 Riacisfridan liTonur  
lurjamde 0.80 forToxlis

0.17 liTonuridan Ria  
moyviTalo-mwvanemde

0.82 oragulis

0.20 Ria oqrosferi 0.85 Ria-mowiTelo-iisferi
0.22 oqros 0.86 iisferi 

0.25 narinjis feridan  
nesvisferamde

0.87 molurjo-iisferamde

0.27 mowiTalo iisferi 0.89 lurji

0.30 lurjidan  
iisferlurjamde 0.92 molurjo-mwvane

0.31 lurji 0.95 moyviTelo-mwvane

0.32 lurjidan molurjo  
mwvanemde 0.97 yviTeli

0.34 Ria-mwvane 0.99 forToxlis

0.35 mwvanedan moyviTelo  
mwvanemde 1.00 vardisferi mixako

0.36 moyviTelo-mwvane 1.02 iisferi wiTeli
0.37 momwvano yviTeli 1.05 mowiTelo-iisferi
0.39 yviTeli 1.06 iisferi
0.41 Ria narinjisferi 1.07 molurjo-iisferi
0.42 vardisferi mixaki 1.10 mwvane
0.44 iisferi -wiTeli 1.11 moyviTelo-mwvane
0.46 mowiTelo-iisferi 1.12 mwvane
0.47 iisferi 1.18 iisferi
0.48 molurjo iisferi 1.19 mowiTelo iisferi
0.49 lurji 1.21 iisferi
0.50 molurjo-mwvane 1.24 mixaki oragulisken
0.52 mwvane 1.25 forToxlis
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0.54 moyviTelo 1.28 moyviTelo

0.56 momwvane yviTeli 1.32 cisferidan momwvane 
cisframde

0.57 moyviTelo 1.40 forToxlis

0.58 Ria narinjisferidan  
vardisferamde

1.46 molurjo-iisferi

0.60 vardisferi mixaki 1.50 lurji
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The monograph is dedicated to the description of methods, properties and 
use of silicon, an irreplaceable material for modern technologies. The results 
of many years of scientific researches, carried out in F. Tavadze Institute of 
Metallurgy and Materials Science, are described in the monograph. Years of 
experiments led to the publication of results in high-ranking international 
journals and presentations at international conferences. The accumulated 
rich material on silicon has not been discussed in this way in any monograph. 
Presented monograph will undoubtedly be of interest to specialists working 
in the field of semiconductors, including physicists, chemists, metallurgists, 
PhD students and students.

SoTa rusTavelis saqarTvelos 
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elza xuciSvili, Tengiz qamuSaZe,
gela goderZiSvili 

siliciumi
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