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saxelmZRvaneloSi moyvanilia nanozomis  
struqturebis klasifikacia, gaanalizebulia maTi 
Tvisebebi. ganzogadoebulia monacemebi nanostruqturuli 
masalebis zomis efeqtebis gavlenis Sesaxeb fizikur, 
meqanikur, Termul da sxva Tvisebebze. ganxilulia 
izolirebuli nanonawilakebis, ultradispersiuli 
fxvnilebis, kompaqturi nanokristaluri, nanoforuli da 
amorfuli masalebis, fulerenebis, nanomilebis, 
grafenebis da nanostruqturuli danafarebis miRebis 
ZiriTadi meTodebi. mokled aRwerilia nanostruqturuli 
masalebis kvlevis meTodebi. gadmocemulia ionur-
plazmuri daleqvis meTodebiT nanostruqturuli, 
nanokompozituri danafarebis formirebis Sesaxeb 
Tanamedrove warmodgenebi. naCvenebia nanostruqturuli 
masalebisa da danafarebis gamoyenebis SesaZlebloblebi 
teqnikaSi. saxelmZRvanelo gankuTvnilia studentebis, 
doqtorantebisa da mecnier muSakebisTvis. 
 

 

recenzenti: fizika-maTematikis mecnierebaTa doqtori, 
profesori levan CxartiSvili 
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winasityvaoba 

ukanasknel wlebSi swrafi tempiT mimdinareobs 
submikronuli,  nano- da klasteruli masalebis kvleva,  
rac ZiriTadad gamowveulia maTi sul ufro mzardi 
gamoyenebiT teqnikis sxvasxva dargSi. 

submikronuli da nanokristaluri liTonuri da 
keramikuli masalebi amJamad ZiriTadad gamoiyeneba 
Tanamedrove mikroeleqtronuli mowyobilobebis, 
aviakosmosuri teqnikis detalebis, liTonebis 
damamuSavebeli mowyobilobebis cveTamedegi danafarebis 
konstruqciuli elementebad da funqcionalur fenebad. 
aRniSnul dargebSi teqnologiuri moTxovnebis 
dasakmayofileblad  aucilebelia maTi  struqturuli  
elementebis zomebis Semcireba submikronul an 
nanomasStabur donemde. nanozomis struqturebis 
(nanostruqurebi) Seqmna da Seswavla warmoadgens 
samecniero-teqnikuri  mimarTulebis – nanoteqnologiis  
ZiriTad amocanas. masalebis zomiT skalaze, is masalebi 
romelTa marcvlebis zoma Seadgens 0.3 – 0.04 mkm-s, 
mikuTvnebian submikrokristalur masalebs, xolo 
masalebi, romelTa Semadgeneli struqturuli  
erTeulebis  zomebi amaze naklebia, warmoadgenen  
nanomasalebs. 

nanomasalebis (nanokristaluri, nanokompozituri, 
nanofazuri da a.S.) cnebis  qveS  igulisxmeba iseTi 
masalebi, romelTa struqturuli elementebis 
(marcvlebi, kristalitebi, boWkoebi, fenebi, forebi da 
a.S.) zomebi, erTi sivrculi mimarTulebiT mainc, ar  
aRemateba  nanoteqnologiur sazRvrebs – 100 nm  (1 nm = 
10−9 m). sakuTriv nanomasalebi, struqturuli  
elementebis zomebisa da maTSi atomebis  raodenobis  
mixedviT, pirobiTad iyofian nanoklasterebad da 
nanokristalebad. 

nanoklasterebi Tavis mxriv sami saxisaa: 
1) mcire (atomebis raodenoba 3 – 12, atomebis 100 % 

ganTavsebulia zedapirze, Siga Sreebis gareSe); 
2) didi (atomebis raodenoba 13 – 150, atomebis 92 – 

63 % ganTavsebulia zedapirze, Seicavs 1 – 3 Siga Sres); 
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3) giganturi (atomebis raodenoba 151 – 22000, atomebis 
63 – 15 % gaTavsebulia zedapirze, Seicavs 4 – 18 Siga 
Sres). 

pirobiTad klasteris zeda sazRvari Seesabameba 
atomebis iseT raodenobas, rodesac kidev erTi atomis 
damateba ukve ar cvlis mis fiziko-qimiur Tvisebebs. 
rogorc eqsperimentulad dadasturebulma Teoriulma  
gaTvlebma aCvenes, 3000-ze naklebi atomebis Semcveli 
klasterebisaTvis yvelaze stabiluria ikosaedruli 
forma. klasterSi atomebis raodenobis gazrda iwvevs 
drekadi deformaciis energiis zrdas, romelic Tavis 
mxriv moculobis proporciulia, ris gamoc xdeba 
ikosaedruli struqturis destabilizacia da yalibdeba 
waxnagcentrirebuli kuburi meseri. 

3 – 40 nm zomis struqturuli erTeulebi, romlebic 
Seicaven atomebis ufro  met raodenobas miekuTvnebian 
nanokristalebs. maT gaaCniaT sxvadasxva forma da 
xasiaTdebian unikaluri qimiuri, fizikuri da meqanikuri 
TvisebebiT. aseTi zomiTi kriteriumis SerCeva 
ganpirobebulia imiT, rom nanostruqturebis zeda zRvari 
– elementebis maqsimaluri zoma, dakavSirebuli unda 
iyos raRac kritikul parametrTan: muxtis Tavisufali 
gadamtanebis ganarbenis sigrZesTan, domenebis kedlis  
zomebTan, dislokaciis srialisTvis frank–ridis 
maryuJis zomebTan, de-broilis talRis sigrZesTan da a.S. 
nanostruqturuli sistemebis Tvisebebi imaze metyvelebs, 
rom arsebobs nivTierebis kondensirebuli mdgomareobis 
gansakuTrebuli saxe, romelic realizdeba mxolod 
nanostruqturul garemoSi. 

ukanasknel wlebSi nanostruqturuli masalebis 
teqnologiisa da fizikis dargSi miRweulia 
mniSvnelovani warmatebebi. nanostruqturuli masalebis 
kvlevis ganviTarebis yoveli etapi dakavSirebulia 
nanostruqturuli sistemebis miRebisas fazaTa Soris 
sazRvarze mimdinare mikroprocesebis sistematur 
SeswavlasTan, risma intesifikaciamac SesaZlebeli gaxada 
nanostruqturuli masalebis formirebis teqnologiuri 
parametrebis perspeqtiuli meTodebis optimaluri 
meTodikis damuSaveba. 



8 
 

erTis mxriv, nanoteqnologiis meTodebi saSualebas 
iZleva miRebul iqnas principulad axali masalebi, 
romlebic  gamoyenebadia axali teqnologiebis kompaqtur 
da funqcionalur masalebad. es uwinares yovlisa 
mniSvnelovania momavlis nanomowyobilobebis  
elementuri bazis Sesaqmnelad, miuxedavad maTi 
funqcionirebis fizikuri principebisa. 

meores mxriv, nanoteqnologia warmoadgens 
disciplinaTSoris mimarTulebas, romelic aerTianebs 
fizikis, qimiis, masalaTmcodneobis, biologiis, 
teqnologiis da sxva dargebis specialistebis 
Zalisxmevas. amasTan unda aRiniSnos, rom 
nanoteqnologiis problemebze  muSaobam gamoavlina  
mravali xarvezi, rogorc fundamenturi, ise 
teqnologiuri codnis dargSi. 

amJamad miRebulia nanomasalebis dayofa saxeebad, 
rogorc es naCvenebia nax. 1-ze. 

konsolidirebuli masalebi – igulisxmeba 
lioTonebisa da Senadnebis firebi da danafarebi, 
romlebic miiReba fxvniluri teqnologiiT, intensiuri 
plastikuri deformaciiT, amorfuli mdgomareobidan 
kontrolirebadi kristalizaciiT, firebisa da 
danafarebis miRebis sxvadasxva meTodebiT. 

nanonaxevargamtarebi, nanopolimerebi da 
nanobiomasalebi SeiZleba arsebobdnen, rogorc 
izolirebul, aseve nawilobriv Sereul 
(konsolidirebul) mdgomareobaSi. 

fulerenebma da nanomilebma maTi aRmoCenisTanave 
miipyres mkvlevarTa yuradReba. fulerenebi warmoadgenen 
naxSirbadis alotropiul formebs 𝐶𝐶60-s da 𝐶𝐶70-s. 
naxSirbadis axalma formebma gansakuTrebuli yuradReba 
miipyres mas Semdeg, rac grafitis eleqtrorkaluri 
aorTqlebis produqtebSi  aRmoCenil iqna naxSirbadovani 
nanomilebi (s. iSima, 1991). 

nanonawilakebi da nanofxvnilebi warmoadgenen 
sxvadasxva Semadgenlobis kvazinulovani zomis 
struqturebs, romelTa zomebic ar aRemateba 
nanoteqnologiis sazRvrebs. maT Soris gansxvaveba isaa, 
rom   nanonawilakebs   gaaCniaT   izolirebuli  xasiaTi 
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nax. 1. nanomasalebis saxeebi 

 

xolo nanofxvnilebs – erToblivi. analogiurad 
nanoforovani masalebi xasiaTdebian forebis zomebiT, 
romlebic naklebia 100 nm-ze. 

supramolekuluri struqturebi – esaa 
nanostruqturebi, romlebic  miiReba e.w. arakovalenturi 
sinTeziT, molekulebsa da maT ansamblebs Soris susti 
(van–der–vaalsis, wyalbaduri da sxva) kavSirebis 
warmoqmniT. 

unda SevniSnoT, rom nanomasalebi es ar aris erTi 
“universaluri” masala, aramed warmoadgens sxvadasxva 
masalebis farTo klass, romlebic gaerTianebulia 
praqtikuli gamoyenebis mizniT saintereso TvisebebiT. ar 
aris swori aseve nanomasalis warmodgena rogorc 
ubralod Zalian mcire – “nano” nawilakebis meqanikuri 
gaerTianeba. sinamdvileSi mravali nanomasala 
warmoadgens ara calkeul nawilakebs, aramed rTul 
mikroobieqtebs, romlebic nanostruqturirebulia 
zedapirze an moculobaSi. aseTi nanomasalebi SeiZleba 

nanomasalebi 

nanopolimerebi 
 
 

nanonawila- 
kebi da nano- 
fxvnilebi 

nanoforovani 

masalebi 

supramolekuluri 
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ganvixiloT, rogorc masalis gansakuTrebuli  
mdgomareoba, vinaidan nanozomis struqturuli  
elementebis monawileobiT Seqmnili masalis Tvisebebi 
araa ama Tu im masalis moculobiTi obiqtebis Tvisebebis 
identuri. 

amrigad, nanomasalebi xasiaTdebian ramdenime iseTi 
ZiriTadi TvisebiT, romelTa gamoc, praqtikuli 
gamoyenebis TvasazrisiT, maT konkurencias ver uwevs 
vercerTi sxva masala. jer erTi, yvela nanomasala  
Sedgeba Zalian mcire zomis nawilakebisagan, rac 
saSualebas iZleva farTis erTeulze ganTavsdes didi 
raodenobis funqcionaluri nanonawilakebi, rac 
sasicocxlodaa aucilebeli nanoeleqtronikis an 
magnituri informaciis Zalin didi simkvriviT 
CawerisaTvis (1 terabitamde 1 sm2-ze). 

meore, nanomasalebs gaaCniaT zedapiris didi farTi, 
rac aCqarebs urTierTqmedebas maTsa da im garemos 
Soris, sadac isini arian  ganTavsebuli. amis magaliTia 
kataliturad aqtiuri masalebi, romelTa meSveobiTac  
SesaZlebelia qimiuri an bioqimiuri reaqciebis 
milionjer da metjer daCqareba. 

mesamec, nanomasalebi, gansakuTrebul “nanozomiT” 
mdgomareobaSi yofnis gamo, unikaluria TavianTi fiziko-
meqanikuri TvisebebiT. ZiriTadi maxasiaTeblebis 
cvlileba gamowveulia ara marto zomebis simciriT, 
aramed kvantur-meqanikuri efeqtebis gamovleniTac. am 
efeqtebs adgili aqvT iseTi kritikuli zomebis dros, 
romlebic Tanazomadia ama Tu im fizikuri  movlenis –  
korelaciuri radiusis (magaliTad, eleqtronebisa da 
fononebis Tavisufali ganarbenis sigrZe, 
koherentulobis sigrZe zegamtarSi, magnituri domenebis 
zomebi da a.S.). yvelaferi es, kerZod, naxevargamtarul 
masalebs idealur elementebad xdis energodamzogavi 
lazeruli da sinaTlis gamomsxivebeli struqturebis 
Sesaqmnelad. individualuri nanomasalebis simtkice, 
aTeuljer aRemateba yvelaze mtkice foladis simtkices, 
maSin rodesac kuTri masa Zalian mcirea. 

winamdebare saxelmZRvaneloSi gadmocemulia 
nanomasalebis miRebis, struqturis, Tvisebebis da 
gamoyenebis ZiriTadi monacemebi. 
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pirvel TavSi Camoyalibebulia ZiriTadi cnebebi 
nanomasalebis Sesaxeb, maTi struqturis Taviseburebebis 
Sesaxeb, zomiTi movlenebis Sesaxeb, maTi formirebisa da 
fiziko-qimiuri Tvisebebis Sesaxeb. 

meore da mesame Tavi miZRvnilia nanoforovani da 
amorfuli masalebis struqturebisa da Tvisebebisadmi. 

meoTxe TavSi ganxilulia fulerenebisa da 
nanomasalebis Tvisebebi. 

polimerebis fuZeze Seqmnil nanokompozitebs 
daTmobili aqvs mexuTe Tavi. 

meeqvse TavSi mocemulia nanomasalebis miRebis 
teqnologiuri safuZvlebi. 

nanomasalebis fizikuri Tvisebebis Seswavlas 
daTmobili aqvs meSvide Tavi. 

merve Tavis Temaa gamoleqvis fizikuri meTodiT 
miRebuli nanokristaluri firebis da nanokompozituri 
danafarebis kvlevis fizikuri meTodebi. 

mecxre Tavi mTlianad daTmobili aqvs 
nanokristaluri masalis  gamoyenebas teqnikaSi. 
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Tavi 1 

nanokristaluri masalebis struqturuli 
mdgomareobis Taviseburebebi 

 
1.1. ZiriTadi monacemebi nanozomis struqturebis Sesaxeb 

ukanasknel xanebSi mniSvnelovnad gaizarda interesi 
nanokristaluri struqturis mqone masalebis mimarT, 
vinaidan aRmoCnda, rom kristalitebis (an nebismieri sxva 
struqturuli warmonaqmnis) zomebis Semcireba, raRac 
niSnulze qvemoT, iwvevs am masalebis fiziko-qimiuri 
Tvisebebis cvlilebas. am masalebis kvlevebis 
gaaqtiureba gamoiwvia, erTis mxriv, mikroeleqtronuli 
mowyobilobebis miniaturizaciis tendenciebma, xolo 
meores mxriv – gasuli saukunis 80-ian wlebSi maTi 
klasifikaciis SemuSavebam (cxrili 1.1). 

kristalitebis formis mixedviT nanomasalebi iyofa 
sam nawilad: firfitovani (fenovani), svetovani 
(boWkovani) da tolRerZa. amasTan fenis sisqe, boWkos 
diametri da marcvlis zoma ar aRemateba 100 nm-s. 
kristalitebis da maTi sazRvrebis qimiuri 
Semadgenlobis mixedviT arCeven nanomasalebis oTx 
jgufs: pirvel jgufSi Sedian is masalebi, romelTa 
kristalitebisa da maTi sazRvrebis qimiuri 
Semadgenloba erTnairia da maT erTfaza ewodeba, aseT 
masalebs miekuTvnebian tolRerZa nanokristaluri 
struqturis mqone sufTa liTonebi da fenovani 
kristaluri polimerebi. meore jgufSi Sedian masalebi, 
romelTa kristalitebis Semadgenloba gansxvavebulia, 
magram sazRvrebi TavianTi qimiuri SemadgenlobiT 
identuria. mesame jgufis masalebis, rogorc 
kristalitebis, aseve maTi sazRvrebis qimiuri 
Semadgenloba gansxvavebulia. meoTxe jgufs warmoadgenen 
masalebi, romelTa nanozomis struqturebi (nawilakebi, 
boWkoebi, fenebi) ganawilebulia sxva qimiuri 
Semdgenlobis matricaSi. 
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cxrili 1.1. nanokonsolidirebuli 
masalebis klasifikacia 

 

 

nanomasalebis da nanonawilakebis Tvisebebis yvelaze 
mniSvnelovan cvlilebas adgili aqvs kristalitebis 
zomis 10 – 100 nm diapazonSi. nanonawilakebis Txel 
zedapirul fenaSi (mis sisqed miRebulia ~ 1 nm) myofi 
atomebis wili, mikronawilakebTan SedarebiT, gacilebiT 
metia. marTlac, zedapirul fenaSi myofi atomebis wili 
proporciulia zedapiris farTis 𝑆𝑆 fardobisa mis 
moculobasTan 𝑉𝑉. Tu 𝐷𝐷-iT aRvniSnavT nawilakis 
(kristalitis) maxasiaTebel zomas, maSin 

𝑆𝑆
𝑉𝑉

~ 𝐷𝐷3

𝐷𝐷2  ~ 1
𝐷𝐷
   (1.1) 

cxadia, zedapirze myofi atomebis yvela kavSiri, 
gansxvavebiT moculobaSi myofi atomebisagan, dakavebuli 
ar aris mezobel atomebTan kavSirebiT da amitom 
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zedapiruli fenis kristaluri meseri Zlier 
damaxinjebulia, rac arcTu iSviaTad cvlis mesris tips. 

nanonawilakebis Tvisebebis cvlilebis mizezs 
warmoadgens gayofis sazRvris wilis zrda marcvlis an 
kristalitis zomebis SemcirebasTan erTad. amasTan 
SeiZleba gamoiyos Semadgeneli nawilakebis Semdegi 
moculobiTi wili: gayofis sazRvari, marcvlebis 
sazRvari da sammagi pirapiri. 

gayofis sazRvrebis moculobiTi wili SeiZleba 
Sefasdes formuliT 
 

∆𝑉𝑉გს = 1– �𝐷𝐷−𝑆𝑆
𝑆𝑆
�

3
   (1.2) 

 
sadac 𝑆𝑆 warmoadgens gayofis sazRvris sisqes (~ 1 nm), 𝐷𝐷 – 
marcvlis an kristalitis maxasiaTebel zomas. marcvlis 
sazRvrebis  moculobiTi   wili  iangariSeba formuliT 

∆𝑉𝑉მს = [3𝑆𝑆(𝐷𝐷−𝑆𝑆)]2

𝐷𝐷2    (1.3) 

sammagi pirapiris moculobiTi wili ki warmoadgens 
sxvaobas 

∆𝑉𝑉სშ = ∆𝑉𝑉გს–∆𝑉𝑉მს   (1.4) 

nax. 1.1-ze mocemulia miTiTebuli formulebiT 
gaTvlili Sesabamisi moculobiTi wilebis 
damokidebulebebi marcvlis zomebze. naxazidan kargad 
Cans, rom marcvlis zomis SemcirebiT 1 mkm-dan 2 nm-mde 
marcvalTSoris komponentebis (dayofis sazRvari) 
moculobiTi wili izrdeba 0.3 %-dan 0.5 %-mde. 
marcvalTSoris da marcvalTSiga komponentebis  
moculobiTi wili erTnair mniSvnelobas – 50 % aRweven 
marcvlis zomis 5 nm mniSvnelobis dros. 10 nm-ze qvemoT 
Semcirebisas mniSvnelovnad izrdeba sammagi pirapiris 
moculobiTi wili. am faqts ukavSirdeba sisalis 
mniSvnelovani Semcireba marcvlis zomis miTiTebuli 
mniSvnelobebis dros. 
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specialuri kvlevebiT naCvenebia, rom marcvlebis 
sazRvrebi imyofebian arawonasworul mdgomareobaSi, rac 
gamowveulia   maRali  simkvrivis  marcvlis  sazRvrebSi 
 

 

nax. 1.1. dayofis sazRvris, marcvlis sazRvris 
da sammagi pirapiris moculobiTi wilebis 

damokidebuleba marcvlis zomebze 
 
arsebuli defeqtebiT (nax. 1.2). es arawonasworoba 
xasiaTdeba marcvlis sazRvrebis Warbi energiiT da 
Sorsmoqmedi drekadi ZabvebiT. marcvlebis sazRvrebi 
xasiaTdebian kristalurad  mowesrigebuli agebulebiT, 
xolo drekadi velebis wyaroebs warmoadgenen marclebis 
sazRvrebTan myofi dislokaciebi da da maTi kompleqsebi.  
marcvlebis sazRvrebis arawonasworoba iwvevs maRali 
daZabulobebis warmoqmnas, rac Tavis mxriv ganapirobebs 
kristaluri mesris damaxinjebas, atomebs Soris manZilis 
cvlilebas da didi raodenobis atomebis wanacvlebas 
wonasworuli mdgomareobidan, Sori wesrigis 
dakargvamdec ki. yovelive amis Sedegia masalis 
mikosisalis gazrda. 

srulebiT cxadia, rom Termuli zemoqmedebisas da 
aseve Zalur velebSi gardauvalia relaqsaciuri 
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procesebi, rac gavlenas axdens fiziko-qimiur, fiziko-
meqanikur da sxva Tvisebebze. yvelaferi es saboloo 
jamSi moqmedebs nanomasalebis saeqsploatacio resursze 
da iwvevs maTi Seswavlis aqtualobas. sxvadasxva 
nanomasalebSi   SeiZleba   adgili  hqondes  ama  Tu  im 
 
  

 
nax. 1.2. nanokristaluri masalis struqtura: 
a – nanostruqturuli masalis modeli (Savad 

aRniSnulia marcvlis is sazRvrebi, romlebTanac 
wanacvleba aRemateba atomebs Soris manZilis 10 %), 

b – nanostruqturuli spilenZis marcvlis 
sazRvrebi (gamWoli eleqtronuli mikroskopia), 

niSnulebiT naCvenebia Setanili marcvlebis 
sazRvrebis Sesabamisi dislokaciebi 

 
efeqtis gamovlenis gansxvavebul struqturul 
Taviseburebebs, romlebic dakavSirebulia Semadgeneli 
struqturebis mcire zomebTan. mokled SevexoT 
struqturuli elementebis gavlenas nanokristaluri 
sistemebis fizikur Tvisebebze. 

aseTi gavlenis zogadi daxasiaTeba moyvanilia 
nax. 1.3-ze. rogorc naxazidan Cans, zomebis raRac 
kritikuli mniSnelobebis miRwevisas fizikuri 
maxasiaTeblebis umravlesobis qceva eqstremaluria. 

aseve unda SevniSnoT, rom nanomasalebis fizikuri 
Tvisebebi damokidebulia ara marto maTi struqturuli 
elementebis zomebze aramed, imazec Tu ra sasazRvro 
pirobebSi imyofeba mocemuli elementi. gansakuTrebiT 
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did rols TamaSoben sazRvris struqtura da mezobeli 
marcvlebiT gamowveuli Sinagani daZabulobebi. 
magaliTad,  myari sxeulis siTburi maxasiaTeblebi – 
debais temperatura, siTburi gafarToebis moculobiTi 
koeficienti da sxva erTmaneTs ar emTxveva 
nanonawilakebisa da nanomasalebisaTvis, Tumca orive 
SemTxvevaSi isini arsebiTad gansxvavdebian am 
maxasiaTeblebisagan masiur masalebSi. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

nax. 1.3. marcvlis struqturuli mdgomareobis 
gavlena nanomasalebis fiziko-qimiur Tvisebebze 

 
praqtikuli gamoyenebis azriT, gansakuTrebul 

interess iwvevs kvanturi efeqtebiT ganpirobebuli 

zomis efeqti 

(marcvlis struqturuli mdgomareoba) 

 
meqanikuri 
Tvisebebi 

(drekadobis 
moduli; 
denadobis 
zRvari; 
rRvevis 

siblante; 
cveTamedegoba;

zeplasti- 
kuroba maRal 

wnevebze) 

 
eleqtruli 
da magnituri 

Tvisebebi 
(keramikis 
eleqtro- 
gamtaroba; 
liTonebis 
eleqtro- 
winaRoba; 

koercituli 
Zalis  

cvlileba) 

 
Termo- 

dinamikuri 
Tvisebebi 
(fazuri 

gadasvlebis 
temperatura, 
maT Soris 
dnobis 

temperatura: 
siTbo- 

gamtaroba) 
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nanostruqturebis Tvisebebi. kvanturi zomiTi efeqtebi 
masalis eleqtronul Tvisebebze gavlenas iwyeben maSin, 
rodesac Tavisufali muxtis matareblebis lokalizaciis 
ubnis zoma Tanazomadi xdeba de-broilis talRis sigrZis 

𝜆𝜆დ = ћ√2𝑚𝑚𝑚𝑚  (1.5) 

sadac 𝑚𝑚 eleqtronis efeqturi masaa, 𝐸𝐸 – muxtis 
matareblis energia, ћ – plankis mudmiva. 

cnobilia, rom liTonebSi, romlebSic eleqtronebis 
efeqturi masa axlosaa Tavisufali eleqtronebis 
masasTan 𝑚𝑚0, xolo fermis energia Seadgens ramdenime 
eleqtronvolts, 𝜆𝜆დ = 0.1 − 10 mkm. am SemTxvevaSi 
nanoliTonis eleqtronul  Tvisebebze marcvlis zomebis 
gavlena SesamCnevi xdeba mxolod struqturuli 
elementebis Zalian mcire zomebisTvis, isic Zalian Txel 
firebSi. aseTi nanozomiTi struqturebisTvis 
damaxasiaTebelia eleqtronuli mdgomareobebis 
simkvrivis 𝑁𝑁(𝐸𝐸) kvadratuli damokidebuleba energiaze. 

nanostruqturebSi eleqtronebis Tavisufali 
moZraoba SezRudulia erTi, ori an sami mimarTulebiT, 
rac  gamomdinareobs Sredingeris gantolebis amoxsnidan 
Sesabamisi sasazRvro pirobebis gaTvaliswinebiT, rasac  
Tan sdevs eleqtronuli simkvrivis cvlileba. ase 
magaliTad eleqtrons, romelic moTavsebulia raRac 
SemosazRvrul moculobaSi, SeuZlia daikavos mxolod 
garkveuli diskretuli energetikuli doneebi da hqondes 
minimaluri energia: 

𝐸𝐸 = 𝜋𝜋2ћ2𝑛𝑛2

2𝑚𝑚𝑎𝑎2   (1.6) 

sadac ћ plankis dayvanili mudmivaa (ћ = ℎ 2𝜋𝜋⁄ ), 𝑚𝑚 
eleqtronis efeqturi masaa, romelic myar sxeulebSi, 
Cveulebriv, eleqtronis uZraobis 𝑚𝑚0 masaze naklebia. 

es energia yovelTvis nulze metia. swored es 
aranulovani minimaluri energia ganasxvavebs kvantur-
meqanikur sistemas klasikuri sistemisagan, romlisTvisac 
potencialuri ormos fskerze myofi nawilakis energia 
igivurad nulis tolia. 
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eleqtronebis energiis minimaluri mniSvneloba da 
nanostruqturebSi maTi daSvebuli energetikuli 
mdgomareobebis diskretuloba warmoadgens maTSi 
kvanturi SezRudvis efeqts. is damaxasiaTebelia, rogorc 
eleqtronebis, aseve xvrelebisTvisac. 

myar sxeulebSi kvanturi SezRudva SeiZleba 
realizebul iqnas sami sivrculi mimarTulebiT. am 
SezRudvaTa raodenobis mixedviT elementaruli 
nanostruqturebi SeiZleba daiyos Semdeg nawilad: 
kvanturi  firebi, kvanturi mavTulebi da kvanturi 
wertilebi (nax. 1.4). 
 

 

nax. 1.4. sxvadasxva ganzomilebis mqone struqturebSi 
muxtis matareblebis mdgomareobaTa simkvrive 𝑁𝑁(𝐸𝐸) 

 
kvanturi firebi – esaa organzomilebiani (2D) 

struqturebi, romlebSic kvanturi SezRudva mxolod 
erTi mimarTulebiT moqmedebs da esaa firis sisqe (z 
mimarTuleba). muxtis matareblebi Tavisuflad moZraoben 
xy sibrtyeSi. eleqtronuli mdgomareobis simkvrives 
kvantur firebSi gaaCnia  safexurebrivi xasiaTi, romelic 
cvlis tipiur parabolur xasiaTs Tavisufali 
eleqtronebisaTvis samganzomilebian (3D) struqturebSi. 
eleqtronebs kvantur firebSi, rogorc wesi, 



20 
 

organzomilebis eleqtronul gazs uwodeben. nax. 1.5-ze 
moyvanilia kvanturi wertilebis suraTi 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼-is firebSi. 
suraTi miRebulia gamWoli eleqtronuli mikroskopis 
gamoyenebiT. 

kvanturi mavTulebi warmoadgenen  erTganzomilebian 
(1D)    struqturebs,    romlebSic    kvanturi   SezRudva 

 

nax. 1.5. kvanturi wertilebis gamosaxuleba 
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼-is fenebSi, romlebic ganTavsebulia 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺-is 

fenebs Soris. suraTi miRebulia gamWoli 
eleqtronuli mikroskopis gamoyenebiT 

 
moqmedebs ori mimarTulebiT, amasTan muxtis matareblebi 
moZraoben mxolod erTi mimarTulebiT – mavTulis 
RerZis gaswvriv. Sesabamisad arsebobs mxolod erTi 
mimarTulebis kinetikuri mdgeneli. am SemTxvevaSi yoveli 
diskretuli wyvilisa da kvanturi SezRudvis 
mimarTulebisTvis eleqtronuli mdgomareobis simkvrivis 
energiisgan damokidebulebis formulas aqvs Semdegi saxe 

~𝐸𝐸−1 2⁄ . sailustraciod nax. 1.6-ze moyvanilia molibdenis 
fuZeSreze orTqlis fazidan daleqvis meTodiT  
dafenili spilenZis nanomavTulis suraTi. 

kvanturi wertilebi warmoadgenen nulovani zomis 
(0D) struqturebs, romlebSic muxtis matareblebis 
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moZraoba SemosazRvrulia samive mimarTulebiT. am 
SemTxvevaSi energetikuli mdgomareoba dakvantulia 
samive mimarTulebiT, xolo mdgomareobis simkvrive 
warmoadgens maxvili pikebis serias ise, rogorc amas 
adgili  aqvs  izolirebul atomSi. aseTi msgavsebis gamo 
 
 

 

nax. 1.6. molibdenis safexurebrivi formis fuZeSreze 
orTqlis fazidan daleqvis meTodiT miRebuli 

spilenZis 3 nm diametris nanomavTulis gamosaxuleba 
 
zogjer kvantur wertilebs xelovnur atomebsac 
uwodeben. 

nanomasalebis gamoyenebis perspeqtiva 
mniSvnelovnadaa dakavSirebuli nanoeleqtronikis 
ganviTarebasTan. nanoeleqtronuli mowyobilobebis 
funqcionirebas safuZvlad udevs kvanturi efeqtebi, 
romlebic ganapirobebn muxtis moZravi gadamtanebis 
(eleqtronebi da xvrelebi) qcevas nanostruqturebSi. 

nax. 1.7-ze naCvenebia sxvadasxva damuxtuli 
kristalitebisgan Semdgari nanokompozitebis  
struqturis sqema. gareSe eleqtruli velis modeba 
cvlis, rogorc gayofis sazRvrebis zedapirul muxts, 
aseve eleqtronul agebulebas. 
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ase magaliTad, 10 nm sisqis platinis 
nanokristalebze gareSe eleqtruli velis modeba iwvevs 
Warbi muxtis (eleqtronis muxtis 0.3-is toli muxti  
saSualod TiToeul atomze) gaCenas. 

 

 

nax. 1.7. sxvadasxva muxtis mqone fazebis Semcveli 
nanokompozitebis struqturis sqema: a – xvreluri (+) 

da eleqtronuli naxevargamtarebi (_), b – fermis 
sxvadasxva energiis mqone liTonuri fazebi, 

g – liTonebi (–) da naxevargamtarebi (+) 
 

 

1.2. meqanikuri Tvisebebi 

nanokristaluri struqturis formireba iwvevs 
masalis Tvisebebis mkveTr cvlilebas masiur analogTan 
SedarebiT, kerZod, mniSvnelovnad zrdis meqanikur 
maxasiaTeblebs da, maT Soris, sisales. rogorc 
cnobilia sisale axasiaTebs masalis winaaRmdegobas 
plastikuri deformaciisadmi masSi myari sxeulis, 
magaliTad, almasis Cawnexvisas. cnobilia, rom sisalesa 

da denadobis zRvars �𝜎𝜎დ� Soris arsebobs   

proporciuli damokidebuleba. 
istoriulad pirvelad gaanalizebul iqna swored 

denadobis zRvaris damokidebuleba masalis zomebze, 
romlis Sedegad dadgenil iqna kanoni, romelsac hol–
petCis kanoni ewodeba: 

𝜎𝜎დ = 𝜎𝜎0 + 𝑘𝑘დ𝐷𝐷𝑛𝑛  (1.7) 
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sadac 𝜎𝜎0 Siga daZabulobaa, is xels uSlis dislokaciis 
moZraobas, 𝑘𝑘დ – koeficientia, romelic dakavSirebulia 

marcvlis sazRvris ganWolvasTan dislokaciis mier, 𝐷𝐷 
marcvlis zomaa, xolo n sididea, romelic icvleba 
1/2-dan (hol–petCis klasikuri kanoni) mniSvnelobamde, 
romelic Zevs 1/4 – 1 intervalSi. miRebulia, rom n-is 
yovel mniSvnelobas Seesabameba marcvlis sazRvrebTan 
dislokaciis urTierTqmedebis Sesabamisi meqanizmi. 
marcvlis zomebis 10–6 m-ze  meti mniSvnelobebisTvis  
liTonebisa da SenadnobebisTvis, sakmaod kargad 
sruldeba hol–petCis kanoni 𝑛𝑛 = 1/4-is toli 
maCvenebliT. 

masalis sisalis, misi nanostruqturul 
mdgomareobaSi gadayvanis xarjze, gazrdis ideis 
ganxorcieleba arc ise ioli aRmoCnda. mravalricxovanma 
kvlevebma aCvenes, rom masalis sisalis damokidebuleba 
marcvlis zomebze anomalur xasiaTs atarebs. kerZod, 
SemCneul iqna sisalis Semcireba marcvlis zomis 
SemcirebasTan erTad. 

nax. 1.8-ze moyvanilia masalis sisalis (denadobis 
zRvari) damokidebuleba marcvlis zomaze misi kritikul 
mniSvnelobamde (daaxloebiT 10 nm-mde) Semcirebisas. 

marcvlis zomis 7 nm-mde da ufro dabla 
Semcirebisas, sisalis zrdis nacvlad daimzireba hol–
petCis kanonis Sebrunebuli efeqti – sisalis Semcireba 
marcvls zomis SemcirebasTan erTad. 

sisalis marcvlis zomisagan damokidebuleba sakmaod 
rTuli xasiaTisaa. mis dasadgenad aucilebelia 
nanostruqturuli masalebis deformaciis specifikis 
gaTvaliswineba, kerZod, marcvlebis urTierT SeRweva-
gasrialeba (am movlenas  zogjer sisalis Semcirebis 
rotaciul movlenas uwodeben), romelsac 
aradislokaciuri xasiaTi aqvs. 

rogorc maRali garCevis unaris mqone eleqtronuli 
mikroskopiis meSveobiT iqna dadgenili, dislokaciuri 
wyaros amuSavebisTvis marcvlis kritikuli zoma 
Seadgens 10 nm-s. 
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nax. 1.8. sisalis (denadobis zRvari) 

cvlilebis sqema marcvlis zomis Semcirebisas 
 

kristalitebSi, romelTa zomac naklebia 10 nm-ze, 
dislokaciebi ar arseboben da marcvlis sasazRvro 
fazebis struqtura amorfulTan Zalian axlosaa. 

cxrilSi 1.2 moyvanilia nikelis meqanikuri Tvisebebis 
damokidebuleba marcvlis zomebisagan. 

nanokristaluri masalis sisale gaWimvisas 
1.5 _ 2-jer metia, vidre amave masalis msxvilmarcvlovani 
analogis sisale. amasTan SemCneul iqna sisalis 
Semcireba marcvlis zomis kritikulamde Semcirebisas, 
rac albaT gamowveulia marcvlis sazRvrebis sammagi 
pirapiris  wilis gazrdiT. 

didi marcvlebisTvis sisalisa da simtkicis zrda, 
marcvlis zomis Semcirebis mixedviT, gamowveulia 
marcvlis  damatebiTi sazRvrebis gazrdiT, romlebic 
winaaRmdegobas uweven dislokaciebis moZraobas. 

nanozomiTi nawilakebis mcire zomis SemTxvevaSi 
sisalis zrda gamowveulia arsebuli dislokaciebis 
dabali  simkvriviT da axali dislokaciebis warmoqmnis 
siZneliT. nax. 1.9-ze naCvenebia foladebis sisalisa da 
plastikurobis urTierTdamokidebuleba. 
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cxrili 1.2. Cveulebrivi da nanokristaluri 
zomis nikelis meqanikuri Tvisebebi 

 
 

Tvisebebi 
Cveulebrivi Ni, 

10 mkm 
nano- Ni 

 
100 nm     10 nm 

 
sisale, mpa (25 oC) 

        
       103  

 
690       > 900 

zRvruli sisale 
gaWimvisas, mpa      
(25 oC) 

        
       403                                     

 
1100     > 2000 

simtkice vikersis 
mixedviT, kg/mm2 

       
       140 

 
300        650 

  
    
    
 

 
 

nax. 1.9. sxvadasxva masalis meqanikuri 
Tvisebebis cvlilebis blok-sqema 
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12X18H10T   markis   nanokristalur  folads   
gaaCnia sisalisa da plastikurobis sakmaod kargi  
Tanafardoba. calkeul  SemTxvevebSi nanokristaluri 
masalis dabali plastikuroba,  albaT,  gamowveulia      
dislokaciebis gaCenis,   gamravlebis   da   moZraobis 
sirTuliT, aseve mikrobzarebis, forebis da CanarTebis 
arsebobiT. nanokristaluri struqturis mqone aluminis 
Senadnebis cveTamedegoba gacilebiT maRalia vidre 
msxvilmarcvlovani struqturebis (nax. 1.10). 
 
 

 
 

nax. 1.10. aluminis Senadnobebis cveTamedegoba 
 

iseTi myife masalebi, rogoricaa intermetalidebi, 
plastikurebi xdebian marcvlebis zomis Semcirebisas 
raRac kritikul zomamde, rac aixneba maTSi  
mikrobzarebis Casaxvisa da gavrcelebis specifikuri 
meqanizmebis arsebobiT. amrigad, masalebis struqturebi  
nanozomebis miRwevisas avlenen Tvisebebis axal dones: 
maRali sisale, simtkice, cveTamedegoba maRal 
plastikurobasTan erTad. 
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1.3. Termodinamikuri Tvisebebi 

nanozomis masalebSi Termodinamikuri Tvisebebisa da 
fazuri wonasworobis Taviseburebebis Sesaxeb arsebuli 
monacemebis calsaxa interpretacia ver xerxdeba. 10 nm-ze 
didi zomis nawilakebisaTvis zedapiruli energiis 
tradiciuli gageba misaRebia, magram 1 – 10 nm zomis 
nawilakebisTvis Termodinamikuri Tvisebebis cvlilebis 
axsna moiTxovs dazustebas, xolo 1 nm-ze naklebi zomis 
nawilakebisaTvis – calke midgomas, vinaidan nawilaki 
iZens zedapiruli fenis Tvisebebs. pirvel miaxloebaSi es 
mosazrebebi samarTliania konsolidirebuli 
nanomasalebisaTvis. atomebs Soris manZilis Semcirebam 
SesaZlebelia miaRwios kritikul zRvars rodesac 
adgili aqvs kristaluri mesris gardaqmnasTan 
dakavSirebul  fazur gardaqmnas. cxrilSi 1.3 naCvenebia 
zomis efeqtebiT gamowveuli fazuri gardaqmnebis 
monacemebi oqsiduri sistemebisaTvis. aq gamoyenebulia 
Semdegi aRniSvnebi: m – monoklinuri, t – tetragonaluri, 
k – kuburi, o – orTorombuli. 
 

cxrili 1.3. nawilakebis zomebis gavlena 
fazur gadasvlebze oqsidur sistemebSi 

 

 
 

nivTiereba fazuri 
gadasvla 

struqturuli 
mdgomareoba 

kritikuli 
zoma, nm 

𝑍𝑍𝑍𝑍𝑂𝑂2 m – t fxvnili 30 

 t – k fxvnili 20 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑂𝑂3 t – k fxvnili 100 – 120 

 t – k keramika 40 – 50 

P    𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑂𝑂3 t – k fxvnili     90 – 100 

 t – k keramika      8 – 12 

𝑌𝑌2𝑂𝑂3(𝑅𝑅2𝑂𝑂3) oO– k fxvnili      8 – 10 
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Catarebulma gaTvlebma aCvenes, rom nawilakebis 
zomebis Semcirebam unda gamoiwvios evteqtikis 
temperaturis Semcireba. cxrilSi 1.4 moyvanilia 
evteqtikis temperaturis damokidebulebis monacemebi  
𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑇𝑇𝑇𝑇𝐵𝐵2 da 𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑇𝑇𝑇𝑇𝑇𝑇 sistemebSi erT-erTi komponentis 
dispersiulobisagan. 𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑇𝑇𝑇𝑇𝐵𝐵2 sistemis 
msxvilmarcvlovani nimuSebisaTvis evteqtikis 
temperatura tolia 2790 K-is, xolo 𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑇𝑇𝑇𝑇𝑇𝑇 
sistemisaTvis – 2870 K-is. 
 

cxrili 1.4. evteqtikis  temperaturis 

cvlileba fsevdobinarul sistemebSi 

𝑇𝑇𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇𝑇𝑇) − 𝑇𝑇𝑇𝑇𝐵𝐵2 da 𝑇𝑇𝑇𝑇𝐵𝐵2 − 𝑇𝑇𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇𝑇𝑇) 
 

kristalis 
zoma, nm 

𝑇𝑇𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇𝑇𝑇) − 𝑇𝑇𝑇𝑇𝐵𝐵2 
 (dispersuloba) 

𝑇𝑇𝑇𝑇𝐵𝐵2 − 𝑇𝑇𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇𝑇𝑇) 
(dispersuloba) 

200 45 25 

100 90 70 
20 450 350 
10 900 700 

 
masalis erT-erTi maxasiaTebeli sididea 

siTbogamtaroba, romelic Zalian mgrZnobiarea masalis 
struqturis da zomiTi faqtorebis mimarT. cnobilia, 
rom siTbogamtaroba ori – eleqtronuli da mesruli 
mdgenelisgan Sedgeba. liTonur masalebSi dominirebs  
eleqtronuli mdgeneli, xolo naxevargamtarebsa da 
dieleqtrikebSi – mesruli. nanomasalebis struqturuli 
elementebis zomebis Semcireba mniSvnelovnad amcirebs 
siTbogamtarobas, rac ZiriTadad gamowveulia 
eleqtronebis gabneviT marcvalSoris sazRvrebze. ase 
magaliTad, nanokristaluri  vercxlis siTbogamtaroba, 
romlis marcvlis zomebi 20 – 47 nm-is tolia, 
daaxloebiT 3.5 – 4-jer naklebia, vidre 
msxvilmarcvlovani vercxlis siTbogamtaroba. 
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1.4. eleqtruli  Tvisebebi 
 

liTonuri myari sxeulebis eleqtrogamtaroba 
ZiriTadad ganisazRvreba eleqtronebis gabneviT 
fononebze, struqturis  defeqtebze  da  minarevebze. 
mravali liTonuri nanomasalisaTvis (𝐶𝐶𝐶𝐶, 𝑃𝑃𝑃𝑃, 𝐹𝐹𝐹𝐹, 𝑁𝑁𝑁𝑁, 𝑁𝑁𝑁𝑁 −
𝑃𝑃,    𝐹𝐹𝐹𝐹 − 𝐶𝐶𝐶𝐶 − 𝑆𝑆𝑆𝑆 − 𝐵𝐵,   𝑁𝑁𝑁𝑁 − 𝐴𝐴𝐴𝐴, gardamavali liTonebis 
nitridebi  da  boridebi da sxva) eqsperimentalurad  
dadgenilia kuTri  winaRobis (𝜌𝜌) mniSvnelovani zrda 
struqturuli elementebis zomebis zrdasTan erTad. 
praqtikulad yvela liTonismagvari nanomasalisaTvis  
damaxasiaTebelia narCeni kuTri winaRobis maRali 
mniSvneloba 1 – 10 K temperaturebze da 
eleqtrowinaRobis temperaturuli  koeficientis dabali  
sidide. eleqtrowinaRobis mniSvnelovani cvlileba 
iwyeba maSin, rodesac  struqturuli elementebis zomebi 
naklebia 100 nm-ze. miaxloebiTi SefasebiT naCvenebia, rom 
kuTri eleqtrowinaRoba marcvalTSoris sazRvarze 
tolia 𝜌𝜌2 ~ 3 ∙ 10−12omi ∙ sm da praqtikulad mudmivia – 
erTnairia nano- da msxvilmarcvlovani masalebisaTvis. 
amrigad, nanomasalis kuTri eleqtrowinaRoba 𝜌𝜌1 
SeiZleba gaTvlil iqnas formuliT: 

𝜌𝜌1 = 𝜌𝜌0 + 𝜌𝜌2(𝑆𝑆 𝑉𝑉⁄ ), (1.8) 
sadac 𝜌𝜌0 mocemuli raodenobis  minarevebisa da 
defeqtebis Semcveli monokristaluri masalis kuTri 
eleqtrowinaRobaa;  𝜌𝜌2 – marcvalSorisi kuTri 
eleqtrowinaRoba, 𝑆𝑆 – marcvalSoris sazRvrebis farTi; 
𝑉𝑉 – masalis moculoba. 

eleqtrowinaRobis gansazRvrisTvis aucilebelia 
aseve masalis forianobis da sxva faqtorebis  
gaTvaliswinebac. 

Txeli firebis eleqtrowinaRoba damokidebulia 
eleqtronebis gabnevaze gare zedapirebze, topografiaze, 
struqturis Taviseburebebze. did rols TamaSobs firis 
sisqe da struqturuli elementebis zomebi. 

naxevargamtarebSi nawilakebis zomis Semcireba iwvevs 
akrZaluli zonis siganis gazrdas dieleqtrikis donemde, 
magaliTad, 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺-isTvis. 
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sainteresoa nanokompozitebis fuZeze Seqmnili 
hibriduli masalebis Tvisebebi. magaliTad, aragamtari 
matricisTvis liTonuri nanonawilakebiT SeimCneva kuTri 
eleqtrowinaRobis mkveTri Semcireba gamtari komponentis 
garkveuli procentuli Semcvelobis dros, rac 
damokidebulia an barierul gadasvlaze an tunelirebaze. 

Termoeleqtruli masalebisTvis damaxasiaTebelia 
vargisianobis gazrda. 
 
 

1.5. magnituri  Tvisebebi 
 

masalis magnituri Tvisebebi Zalian mgrZnobiarea 
struqturuli elementebis zomebis  mimarT da amJamad es 
sakiTxi intensiurad Seiswavleba. gansakuTrebuli 
yuradReba eqceva kargad nacnobi feromagnituri 
masalebis – rkinis, nikelis da kobaltis mcire zomis 
nawilakebis magnituri Tvisebebis Seswavlas. ismis kiTxva 
rCeba Tu ara ucvleli iseTi sidideebi, rogorebicaa 
koercituli veli 𝐻𝐻კ, magnituri anizotropia 𝐾𝐾, sawyisi 
magnituri SeRwevadoba, kiuris temperatura 𝑇𝑇კ da sxva 
parametrebi im SemTxvevaSi, rodesac feromagnetikis zoma 
mcirdeba Zalian  mcire, 103 − 104 atomis zomebamde. 

rkinis, nikelis da kobaltis mcire zomis 
nawilakebis feromagnituri Tvisebebis Seswavlam aCvena, 
rom superparamagnitur mdgomareobaSi gadasvla 
damokidebulia nawilakebis zomebsa da temperaturaze. 
rkinisa da nikelis 6.5 – 7.5 nm zomis marclebis 
feromagnetizmi icvleba superparamagnituri 
mdgomareobiT 𝑇𝑇ს = 170 K temperaturaze rkinisaTvis da 
𝑇𝑇ს = 200 K temperaturaze nikelisTvis. SedarebisTvis 
rkinis masiuri nimuSisTvis kiuris temperatura 𝑇𝑇ს =
1090 K. nanonawilakebis koercituli Zala 𝐻𝐻კ 
damokidebulia marcvlis zomebze. nax. 1.11-dan Cans, rom 
4 nm zomis kristalebisaTvis 𝐻𝐻ს TiTqmis nulis tolia. 

koercituli velebis aseTi dabali mniSvneloba 
ganpirobebulia siTburi efeqtebiT, romlebsac magnituri 
wesrigi gadahyavT paramagnitur mdgomareobaSi. 𝐻𝐻ს 
maqsimaluri mniSvneloba nanokristaluri 
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nawilakebisTvis daimzireba maSin, rodesac nawilaki 
erTganzomilebiania.    eqsperimentuli    da   Teoriuli 
 

 

nax. 1.11. koercituli velis 
damokidebuleba nawilakis zomaze 

 
monacemebi TiTqmis emTxvevian erTmaneTs da rkinisTvis 
oTaxis temperaturaze 𝐻𝐻ს maqsimalur mniSvnelobas aRwevs 
marcvlis zomebis 20 – 25 nm-is toli mniSvnelobisTvis. 
aqedan gamomdinareobs, rom nanokristaluri   
feromagnetikebi perspeqtiuli masalebia maRali 
sainformacio simkvrivis damxsomebeli mowyobilobebis 
Sesaqmnelad. 

samecniero literaturidan cnobilia, rom  
nanokristaluri masalebi warmoadgenen erTfaza an 
mravalfaza polikristalebs, romelTa marcvlis zoma 
1-dan 20 nm-mde icvleba. am masalebSi moculobis TiTqmis 
naxevari modis marcvalSoris an fazaTaSoris sazRvarze. 
marcvalSoris an fazaTaSoris sazRvarze myofi atomebis 
mdgomareoba arsebiTad gansxvavdeba kristalSi myofi 
atomebis struqturuli mdgomareobisgan. 

magnituri masalebis damaxasiaTebel ZiriTad 
parametrs, anu damagnitebis SesaZleblobas warmoadgens 
koercituli Zala. rac naklebia koercituli Zala, miT 
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ufro sust magnitur vels SeuZlia masala miiyvanos 
gajerebamde. nax. 1.12-ze naCvenebia polikristalur 
magnitur masalebSi koercituli 𝐻𝐻ს Zalis 
damokidebuleba marcvlis 𝑑𝑑 zomisgan. marcvlis zomis 
daaxloebiT 100 nm-mde  Semcirebisas, koercituli Zala 
1/d sididis proporciulad izrdeba, ris mizezsac 
warmoadgens defeqtebis (marcvalTSoris sazRvris 
moculobiTi wilis) simkvrivis zrda. amasTan erTad 
masalis makroskopiuli magnituri anizotropia emTxveva 
calkeuli kristalebis lokalur magnitur 
anizotropias. Tu marcvlis zoma naklebia raRac 
maxasiaTebel, kerZod, magnituri gacvliTi korelaciis 
sigrZeze,  marcvalTSoris urTierTqmedebis gamo adgili 
aqvs makroskopiuli magnituri anizotropiis Sesustebas. 
am dros koercituli Zala mcirdeba marcvlis zomis 
SemcirebasTan erTad 𝑑𝑑6-is proporciulad. 

 
 

nax. 1.12. magnitur masalebSi koercituli 𝐻𝐻ს 
Zalis damokidebuleba marcvlis zomisgan d 
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nax. 1.12-ze sqematurad naCvenebia sxvadasxva masalis 
magnituri SeRwevadobisa da koercituli Zalebis sawyisi 
ubnebi. rogorc naxazidan Cans, nanokristaluri masalebi 
miekuTvnebian maRali magnituri SeRwevadobis masalebs 
da es done maqsimaluria 1 a/m-is rigis koercituli 
Zalis mqone masalebisTvis. 

SevniSnoT, rom nanokristaluri Senadnebis fuZes 
warmoadgens iafi rkina, maSin rodesac misi konkurenti 
amorfuli Senadnebi da permaloi mzaddeba 
ZviradRirebuli kobaltisa da nikelisagan. 

saerTo fonze nanokristaluri Senadnobebi 
warmoadgenen saukeTeso kombinacias gajerebis maRali 
magnituri induqciisa da sawyisi magnituri SeRwevadobis 
mniSvnelobebisaTvis. 

magniturad rbili masalebis ZiriTadi mniSvnelovani 
maxasiaTebelia kiuris temperatura, romelic 
ganapirobebs masalis gamoyenebis ubans. magram 
feromagnituri mdgomareobis zogadi Taviseburebebis 
gamo SeuTavsebelia kiuris maRali temperatura da 
maRali magnituri SeRwevadoba. magaliTad, ganvixiloT 
nanokristaluri magnituri Senadnobi 𝐹𝐹𝐹𝐹73.5𝐶𝐶𝐶𝐶1𝑁𝑁𝑁𝑁3𝑆𝑆𝑆𝑆13.5𝐵𝐵9. 
es Senadnobi orfazaa. fuZes warmoadgens 𝑇𝑇ს = 600 oC 
kiuris temperaturis mqone 𝐹𝐹𝐹𝐹80𝑆𝑆𝑆𝑆20 Senadnobis 
nanomarcvlebi. am marcvlebs Soris magnituri 
urTierTqmedeba xorcieldeba feromagnituri amorfuli 
fazis gavliT, romelic gamdidrebulia niobiumiT da 
boriT. 

amorfuli matricis kiuris temperatura 𝑇𝑇ს = 300 oC da 
is gacilebiT dabalia nanokristalis Sesabamis 
parametrze. yovelive amis gamo 300 oC-ze maRla 
gaxurebisas marcvalsSoris fena kargavs Tavis 
feromagnitur  Tvisebebs. magnituri kavSiris dakargva 
iwvevs magnituri SeRwevadobis Semcirebas da 
koercituli Zalis gazrdas, xolo magnituri 
histerezisis marTkuTxovnebis koeficienti uaxlovdeba 
𝐵𝐵𝑢𝑢 𝐵𝐵𝑠𝑠⁄ ≈ 0.83, rac Seadgens Teoriulad gaTvlil 
mniSvnelobas SemTxveviT orientirebuli 
araurTierTqmedi kristalitebisaTvis. maRali magnituri 
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SeRwevadobis nanokristaluri Senadnebis gamoyenebis 
zeda temperaturuli zRvari daaxloebiT 200 oC-is tolia. 

garda amisa, magnituri masalebisTvis 
damaxasiaTebelia magnitokaloruli efeqti, romelic 
gamoixateba aramagnitur an sustad magnitur matricaSi 
Canergili magnituri nawilakebis magnituri spinebis 
mowesrigebaSi modebuli magnituri velis gaswvriv. 

nanomasalebis sisalisa da simtkicis zrda, 
plastikurobis, drekadi maxasiaTeblebis, stabilurobis, 
katalituri da difuziuri Tvisebebis cvlileba 
cnobilia da amJamad mimdinareobs maTi aqtiuri Seswavla. 
aRniSnuli Taviseburebebi SeiZleba warmatebiT iqnas 
gamoyenebuli Sesabamisi xelsawyoebis elementebis 
Sesaqmnelad. 

Sesabamisi zomiTi efeqtebis kanonzomierebis 
Seswavla saSualebas iZleva praqtikulad gamoyenebul 
iqnas axali Taobis masalebi, romelTa Tvisebebic 
icvleba maTi Semadgeneli struqturuli elementebis 
zomisa da formis cvlilebasTan erTad. 
 
 

Tavi 2 

nanoforiani masalebi 

 
formalurad nanoforovan masalebad SeiZleba 

CaiTvalos nanokompozituri masalebi, romlebSic 
matricaSi SemTxveviT an kanonzomierad ganawilebuli  
forebi TamaSoben meore fazis rols (nax. 2.1). magram 
arsebobs ramdenime fizikuri mizezi, ris gamoc isini 
gamoyofilia masalaTa calke klasad. 

Tu gaviTvaliswinebT im garemoebas, rom cnobilia 
nanoforovani sistemebis mravali saxeoba, magram ar 
arsebobs maTi aRweris universaluri kriteriumi da 
genezisisa da forebis myari sxeulis Tvisebebze 
gavlenis arsebiTi warmodgena, mizanSewonilia ganxilva 
daviwyoT Tavisufali moculobis da sakuTriv 
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forianobis cnebis SemotaniT, vinaidan es cnebebi xSirad 
calsaxad ar gamoiyeneba. 

Tavisufali moculoba. myar sxeulSi Tavisufali 
moculoba  𝑉𝑉თ,  vuwodoT atomebiT Seuvsebel moculobas 
 

 
 

nax. 2.1. nanoforiani masalebis ZiriTadi tipebi 
 

TiTqmis nulis toli eleqtronuli simkvriviT. 
Tavisufali moculobis ganawilebis xasiaTi 
ganpirobebulia atomebis wyobis sivrculi 
erTgvarovnebis xarisxiT da is SeiZleba dadgenil iqnas 
eleqtronuli simkvrivis ganawilebis funqciis analiziT. 
amasTan mniSvnelovania Tavisufali moculobis cnebis 
konkretizacia misi ganmartebis xerxis gaTvaliswinebiT. 
ase magaliTad, geometriuli Tavisufali moculoba 
𝑉𝑉გ    ganimarteba formuliT 

𝑉𝑉გ = 𝑉𝑉 − ∑𝜔𝜔, (2.1) 
sadac ∑𝜔𝜔 wamoadgens atomebis jamur sakuTar 
moculobas da axasiaTebs im moculobas, romelic myar 
sxeulSi ukavia “sicarielis” fazas. am SemTxvevaSi fori 
SeiZleba ganvixiloT, rogorc Tavisufali lokaluri 
moculoba, romelsac gaaCnia garkveuli forma, 

lokalizaciis adgili da zomebi. “sicarielis” fazis 
mier dakavebuli moculobis Sefardeba sxeulis mTlian 
moculobasTan (procentul gamoxatulebaSi) axasiaTebs 
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forebis moculobiT wils an forovnobas 𝐶𝐶. forovnobis 
Sebrunebul sidides, Sevsebis xarisxi ewodeba. 𝑉𝑉კ  
moculobad miRebulia iseTi moculoba, romelic qimiuri 
SemadgenlobiT identuria forebis Semcveli sxeulis 
masis Sesabamisi moculobis. Tu atomebis wyobis 
koeficientia 𝐾𝐾წყ = ∑𝜔𝜔/𝑉𝑉, maSin fardobiTi Tavisufali 

geometriuli moculoba tolia sididis 1 − 𝐾𝐾წყ . 
kristalSi Tavisufali moculobis ganuyofeli 
komponentebia sxvadasxva tipis kvanZTaSorisi 
sicarieleebi, romlebic arCeuli kriteriumebis 
Sesabamisad ar SeiZleba miekuTvnos forebs. 

rac Seexeba forovnebas, arsebobs misi cnebisadmi 
orgvari midgoma. erT-erTi maTgani dafuZnebulia 
forebis warmodgenaze, rogorc masalis warmoqmnis, 
Tvisebebisa da daniSnulebis ganmsazRvrel da ucilobel 
struqturul komponentze. es midgoma bunebrivia iseTi 
obieqtebisTvis, romlebis Seicaven didi raodenobis 
forebs (gruntebi, qafovani masalebi, qsovilebi, 
aqtivizirebuli naxSiri, gelebi, ceolitebi, forovani 
keramika, TxelboWkovani struqturebis zogierTi saxeoba, 
Secxobili kompoziciuri masalebi). zogjer, arcTu 
iSviaTad, laparakoben forovan masalaze maSin, rodesac 
maT mimarT ver iZlevian individualuri foris cnebas da 
am dros iZulebuli xdebian misi aRwerisaTvis gamoiyenon 
statistikuri geometria, stereologia, statistikuri da 
stoqastikuri fizikis meTodebi, molekuluri analogiis 
meTodebi da, aseve, SemTxveviTi funqciebis empiriuli 
meTodebi. imisaTvis, rom gaadvildes morfologiuri 
maxasiaTeblebis Seswavla, romlebic mniSvnelovnad 
gansazRvraven forovan garemoSi sxvadasxva procesis 
mimdinareobas, realur forovan masalebs yofen maTi 
warmoqmnis meqanizmebis mixedviT (zrdis sistemebi, 
Sekrebis sistemebi, kombinirebuli sistemebi) da 
struqturuli niSnis mixedviT (struqturis elementebis 
mowesrigebuli da mouwesrigebeli ganlagebiT). 

zrdis sistemebi warmoiqmnebian makroskopulad 
mTlian garemoSi sublimaciis, kondensaciis, gamyarebis 
dros qimiuri reaqciebisa da biologiuri procesebis 
Sedegad. maT miekuTvneba sxvadasxva Rrublebi, koksi, 



37 
 

aqtivirebuli naxSiri, pemza, ceoliti, Termulad 
mdgradi Txeli kondensirebuli fenebi, celulozis 
boWkoebi da sxva. 

rodesac SemTxveviT adgili aqvs sakmao raodenobis 
iseTi masalebis SeerTebas, romelTa forianoba SeiZleba 
ugulvebelyofil iqnas, warmoiqmnebian Sekrebis 
sistemebi, magaliTad, koloiduri sistemebi (gelebi 
mSral mdgomareobaSi), filtrebis boWkoebi, qaRaldi da 
sxva. 

kombinirebuli (an rTuli) sistemebi ganixileba, 
rogorc zrdis sistemebis Serwyma Sekrebis sistemebTan, 
kerZod, dawnexvis da Secxobis produqtebi fxvnilovan 
metalurgiaSi – keramika, qsovilebi, samSeneblo masalebi, 
forovani mina da sxva masalebi, romelTa Seqmnas win 
uswrebs mocemuli sistemis elementebis kanonzomieri an 
SemTxveviTi Sekreba (gamokleba). am jgufs SeiZleba 
mivakuTvnoT sxvadasxva sistemebis kondensatebi, 
romlebic miRebulia gadacivebis pirobebSi  daleqviT, im 
pirobiT, rom kondensirebul mdgomareobaSi sistema 
imyofeba arasakmaod gadacivebul mdgomareobaSi, 
rodesac kondensirebis procesSi uzrunvelyofilia 
struqturuli gardaqmnebis mimdinareoba. 

forovnebis ganmartebisadmi meore midgoma imaSi 
mdgomareobs, rom is ganixileba rogorc myari sxeulis 
struqturis samganzomilebiani damaxijeba (defeqti) 
multi-, erT-, or-,  da samganzomilebian defeqtebTan 
erTad. forebis aseTi warmodgena gamarTlebulia iseTi 
masalebisaTvis, romelTa warmoqmna da daniSnuleba 
dakavSirebuli araa uSualod forebTan, rogorc 
struqturis maxasiaTebel “komponentTan”. aseT masalebs 
miekuTvneba zogierTi Camosxmuli liTonebi da Senadnebi, 
naglini, mineralebis umravlesoba, mina da sxva. amasTan 
mxedvelobaSi unda viqonioT, rom terminebi 
“dabalforovani”, “maRalforovani” koreqtulia mxolod 
maSin, rodesac gaTvaliswinebulia masalis 
dispersuloba, forma da orientireba statistikuri 
midgomis dros. aseTi ganxilva aucilebeli araa maSin, 
rodesac vaanalizebT forebis gavlenas masalis 
Tvisebebze, vinaidan es Tvisebebi yovelTvis 
erTgvarovnad araa damokidebuli forebis raodenobaze, 
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formaze, dispersulobaze da ganawilebaze masalis 
moculobaSi. orive aRniSnuli midgoma SeiZleba 
SevcvaloT erTiT, Tu forebs ganvixilavT, rogorc sxva 
bunebis fazur CanarTebs an myari sxeulis fiziko-qimiur 
araerTgvarovnebas, rac friad mosaxerxebelia forovani 
sistemebis Termodinamikuri aRwerisas. aseTi midgoma 
saSualebas iZleva Sefasebul iqnas TiToeuli sistemis 
labiluroba, dadgenil iqnas im sistemebis optimaluri 
Termodinamikuri parametrebi, romlebic SeiZleba 
ganxilul iqnan rogorc “dafiqsirebuli” sistemebi.  

forebis morfologiuri daxasiaTeba.

 
 

nax. 2.2. forebis tipebi myar sxeulebSi: a – Siga 
(daxuruli), b – gamWoli Ria, g – gaxsnili Cixuri 

 

 forebis 
morfologiuri Taviseburebebi, rogoricaa moculobiTi 
araerTgvarovnebebi ganpirobebulia maTi agebulebiT 
(nax. 2.2). 
 

Siga forebs (a) miekuTvnebian izolirebuli, sxeulis 
SigniT Caketili, calkeuli sivrceebi da “daxSuli” 
ansamblebi, romlebsac SeiZleba erTmaneTTan garkveuli 
kavSiri hqondeT. sxeulis mTliani zedapiris Sefasebisas 
Siga forebis zedapiri mxedvelobaSi ar miiReba. Ria 
forebs miekuTvnebian gamWoli (b) da Cixuri (g) forebi, 
romlebic warmoadgenen nebismieri formis calmxriv 
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daxurul kapilarebs. amrigad sxeulis mTliani 
forianoba 𝐶𝐶  warmoadgens jams: 

𝐶𝐶 =  𝐶𝐶ჩაკ + 𝐶𝐶ღ = 𝐶𝐶ჩაკ + 𝐶𝐶გ + 𝐶𝐶ჩ , (2.2) 
sadac 𝐶𝐶ჩაკ da 𝐶𝐶ღ, Sesabamisad, Caketili da Ria 

forovnebebia, xolo 𝐶𝐶გ da 𝐶𝐶ჩ – gamWoli da Cixuri 
forebis  moculobiTi wilebi. zogadad forebi, gaaCniaT 
ra nebismiri forma da zomebi, SeiZleba lokalizebuli 
iyvnen myari sxeulis struqturis elementis SigniT 
(magaliTad, kristalitebis, fragmentebis, blokebis, 
ujredebis, granulebis), aseve – maT sazRvrebze, rac 
damokidebulia masalis winaistoriaze, mis energetikul 
balansze da struqturaze. arCeven forebis qaotur da 
mowesrigebul ganlagebas. mraval masalaSi (magaliTad, 
kondensatebSi, anizotropul kompoziciur da sxva 
orientirebuli zemoqmedebis qveS miRebul masalebSi)  
SeimCneva forebis upiratesi orientirebuli ganlageba. 

didi raodenobis forebis an arxebis (maTi ganivi 
zomebi SeiZleba meryeobdnen 0.3-dan 0.4 nm-mde da erTeul 
mikrometramde) arseboba masalaSi am ukanasknels aniWebs 
gansakuTrebul fizikur Tvisebebs. meTodologiuri 
TvalsazrisiT, forovani masalebi iyofian sam nawilad: 
mikroforiani (damaxasiaTebeli zoma 𝑅𝑅 <  2 nm), 
mezoforiani (2 nm <  𝑅𝑅 ≪  50 nm) da mikroforiani 
(𝑅𝑅 >50 nm). 

mikroforianebs Soris gamoyofen super-mikroforians 
zomebiT 0.7 – 2 nm da ultra-mikroforians zomebiT 
< 0.6 _ 0.7 nm. es gansxvavdeba masalaTmcodneobaSi 
nanostruqturuli masalebisaTvis miRebuli 
klasifikaciisagan yvela sazRvris Semcirebis tendenciiT 
𝑅𝑅 -is dabali mniSvnelobisaken. unda SevniSnoT, rom TviT 
dayofa da dayofis principebi sakmaod rTuli rCeba. 
aseTi specifikis zedapiruli axsna imaSi mdgomareobs, 
rom airebTan da siTxeebTan urTierTqmedebisaTvis 
xelmisawvdomi da Tavisufali zedapiri mTlian myar 
sxeulebSi SeiZleba aseTs aRematebodnen ramdenime rigiT 
(1000 m2/g da meti). es iwvevs heterofazuri qimiuri da 
katalizuri reaqciebis, sorbciuli tevadobebis da sxva 
gazrdas. 



40 
 

magram kuTri zedapiris gadideba srulebiT ar 
amowuravs nanoforiani masalebis msgavsi aqtivobis 
gazrdas. maRali simrudis radiusis mqone masalis 
zedapirul fenaSi atomebis SedarebiT didi raodenobis 
arsebobam, SeiZleba gamoiwvios, rogorc TviT masalis, 
aseve forebis mier gareSe sivrcidan adsorbirebuli 
atomebisa da molekulebis Tvisebebis  radikaluri 
cvlileba. 

foriani masalebis mniSvnelovani maxasiaTebelia 
aseve maTi ganWoladoba airebisa da siTxeebisaTvis. 
nanoforiani masalebi SeiZleba gamoyenebuli iyos 
molekulur sacerebad da filtrebad (nax. 2.3. – 
𝐾𝐾-katalizatoris nanonawilakebi, 𝐴𝐴 da 𝐵𝐵 – sawyisi 
reagentebi, 𝐴𝐴 + 𝐵𝐵 – sinTezirebadi produqti). 
 
 

 
 

nax. 2.3. garemosTan nanoforovani masalebis 
urTierTqmedebis sami saxe: a – adsorbcia, 

b – filtracia, narevebis dayofa, g – katalizi; 
1 – mcire zomis molekulebi, 
2 – didi zomis molekulebi 

 
 

foriani  masalebi farTod gamoiyeneba meqanikur 
filtrebad siTxeebis da  airebis gasawmendad, aseve – 
maT gasaSrobad da SesaTbobad, garda amisa, siTxeebis 
aeraciisaTvis, siTxeebis an airebis dozirebuli da 
Tanabari ganawilebisaTvis, narevebis regeneraciisaTvis, 
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mtvris damWerebisaTvis, damteneblianebisaTvis, birTvuli 
membranuli filtrebisaTvis da sxva. 

forian garemoSi gamavali airebisa da siTxeebis 
dinebis xasiaTi da kinetika ZiriTadad ganisazRvreba, 
forebisa da fluidis molekulebis zomebis 
TanafardobiT, adsorbciuli da eleqtrostatikuri 
Zalebis moqmedebiT, forebis koncentraciiT, formiT, 
orientaciiT da ganawilebiT da sxva faqtorebiT. 

𝑅𝑅 radiusis mqone nanoforis mier siTxis gawovis 
siCqare miaxloebiT gamoiTvleba formuliT 

𝐼𝐼ს
𝜏𝜏

= 𝑅𝑅2𝜌𝜌ს
8𝜂𝜂ს

�2𝛼𝛼𝜌𝜌ს𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝜃𝜃
𝑅𝑅
− 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔�, (2.3) 

sadac 𝐼𝐼ს aris 𝜏𝜏 droSi nanoforis mier Sewovili siTxis 
svetis simaRle, 𝜂𝜂ს da 𝜌𝜌ს – Sesabamisad, Sewovili siTxis 
siblantis koeficienti da simkvrive, 𝛼𝛼 da 𝜃𝜃 – siTxis 
zedapiruli daWimuloba da dasvelebis sasazRvro kuTxe, 
𝛽𝛽 – nanoforis RerZis daxris kuTxe horizontisadmi, 𝑔𝑔 – 
Tavisufali vardnis aCqareba. unda aRvniSnoT, rom es 
formula gamosadegia mxolod martivi araganStoebadi 
nanoforebisaTvis. 

filtrad gamoyenebuli foriani masalebis ZiriTadi 
maxasiaTeblebia ganWoladoba, gawmendis xarisxi, 
damakavebeli Tviseba, xolo agresiuli fluidebis da 
maRali temperaturebis pirobebSi – qimiuri da Termuli 
mdgradoba. masalis ganWoladoba ganisazRvreba mocemuli 
wnevis dros erTeulovani sisqisa da farTobis mqone 
masalaSi fluidis moZraobis siCqariT. 

arCeven forian garemoSi fluidis (masalis) 
gadatanis sam saxes: difuzia – masalis gadatana  
koncentraciis da temperaturis gradientis dros mudmivi  
wnevis pirobebSi; efuzia – moZraoba Tavisufal 
molekulur reJimSi (knudsenis moZraoba), maSin rodesac 
fluidis molekulebs Soris Sejaxebis sixSire SeiZleba 
ugulvebelvyoT fluidis molekulebis nanoforebis 
zedapirTan Sejaxebis sixSiresTan SedarebiT; gadatanis 
mesame saxea laminaruli dineba, an transpiracia 
konveqtiuri meqanizmiT, roca fluidi miedeneba rogorc 
uwyveti garemo. 

foriani masalebi gamoiyeneba airwinaRebSi, wyalqveSa 
navebis da pilotirebadi kosmosuri xomaldebis 
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sicocxlis uzrunvelyofis sistemebSi, wylisa da haeris 
saboloo gamwmend sistemebSi. maTi efeqturi 
muSaobisaTvis saWiroa gadalaxul iqna perkolaciuri 
zRvari, romlis iqiTac erTmaneTTan daukavSirebeli 
forebi da arxebi qmnian gamWol gasasvlelebs denadi 
garemos gasatareblad. 

qimiur, metalurgiul da bioteqnologiur warmoebaSi 
Zalian farTod gamoiyeneba ceolitebi – 
alumosilikatebi, romlebic miiRebian gansakuTrebuli 
Tixisagan. specialuri damuSavebis Semdeg maTSi 
warmoiqmneba  daaxloebiT 0.1 – 10 nm-is forebi. forebis 
zoma damokidebulia ceolitis Semqmneli Jangbadis 
atomebis raodenobisagan ciklur struqturebSi. 
damuSavebulia ceolitebis struqturis regulirebis 
meTodika, romelic saSualebas iZleva miRebul iqnas 
saWiro raodenobis da zomis forebi, romlebic 
uzrunvelyofen gawmendis saTanado efeqts. 90-iani 
wlebis bolos firma Oil OH-ma ganacxada, rom daamzada 
alumosilikatebi (MCM–41), romlebic Seicaven 2 – 10 nm 
diametris mowesrigebul forebs zomebis dabali 
dispersiiT da, Sesabamisad, xasiaTdebian maRali 
seleqturobiT. 

amJamad foriani nanomasalebis miRebis problema 
mdgomareobs forebis zomebis, formis da ganawilebis 
Tanabrobis miRwevaSi. 

foriani masalebi farTod gamoiyeneba gamonabolqvi 
airebis gardaqmnis, siTxeebis gawmendis da sxva 
mowyobolobebSi. foriani masalebis Tvisebebis 
optimizaciisaTvis aucilebelia  forebis struqturis 
kontroli. 

gasuli saukunis 90-ian wlebSi didi interesi 
gamoiwvia xiluli sinaTlis areSi foriani siliciumis 
luminescenciis aRmoCenam, romelsac adgili ara aqvs 
Cveulebriv monokristalur siliciumSi (masSi, rogorc 
cnobilia daimzireba mxolod susti fluoroscencia 
speqtris infrawiTel ubanSi kvantis energiebisaTvis 
1.0 _ 1.2 ev, rac axlosaa akrZaluli zonis siganesTan). 
garda fotoluminescenciisa, foriani siliciumi avlens 
eleqtroluminescenciisa da kaTodoluminescenciis 



43 
 

Tvisebebs (xiluli sinaTlis gamosxiveba modebuli Zabvis 
da dacemuli eleqtronebis gavleniT). 
 
 
 

Tavi 3 

amorfuli masalebi 

 
amorfuli myari sxeulebi ukanasknel wlebSi 

fizikosebis did interess iwvevs, rogorc fundamenturi 
kvlevebis, aseve praqtikuli gamoyenebis TvalsazrisiT. 
amorfuli sxeulebi xasiaTdebian axlo wesrigiT, anu 
nebismieri atomisaTvis mezobeli atomebi galagebulia 
mowesrigebulad, magram ar arsebobs Sori translaciuri 
wesrigi. yvelaferi es iwvevs myari sxeulis iseTi  
Tvisebebis gamovlenas, romelTa miRwevac Znelia an 
SeuZlebeli kristalur myar sxeulebSi. 

amorfuli sxeulebi saSualebas iZlevian miRebul 
iqnas winaswar gansazRvruli Tvisebebis mqone masalebi. 
aseTi masalebia optikuri minebi, romelTa mimarT 
interesi gansakuTrebiT gaizarda optikur-boWkovani 
kavSiris Seqmnis Semdeg. amorfulma liTonurma  
Senadnebma (metglasebi) farTo gamoyeneba hpoves magnitur 
TavakebSi, magnitomeqanikur gadamwodebSi da sxva. 
amorfuli naxevargamtarebisagan Seqmnilia  
fitomimRebebi, SedarebiT iafi mzis elementebi, 
qserografiis mgrZnobiare fenebi. 

amorfuli mdgomareoba warmoadgens myari sxeulis 
arsebobis erT-erT formas. amorfuli myari sxeuli 
warmoadgens Termodinamikurad arawonasworul, magram 
metastabilurad wonasworul sistemas, romelic 
cdilobs miiRos kristaluri struqtura da gadavides 
stabilur mdgomareobaSi. metastabilur mdgomareobaSi, 
fluqtuaciurad SeiZleba warmoiqmnas iseTi ubnebi, 
sadac atomebi garkveulad mowesrigebuladaa 
ganlagebuli da romlebsac  Canasaxebs uwodeben. 
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erTis mxriv, rodesac Canasaxis zoma aRemateba raRac 
kritikuls (kritikuli radiusi), maSin sistemis 
Tavisufali energia Canasaxis zomasTan erTad mcirdeba. 
meores mxriv, Tu Canasaxis zoma kritikulze naklebia, 
maSin misi warmoqmna da zrda dakavSirebulia 
Tavisufali energiis sawyis wonasworul energiasTan 
SedarebiT gazrdasTan. 

metastabiluri mdgomareobis mowesrigebis dro 
ganisazRvreba Canasaxis warmoqmnis siCqariT – erTeul 
moculobaSi kritikulze meti zomis Canasaxebis 
warmoqmnis sixSiriT da zekritikulze meti zomis mqone 
Canasaxebis zrdis siCqariT. 

amorfuli sxeulis atomuri struqtura 
ganpirobebulia aramarto atomebs Soris moqmedi Zalebis 
xasiaTiT, aramed warmoqmnis procesiTac. arsebobs 
amorfuli sxeulebis ori tipi, romelTagan erTi 
genetikurad dakavSirebulia kristalebTan, xolo – 
meore siTxeebTan. Tu kristalebi Seicaven dislokaciis 
SemTxveviT badeebs an warmoadgenen polikristalebs, 
romlebic Sedgebian SemTxveviT orientirebuli 
kristalebisagan, maSin kristalis mesris kvanZebis 
wyviluri korelaciuri radiusebi Tanazomadia 
dislokaciebs Soris saSualo manZilisa da 
kristalitebis zomis. dislokaciebi da marcvlebs Soris 
sazRvrebi ormag rols TamaSoben: jer erTi, arRveven ra 
korelacias atomebis ganlagebaSi, maT SeaqvT 
topologiuri uwesrigoba. meores mxriv, dislokaciis 
birTvSi da sasazRvro fenebSi arRveven lokalur 
wesrigis. garda amisa, dislokaciis garSemo arseboben 
manZilis mixedviT (~ 1/𝑟𝑟, 𝑟𝑟 manZilia dislokaciis 
centramde) sustad klebadi drekadi deformaciis velebi. 
topologiurad uwesrigo kristalisaTvis bloxis 
Teorema gamousadegaria da eleqtronebis talRuri 
funqciebi ar aiwereba bloxis fuqciebiT. Tu 
topologiur uwesrigobas ugulvebelvyofT da nulovan 
miaxloebaSi eleqtronebis talRur funqciebad aviRebT 
bloxis funqciebs da Semdeg gaviTvaliswinebT gabnevas 
defeqtebze, sakmaod maRali sizustiT miviRebT uwesrigo 
kristalis eleqtronuli sistemis aRweras. 
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siTxe warmoadgens Termodinamikurad wonasworul 
kondensirebul sxeuls kristalis dnobis 𝑇𝑇დ 
temperaturaze zemoT. temperaturis swrafad, 𝑇𝑇დ-ze dabla 
dawevisas siTxe SeiZleba gadaviyvanoT metastabilur 
mdgomareobaSi. kristalizaciis siCqare dasawyisSi, 
gadacivebis xarisxTan erTad, romelic ganisazRvreba 
sxvaobiT ∆𝑇𝑇 = 𝑇𝑇დ − 𝑇𝑇, izrdeba, xolo Semdeg swrafad 
mcirdeba. ase rom, Tu mivaRwevT siTxis Rrma gadacivebas, 
SeiZleba vivaraudoT, rom es siTxe gadaiqceva amorful 
sxeulad kristalizaciis uzarmazari droiT. 
gadacivebuli siTxis atomuri konfiguraciis gadawyobas 
adgili aqvs atomebis, rogorc difuziuri gadaadgilebis, 
aseve atomTSorisi urTierTqmedebis cvlilebis gamoc. 
vinaidan swrafi gacivebisas atomebi difuziiT ver 
aswreben gadawyobas, SeiZleba vivaraudoT, rom miRebuli 
myari sxeulisa da siTxis struqturebi TiTqmis msgavsi 
iqneba. mravali gadacivebuli siTxisaTvis aRmoCenilia 
maxasiaTebeli temperatura – e.w. daminebis  temperatura 
𝑇𝑇მ, romlis miRwevisas mkveTrad izrdeba siblante, 
mcirdeba kuTri siTbotevadoba da simkvrive. nax. 3.1-ze 
sqematurad naCvenebia sxvadasxva agregatul 
mdgomareobaSi myofi sxeulis kuTri siTbotevadobisa da 
simkvrivis cvlileba. gadacivebuli siTxes rodesac 
𝑇𝑇 < 𝑇𝑇მ -ze, mina ewodeba, xolo 𝑇𝑇მ – es aris gadacivebuli 
siTxis amorful sxeulSi gadasvlis temperatura. 
naxazze gamosaxul intervalSi (𝑇𝑇მ, ,𝑇𝑇დ) siTxe 
gadacivebulia. isrebiT naCvenebia temperaturis 
cvlilebis mimarTuleba. 
   rogorc wesi, daminebis temperatura damokidebulia 
gacivebis an gaxurebis siCqareebze. 𝑇𝑇მ temperaturis 
sixloves cvlilebebi xSirad sakmaod SesamCnevia da 
zogjer Seuqcevadic. 𝐶𝐶𝑃𝑃-is naxtomi imaze metyvelebs, rom 
𝑇𝑇 =  𝑇𝑇მ temperaturaze adgili aqvs Tavisuflebis Siga 
xarisxebis simkvrivis mkveTr zrdas. cvlilebebis 
Seuqcevadoba metyvelebs struqturis Seuqcevadobaze. 
mravali mina, upirveles yovlisa, liTonuri (nadnobidan 
swrafi wrTobiT miRebuli amorfuli liTonebi da 
Senadnebi),    gaxurebisas     kristaldeba.      zogierT   
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nax. 3.1. siTbotevadobis damokidebuleba temperaturaze: 
1 – Txevadi da minismagvari mdgomareoba; 2 – kristali 

 
maTganSi mina – siTxe  gadasvlis dafiqsireba 
kristalizaciis gamo ver xerxdeba. 
   rogorc wesi, daminebis temperatura damokidebulia 
gacivebis an gaxurebis siCqareebze. 𝑇𝑇მ temperaturis 
sixloves cvlilebebi xSirad sakmaod SesamCnevia da 
zogjer Seuqcevadic. 𝐶𝐶𝑃𝑃-is naxtomi imaze metyvelebs, rom 
𝑇𝑇 =  𝑇𝑇მ temperaturaze adgili aqvs Tavisuflebis Siga 
xarisxebis simkvrivis mkveTr zrdas. cvlilebebis 
Seuqcevadoba metyvelebs struqturis Seuqcevadobaze. 
mravali mina, upirveles yovlisa, liTonuri (nadnobidan 
swrafi wrTobiT miRebuli amorfuli liTonebi da 
Senadnebi), gaxurebisas kristaldeba. zogierT maTganSi 
mina – siTxe  gadasvlis dafiqsireba kristalizaciis 
gamo ver xerxdeba. 

siTxis gacivebisas yovelTvis miRweuli unda iyos 
temperaturis iseTi ubani, sadac kinetikuri faqtori, 
romelic iwvevs centrebis warmoqmnis siCqaris Semcirebas 
temperaturis Semcirebisas, unda gaxdes madominirebeli. 
xSirad samecnero da saswavlo literaturaSi iyeneben 
termins “amorfuli mdgomareoba” da “minisebri 
mdgomareoba” rogorc sinonimebs. es cnebebi marTlac 
Zalin axlosaa erTmaneTTan. magram unda aRiniSnos, rom 
“amorfuli mdgomareoba” zogadi cnebaa. SeiZleba iTqvas, 
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rom yoveli minismagvari mdgomareoba amorfuli 
mdgomareobaa, magram yoveli amorfuli mdgomareoba minis 
magvari araa. 

ZiriTadi Tavisebureba, romelic minismagvar 
mdgomareobas ganasxvavebs sxva amorfuli 
mdgomareobisagan isaa, rom mina xasiaTdeba Seqcevadi 
gardaqmniT minisebri mdgomareobidan nadnobSi da 
nadnobidan – minismagvarSi. es Tviseba damaxasiaTebelia 
mxolod minisaTvis. sxva tipis amorfuli 
mdgomareobisaTvis gaxurebisas adgili aqvs nivTierebis 
gadasvlas jer kristalur mdgomareobaSi da mxolod 
amis Semdeg, temperaturis dnobis temperturamde  
gazrdisas, Txevad mdgomareobaSi. minis warmomqmnel 
nadnobebSi  nadnobis siblantis TandaTanobiT zrda 
xels uSlis kristalizacias anu gadasvlas 
Termodinamikurad ufro mdgrad mdgomareobaSi 
Tavisufali energiis minimumiT. arsebobs mTeli rigi 
iseTi fizikuri Tvisebebi, romlebic mxolod minisTvisaa 
damaxasiaTebeli. ase magaliTad, praqtikulad yvela minas 
axasiaTebs luminescencia da ormagi sxivTtexa, rac 
gamowveulia  adgilobrivi meqanikuri daZabulobebiT da 
struqturis araerTgvarovnebiT. minebi, rogorc wesi, 
diamagniturebi arian, xolo maTSi iSviaTmiwa elementebis 
Jangeulis Seyvana paramagniturobas iwvevs. 

minismagvari mdgomareobisagan gansxvavebiT, 
magaliTad, liTonur amorful mdgomareobaSi myof 
masalas ar gaaCnia Seqcevadi gardaqmna “amorfuli 
mdgomareoba – nadnobi”. masalis gaxurebisas aseT 
mdgomareobaSi jer xdeba misi gadasvla  kristalur 
mdgomareobaSi, xolo Semdeg – TxevadSi, nadnobis 
gacivebisas aucilebelia Seiqmnas iseTi mkacri pirobebi, 
rom nivTiereba ar gadavides kristalur mdgomareobaSi. 
nivTierebas liTonur amorful mdgomareobaSi 
luminescenciuri Tvisebebi ar gaaCnia da am nivTierebebis 
umravlesoba an feromagnituria an antiferomagnituri. 

liTonuri amorfuli sistemebis struqtura. myari 
sxeulebis amorfuli mdgomareoba struqturuli 
masalaTmcodneobis yvelaze naklebad Seswavlili 
dargia. ZiriTadi siZnele mdgomareobs amorfuli 
mdgomareobis struqturis aRweraSi, vinaidan am 
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sxeulebSi simetriis translaciuri elementebis da 
elementaruli ujredis cnebis ar arseboba mkvlevarebs 
xels uSlis kristalografiuli terminebisa da 
struqturuli analizis mZlavri instrumentebis 
gamoyenebaSi. myari sxeulebis amorfuli mdgomareoba  
mniSvnelovnad asaxavs siTxis struqturas, amitom misi 
struqturis aRwerisas gaTvaliswinebuli unda iyos 
simkvrivis, lokaluri garemocvis da qimiuri 
Semadgelobis fluqtuaciebi, romlebsac struqturis 
aRweraSi Seaqvs albaTuri da statistikuri xasiaTi. 

amorfuli myari sxeulebis struqturis Seswavlis 
ZiriTadi meTodebia rentgenis sxivebis, eleqtronebis da 
neitronebis difraqcia da sxva. myari sxeulebis 
Seswavlis mZlavri meTodebia, aseve, eleqtronuli-
mikroskopuli analizi, neitronebisa da rentgenis 
sxivebis mcirekuTxiani gabnevebi, mesbauerisa da 
birTvuli magnituri rezonansis meTodebi. masalis 
struqturisa da misi cvlilebis Sesaxeb msjeloba 
SeiZleba magnituri, drekadi da aradrekadi meqanikuri, 
eleqtruli da sxva Tvisebebis kvlevis SedegebiT. 

ase magaliTad, Tu Termodinamikur  wonasworobaSi 
myofi mouwesrigebeli sistemebis struqturis (airi, 
siTxe) aRwerisaTvis SeiZleba gamoyenebuli iyos eri-, or- 
an mravalnawilakiani miaxloeba, arawonasworuli 
sistemebis struqturis Teoriuli aRwerisaTvis 
jerjerobiT damuSavebuli ar aris sistemuri midgoma. am 
sistemebSi atomebis sivrcul ganlagebas adgenen 
rentgenis sxivebis (an neitronebis) gabnevis 
intensivivobis mixedviT integraluri furie- 
gardaqmnebis saSualebiT. 

 
 

3.1. amorfuli liTonuri sistemebis Tvisebebi 
 

ukanaskneli aTi wlis ganmavlobaSi myari sxeulebis 
fizikaSi swrafad viTardeba mimarTuleba, romelic 
dakavSirebulia amorfuli liTonuri sistemebis miRebasa 
da gamoyenebasTan. es sistemebi Semadgenlobis mixedviT 
SeiZleba daiyos oTx ZiriTad jgufad: 
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1) gardamavali liToni (𝐹𝐹𝐹𝐹,𝑁𝑁𝑁𝑁,𝐶𝐶𝐶𝐶) – metaloidi 
(𝐵𝐵, 𝑆𝑆𝑆𝑆,𝑃𝑃,𝐶𝐶) tipis masalebi. amJamad es masalebi yvelaze 
perspeqtiulia praqtikuli gamoyenebis TvalsazrisiT; 

2) gardamavali liToni (𝐹𝐹𝐹𝐹,𝑁𝑁𝑁𝑁,𝐶𝐶𝐶𝐶) – iSviaTmiwa 
liToni (𝐷𝐷𝐷𝐷,𝑁𝑁𝑁𝑁,𝐺𝐺𝐺𝐺)) tipis masalebi; 

3) gardamavali liToni – liToni – lanTanoidi 
(𝑆𝑆𝑆𝑆,𝐶𝐶𝐶𝐶,𝐻𝐻𝐻𝐻); 

4) binaruli da mravalkomponentiani masalebi, 
romlebic Sedgebian tutemiwa da sxva masalebisagan. 

nadnobidan wrTobis meTodiT pirveli amorfuli 
masalebi miRebul iqna gasuli saukunis 60-iani wlebis 
dasawyisSi. am meTodiT Seqmnil iqna Zalian farTo 
Semadgenlobisa da fiziko-qimiuri Tvisebebis mqone 
lentis an mavTulis formis nimuSebi. 

garda swrafi wrTobisa arsebobs amorfuli sxeulis 
miRebis mravali sxva meTodi, magaliTad, Zlier 
arawonasworuli sistemebis gamoyeneba. amis magaliTebia 
atomuri fenebis, ionuri da plazmuri nakadebis 
gamoleqva fuZeSreze, zedapirebis damuSaveba mRvivari 
ganmuxtviT, eleqtronebis nakadiT, masalis dasxiveba 
maRali energiis neitronebis an ionebis nakadebiT 
specialuri reJimebSi. am ukanaskneli meTodebiT 
amorfuli struqturis warmoqmnis kinetika arsebiTad 
gansxvavdeba nadnobis swrafi wrTobis meTodiT 
amorfuli struqturebis miRebis kinetikisagan, magram, 
rogorc Cans, arsebobs didi msgavseba erTi da igive 
Semadgelobis sxvadasxva meTodebiT miRebul firebis 
struqturas da Tvisebebs Soris. samwuxarod es sakiTxi 
arasakmaodaa damuSavebuli, raTa gakeTebul iqnas 
ramdenadme calsaxa daskvnebi. 

meqanikuri Tvisebebi. amorfuli liTonuri 
masalebisaTvis iseve, rogorc kristaluri myari 
sxeulebisaTvis, mcire deformaciebisaTvis samarTliania 
hukis kanoni. amorfuli Senadnebis drekadi modulebi 
ufro naklebia, vidre im kristaluri masalebis 
drekadobis modulebi, romlebic, rogorc fuZe, Sedian 
Senadnobebis SemadgenlobaSi. es gamowveulia Warbi 
Tavisufali moculobis arsebobiT da asaxavs atomebs 
Soris urTierTqmedebis saSualo Zalis Semcirebas 
amorful mdgomareobaSi, kristalurTan SedarebiT. 
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struqturuli ralaqsacia,  romelic iwvevs Warbi 
Tavisufali moculobis Semcirebas, xels uwyobs 
aramagnitostriqciuli amorfuli Senadnebis drekadi 
modulebis Semcirebas ramdenime procentiT. 

garda Warbi Tavisufali moculobisa, drekad 
modulebze gavlenas axdens qimiuri kavSirebis sidide da 
xasiaTi, romelic, Tavis mxriv, damokidebulia qimiur 
Semadgenlobaze. ase magaliTad, metaloidis atomebis 
raodenobis zrda iwvevs iungis modulis zrdas 158-dan 
187 gpa-mde SenadnebSi 𝐹𝐹𝐹𝐹 − 𝑆𝑆𝑆𝑆 − 𝐵𝐵, 140-dan 152 gpa-mde 
SenadnebSi 𝐹𝐹𝐹𝐹 − 𝑃𝑃 − 𝐶𝐶  da 173-dan 175 gpa-mde SenadnebSi 
𝐶𝐶𝐶𝐶 − 𝑆𝑆𝑆𝑆 − 𝐵𝐵. yvelaferi es metyvelebs liTonuri Senadnebis  
meqanikuri Tvisebis msgavsebaze amorful da kristalur 
mdgomarebaSi. 

amorfuli liTonebis eleqtrul Tvisebebs gaaCnia 
ori damaxasiaTebeli Tavisebureba: amorfuli liTonebis 
kuTri winaRoba 2 – 4 rigiT metia, vidre imave masalis 
masiuri Senadnis kuTri winaRoba; amorfuli liTonis 
kuTri winaRobis temperaturaze damokidebulebas gaaCnia 
minimumi oTaxis temperaturaze dabal temperaturebze da 
is damokidebuli araa Semadgenlobaze. amorfuli 
liTonis maRali winaRoba SeiZleba aixsnas eleqtronebis 
Tavisufali ganarbenis sigrZeze qimiuri da 
konfiguraciuli uwesrigobis Zlieri gavleniT. 
kristaluri sxeulebisagan gansxvavebiT amorful 
sxeulebSi gamtareblobis eleqtronebi ufro met 
dajaxebebs ganicdian. amorfuli sxeulebis 
umravlesobisaTvis kuTri winaRobis mniSvneloba 
axlosaa imave Semadgenlobis siTxeebis kuTr 
winaRobasTan. kuTri winaRobis temperaturze 
damokidebulebis mrudze minimumis arseboba aseve 
SeiZleba gamowveuli iyos gamtarobis eleqtronebis 
Zlieri gabneviT. 

amorfuli liTonebis magnituri Tvisebebi. 
dadgenilia, rom izotropuli amorfuli struqtura 
uSvebs magnituri wesrigis mxolod oTx tips: 
mowesrigebuli feromagnetiki; mouwesrigebeli 
feromagnetiki; mouwesrigebeli antiferomagnetiki da 
spinuri mina. nax. 3.2-ze TvalsaCinodaa naCvenebi 
magnetikebis izotropuli amorfuli struqtura. 
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nax. 3.2. amorful struqturebSi magnituri 

wesrigis tipebi: a – mowesrigebeli feromagnetiki; 
b – mouwesrigebeli feromagnetiki; g – spinuri mina 

 
Teoriulad daSvebulia amorfuli anti-

feromagnetikis arseboba, magram jerjerobiT is 
eqsperimentalurad aRmoCenili ar aris. 

ukanasknel aTwleulSi gansakuTrebul interess 
iwveven feromagnituri amorfuli Senadnebi (liTonuri 
mina) rkinis fuZeze 𝑁𝑁𝑁𝑁,𝐶𝐶𝐶𝐶, 𝑆𝑆𝑆𝑆,𝐵𝐵-is danamatebiT, aseve 
Senadnebi kobaltis an 𝐹𝐹𝐹𝐹 − 𝐶𝐶𝐶𝐶-is fuZeze 𝑆𝑆𝑆𝑆-isa da 𝐵𝐵-is 
danamatebiT. aseTi amorfuli Senadnebis 
krisatalizaciiT miRebul iqna nanomasalebi marcvlis 
zomiT 8 – 25 nm, romlebsac unikaluri Tvisebebi 
gaaCniaT. inglisurenovan literaturaSi 𝐹𝐹𝐹𝐹 − 𝐶𝐶𝐶𝐶 − 𝑁𝑁𝑁𝑁 − 𝑆𝑆𝑆𝑆  
Semadgenlobis nanomasalebi cnobilia “finemet”-is 
saxelwodebiT. es masalebi warmoadgenen magnitur 
masalebs Zalian dabali koercituli ZaliT, romelic 
Tanazomadia kobaltis fuZeze Seqmnili amorfuli 
masalis koercitulobis Zalis da maRali magnituri 
gajerebiT, romelic axlosaa rkinis fuZeze Seqmnili 
amorfuli struqturis Sesabamisi maxasiaTebelTan. 
amorfuli Senadnebis kristalizacia saSualebas iZleva 
miRebul iqnas, rogorc magnitorbili, aseve magnitoxisti  
nanokristaluri masalebi maRali koercitulobis ZaliT. 

ase magaliTad, 𝐻𝐻𝑐𝑐 = 1 a⋅m–1 koercituli Zalis mqone 
𝐹𝐹𝐹𝐹5𝐶𝐶𝐶𝐶70𝑆𝑆𝑆𝑆15𝐵𝐵10 Semadgenlobis magnetorbili Senadnis 
swrafi kristalizacia, 10 wm-Si 750o C-ze, saSualebas 
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iZleva miRebul iqnas 15 – 50 nm-is marcvlis zomis mqone 

nanokristaluri Senadni parametrebiT: 𝐻𝐻𝑐𝑐 = 8800 a⋅m–1 da 
gadidebuli narCeni damagnitebiT. amasTan, nela 
dakristalebuli imave Semadgenlobis SenadnisaTvis  

𝐻𝐻𝑐𝑐 = 3300 a⋅m–1. 
amorfuli naxevargamtari masalebi – esaa 

myarsxeulovani sistemebi upiratesad kovalenturi 
qimiuri kavSiriT, romlebisTvisac damaxasiaTebelia 
axlo wesrigi, Sori wesrigis ar arsebobisas, anu –   
simetria mikrodoneze. amorfuli da kristaluri 
naxevargamtarebisaTvis akrZaluli zonis sigane Seadgens 
0.01 – 3.5 ev-s. amorfuli naxevargamtarebis aqtiuri 
Seswavla daiwyo gasuli saukunis 50-iani wlebidan. 
pirveli amorfuli masala, romelmac mkvlevarebis 
yuradReba miiqcia iyo seleni, romelic gamoyenebuli iyo 
fotogadamwodebis Sesaqmnelad, xolo Semdeg 
qserografiaSi. am bolo xanebSi didi yuradReba eqceva 
amorful siliciums, romelic gamoiyeneba mzis 
batareebSi. misi Rirebuleba gacilebiT dabalia adre 
gamoyenebul monokristalebTan SedarebiT (Tumca am 
ukanasknels gaaCnia ufro maRali margi qmedebis 
koeficienti). 

praqtikuli gamoyeneba hpoves aseve amorfulma 
metalosilicidurma rezistulma Senadnebma. 

mouwesrigebeli masalebi (minebi da amorfuli 
sxeulebi, polimerebi, biologiuri garemoebi da a.S.) 
warmoadgenen masalebis mniSvnelovan klass. aRmoCnda, 
rom, miuxedavad qaosisa, romelTanac asocirdebian am 
masalebis struqturebi, sxvadasxva bunebis 
(naxevargamtaruli, dieleqtrikuli, liTonuri) 
amorfuli sxeulebisa da minebisaTvis arsebobs 
universaluri sivrciTi masStabi daaxloebiT 1 nm-is 
toli wesrigis parametriT, romelsac SeuZlia iTamaSos 
iseTive gadamwyveti roli, rogorsac TamaSobs 
elementaruli ujredi kristalur meserSi. 
mouwesrigebeli sistemebi absoluturad uwesrigo araa – 
kristalebisaTvis damaxasiaTebeli atomebis ganlagebis 
perioduloba am sistemebSi SenarCunebulia ramdenime 
sakoorginacio sferos sazRvrebSi, Tumca mis gareT is 
irRveva. wesrigis darRvevis struqtura ganasxvavebs 
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amorful sxeulebs minisagan. arareTgvarovnebebi, 
romelzedac zemoT iyo laparaki, ar warmoadgenen 
egzotikur calkeul warmonaqmnebs da amasTan erTad 
isini ar arian kristaluri defeqtebis analogebi, aramed 
arian fragmentebi, romlebisganac mTlianad agebulia 
amorfuli sxeulebi da minebi. mouwesrigebeli sistemebis 
moculobiTi araerTgvarovneba, damaxasiaTebeli ~ 1 nm 
masStabiT, iwvevs mTel rig Taviseburebebs rxeviT 
procesebSi, cvlis eleqtronuli aRgznebis relaqsaciis 
meqanizms, gansazRvravs muxtis gadamtanebis specifikas.  

iqmneba STabeWdileba, rom amorfuli sxeulebis 
agebulebaSi aranairi universaloba ar arsebobs. 
erTaderTi risi gakeTebac SeiZleba isaa, rom Seswavlil 
iqnas yoveli konkretuli masala misi struqturis agebis 
mcdelobiT da moZebnil iqnas misi Tvisebebis cvlilebis 
individualuri niSnebi. es midgoma, erTi SexedviT, 
produqtiuli araa, magram farTodaa gavrcelebuli.  
amorfuli sxeulis Tvisebebi da geometria mWidrod aris 
dakavSirebuli erTmaneTTan. uwesrigoba amorful 
sxeulebSi topologiuria, topologiuri defeqtebi ar 
SeiZleba aRmofxvril iqnas atomebis mcire 
gadaadgilebebiT – amisTvis saWiroa struqturis 
globaluri gardaqmna. 
 

Tavi 4 

fulerenebi, fuleritebi, nanomilebi, grafenebi 

 
naxSirbadi bunebaSi sakmaod gavrcelebuli 

elementia da is myari saxiT arsebobs grafitisa da 
almasis saxiT. xelovnurad miRebul iqna naxSirbadis 
kidev ori modifikacia: londsdeiliti da karbini. 
londsdeiliti aRmoCenil iqna meteoritebis 
SemadgenlobaSi. 1985 wels mkvlevarTa jgufma,  kerlis, 
qrotos, smolis, hitis da o’braienis SemadgenlobiT,  
lazeris sxiviT aorTqlebuli myari naxSirbadis 
orTqlis mas-speqtrogramaSi aRmoaCina pikebi, romlebic 
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Seesabamebodnen  60 – 70 atomebisagan Semdgar klasterebs 
(nax. 4.1). 
 

 
 

nax. 4.1. grafitis lazeriT aorTqlebisas 
miRebuli klasterebis mas-speqtri 

Semdgomma kvlevebma aCvenes, rom aRmoCenili 
SenaerTebidan yvelaze stabiluria is molekulebi, 
romlebic Seicaven atomebis luw ricxvs, pirvel rigSi – 
60 da 70 atomisgan Sedgenili molekulebi 𝐶𝐶60 da 𝐶𝐶70 . 𝐶𝐶60 
struqturas gaaCnia sferos forma, xolo 𝐶𝐶70-s – 
elifsoiduri (nax. 4.2). 

 
 

nax. 4.2. fuleronuli molekulebi: a – 𝐶𝐶60 , 
b – 𝐶𝐶70 , g – naxSirbadis 100-ze meti atomis 

Semcveli fulerenis savaraudo molekulis saxe 
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naxSirbadis atomebi ganlagebulia sferos zedapirze 
xuTkuTxedebis (pentagoni) da eqvskuTxedebis (heqsagoni) 
wveroebSi. es molekula mogvagonebs fexburTis burTs, 
romelsac gaaCnia 12 pentagoni (Savi) da 20 heqsagoni 
(TeTri). 𝐶𝐶60 SeiZleba dakristaldes ise, rom Seqmnas 
kuburi meseri. naxSirbadis poliedrulma klasterebma 
miiRes saxelwodeba fulereni, xolo yvelaze farTod 
gavrcelebulma molekulam 𝐶𝐶60 – bakminsterfulereni –  
cnobili amerikeli arqiteqtoris bakminster fuleri 
(Buckminster Fuller) saxelisa da gvaris mixedviT, romelmac 
daaproeqta aSS-is pavilionis saxuravi monrealSi 1967 
wels gamarTuli gamofenisaTvis, erTmaneTTan Serwymuli 
pentagonebisa da heqsagonebis saxiT. amrigad, fulereni 
warmoadgens naxSirbadis meoTxe alotropiul fazas 
(pirveli samia – almasi, grafiti da karbini). SemdegSi 
Cven fulerens vuwodebT 𝐶𝐶60-is myar fazas, xolo 
fulerenis 𝐶𝐶60 calkeul molekulebs – fulerenis 
molekulebs. 𝐶𝐶60 molekula Seicavs xuTjeradi simetriis 
molekulebs (pentagonebs), romlebic araorganuli 
nivTierebisaTvis bunebis mier akrZalulia. Tumca unda 
vaRiaroT, rom fulerenis molekula organuli 
molekulaa, xolo TviTon fulereni ki molekuluruli 
kristalia, romelic erTmaneTTan akavSirebs organul da 
araorganul materias. 

fulerenis aRmoCenas Tan axlavs winaistoria. 
naxSirbadis maRalsimetriuli molekulis arseboba 
pirvelad iwinaswarmetyveles iaponelma mecnierebma 
osavam da noSidam 1970 wels. 1985 wels, rogorc zemoT 
aRvniSneT, ingliselma mecnierma krotom 
TanamSromlebTan erTad moaxdina 𝐶𝐶60 molekulis sinTezi. 
amisaTvis maT grafitis myari samizne daasxives lazeriT, 
ris Sedegadac miiRes 5000 – 10000 oC temperaturis 
qaosuri plazma. swored am plazmaSi moxda 𝐶𝐶60 
molekulis sinTezi, risi identificirebac moaxdines mas-
speqtrometruli meTodiT, anu xelsawyoTi, romelic 
saSualebas iZleva daxarisxebul iqnas atomebi da 
mlekulebi maTi masebis mixedviT. plazmidan fulerenebis 
molekulebis sinTezi (nax. 4.3) brwyinvale magaliTia 
imisa, Tu rogor SeiZleba qaosidan mowesrigebuli 
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struqturis warmoqmna. rogorc aRvniSneT, garkveul 
pirobebSi adgili aqvs 𝐶𝐶60 molekulebis mowesrigebas 
sivrceSi ise, rom fulerenis molekulebi ganTavsdebian 
kristaluri mesris kvanZebSi, an rogorc amboben, 
warmoiqmneba fulerenis kristali. imisaTvis, rom 
fulerenis molekulebi sivrceSi mowesrigebulad 
ganlagdnen saWiroa maT Soris garkveuli 
urTierTqmedebis Zalebis arseboba, es Zalebia susti – 
van–der–vaalsis Zalebi. fulerenebi xasiaTdebian 
araCveulebrivi kristalografiuli simetriiT da 
unikaluri TvisebebiT. maTi yvela kovalenturi kavSiri 
gajerebulia, amitom calkeuli molekulebi erTmaneTTan 
dakavSirebulia, rogorc aRvniSneT, mxolod van–der–
vaalsis susti ZalebiT. es kavSiri ganpirobebulia imiT, 
rom eleqtrulad neitralur molekulaSi eleqtronebis 
uaryofiTi muxti da birTvis dadebiTi muxti sirceSi 
erTmaneTs dacilebulia, ris gamoc adgili aqvs 
molekulis polarizacias da, Sesabamisad, molekulebis 
urTierTqmedebas. es urTierTqmedeba sakmarisia sferuli 
kristaluri struqturis asagebad. aseT masalebs 
fuleritebs     uwodeben.     stabiluri     molekulebi 
xasiaTdebian jaWviani konfiguraciebiT, romlebic 
Seqmnilia xuT- da eqvswevriani rgolebiT. umravles 
SemTxvevaSi fuleritebis naxSirbadis atomebs gaaCniaT 
sami sivrculi kavSiri (almasis fragmentis msgavsad). 
rogorc mogvianebiT gairkva, arseboben bunebrivi 
fulerenebic. 1992 wels isini aRmoCenil iqna bunebrivi 
naxSirbadis mineralSi – SungitSi (Tavisi saxeli man 
miiRo kareliis sofel Sungitis saxelidan). marTalia, 
rom SungitSi fulerenis Semcveloba umniSvneloa – ar 
aRemateba 3 – 10 %. kidev ufro metic, 1993 wels SungitSi 
aRmoCenda naxSirabadis sxva mravalatomiani molekulebi 
da mikronawilakebi – 𝐶𝐶70 , nanomilebi da sxva. 
   fulerenebis miRebis klasikuri sqema mdgomareobs 
naxSirbadis vakuumSi aorTqlebaSi, ris Sedegadac 

miiReba gadaxurebuli (104 K-mde) naxSirbadis orTqli. 
Semdeg xdeba gadaxurebuli orTqlis intesiuri gaciveba 
inertuli airis nakadSi, ris Sedegadac gamoileqeba 
fxvnili, romelic Seicavs didi raodenobiT ori saxis 
klsterebs  (molekulebi) – mcire    zomis   naxSirbadis                  
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nax. 4.3. fulerenSemcveli muris warmoqmnis sqema 
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atomebis kenti raodenobiT (𝐶𝐶25) da didi diametris 
naxSirbadis atomebis luwi raodenobiT (𝐶𝐶60,𝐶𝐶70).Semdeg  
SesaZlebelia, magaliTad, fxvniluri metalurgiis 
meTodebis gamoyenebiT maTi erTmaneTisagan daSoreba. amas 
xels uwyobs is garemoebac, rom pirveli Gjgufis 
klasterebi ar xasiaTdebian maRali stabilurobiT. 

fulerenebi Termulad sakmaod stabiluri 
struqturebia. ase magaliTad, samecniero literaturaSi 
aRwerilia SemTxveva, rodesac 𝐶𝐶60 molekulam SeinarCuna 
Tavisi stabiluroba 1700 K-mde gaxurebisas. 

unda aRiniSnos, rom molekuluri da myarsxeulovani 
qimiis miRwevebma SesaZlebeli gaxada 𝐶𝐶60 molekulebis 
sinTezi sxva elementebTan. 

amJamad sakmaod kargad aris damuSavebuli 
fulerenebis legirebis meTodika. maRali wnevebis 
gamoyeneba ki fulerenis ori molekulis  SeerTebis  
saSualebasac ki iZleva. 

fulerenis matricis safuZvelze Txeli kompozituri 
firebis (200 – 300 nm sisqis) misaRebad gamoiyeneba 
winaswar mocemuli Semadgenlobis narevis vakuumuri 
dafenis meTodi fuZeSreze, magaliTad,  𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 -ze  (nax. 4.4). 
fuleren 𝐶𝐶60 – 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶-is firi miRebul iqna Semdegnairad: 
jer aiRes 99,98 % sisufTavis 𝐶𝐶60 da 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶-is nawilakebi 
da erToblivad daaqucmaces 1 mkm zomis marcvlis mqone 
fxvnilad da 300 oC temperaturaze isini Seacxves 
erTmaneTs, ris  Semdegac  miRebuli masa vakuumur-
Termuli  aorTqlebis  meTodiT daafines fuZeSreze 
(vakuumi kameraSi 10−6 tori, fuZeSris  temperatura  
160 oC). miRebuli firi qimiurad sakmaod erTgvarovani 
iyo. 

fulerenebis Zalian maRali simtkice saSualebas  
iZleva maT fuZeze Seiqmnas zemtkice masalebis, maT 
Soris almasebis dasamuSavebeli  fulerituli mikro- da 
nanoinstrumentebi. 𝐶𝐶60-sagan damzadebuli fulerituli 
piramidebi gamoiyeneba atomur-zondur mikroskopebSi 
almasis moculobiTi da firovani obieqtebis simtkicis 
Sesaswavlad. fulerenebi da maTi SenaerTebi aseve  
gamoiyeneba     eleqtronul     optikur      sistemebSi. 
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nax. 4.4. “fuleren 𝐶𝐶60 – 40% 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶”-is firis zedapiri 
   
 
fulerenebi perspeqtiuli masalebia nanostruqturebis 
Sesaqmneladac. fulerenuli firebis gamoyeneba 
SesaZlebelia  organzomilebiani fotonuri kristalebis 
Sesaqmnelad. amasTan fuleronuli firebis optikuri 
Tvisebebis  Secvla SesaZlebelia maTSi 
naxevargamtaruli masalebis, magaliTad, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶-isa da 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶-is, damatebiT. 

didi intersi gamoiwvia 1991 wels amerikeli 
mecnierebis cnobam kaliumiT legirebuli fulerenis  
zegamtarobis Sesaxeb, zegamtar mdgomareobaSi 18 K-ze 
gadasvlis temperaturiT. Semdgom aRmoCenil iqna, rom 
fuleridebi sxva tute liTonebis (magaliTad, natriumi) 
fuZeze aseve warmoadgenen zegamtarebs. amasTan gadaslis 

temperatura Seadgens 42 K-s, e.i. zogierTi 
metalofuleridebi warmoadgenen maRaltemperaturul 
zegamtarebs. 1994 wels aRmoCenil iqna kidev ufro 
maRali gadasvlis temperaturis mqone masala Sunginitis 
fuZeze 𝐶𝐶𝐶𝐶𝑛𝑛𝐶𝐶60, romlis zegamtar mdgomareobaSi 
gadasvlis temperatura Txevadi azotis temperaturaze 
maRalia. 
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legirebuli fulerenebis meore saintereso Tvisebaa 
feromagnetizmi, romelic aRmoCenil iqna 1991 wels. 
miRebul iqna rbili feromagnetiki 𝐶𝐶60–tdea –      
tetradimeTilamonoeTileni  kiuris temperaturiT 16 K. 
1992 wels iodiT da bromiT legirebuli fulerenis 
safuZvelze damzadebul iqna feromagnetiki kiuris 
temperaturiT 30 K. 

amJamad didi yuradReba eTmoba fulerenebis da 
fuleridebis Tvisebebis kvlevas da maTi gamoyenebis 
gzebis Ziebas eleqtronikaSi, biologiaSi, medicinasa da 
sxva dargebSi. 

ismis kiTxva ratom ar moxda fulerenebis aRmoCena 
ufro adre – is xom iseTi gavrcelebuli elementisagan 
miiReba, rogoricaa naxSirbadi? amis ori mizezi 
arsebobs: pirveli naxSirbadis atomebs Soris 
kovalenturi kavSiri imdenad Zlieria, rom mis gawyvetas 
sWirdeba Zalian maRali temperatura – 4000 oC; meorec – 
mis aRmosaCenad saWiroa Zalian rTuli aparatura – 
maRali garCevis unarianobis gamWoli eleqtronuli 
mikroskopi. amJamad dadgenilia, rom, nanonawilakebs 
SeiZleba hqondeT egzotikuri formebi. praqtikuli 
gamoyenebis TvalsazrisiT, nanoeleqtronikisaTvis, 
romelic amJamad TanadaTan enacvleba  
mikroeleqtronikas, did interess warmoadgens 
nanomilebi. 

nanomilebi. isini aRmoCenil iqna 1991 wels iaponeli 
mecnieris ijimas mier, fulerenis Sesaqmneli eleqtuli 
rkaluri aparaturis eleqtrodebis zedapiris Seswavlis 
dros. isini warmoadgendnen ramdenime aTeul koncentrul  
naxSirbadis nanomilebs, romlebic ganlagebuli iyo 
erTi saerTo centraluri naxvretis irgvliv.  
nanomilebis kedlebs Soris manZili toli iyo grafitSi 
naxSirbadis atomebs Soris manZilis – 0.34 nm. 
nanomilebis Siga diametri icvleba 0.4-dan ramdenime 
nm-mde, xolo gare diametri – 2-dan 20 – 30 nm-mde, fenebis 
raodenobisagan damokidebulebiT. nanomilebis gverdebi 
Cveulebriv daxurulia grafitis xuTkuTxa defeqtebis 
badiT. nanomilebis sigrZe icvleba 1 nm-dan ramdenime 
santimetramde. 
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amrigad nanomili aris grZeli cilindri, romelic 
Seqmnilia naxSirbadis fiWuri eqvskuTxa mesrisagan da 
romlis fuZeebi warmoadgenen fulerenis or fragments 
(nax. 4.5).  
 

 
 

nax. 4.5. nanomilebis sqematuri gamosaxuleba: 
a – nanomili; b – erTkedla nanomili, 

g – mravalkedla nanomili 
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milis diametri damokidebulia naxevarfulerenebis 
zomisagan, romelTaganac formirebulia struqturis 
boloebi. 1993 wels pirvelad gamoCnda monacemebi 
erTkedla naxSirbadis nanomilebis Sesaxeb, romlebic 
warmoadgenen grafenis furclisagan Semdgar unakero 
cilindrebs. maTi diametri icvleba 0.4-dan 2 – 3 nm-mde, 
xolo sigrZe Cveulebriv ar aRemateba mikrometrs. 

calkedla nanomilebi erTiandebian da qmnian 
bmulebs (Toks). bmulebSi isini ganlagebulia 
eqvskuTxedis wveroebSi da warmoadgenen kristaluris 
msgavs struqturas. erTkedla nanomilebi SeiZleba 
ganxilul iqnan, rogorc cilindris saxiT daxveuli, 
grafitis furclis zolebi (nax. 4.6a), diagrama 
Seesabameba (𝑛𝑛,𝑚𝑚) = (4, 2) SemTxvevas. erTkedla nanomilis 
diametri da spiraluroba calsaxad xasiaTdeba veqtoriT 

𝐶̅𝐶 = 𝑛𝑛𝑎𝑎�1 + 𝑚𝑚𝑎𝑎�2 = (𝑛𝑛,𝑚𝑚), 
romelic organzomilebian (2D) grafitis furcelze 
aerTianebs  kristalografiulad ekvivalentur ubnebs, 𝑎𝑎�1 
da 𝑎𝑎�2 - warmoadgenen grafitis mesris veqtorebs, xolo 𝑛𝑛 
da 𝑚𝑚 mTeli ricxvebia. 

zRvruli akiraluri SemTxvevebi: (𝑛𝑛, 0) e.w. “zigzag”-
konfiguraciebi da “savarZel”-konfiguraciebi nax. 4.6 b-ze 
moniSnulia wyvetili wirebiT. translaciis 𝑇𝑇� veqtori 

mimarTulia milis RerZis paralelurad da 𝐶̅𝐶ℎ veqtoris  
marTobulad, misi sidide warmoadgens milis (𝑚𝑚,𝑛𝑛) 
ujredis sigrZes. 𝑇𝑇� da 𝐶̅𝐶ℎDAveqtorebiT dafaruli, 
daxveuli ubani (nax. 4.6b) Seesabameba milis gameorebad 
ujreds – (𝑛𝑛,𝑚𝑚), Sesabamisad nanomilis (𝑛𝑛,𝑚𝑚) simetria 
gansazRvravs misi elementaruli ujredis zomas, 
romelic SesaZlebelia mniSvnelovnad icvlebodes 
milidan milamde. 

eleqtronuli zonuri struqturis gaTvlebis 
mixedviT, (𝑛𝑛,𝑚𝑚) indeqsebi gansazRvraven erTkedla 
nanomili liToni iqneba Tu  naxevargamtari. nanomilebs, 
romlebsac Seesabameba (𝑛𝑛, 0) an (𝑛𝑛,𝑛𝑛) translaciuri 
indeqsebi, gaaCniaT erTi arekvlis sibrtye da Sesabamisad 
xasiaTdebian xraxnuli simetriis ori operaciiT.  
nanomilebis  yvela  wyobas  gaaCnia  sami  eqvivalenturi 
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nax. 4.6. erTkedla nanomili: a – nanomilis miRebis 
sqema usasrulo grafenis furclis daxvevis gziT, 
b – organzomilebiani grafenis furclis sqema 

 
 
xraxnuli operacia. (𝑛𝑛, 0) tipis nanomilebi, zogadad, 
Seesabamebian e.w. “zigzagis” tipis nanomilebs (magaliTad, 
(8,0) tipis nanomilebi), maSin rodesac (𝑛𝑛,𝑛𝑛) tipis 
nanomilebs ewodebaT “savarZlis” tipis nanomilebi 
(magaliTad, (10,10) tipis nanomilebi) – nax. 4.7. 
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nax. 4.7. erTkedla naxSirbadis nanomilebis 
kompiuteruli gamosaxulebebi: a – “savarZlis” 
tipis, b – “zigzagis” tipis, g – xiraluri tipis 

 
 

nax. 4.7-ze naCvenebia erTkedla naxSirbadis 
nanomilebis kompiuteruli gamosaxulebebi. 

(𝑚𝑚,𝑛𝑛)  tipis kiraluri ricxvebi erTkedla 
nanomilebis diametrTan dakavSirebulia formuliT: 
 

𝐷𝐷 = √𝑚𝑚2 + 𝑛𝑛2 + 𝑚𝑚𝑚𝑚 ∙ √3𝑑𝑑0 𝜋𝜋⁄ , 
 
sadac 𝑑𝑑0 = 0.142 nm da warmoadgens grafitul sibrtyeSi 
𝐶𝐶 − 𝐶𝐶 kavSiris sigrZes. meores mxriv, kiraluri kuTxe da 
kiraluri ricxvebi erTmaneTTan dakavSirebulia 
formuliT: 
 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 
3𝑚𝑚

2√𝑚𝑚2+𝑛𝑛2+𝑚𝑚𝑚𝑚
 

an 

 𝛼𝛼 = 𝑡𝑡𝑡𝑡𝑡𝑡−1�√3𝑛𝑛/(2𝑚𝑚 + 𝑛𝑛)�, 
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sadac 𝛼𝛼, eqvskuTxedebis badis geometriuli simetriis 
Sesabamisad, SemosazRvrulia pirobiT 0≤ 𝛼𝛼 ≤ 𝜋𝜋 6⁄ . amasTan 
𝛼𝛼 = 0o “savarZel”-nanomilisaTvis da 𝛼𝛼 = 30o “zigzag”-
konfiguraciisaTvis. nanomilis RerZi ganTavsebulia erT 
wrfeze eqvskuTxedis ori kavSiris gaswvriv (10, 10) 
“savarZel” tipis nanimilisaTvis. 

nax. 4.8.-ze gamosaxulia 10 x 10 nm2 zomis, erTkedla 
naxSirbadis nanomilis skaneruli gvirabuli mikroskopis 
topogramis saganzomilebiani gamosaxuleba. nanomilis 
diametri SeiZleba Sefasdes, rogorc struqturis 
simaRle – 0.98  ±  0.03 nm. nanomilis da 𝑆𝑆𝑆𝑆-is fuZeSris 
erTdrouli maRali atomuri garCevisunarianoba 
gulisxmobs gaWuWyianebis Zalian dabal dones. 
 
 
 

 
 

nax. 4.8. 10 x 10 nm2 zomis, erTkedla naxSirbadis 
nanomilis skaneruli gvirabuli mikroskopis 
topogramis samganzomilebiani gamosaxuleba. 
nanomili Seqmnilia fizasorbciuli meTodiT 

𝑆𝑆𝑆𝑆(100)–2x1:H-is zedapirze maRali vakuumis pirobebSi 
 
 

grafeni warmoadgens masalas, romelic Sedgeba  
naxSirbadis zolisagan, romlis sisqec mxolod 
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naxSirbadis erTi atomis tolia (nax. 4.9). is pirvelad 
miRebul iqna 2004 wels manCesteris universitetis 
TanamSromlebis geimisa da novosiolovis mier. 
aRsaniSnavia, rom grafenis furceli, romelic 
moTavsebulia oqsidirebuli siliciumis fuZeSreze 
SeiZleba davinaxoT kargi optikuri mikroskopiT.     
grafenis atomebi qmnian heqsagonalur kristalur mesers 
(futkris fiWebis saxiT); mezobel atomebs Soris manZili 
0.142 nm-is tolia. es wyoba imdenad mWidroa, rom ar 
atarebs heliumis mcire atomebsac ki. 

grafenze eqsperimentebis ganuxreli zrda gviCvenebs, 
rom is Zalian perspeqtiuli masalaa farTo gamoyenebis 
TvalsazrisiT, magram amisaTvis saWiroa mravali Teoriis 
Seqmna da araerTi eqsperimentis Catareba. 

termini “grafeni”, rogorc grafitis erTfeniani 
fenis saxeli, gaCnda 1987 wels. am masalis Teoriuli 
Seswavla daiwyo jer kidev 1947 wels. kanadelma 
fizikosma uolesma. man gaTvala eleqtronebis moZraobis 
kanonzomierebebi da aRmoaCina, mis garkveul ubnebze 
eleqtronebis energiis damokidebuleba maTi impulsisagan  
(dispersiis kanoni) wrfivia. magram grafenis miReba 2004 
wlamde ver moxerxda. amis mizezia is, rom grafeni 
cdilobs minimumade daiyvanos Tavisi zedapiruli energia 
da amis gamo is ixveva (daaxloebiT ase iqceva rulonad 
daxveuli vatmanis qaRaldi, roca vcdilobT mis gaSlas). 
mkvlevarebs optimizms ar matebda iseTi avtoritetuli 
fizikosebis gancxadeba rogorebic iyvnen landau da 
paierlsi, romelic gakeTda 70 wlis ukan, imis Taobaze, 
rom kristalis organzomilebiani forma ar SeiZleba 
Tavisuflad arsebobdes, radganac siTburi 
fluqtuaciebis gamo atomebis wanacvleba imdenad didia, 
rom is iwvevs kristaluri mesris destabilizacias da 
daSlas calkeul nawilebad. amdenad moulodneli iyo 
geimisa da novosiolovis naSromi, romelSic maT aRweres  
grafenis stabilizaciis warmatebuli cda. daujerebelia, 
magram  faqtia, rom   maT  grafenis  sinTezi moaxdines 
Cveulebrivi skoC-lentis saSualebiT. isini pirolituri 
grafitis firfitas (pirolituri grafiti  gamoiyeneba  
skanirebadi gvirabuli mikroskopisa da atomur Zaluri  
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mikroskopebis kalibrebisaTvis da miiReba naxSirbadis 
gamowviT   3300 K-ze)  (nax. 4.10)  awebebdnen  skoCs,  xolo 
 

 

nax. 4.9. grafenis kristaluri struqtura 
warmoadgens heqsagonalur kristalur mesers 

 

 
Semdeg aZrobdnen mas da am proceduras imeorebdnen manam, 
sanam grafiti ar gaxdeboda Zalian Txeli. skoCiT 
manipulirebis Semdeg grafiti gadahqondaT daJanguli 
siliciumis fuZeSreze. yovel jerze lentas mihqonda 
grafitis garkveuli fena. rogorc xSirad didi 
aRmoCenebisas xdeba mkvlevarebs garkveul wilad 
gaumarTlaT. saqme imaSia, rom grafenis deteqtireba 
atomur-Zaluri eleqtronuli da maskanirebeli 
mikroskopiT teqnikurad TiTqmis SeuZlebelia. amitom 

http://ru.wikipedia.org/w/index.php?title=%D0%A4%D0%B0%D0%B9%D0%BB:Graphen.jpg&filetimestamp=20100826054350�
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naxSirbadis monofenis mosaZebnad maT gamoiyenes 
Cveulebrivi mikroskopi. siliciumis oqsidis fuZeSris  
sisqe (300 nm), romelzedac maT dahqondaT naxSirbadis 
fena   imdenad   iRblianad   aRmoCnda   SerCeuli,   rom 
 

 
 

nax. 4.10. grafitis fenebi 

 
sinaTlis interferenciis gamo sxvadasxva sisqis ubnebs 
gaaCndaT sakuTari sxvadasxava Seferiloba, rogorc es 
nax. 4.11-zea naCvenebi. yvelaze dabal kontrastuli, 
TiTqmis ufero ubnebi, Seesabamebodnen yvelaze Txel 
ubnebs. swored maT Soris aRmoCenil iqna grafeni. 
mxolod Semdeg – eleqtronul Zaluri mikroskopis 
gamoyenebiT mkvlevarebi darwmundnen, rom maT miRebuli 
fena marTlac erTfeniania da unda iwodebodes grafenad. 

miuxedavad imisa, rom pirvelad miRebuli grafenis 
nawilakebis zomebi Zalian mcire iyo (daaxloebiT 1 mkm) 
mecnierebma specialuri mowyobilobiT maT miuerTes 
eleqtrodebi da Seiswavles eleqtruli Tvisebebi. 

http://ru.wikipedia.org/w/index.php?title=%D0%A4%D0%B0%D0%B9%D0%BB:Intercalactionrp.png&filetimestamp=20060211153724�
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aRmoCnda, rom naxSirbadis formis axali 
Tvisebebi arsebiTad gansxvavdeba samganzomilebiani 
nivTierebis Tvisebebisagan. kerZod, dadasturebuli iqna 
Teoretikosebis azri, eleqtronebis dispersiis kanonis 
wrfivobis Sesaxeb, Tumca fizikosebisaTvis cnobili iyo, 
rom   energiis   impulsisagan   aseTive  damokidebuleba 

 

 

nax. 4.11. marcxniv – araerTgvarovani sisqis grafitis 
firfitis fotografia. calkeuli ubnebis sisqe 

moyvanilia pirdapir suraTze (monacemebi miRebulia 
atomur-Zalovani mikroskopiT) masStaburi saxazavis 
sigrZe 50 mkm-s tolia. marjvniv naCvenebia grafenis 
gamosaxuleba, romelic miRebulia atomur-Zalovani 

mikroskopiT. Savi ubani Seesabameba daJanguli 
siliciumis fuZeSres, muqi narinjisferi ki – 0.5 nm 

sisqis grafens, Ria narinjisferi – 2 nm sisqis 
grafens, romelic ramdenime fenas Seicavs 

 

damaxasiaTebelia fotonebisaTvisac – umaso nawilakebi, 
romlebic sivrceSi sinaTlis siCqariT vrceldebian. 
gamodioda, rom eleqtronebs grafenSi, rogorc fotonebs 
masa ara aqvT. magram isini moZraoben fotonebze 300-jer 
naklebi siCqariT da gaaCniaT nulisagan gansxvavebuli 
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masa (gaugebrobis Tavidan asacileblad SevniSnoT, rom 
eleqtronis nulis toli masa daimzireba mxolod 
grafenis farglebSi. aseTi eleqtronis grafenidan 
gamoyvanis SemTxvevaSi is SeiZenda Cveulebriv Tvisebebs). 
eleqtronebis dispersiis wrfivi kanoni da agreTve is, 
rom isini warmoadgenen fermionebs (gaaCniaT naxevrad 
mTeli spini) aucilebels xdis grafenis aRwerisaTvis 
gamoyenebul iqnas ara Sredingeris gantoleba, rogorc 
myari tanis fizikaSi, aramed dirakis gantoleba. amitom 
eleqtronebs grafenSi uwodeben dirakis fermionebs, 
xolo grafenis kristalis garkveul ubnebs sadac 
dispersia wrfivia – dirakis wertilebs. vinaidan 
eleqtronebis aseTi qceva damaxasiaTebelia 
relativisturi (sinaTlis siCqaris toli siCqariT 
moZravi nawilakebi) nawilakebisaTvis, SesaZlebloba 
Cndeba grafenSi  eqsperimentalurad modelirebul iqnas 
maRali energiis fizikis zogierTi efeqti (kleinis 
paradoqsi), romelTa Seswavlac Cveulebriv amaCqarebelze 
xorcieldeba. makroskopul masStabSi dispersiis wrfivi 
kanoni iZleva, rom grafeni naxevradliTonia, anu 
naxevargamtari nulis toli akrZaluli zonis siganiT,  
xolo misi gamtarebloba normalur pirobebSi araa 
naklebi spilenZis gamtareblobaze. ufro metic, misi 
eleqtronebi Zalian mgrZnobiare arian gareSe eleqtruli 
velis mimarT, amitom eleqtronebis Zvradoba grafenSi 
oTaxis temperaturaze Teoriulad SeiZleba rekordul 
mniSvnelobebs aRwevdes – 100-jer meti vidre siliciumSi, 
20-jer meti vidre galiumis arsenidSi. es ori 
naxevargamtari, germaniumTan erTad yvelaze xSirad 
gamoiyeneba eleqtronikaSi xelsawyoebis Sesaqmnelad 
(integraluri sqemebi, diodebi, deteqtorebi da a.S.), 
xolo maTi swrafqmedeba miT metia, rac metia muxtis 
matareblebis Zvradoba. 

grafenma daamyara siTbogamtarobis rekordic. 
eqsperimentalurad gazomili siTbogamtaroba 10-jer 
maRalia spilenZis siTbogamtaobaze, romelic, rogorc 
cnobilia, SesaniSnavi siTbos gamtari masalaa. 
aRsaniSnavia, rom grafenis aRmoCenamde siTbogamtarobis 
rekordi ekuTvnoda naxSirbadis sxva alotropiul saxes 



71 
 

– naxSirbadis nanomils. grafenma misi maCvenebeli 
gaaumjobesa 1.5-jer. 

grafeni xasiaTdeba maRali simtkiciT. 
TvalsaCinoebisaTvis ganvixiloT grafenis 1 m2 farTobis 
hipoTeturi hamaki (nax. 4.12). viciT ra grafenis 
zedapirili simkvrive (0.77 mg/m2), advilad gamovTvliT, 
rom aseTi hamakis masaa 0.77 miligrami. miuxedavad 
garegnuli simyifisa mas SeuZlia gauZlos 4 kg-mde 
datvirTvas (didi katis masa). Tumca organzomilebiani 
grafenis simtkicis Sedareba samganzomilebiani masalis 
simtkicesTan arakoreqtulia, foladis amave sisqis 
“kritikuli” masa, romelic gawyvetas gamoiwvevda, 100-jer 
naklebia, e.i. grafenis simtkice ori rigiT aRemateba 
foladis simtkices. rac Seexeba optikur Tvisebebs, 
grafeni STanTqavs masze dacemuli xiluli sinaTlis 
daaxloebiT 2.3 % imisda mixedviT, Tu risi tolia 
dacemuli talRis sigrZe. grafeni (sagulisxmoa, rom 
Teoriul gaTvlebSi es 2.3 % gamoisaxeba 𝜋𝜋 ricxvis 
namravliT faqizi struqturis mudmivaze 𝛼𝛼, romelic 
gansazRvravs eleqtromagnituri urTierTqmedebis Zalas). 
es imas niSnavs, rom grafeni praqtikulad uferoa. 
 

 

 
nax. 4.12. grafenis meqanikuri 

simtkicis sailustracio magaliTi 
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Tavi 5 

nanokompoziciuri masalebi 
 

e.w. nanokompoziciuri masalebi ewodebaT iseT 
masalebs, romlebic warmoadgenen heterogenul sistemebs 
da Seicaven erT fazas mainc, romlis struqturuli 
elementis zomac naklebia 100 nm-ze. nankompozitebis 
Seqmnas safuZvlad udevs erT masalaSi misi Semadgeneli 
komponentebis saukeTeso Tvisebebis gaerTianeba, romelic 
mimarTulia fiziko-meqanikuri, qimiuri, magnituri, 
maRaltemperaturuli Tvisebebis gaumjobesebisa da 
nanostruqturis stabilizaciisaken. nax. 5.1-ze naCvenebia 
Tanamedrove masalebis pespeqtiuli ganviTarebis ubnebi. 
 
 

 
 

nax. 5.1. Tanamedrove masalebis 
perspeqtiuli ganviTarebis ubnebi 

 
amJamad miRebulia aTeulobiT maRali fiziko-qimiuri 

Tvisebebis mqone nanokompoziti. iaponelma mecnierma 
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niSixaram pirvelma moaxdina nanokompozitebis 
klasificireba, rasac safuZlvad daudo matricisa da 
meore fazis marcvlis geometriuli zomebi. 
dRevandlamde aRwerili da damuSavebuli 
nanokompozitebi warmoadgenen mikro-nanokompozitebs da 
ara nano-nanokompozitebs, romlebSic, rogorc matricas 
aseve sxvadasxva CanarTebs nanozomebi gaaCniaT. rogorc 
drom aCvena nanokompozitebisaTvis, saWiroa axali 
klasifikaciis SemuSaveba, romelSic matrica 
nanokristaluria, xolo meore fazas SeiZleba hqondes 
sxvadasxva dispersiuloba da morfologia (nax. 5.2). 

 
nax. 5.2. nanokompozitebis tipebi; a – nano-nano; 

b – nano-mikro; g – nano-nanoZafi; g – nano-nanofena 
 

nanokompozitebi calke ganxilvas imsaxureben, 
vinaidan arsebobs uamravi samecniero publikacia, 
romlebic exeba maT miRebas, fiziko-qimiur da qimiur 
Tvisebebs. mocemul TavSi mokled aRwerilia 
nanokompozitebi, romelTa matricac warmoadgens 
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polimers, xolo meore fazas – liTonebis sxvadasxva 
nanonawilakebi. 

nanopolimeruli kompozitebi.

 
 

nax. 5.3. alumosilikatis da polimeris mcire da maRali 
Semcvelobis fuZeze Seqmnili fenovani nanokompozitebi  
 

nanokompozitebis teqnologiaSi yvelaze didi 
warmatebebi miRweul iqna zol–gel teqnologiebis 
gamoyenebiT, romelSic sawyis komponentebad gamoiyeneba 
zogierTi qimiuri elementi da organuli oligomerebis 
alkogolitebi. 

organul komponentebad iyeneben mraval SenaerTs 
(polistiroli, polimidi, poliamidi, plobutadieni, 
polimetilmetakrilati) da, reaqciis pirobebisa da 
komponentebis Semcvelobis Sesabamisad, Rebuloben 
sxvadasxva zemolekuluruli organizaciis masalebs. 

 polimeruli 
kompoziciuri masalebis Seqmnis axali mimarTulebaa 
nanopolimeruli masalaTmcodneoba. nanokompoziciuri 
masalebis Tvisebebi ar SeiZleba ufro ukeTesi iyos, 
vidre misi calkeuli fazebis an fazaTaASoris 
sazRvrebis Tvisebebi. polimeruli nanokompozitebis 
misaRebad meore fazad gamoiyeneba nanonawilakebi, maTi 
zedapiris zomebisa da topologiis gaTvaliswinebiT 
(nax. 5.3). 
 

keramikisa da polimerebis fuZeze Seqmnil 
nanokompozitebSi Serwymulia  Semcveli komponentebis 
Tvisebebi: moqniloba, drekadoba, polimerebis 
gadamuSavebadoba da minebis damaxasaTebeli simtkice, 
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mdgradoba, cveTamedegoba, sinaTlis gardatexis 
maCveneblis didi mniSvneloba. yvelaferi amis gamo 
kompozitebis Tvisebebi aRemateba sawyisi komponentebis 
Tvisebebs. 

fenovani nanokompozitebi miiRebian keramikisa da 
polimerebis fuZeze iseTi bunebrivi araorganuli 
struqturebis gamoyenebiT, rogoricaa montominoroliti 
an vermikuliti, romlebsac Seicavs mravali Tixa-masala. 

cnobilia, rom liTonuri da naxevargamtaruli 
nanoklasterebi, romlebic warmoadgenen polimeruli 
nanokompozitebis meore fazas, SeiZleba miRebul iqnan 
sxvadasxva gziT: liTonebis gafrqveviT, maTi marilebis 
aRdgeniT da sxva. magaliTad, vercxlis, oqros an 
paladiumis 1 – 15 nm-is zomis klasterebi dispergirebul 
iqna polistirolis (an polimetilmetakrilatis) firebad 
Txevadi monomeris polimerizaciis dros, romelSic 
xdeboda liTonis gamoleqva orTqlis fazidan. am dros 
adgili aqvs klasterebis gaerTianebas sxvadasxva zomis, 
ramdenime aTeul nanometrebamde, aglomeratebad. 
analogiuri struqtura aqvT kompozitur firebs, 
romlebic miiRebian erTdroulad liTonis gamoleqviT 
da benzolis an heqsameTidisilizanis polimerizaciiT. 

nanokompozitebi SeiZleba miRebul iqnas aseve 
liTonis orTqlis da para-ciklofenis erTdrouli 
gamoleqviT da Semdgom misi polimerizaciiT. 

aseTi xerxi saSulebas iZleva, jer erTi, miRebul 
iqnas Txeli firebi, romlebic Seicaven sxvadasxva 
liTonis da nivTierebebis atomebs (magaliTad, fulerens  
𝐶𝐶60), meore – advilad iqnas varirebuli komponentebis 
koncentracia da mesame – Seqmnil iqnas maRali 
sisufTavis nanokompozitebi. liTonebis dabali 
Semcvelobis dros loTonis nanonawilakebi erTmaneTTan 
ar urTierTqmedeben, vinaidan erTmaneTisagan gamoyofili 
arian matriciT. am dros sakvlevi firis 

eleqtrowinaRoba maqsimaluria ~ 1012 omi. liTonis 
koncentraciis gazrdiT SesaZlebelia winaRobis 
Semcireba 100 omamde. 

nanokompoziciuri masalebis miReba aseve SeiZleba  
bloksopolimerebis fuZeze. SeuerTdebian ra isini 
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erTmaneTs qmnian blokebs an domenebs, romlebic 
mravaljer meordebian polimerul jaWvSi. 

rkinis nawilakebis (~ 20 nm) Semcveli oqsiduri 
zedapiris mqone polimeruli nanokompozitebis  firebis   
koercituli Zala aRwevs 20 – 800 a/m. nax. 5.4-ze 
moyvanilia rkinis polimeriT dafaruli nawilakebis 
damagnitebis damokidebuleba induqciisagan. 
 
 
 

 
 
 
nax. 5.4. damagnitebis damokidebuleba velis sididisgan 

 
yuradRebas iqcevs velis nulovani mniSvnelobis 

dros gadarTvis myisi mniSvneloba. aseTi 
damaxasiaTebeli Tvisebebi gaaCniaT mxolod danafaris 
mqone nawilakebs. polimeruli matrica gavlenas axdens 
magnituri urTierTqmedebis anizotropiaze. amasTan 
adgili aqvs calkeuli nanonawilakebis hermetizacias.  
dadgenilia, rom polimeris urTierTqmedeba 
nanonawilakebTan SeiZleba ganxorcieldes ori 
principialurad gansxvavebuli gziT: fizikuri da 
qimiuri. 

metalopolimerebis miRebis erT-erTi xerxia 
prekursorebis (yvelaze xSirad liTonebis karbonilebis) 
Termuli daSla polimerebis nadnobis xsnarSi. 
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polimerebi, rogoorc wesi, Seicaven sxvadasxva tipis, 
formisa da zomis forebs. nanonawilakebis formirebis 
sqema naCvenebia nax. 5.5-ze. 
 

 
nax. 5.5. nanonawilakebis formirebis principialuri sqema: 

a – polieTileni; b – saSualedo fena; g – garefena 
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lengmiur–blojetis meTodi analogiuria 
molekulur-sxivuri   epitaqsiisa da saSualebas iZleva 
miRebul iqnas organzomilebiani da mravalfeniani 
sistemebi da zemesrebi myar fuZeSreze, romlebic 
Seqmnilia organuli da biologiuri molekulebisa da 
maTi kompleqsebisagan. ase magaliTad, am meTodiT iqna 

miRebul zeTxeli (~ 1 nm) firebi vinilidentftoridis  
triftoreTilenis Tanapolimerisagan, romlebSic 
pirvelad iqna aRmoCenili organzomilebiani 
segnetoeleqtroba (nax. 5.6). 
 
 

 
 
 

nax. 5.6. segnetoeleqtruli efeqtis ilustracia 
zeTxel vinilidentftoridis triftoreTilenis 

Tanapolimeris fenaSi: a – polimeruli 
molekulis struqtura; b – monofenis 

gamosaxuleba skanerul gvirabul mikroskopSi 
 

Zalian saintereso Tviseba aqvT feromagnituri 
liTonis granulebiT Seqmnil nanokompozitebs. 
granulebis sakmaod mcire zomisas (araumetes 10 – 100 nm, 
masalisagan damokidebulebiT) isini erTdomenianebia, 



79 
 

xolo maTi magnituri momentebis mimarTuleba 
damokidebulia gareSe magnituri velis mimarTulebasa da 
mastabilizirebeli magnituri anizotropiis – 
kristaluri an geometriuli, moqmedebaze. 

nanokompozitebSi arsebobs granulebs Soris 
gvirabuli gadaslebis albaToba, romelic 
damokidebulia granulebis magnituri momentebis 
orientaciaze da romelTa marTvac SesaZlebelia gareSe 
magnituri veliT. es iZleva e.w. “giganturi” 
magnitowinaRobis efeqts, rac mdgomareobs magnitur 
velSi moTavsebuli nanokompozitis  winaRobis ramdenime 
aTeuli procentiT gazrdaSi, Cveulebriv liTonTan 
SedarebiT. temperaturis an magnituri velis cvlilebiT 
(arsebiTad da Seqcevadad) SesaZlebelia nanokompozitis 
sxvadasxva Tvisebis cvlileba, rac maT praqtikul 
gamoyenebas efeqturs xdis. ase magaliTad, samecniro 
literaturaSi aRwerilia axali tipis nanokompozituri 
masala, romelic warmoadgens wvrildispersiul liTonis 
fxvnils elastomeris tipis SemakavSirebel aragamtar 
masalaSi. naCvenebia, rom aseTi masalis 
eleqtrogamtaroba ramdenime rigiT icvleba misi 
sxvadasxva deformaciisas (kumSva, Runva, gaWimva). 

gansakuTrebul interess aseve warmoadgenen 
araorganul matricaSi ganawilebuli liTonis 
nanonawilakebi an klasterebi, romlebic saSualebas 
iZlevian damuSavebul iqnas e.w. “stels-teqnologiebi”. 
 

Tavi 6 

nanomasalebis miRebis meTodebi 

nanomasalebis miRebis teqnologia SesaZlebelia 
daiyos oTx nawilad: fxvniluri metalurgia, amorfuli 
mdgomareobidan kontrolirebadi kristalizacia, 
intensiuri plastikuri deformacia da Txelfirovani 
teqnologiebi. 

cxrilSi 6.1 moyvanilia nanostruqturebis miRebis 
meTodebi da Taviseburebebi. 
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cxrili 6.1. nanomasalebis miRebis ZiriTadi 

meTodebi da maTi struqturebis Taviseburebebi 
 
 
 

 
teqnologia 

 
xerxebi 

 
masalebi 

 
struqturis 

Taviseburebebi 

 
 

fxvniluri 
metalurgia 

 
 
 

 
airfazuri gamoleqva 

da kompaqtireba, 
dawnexva da Secxoba, 

cxeli dawnexva, 
Wedva, eqstruzia 

 
liTonuri 
masalebi, 
keramika, 
kompozi-
ciuri 

masalebi 

 
forovneba, 
arawonaswo-

ruli 
sazRvrebi 

A 
amorfuli 
mdgomare-
obidan 

kontroli-
rebadi 

kristalizacia 
 
 

 
Aamorfuli Senadnebis 

kristalizacia, 
amorfuli  
fxvnilebis 

konsolidacia 
Semdgomi 

kristalizaciiT 

A 
amorfi-
rebadi 

liTonuri 
masalebi 

 
subnano-

forovneba da 
prizmatuli 

dislokaciuri 
maryuJebi 

 
 

intensiuri 
plastikuri 
deformacia 

 
 
 

 
tolarxiani kuTxuri 

dawnexva, grexvis 
deformacia maRal 
wnevebze, yovel- 

mxrivi Wedva, fazuri 
civWedva da marcvlis 

daqucmaceba 

 
liTonebis 
Senadnebi 

 
Siga Zabvebi, 
arawonas-
woruli 
sazRvrebi 

 
Txelfirovani 
teqnologia 

 
 
 
 

 
Eeleqtrolituri 
gamoleqva, qimiuri 
gamoleqva airadi 
fazidan, fizikuri 
gamoleqva airadi 
fazidan, zol–gel 

teqnologia 

 
liTonuri 
masalebi, 
keramika, 
kompo-

ziciuri 
masalebi 

 
2D 

ganzomileba, 
svetisebri 
marcvlebi, 
forovneba 
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6.1. nanomasalebis miRebis fxvniluri metalurgia 
 

es teqnologia SeiZleba pirobiTad davyoT or 
jgufad – nanofxvnlebis miReba da maTgan kompaqturi 
masalebis miReba. SesaZlebelia gamovyoT mTeli rigi 
Taviseburebebi, romlebic damaxasiaTebelia 
nanofxvnilebis miRebisaTvis da riTac isini 
gansxvavdebian Cveulebrivi fxvnilebis miRebis 
meTodebisagan: 

1) nawilakebis Casaxvis centrebis warmoqmnis maRali 
siCqare; 

2) nawilakebis zrdis dabali siCqare; 
3) miRebuli nawilakebis udidesi zoma ar aRemateba 

100 nm-s;  
4) nawilakebis zomis mixedviT ganawilebis dabali 

diapazoni, mocemuli – winaswar ganzraxuli zomis  
diapazonis nawilakebis miRebis stabiluroba; 

5) nawilakebis qimiuri da fazuri Semadgenlobis 
aRwarmoebadoba; 

6) nanomasalebis miRebis procesis parametrebis 
kontrolisa da marTvisadmi gazrdili moTxovnebi. 

nebismieri meTodiT miRebuli fxvnilebis 
nanonawilakebis ZiriTad Tvisebas warmoadgens maTi 
miswrafeba agregatebad da aglomeratebad gaerTianebaSi. 
amis gamo aucilebelia gaTvaliswinebul iqnas aramarto 
calkeuli nawilakebis zomebi aramed miRebuli 
warmonaqmnebis zomebic. mkveTri terminologiuri 
gansxvaveba agregatsa da aglomerats Soris ar arsebobs, 
magram iTvleba, rom agregatis kristalitebs Soris 
kavSiri ufro mtkicea, xolo kristalitebs Soris 
forovneba naklebia. Semdgomi kompaqtirebisas mocemuli 
forovnebis masalis misaRebad agregatirebul fxvnilebs 
sWirdebaT gacilebiT maRali temperatura da / an wneva 
aragregatirebul mdgomareobasTan SedarebiT. 

mokled ganvixiloT amJamad gamoyenebuli 
nanofxvnilebis miRebisa da kompaqtirebis meTodebi. 

aorTqlebisa da orTqlis fazidan daleqvis 
teqnologia. es meTodebi dRes yvelaze xSirad 
gamoiyeneba. es dakavSirebulia imasTan, rom masalis 
amJamad arsebuli maRalintensiuri aorTqlebisa da 
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orTqlis fazidan gamoleqvis  teqnologia advilad 
kontrolirdeba, rac uzrunvelyofs miRebuli 
nanofxvnilebis maRal sisufTaves, gansakuTrebiT maRali 
sisufTavis inertuli airebis (heliumi, argoni, qsenoni) 
gamoyenebisas. liTonis aorTqlebisas vakuumSi an 
inertuli airis atmosferoSi aorTqlebuli liTonis 
nawilakebi cdiloben gaerTiandnen ramdenime nanometris 
zomis mqone nawilakebad da Semdgom gamoileqon 
gacivebul fuZeSreze. es meTodebi saSualebas iZleva 
miRebul iqnas rTulad legirebuli fxvnilebi. amasTan 
winaswar dasaxuli Semadgenlobis Senadnebi SeiZleba 
formirebul iqnas, rogorc winaswar sinTezirebuli 
masalis aorTqlebiT, aseve calkeuli komponentebis 
aorTqlebiTac. miRebuli fxvnilebis nawilakebis zoma, 
imisda mixedviT, Tu ra meTodi iqna gamoyebuli da ra 
parametrebiT, meryeobs 5-dan 100 nm-mde. 

aorTqlebis meTodis mixedviT, cnobilia meTodis 
Semdegi saxesxvaobebi: Termuli aorTqleba, afeTqebiT 
aorTqleba, levitaciur-Wavluri meTodi, plazmo-qimiuri 
meTodi, qimiuri meTodi, zol–gel procesi, kompaqtireba, 
Secxoba, maRaltemperaturuli airadi eqstruziis meTodi. 

Termuli aorTqleba. am dros xdeba tigelSi 
moTavsebuli masalis aorTqleba. aorTqleba SeiZleba 
ganxorcieldes sxvadasxva meTodiT: maRalsixSiruli 
induqciuri, eleqtronul-sxivuri, plazmuri, lazeruli, 
eleqtrorkaluri. am meTodebiT fxvnilebis miRebis sqema 
moyvanilia nax. 6.1-ze. 

miRebul fxvnilebs gaaCniaT sferuli an waxnagovani 
forma. masiuri oqsidebis eleqtronul-sxivuri 
aorTqlebis meTodiT inertul garemoSi SeiZleba 
miRebul iqnas amorfuli 𝐴𝐴𝐴𝐴2𝑂𝑂3 da 𝑆𝑆𝑆𝑆𝑂𝑂2, agreTve, 
kristaluri 𝑌𝑌2𝑂𝑂3-is nanofxvnilebi. am meTodis dadebiTi 
mxarea maRali sisufTavis erTgvarovani zomis 
marcvlebis miRebis SesaZlebloba. nakls ki warmoadgens 
dabali warmadoba, romelic droebiTia, vinaidan 
ganpirobebulia ara sakuTriv teqnologiiT, aramed 
danagarebis srulyofiT. 
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nax. 6.1. nanofxvnilis miRebis principialuri 
sqema Termuli aorTqlebiT da Semdgom 
misi kondensaciiT orTqlis fazidan 

 
 

afeTqebis meTodi. es meTodi amJamad swrafad 
viTardeba. is damyarebulia mokle droSi didi energiis 
gamoyofis efeqtze. saWiro energiis misayvanad gamoiyeneba 
eleqtruli denis mZlavri impulsi, rkaluri ganmuxtva an 
lazeruli gamosxiveba. am dros masala swrafad 
orTqldeba da moculobis swrafi Semcirebis gamo 
civdeba – kondensirdeba mcire zomis nawilakebis saxiT. 
meTodi uzrunvelyofs miRebuli masalis maRal 
sisufTaves da sferuli formis 5 – 10 nm-mde zomis 
sxvadasxva nivTierebis da, maT Soris, maRali dnobis 
temperaturisa da qimiurad aqtiuri liTonebis 
nawilakebis Semcveli fxvnilebis miRebas. meTodis 
naklia energiis didi danaxarji da Sesabamisad miRebuli 
masalis siZvire, agreTve, fxvnilSi mikronuli 
diapazonis nawilakebis arseboba, romlebic nadnobis 
wveTebidan warmoiqmneba da romelTa mocilebac sakmaod 
Znelia. nax. 6.2.-ze naCvenebia eleqtruli afeTqebis 
meTodiT miRebuli 𝑁𝑁𝑁𝑁𝑁𝑁 nanofxvnilis fotosuraTi. 
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nax. 6.2. eleqtroafeTqebiT 

miRebuli nanofxvnilis suraTi 
 
 

levitaciur-Wavluri meTodi. am meTodiT  masalis 
aorTqleba xdeba inertuli airis WavlSi, magaliTad, 
maRali sixSiris magnituri veliT gaxurebuli mavTulis 
boloze arsebuli nadnobis wveTidan. meTodis 
gansaxorcielebeli danadgaris sqema moyvanilia 
nax. 6.3-ze. 

miRebuli nawilakebis zoma damokidebulia airis 
nakadis siCqareze. siCqaris gazrdiT is SeiZleba 
Semcirdes 500-dan 10 nm-mde. am meTodiT miRebul iqna, 
magaliTad, 𝑀𝑀𝑀𝑀-is da 𝑆𝑆𝑆𝑆-is nanofxvnilebi. es ukanaskneli 
fxvnili wrTobis maRali siCqaris gamo amorfulia. 
zogjer iyeneben meTodis variants, romelsac kriogenuli 
dnoba ewodeba. is mdgomareobs Zalian dabal 
temperaturaze (magaliTad, Txevadi azotis temperatura) 
myofi mavTulis aorTqlebaSi. 
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nax. 6.3. inertuli airis WavlSi 
nanofxvnilis misaRebi danadgaris sqema 

 
 

plazmoqimiuri meTodi. meTods safuZvlad udevs 
rkaluri an mRvivari ganmuxtvis plazmis gamoyeneba. 
sawyis masalebad gamoiyeneba liTonebi, halogenidebi da 
sxva masalebi. plazmis maRali temperaturisa (10000 K) da 
urTierTqmedebis didi siCqaris gamo, praqtikulad 
uzrunvelyofilia TiTqmis yvela masalis gadasvla 
orTqlis mgomareobaSi maTi Semdgomi urTierTqmedebiT 
da produqtebis kondensaciiT nanofxvnilebis saxiT, 
romlebSic Semavali marcvlebi swori formisaa da 
gaaCniaT 10-dan 200 nm-mde diametri iseTi aqtiuri garemos 
gamoyenebisas, rogoricaa naxSirbadi, azoti, bori an 
Jangbadi. plazmoqimiuri meTodebiT miiReba nitridebis, 
boridebis da sxvadasxva elementebis nanofxvnilebi da 
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aseve mravalkomponentiani SenaerTebi. am meTodiT 
Rebuloben fulerenebis nanofxvnilebs. 

qimiuri meTodebi. am meTodebs safuZvlad udevs 
orTqlis fazaSi myofi liTonuri SenaerTebis qimiuri 
reaqciebi. es masalebi reaqciis kameris garkveul zonaSi 
xurdebian, iSlebian da qmnian myar naleqs nanofxvnilis  
da airadi nivTierebis saxiT an Sedian qimiur reaqciaSi 
aseve nanofxvnilisa da airadi nivTierebis warmoqmniT. 
sawyis masalebad SeiZleba gamoyenebuli iyos liTonis 
halogenidebi (ZiriTadad qloridebi), karbonidebi, 
oqsiqloridebi da sxva. warmoqmnili nawilakebis zoma 
regulirdeba gamoleqvis siCqariTa da temperaturiT. am 
meTodiT miRebul iqna siliciumis, boris, titanis 
oqsidis, cirkoniumis, aluminis, nitridebis, karbidebis 
da mravali sxva masalis nanofxvnilebi nawilakebis 
zomiT 20 – 600 nm. 

zol–gel procesi specialurad SemuSavebul iqna 
oqsiduri keramikis misaRebad. procesi moicavs Semdeg 
stadiebs: alkoqsidebis xsnarebis miReba, maTi 
katalizuri uerTierTqmedeba Semdgomi hidroliziT, 
kondensaciuri polimerizacia, hidrolizi. procesis 
produqtis saxiT miiReba oqsiduri polimeri (geli). is 
eqvemdebareba daberebas, garecxvas, Srobas da Termul 
damuSavebas. meTodis naklia aparaturis sirTule, xolo 
dadebiTi mxare – maRali sisufTave da miRebuli 
produqtis erTgvarovneba, aseve sxvadasxva Semadgenlobis 
nanofxvnilebis miRebis SesaZlebloba. 

kompaqtireba warmoadgens process, rodesac xdeba 
nanofxvnilidan mza detalis miReba. procesi, rogorc 
wesi or stadiad tardeba: dawnexva da Secxoba. zogjer 
orive es stadia SeTavsebulia. 

dawnexvis meTodebi. nanofxvnilebis dawnexvisaTvis 
yvelaze xSirad iyeneben erTRerZa dawnexvas. maRali 
simkvrivis namzadis misaRebad iyeneben fxvnilis 
yovelmxrivi dawnexvis meTods, romelsac ewodeba 
izostatikuri dawnexva. am dros masalas aTavseben 
elastiur an deformirebad garsSi. miRebuli namzadebi 
praqtikulad erTgvarovania da TiTqmis ar gaaCniaT  
Tvisebebis anizotropia. meTodis naklia aparaturis 
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sirTule da siZvire, aseve namzadis zomebis zusti 
dacvis SeuZlebloba. 

nanofxvnilis Secxoba SezRudulia maRali 
temperaturis gamoyenebis SeuZleblobiT. Secxobis 
temperaturis gazrda iwvevs forianobis Semcirebas, 
magram zrdis marcvlis zomebs. am movlenis 
Sesasusteblad  mimarTaven sxvadasxva xerxs: 

1) maRali siCqaris mikrotalRuri gaxureba 
(gaxurebis siCqaris gazrdisas 10-dan 300 grad/wT-mde,  
magaliTad, 𝑇𝑇𝑇𝑇𝑂𝑂2-is nanofxvnilis Secxobis temperatura 
mcirdeba 1050-dan 975 oC-mde; 

2) safexurismagavari kontrolirebadi gaxureba; 
3) plazmoaqtivirebuli Secxoba; 
4) Secxobis procesis Catareba vakuumSi an aRmdgen 

garemoSi (liTonis fxvnilebisaTvis). 
Secxoba wnevis qveS.

arsebobs amorfuli liTonuri Senadnebis (alS) 
miRebis Semdegi meTodebi: wrToba Txevadi 
mdgomareobidan, gadaciveba fuZeSreze ionur-plazmuri 
da Termuli aorTqlebisas, amorfizirebuli liTonuri 
fenebis miReba lazeruli damuSavebiT, gafrqveva 

 esaa formis micemis da Secxobis 
procesis gaerTianeba. Secxoba wnevis wnevis qveS 
saSualebas iZleva miRweul iqnas TiTqmis Teoriuli 
simkvrive SedarebiT dabal temperaturebze. 

maRaltemperaturuli airadi eqstruziis meTodi 
mdgomareobs formis micemaSi oTaxis temperaturaze 
SedarebiT dabal temperaturaze wyalbadis atmosferoSi, 
Termul damuSavebasa da Semdgom eqstrudirebaSi 
momatebul temperaturebze. es meTodi saSualebas iZleva 
fxvnilebis kompaqtireba Catardes temperaturuli 
zemoqmedebis mcire droSi, SedarebiT maRal 
temperaturebze. magaliTad, am meTodiT miRebuli 
nikelis namzadebi gamoirCeodnen erTdroulad maRali 
simtkiciT da plastikurobiT. 
 
 

6.2. amorfuli masalebis miReba 
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eleqtruli veliT, ionuri implantacia, amorfizacia 
eleqtruli ganmuxtviT. 

wrToba Txevadi mdgomareobidan. es meTodi sakmaod 
gavrcelebulia da xorcieldeba Senadnobis gacivebiT 
105 − 108 K/wm siCqariT. am meTodebis saerTo 
damaxasiaTebeli Tvisebaa iseTi swrafi gacivebis 
pirobebis Seqmna, rom kristalizacia gamoricxulia. 
praqtika aCvenebs, rom kristalizaciis Tavidan acileba 
da minisebri mdgomareobis dafiqsireba SesaZlebelia 
nadnobis SexebiT liTonur civ fuZeSresTan. yvelaze 
xSirad gamoiyeneba ori meTodi: erT maTganSi Txevadi 
liToni daitaneba mbrunavi cilindruli diskis 
(borblis) gare zedapirze, xolo meoreSi – nadnobis 
amoReba xdeba mbrunavi diskiT. 

nax. 6.4-ze naCvenebia am ori meTodis realizaciis 
sqema. liTonis diskis an cilindris gare zedapiri 
damzadebuli unda iyos kargi siTbogamtarobis mqone 
masalisagan. Cveulebriv, am miznisaTvis gamoiyeneba 
spilenZi, beriliumis brinjao, TiTberi da sxva. nadnobis 
gaxureba xdeba induqciuri meTodiT an joulis siTboTi. 
induqciuri saqSeni damzadebulia nadnobi kvarcisagan an 
aluminis Jangisagan. 

nax. 6.4a-ze gamosaxuli meTodi saSualebas iZleva 
miRebul iqnas 1-dan 200 nm-mde siganis da 20 – 60 nm 
siganis uwyveti lentis formis kilita. nax. 6.4b-ze 
gamosaxuli meTodiT diskis gare zedapiri waritacebs 
nadnobs, romelic Semdeg myardeba da TviTon scildeba 
disks. am dros miiReba wvrili mavTuli, romlis 
ganivkveTis profils gansazRvravs diskis gare zedapiri 
da nadnobSi diskis CaZirvis siRrme. 

arsebobs ramdenime piroba, romelic uzrunvelyofs 
amorfuli Senadnebis lentebis miRebas Txevadi fazidan 
wrTobis gziT oTaxis temperaturaze da garemos 
atmosferuli wnevis dros: 

1) mbrunavi diskis zedapirze nadnobis moculobiTi 
miwodebis siCqare 𝑉𝑉𝑇𝑇 mudmivi unda iyos; 

2) nadnobis Wavlis dineba unda iyos stabiluri da 
daculi mtvris nawilakebisa da haeris 
arakontrolirebadi nakadebisagan; 
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3) diskis zedapiri unda iyos polirebuli da hqondes 
kargi kontaqti nadnobis WavlTan. 
 

 
 
 

nax. 6.4. liTonuri amorfuli Senadnobebis misaRebi 
danadgaris sqema Txevadi fazidan wrTobis gziT: 1 – 

nadnobi; 2 – gamaxurebeli mowyobiloba; 3 – liTonuri 
amorfuli Senadnis lenta; 4 – kvarcis mili 

 
  

garda amisa, miRebuli amorfuli fenis siganesa da 
xarisxze did gavlenas axdens airadi garemo, romelSic 
xdeba fenis formireba. SedarebiT wvrili (1 mm-mde) 
lenti SeiZleba miRebuli iyos garemo airebis 
Cveulebrivi wnevis dros. am pirobebSi miRebuli ufro 
farTo lentebis kideebi xSirad dakbilulia, 
araerTgvarovania sisqis mixedviT da gaaCniaT naxvretebi. 

rogorc praqtika aCvenebs, miRebuli firebis 
xarisxze did gavlenas axdens mbrunavi diskis zedapiris 
xarisxi. airis molekulebis moZraobis siCqare mbrunavi 
diskis zedapirTan xaxunis Zalebis gavleniT SeiZleba 
iseTive iyos, rogoric diskis zedapiris brunvis siCqare. 
amitom airis (an siTxis) dinebis iseTi maxasiaTebeli 
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rogoricaa reinoldsis ricxvi 𝑅𝑅𝑅𝑅, did gavlenas axdens 
miRebuli lentis xarisxze. swori da gluvi zedapiri 
miiReba maSin, rodesac sasazRvro airadi fenisaTvis 
reinoldsis ricxvi naklebia raRac  kritikul sidideze 
𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒 < 2000. rodesac 𝑅𝑅𝑅𝑅𝑒𝑒𝑒𝑒 > 2000, maSin Cndeba 
turbulentoba da kinetikuri energiis gabneva iwvevs 
lentis kideebis dakbilvas da lentis sisqis 
araerTgvarovnebas. turbulentobis Tavidan acileba 
SeiZleba lentis miRebis procesis CatarebiT 10−2 pa-ze 
maRali vakuumis pirobebSi. SesaZloa aseT pirobebSi 
swrafi gacivebis piroba ramdenadme uaresdeba, magram 
sxva mxriv procesi ukeTesia. saqSeniani tigeli, saidanac 
nadnobi gamoedineba, aRwerili procesis Casatarebeli 
mowyobilobis mniSvnelovani detalia. Cveulebriv maT 
amzadeben kvarcisagan an aluminis Jangisagan. saqSenis 
diametri icvleba 0.4-dan 2 mm-mde. saqSenis bolo axlos 
unda iyos mbrunavi diskis zedapirTan. SemCneulia, rom 
rac ufro naklebia es manZili, miT naklebia gamomavali 
Wavlis turbulentoba. 

calke unda iTqvas diskis zedapiris damuSavebis  
Sesaxeb. spilenZis diskis zedapirs gaaCnia dabali 
simtkice da yoveli gamoyenebis win saWiroebs  gawmendasa  
da polirebas. simtkicis gazrdis mizniT awarmoeben 
zedapiris qromirebas. cdebma aCvena, rom diskis 
optimaluri diametria 200 nm an meti. am dros miiRweva 
didi wrfivi siCqare brunTa dabali ricxvis pirobebSi 
da amiT diskis arasasurveli vibraciis dabali done 
muSaobis dros. 

mokled SevexoT amorfuli liTonuri fenebis 
miRebis ramdenime meTods. 

gadaciveba fuZeSreze ionur-plazmuri da Termuli 
aorTqlebisas. es saSualebas iZleva miRebul iqnas 
rTuli Semadgelobis 1 sm-mde sisqis amorfuli 
struqturebi, dabali – Txevadi azotis temperaturamde 
gacivebul fuZeSreebze. aseve unda aRiniSnos, rom ionur-
plazmuri dafenis meTodiT SesaZlebelia masiur 
amorful mdgomareobaSi iseTi masalebis miReba, 
romelebic ver miiReba Txevadi fazidan wrTobis gziT. 

amorfizirebuli liTonuri fenebis miReba lazeruli 
damuSavebiT. am meTodiT amorfuli struqturis 
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misaRebad winaswar dafenil masalas asxiveben energiis 
maRali simkvrivis mqone lazeris sxiviT. lazeris sxivis 
ZiriTadi nawili (~103 −  1010 vt/sm2, masalisagan 
damokidebulebiT) ixarjeba masalis zedapiruli fenis 
swraf gadnobaSi. procesis siswrafis gamo masalis 
ZiriTadi masa ar xurdeba. nadnobis Txeli fenis 
sazRvarze civi zedapiris SenarCuneba saSualebas iZleva 
miRweul  iqnas  gadacivebis  maRali siCqare – 

105 – 108 K/wm.  masalis “swrafi” gadnobisas warmoiqmneba 
Zalian homogenuri siTxe, romelic gamyarebis Semdeg 
gardaiqmneba araCveulebrivi fizikuri Tvisebebis mqone 
“minad”. liTonebis zedapirze aseTi struqturis miRebis 
process “lazeruli damineba” ewodeba. 

gafrqveva eleqtruli veliT. Tu Txevadi Senadnis 
zedapirsa da raime zedapirs Soris SevqmniT sakmaod 
didi daZabulobis eleqtrul vels, maSin Senadnis 
zedapirze warmoiqmneba wawvetebuli gamonaSveri, 
romelic gamoasxivebs rogorc Senadnis atomis ionebs,  
aseve – 0.1 – 20 mkm zomis wveTebs, romlebic swrafad 
civdebian da qmnian amorful struqturebs. am meTodis 
gamoyeneba SeiZleba amorfuli danafarebisa da 
fxvnilebis misaRebadac. 

ionuri implantacia. am meTodis realizaciisas 
amorfuli fena miiReba maRali energiis ionebis 
CanergviT liTonis Senadnis zedapirul fenaSi. es 
meTodi gansakuTrebiT efeqturia koroziamedegi da 
ganmtkicebuli zedapirebis misaRebad. samwuxarod, 
amorfizirebuli fenis sisqe araa didi da Seadgens sul 
raRac 1 – 2 mkm. 

amorfizacia eleqtrorkaluri meTodiT.

cnobilia, rom amorfuli mdgomareoba 
metastabiluria, amitom amorfizaciis procesis Semdeg 
xSirad awarmoeben gamowvas, romlis Sedegadac masala 
nawilobriv mainc gadadis stabilur mdgomareobaSi. 
miuxedavad amisa metastabiluroba rCeba 0.4 – 0.65 𝑇𝑇დნ 

 am meTodis 
arsi mdgomareobs imaSi, rom naperwklur arxSi 
koncentrirebuli energiis nakadi (drois mcire 
SualedSi, ~10−3 wm) iwvevs masalis zedapiruli fenis  
gadnobas 3 – 5 mkm siRrmeze. 
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temperaturamde gaxurebisas da masala gadadis 
kristalur mdgomareobaSi. amasTan dakavSirebiT 
amorful mdgomareobasTan erTad did interess iwvevs 
amorfizirebadi Senadnebis nanokristaluri 
mdgomareobac. 
 

6.3. intensiuri plastikuri deformaciis gamoyeneba 
 

es meTodebi gulisxmobs nanostruqturuli masalebis 
miRebas maRali xarisxis plastikuri deformaciis 
gamoyenebiT, modebuli wnevis maRali mniSvnelobisa da 
SedarebiT dabali temperaturis pirobebSi. am pirobebSi 
deformacia iwvevs liTonisa da maTi Senadnebis 
mikrostruqturis daqucmacebas nanozomiT diapazonamde. 
meTodebi saSualebas iZlevian miRebul iqnas 
araforovani moculobiTi liTonuri nanomasalebi.  
amasTan unda aRiniSnos, rom miRebuli nanomasalebis 
marcvlis zomebi, rogorc wesi, arcTu mcirea – aRemateba 
100 nm-s. intensiuri plastikuri deformaciiT miRebuli 
struqturebi gamoirCevian Zlieri arawonasworobiT, risi 
mizezicaa Tavisufali dislokaciebis mcire simkvrive da 
marcvlis sazRvrebis upiratesad didi kuTxeebi. yovelive 
es moiTxovs damatebiT Termul damuSavebas an damatebiT 
plastikur deformacias gazrdil temperaturebze. 
amJamad praqtikaSi yvelaze xSirad gamoiyeneba Semdegi 
meTodebi: grexa maRal wnevebze da Tanabararxiani 
kuTxuri dawnexa. 

grexva maRal wnevebze.

masalis struqtura ganicdis rRvevas ukve naxevari 
bruniT deformaciisas. masalis sasurvel doneze 
daqucmacebas adgili aqvs ukve nimuSis ramdenime brunis 
Semdeg. marcvlis saSualo zoma Sedgens 100 – 200 nm-s da 
damokidebulia deformaciis pirobebze – wneva, 

 am meTodis ganxorcielebas 
safuZvlad udevs brijmenis grdemlis principi – nimuSi 
Tavsdeba or Reros Soris da ikumSeba ramdenime 
megapaskal wnevamde (nax. 6.5a), am dros qveda Rero  
brunavs, da zedapiruli xaxunis Zalebi iwveven grexvas. 
nimuSs gaaCnia diskos forma 10 – 20 mm-is toli 
diametriT da 0.2 – 0.5 mm sisqiT, rac uzrunvelyofs 
masalis mTeli moculobs hidrostatikur kumSvas. 
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temperatura, deformaciis  xarisxi da  masalis gvaroba. 
Tanabararxiani kuTxuri dawnexa (nax. 6.5b) uzrunvelyofs 
ufro didi zomis detalebis miRebas diametriT 60 mm da 
sigrZiT 200 mm. es meTodic dafuZnebulia wanacvlebis 
deformaciaze. winaswar xdeba namzadis mravaljer 
dawnexa specialur mowyobilobaSi, romelsac gaaCnia 
erTnairi ganivkveTis mqone profiliani arxebi. procesis 
Catarebisas temperatura oTaxis temperaturis tolia an 
cotaTi aRemateba mas. 
 
 

 
 

nax. 6.5. intensiuri plastikuri deformaciis 
meTodebis sqema: a – grexva maRali wnevis pirobebSi; 

b – Tanabar arxiani kuTxuri dawnexvis meTodi 
 
 

amJamad mimdinareobs intensiuri plastikuri 
deformaciis sxva saxeebis damuSaveba, magaliTad, 
yovelmxrivi Wedva da specialuri glinva. 
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6.4. zedapiris modifikaciis Txelfirovani teqnologiebi 
 

masalebis zedapiris damuSaveba amJamad warmoadgens 
masalaTmcodneobis erT-erT yvelaze ganviTarebad dargs. 
damuSavebulia mravali meTodi, romlebic SesaZlebelia 
ganvixiloT, rogorc nanoteqnologiis meTodebi, vinaidan 
SesaZloblobas iZlevian miRebul iqnas nanozomis da / an 
nanofenovani fenebi masalebis zedapirze, kompozociuri 
masalebi nanokomponentebiT, xolo zogierT SemTxvevaSi 
– nanomasalebi nano- da mikronamzadebis saxiT. 

mocemuli meTodebi SeiZleba pirobiTad davyoT or 
ZiriTad nawilad: teqnologiebi, romlebic dafuZnebulia 
fizikur procesebze, da teqnologiebi, romlebic 
eyrdnoba qimiur procesebs. am meTodebidan amJamad 
yvelaze perspeqtiulia danafarebis miRebis ionur-
vakuumuri teqnologiebi. am meTodiT miRebuli firebi 
xasiaTdebian maRali adgeziiT, xolo tqmperaturis 
zemoqmedeba masalaze minimaluria. marcvlebis zoma 
aRwevs 1 – 3 nm-s. 

gavixiloT ufro dawvrilebiT es meTodebi. 
 

6.4.1. gamoleqvis fizikuri meTodebi orTqlis fazidan 
 

meTodebis am jgufs xSirad aRniSnaven inglisuri 
abreviaturiT PVD (Physical Vapour Deposition). maT 
aerTianebT danafaris miRebis saerTo sqema da vakuumis 
gamoyeneba. jer danafaris Semqmneli masala 
kondensirebuli mdgomareobidan gadahyavT orTqlis 
fazaSi, Semdeg gadaaqvT fuZeSreze, romelzedac xdeba 
danafaris miReba da formireba. vakuumis gamoyeneba 
aadvilebs masalis gadayvanas orTqlis fazaSi. 

PVD meTodi SesaZlebelobas iZleva miRebul iqnas 
Zalian Tanabari sisqis 1 nm-ze naklebi da 200 mkm-mde 
sisqis firebi da danafarebi, romlebic xasiaTdebian 
Tvisebebis maRali aRwarmoebiT, praqtikulad usasrulo 
sigrZiT, SerCeul ubnebze seleqciuri dafenebis 
ganxorcielebiT, mravafeniani sxadasxva sisqis da 
sxvadasxva masalebisagan Sedgenili fenebis formirebis 
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SesaZleblobiT. didi mniSvneloba aqvs imasac, rom  
meTodi ekologiurad sufTaa. am meTodebis naklia 
aparaturis sirTule da teqnologiuri da 
makontrolebeli mowyobilobebis maRali Rirebuleba, 
momsaxure personalis Zalian maRali kvalifikaciis 
saWiroeba, SedarebiT dabali warmadoba, mocemuli 
Semadgenlobis mqone danafaris miRebis siZnele, dasafari 
zedapiris specialuri damuSavebis aucilebloba.  

Termuli aorTqleba.

(6.2) gantoleba samarTliania temperaturis viwro 
intervalSi, vinaidan ar iTvaliswinebs aorTqlebis 
siTbos damokidebulbas temperaturisagan. fizikur 

 am meTodis arsi, rogorc zemoT 
vnaxeT, mdgomareobs masalis aorTqlebasa da Semdeg mis 
kondensaciaSi. orTqls, romelic Termodinamikur 
wonasworobaSia siTxesTan an myar sxeulTan najeri 
orTqli ewodeba. aorTqleba ganpirobebulia imiT, rom 
molekulebis an atomebis kinetikuri energia siTxis an 
myari sxeulis zedapirul fenaSi imdenad aWarbebs maT 
saSualo energias moculobaSi, rom isini moswydebian 
zedapirs da vrceldebian Tavisufal sivrceSi. atomebis 
energia ganisazRvreba amaorTqleblis temperaturiT da 
Seadgens 0.1 – 0.3 ev. 

nawilakebis gadamtan mamoZravebel Zalas qmnis 
wnevaTa sxvaoba najeri orTqlis wnevasa da  wnevas 
Soris zedapirze. gaxurebis temperaturis gazrdiT 
aorTqleba intensiuri xdeba. najeri orTqlis wnevis 
damokidebuleba temperaturisagan erTkomponentian 
sistemaSi gamoisaxeba klapeiron–klauziusis kanoniT 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= ∆𝐻𝐻აორ
𝑇𝑇(𝑉𝑉ო–𝑉𝑉ს)

 , (6.1) 

sadac 𝑑𝑑𝑑𝑑 – warmoadgens najeri wnevis namats 
temperaturis mcire 𝑑𝑑𝑑𝑑 zrdisas; ∆𝐻𝐻აორ nivTierebis 

aorTqlebis siTboa; 𝑉𝑉ო, 𝑉𝑉ს – Sesabamisad orTqlisa da 
siTxis moluri moculobebia. 

Tu davuSvebT, rom 𝑉𝑉ო ≫ 𝑉𝑉ს da orTqli emorCileba 

idealuri airis kanonebs, anu 𝑉𝑉ო𝑃𝑃 = 𝑅𝑅𝑅𝑅, Sesabamisi 
gardaqmnebis Semdeg (6.1) gantoleba miiRebs Semdeg saxes: 

log𝑝𝑝 = − ∆𝐻𝐻აორ
𝑅𝑅𝑅𝑅

 + const, (6.2) 
sadac R airebis universaluri mudmivaa. 
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cnobarebSi moyvanilia gantolebebi, romlebic iZlevian 
wnevebis ufro zust gamosaxulebebs temperaturis ufro 
farTo SualedisaTvis. 

sxvadasxva liTonebs erTi da imave temperaturisas 
gaaCniaT najeri orTqlis sxvadasxva wneva, rac 
mniSvnelovnad zRudavs Termuli aorTqlebis meTodis 
gamoyenebas Senadnebis danafarebis misaRebad. 
damuSavebulia sxvadasva teqnologiuri xerxi, romelic 
saSualebas iZleva miRebul iqnas steqiometriuli 
Semadgenlobis danafari. magaliTad, nivTierebis 
dozirebuli aorTqleba, afeTqebiTi aorTqleba, 
aorTqleba ramdenime tigelidan da sxva. orTqlis 
drekadoba praqtikulad damokidebuli araa garemomcveli 
gazis wnevisagan. is ganasazRvravs difuzias 
amaorTqleblis zedapiris fenidan da, Sesabamisad, 
aorTqlebis siCqares. kameraSi mcire wnevisas (𝑃𝑃 ≤
10−2 pa), rodesac molekulis Tavisufali ganarbenis 
sigrZe aRemateba kameris maxasiaTebel zomebs, narCeni 
airis gavlena SeiZleba ugulebelvyoT, da, airebis 
kinetikuri Teoriis Tanaxmad, aorTqlebis siCqare masis 
mixedviT ganvsazRvroT lengmiuris gantolebiT: 

𝑤𝑤 = 7.78 𝑀𝑀𝑀𝑀
2𝑇𝑇

 , (6.3) 

sadac 𝑤𝑤 aorTqlebis siCqarea (g⋅sm-2⋅wm); 𝑀𝑀 – nivTierebis 
moluri masa (g/moli); 𝑇𝑇 – aorTqlebis temperatura; 𝑃𝑃 – 
najeri orTqlis wneva. 

kameraSi narCeni airebis wneva SesamCnev gavlenas 
axdens atomebisa da molekulebis nakadebis xasiaTze. 
airis milekulebTan Sejaxebisas icvleba maTi sawyisi 
energia da traeqtoria. airis molekuluri dinebisas, 
rodesac adgili ara aqvs maTi molekulebisa da atomebis 
Sejaxebas, arTqlebuli atomebisa da milekulebis 
ganawileba aiwereba lambert–knudsenis kanonebiT. 
pirveli kanonis Tanaxamad, orTqlis nakadis intensivoba 
𝜑𝜑 kuTxiT (sadac 𝜑𝜑 aris kuTxe aorTqlebis sibrtyis 
normalsa da atomebis an molekulebis nakads Soris), 
proporciulia am kuTxis kosinusis. upiratesi aorTqleba 
xdeba normalis mimarTulebiT anu im mimarTulebiT 
sadac cos𝜑𝜑 maqsimaluria. nakadis araTanabroba, Tavis 
mxriv,  iwvevs danafaris araTanabrobas, sisqis mixedviT. 
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gamoleqili masalis masa ukuproporciulia 
amaorTqleblidan fuZeSremde manZilis kvadratis. 
(knudsen–lambertis meore kanoni). praqtikaSi danafaris 
sisqis erTgvarovnebis gazrda miiRweva amaorTqleblidan 
fuZeSremde manZilis gazrdiT, fuZeSris farTis 
gadidebiT, agreTve kameris Siga specialuri 
mowyobilobiT, romelic fuZeSris gadaadgilebis da 
brunvis saSualebas iZleva. imis da mixedviT, Tu 
rogoria aorTqlebis temperature, iyeneben joulis 
gamaxurebels, maRali sixSiris eleqtromagnitur vels, 
eleqtronebiT bombardirebas, lazeris sxivs, eleqtrul 
ganmuxtvas. 

am meTodebis umravlesoba gankuTvnilia liTonuri 
masalebis asaorTqleblad. tigelisa da lazeris sxivis 
gamoyeneba saSualebas iZleva aorTqlebul iqnas mravali 
masala. joulis siTboTi aorTqleba gamoiyeneba maSin, 
rodesac aorTqlebis temperatura mainc da mainc maRali 
araa da didadaa damokidebuli tigelis siTbur da 
qimiur medegobaze. ase magaliTad, grafitis tigelebi 
saSualebas iZleva aorTqleba Catardes 1400 oC 
temperaturamde, 𝐴𝐴𝐴𝐴2𝑂𝑂3 – 1600 

oC-mde, 𝐵𝐵𝐵𝐵 + 𝑇𝑇𝑇𝑇𝐵𝐵2 – 1750 
oC-mde, 

𝑀𝑀𝑀𝑀 an 𝑇𝑇𝑇𝑇 damcavi feniT – 1850 oC-mde,  𝑇𝑇ℎ𝑂𝑂2
 an 𝑍𝑍𝑍𝑍𝑍𝑍2 – 

2100 oC-mde. tigelis masalis SerCevis mniSvnelovani 
kriteriumia tigelis masalasa da asaorTqlebel 
nivTierebas Soris qimiuri urTierTqmedebis ararseboba 
maRal temperaturebze. 

tigelidan aorTqlebis pirobebisa da sxva 
siZneleebis gadalaxvis erT-erTi saSualebaa 
eleqtronul-sxivuri aorTqleba. am SemTxvevaSi 
eleqtrogamtar asaorTqlebel masalas aTavseben 
tigelSi, romelic wyliT civdeba, xolo Semdeg axureben 
2 – 10 kv-is toli veliT aCqarebul da 0.1 a denis 
Sesabamisi eleqtronebis nakadiT. 

tigelidan aorTqlebis meTodis naklia erTi da imave 
temperaturaze sxvadasxva orTqlis drekadobis mqone 
mravalkomponentiani masalis qimiurad erTgvarovani 
danafaris miRebis siZnele. 

impulsuri an uwyveti gamosxivebis lazeris 
gamoyeneba saSualebas iZleva Tavidan iqnas acilebuli 
mravali qimiuri da temperaturuli SezRudva da ar 
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saWiroebs tigelis gamoyenebas. masalis praqtikulad 
myisi aorTqleba saSualebas iZleva SenarCunebul iqnas 
sawyisi mravalkomponentiani asaorTqlebeli masalis 
Semadgenloba ise, rom dafenili firisa da 
asorTqlebeli nivTierebis qimiuri Semadgenloba erTi 
da igive iqneba. ukanasknel xanebamde lazeruli 
aorTqlebis meTodis gamoyenebas xels uSlida mZlavri 
impulsuri da uwyveti gamosxivebis lazeris maRali 
Rirebuleba da aseve iustirebis optikuri sistemis 
eqsploataciis sirTule. 

vakuumis gamoyeneba zogierT SemTxvevaSi iwvevs 
intensiuri aorTqlebis temperaturis dawevas 
asaorTqlebeli masalis dnobis temperaturaze dabla. 
gaxurebis samuSao temperaturis Sesafaseblad 
Cveulebriv iyeneben iseT temperaturas, rodesac 
asaorTqlebeli masalis damyarebuli orTqlis wneva araa 
10−2 mm. vwy. sv.-ze dabali. mravali masalisaTvis 
aorTqlebis samuSao temperaturebi Seadgens 1100 −
2600  oC. dafenis siCqare tolia ramdenime angstremidan 
randenime mikrometramde wamSi. magaliTad, 
volframisaTvis ~ 5 mkm/wm, xolo aluminisaTvis – 

~ 40 mkm/wm. adgeziis gasaumjobeseblad an garkveuli 
struqturis misaRebad xSirad fuZeSres axureben. 
Senadnebis an qimiuri SenaerTebis danafarebis misaRebad, 
rogorc wesi, awarmoeben Semadgeneli komponentebis cal-
calke aorTqlebas calkeuli wyaroebidan. es 
gamowveulia im garemoebiT, rom rTuli Semadgenlobis 
masalis aorTqlebisas mis komponentebs SesaZlebelia 
hqondeT orTqlis sxvadasxva wneva. am SemTxvevaSi 
miRebuli danafaris da sawyisi masalis Semadgnloba 
sxvadasxva iqneba. garda amisa, SenaerTis aorTqlebas 
xSirad Tan sdevs disociaciis da / an asociaciis 
procesi, rac aseve xels uSlis mocemuli Semadgenlobis 
danafaris miRebas. SenaerTis uSualo aorTqlebas 
mimarTaven maSin, rodesac misi Semadgeneli komponentebis 
aorTqlebadoba erTnairia da masalis gadasvla orTqlis 
fazaSi ar iwvevs misi molekulebis daSlas. 

Termuli aorTqlebis dadebiTi mxarea aparaturis da 
procesis kontrolis simartive, uaryofiTi mxarea 
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dabali adgezia (rac gamowveulia SuZeSreze dafenadi 
atomebis an molekulebis dabali energiiT), aseve 
fuZeSris zedapiris sisufTavisadmi maRali 
mgrZnobiaroba. am naklis nawilobriv gamosworeba 
SeiZleba fuZeSris zedapiris specialuri damuSavebiT 
(ultrabgeriTi, qimiuri an eleqtroqimiuri gawmenda, 
mowamvla, ionuri mowamvla). 

Termuli aorTqlebis meTodi sakmaod xSirad 
gamoiyeneba kompiuteris xisti magnituri diskebis 
warmoebaSi. fuZeSred gamoiyeneba aluminis diski, romlis 
zedapiris mikroaraerTgvarovneba 20 nm-ze naklebia, da 
romelzedac qveSred datanilia nikel–fosforis 20 mkm 
sisqis amorfuli fena adgeziis gasaumjobeseblad da da 
danafarisa da fuZeSris Termuli gafarToebis 
koeficientebs Soris sxvaobis dasakompensireblad. jer 
daafenen saSualedo liTonur fenas, magaliTad 
500 _ 1000 nm sisqis 𝑁𝑁𝑁𝑁 − 𝐹𝐹𝐹𝐹-is liTonur fenas, Semdeg 
ZiriTad fenas magnituri masalisagan, magaliTad, 
100 _ 500 nm sisqis 𝐶𝐶𝐶𝐶-is an 𝐶𝐶𝐶𝐶 − 𝐶𝐶𝐶𝐶-is fena. mTeli am 
danafaris zemoT daaqvT cveTamedegi 30 – 50 nm sisqis 
naxSirbadis fena. 

Termul aorTqlebas iyeneben aseve CD diskebis 
dasamzadebladac. plastmasis diskze daaqvT 
~ 300 _ 500 nm sisqis aluminis fena. maRali sisufTavis 
misaRwevad vakuumi kameraSi Seadgens aranakleb 10−5 pa. 

am meTodiT Rebuloben fulerebis firebs 
“𝐶𝐶60+ 40 %  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶”, romlebic gamoiyenebian 
organzomilebiani fotonuri kristalebis Sesaqmnelad 
eleqtronul-optikur teqnikaSi. 

sul bolo xanebSi gamoCnda samecniero naSromebi, 
romlebSic aRwerilia Zalian mcire xangrZlivobis,      
femtowamamde, impulsis mqone lazerebis gamoyeneba. am 
meTods uwodeben PLD  meTodsac (Pulse Laser Deposition). ase 
magaliTad, am meTodiT iReben siliciumze 𝑌𝑌2𝑂𝑂3 − 𝑍𝑍𝑍𝑍𝑂𝑂2-is 
danafars eleqtronikisaTvis, fenovan kompozitebs 
siliciumis fuZeSreze,  romlebic Sedgebian 20 nm sisqis 
𝑆𝑆𝑆𝑆 − 𝐹𝐹𝐹𝐹-is fenisagan, 100 nm sisqis 𝑇𝑇𝑇𝑇-is qvefeniT, 𝑁𝑁𝑁𝑁-is 
magnituri firebis kristalitebis saSualo zomiT 40 nm. 
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kaToduri gafrqveva.

 
 

nax. 6.6. danafaris miRebis sqema kaToduri 
gafrqveviT: 1 – kamera, 2 – kaTodi, 3 – damiwebuli 
ekrani, 4 – safari, 5 – fuZeSre, 6 – damiwebuli 

anodi, 7 – winaRobiani gamaxurebeli 
 
veliT da bombaven kaTods, rac iwvevs mis gafrqvevas. 
gafrqveuli atomebi xvdebian fuZeSreze da efinebian 
masze Txeli firis saxiT. kaToduri garqveva ZiriTadad 
gamoiyeneba liTonuri fenebis misaRebad. 

 danadgaris principialuri sqema 
moyvanilia nax. 6.6-ze. 

meTodi xorcieldeba Semdegnairad. vakuumur kameras, 
romelSic ganTavsebulia anodi da kaTodi, amotumbaven 
10−4 pa-mde, SeuSveben inertul airs (Cveulebriv esaa 
argoni 1 – 10 pa wneviT). mRvivari ganmuxtvis asanTebad 
anodsa da kaTods Soris modeben 1 – 10 kv Zabvas. 
inertuli airis dadebiTi ionebi, romelTa wyaroa 
mRvivari   ganmuxtvis   plazma,  aCqardebian  eleqtruli 
 

magnetronuli gafrqveva.
mowyobilobis ZiriTadi elemetebia: brtyeli kaTodi, 

romelic damzadebulia gasafrqvevi masalisagan; anodi, 
romelic kaTodis perimetrzea ganTavsebuli; magnituri 
sistema (Cveulebriv mudmivi magniti) da wyliT gacivebis 
sistema. magnituri velis Zalwirebi, ikvrebian ra 

 sqema moyvanilia nax. 6.7-ze. 
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polusebze, gadaikveTebian eleqtruli velis 
ZalwirebTan. mowyobilobis muSaobis principi 
damyarebulia eleqtronebis damuxruWebaze 
gadajvaredinebul eleqtrul da magnitur velebSi. 
cnobilia, rom eleqtromagnitur velSi moZrav muxtze 
moqmedebs lorencis Zala, romlis mimarTulebac,  
Zalebis Sekrebis wesis Tanaxmad, damokidebulia misi 
mdgenelebis mimarTulebaze. amasTan lorencis Zalis 
mdgeneli, romelic magnituri velis gavleniTaa 
gamowveuli, ar asrulebs muSaobas, aramed iwvevs 
mxolod nawilakis traeqtoriis gamrudebas da mis 
moZraobas  wrewirze  sibrtyeSi, romelic marTobulia 𝐸𝐸 
 

 
 

nax. 6.7. brtyel kaTodiani ionuri gafrqvevis 
magnetronuli sistemis sqema: 1 – izolatori; 

2 – magnitogamtari, 3 – wyliT gacivebis sistema, 
4 – kaToduri kvanZis korpusi, 5 – mudmivi magniti, 

6 – vakuumuri kameris kedeli, 7 – magnituri 
velis Zalwirebi, 8 – wriuli wyliT gacivebadi 
anodi, 9 – gasafrqvevi kaTodis eroziis zona 

 
da 𝐵𝐵. maSasadame magnetronul sistemebSi eleqtruli da 
magnituri velebis erTdrouli moqmedebiT eleqtronis 
moZraobis traeqtoria icvleba. kaTodidan emitirebuli 
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da, aseve, ionizaciis Sedegad warmoqmnili eleqtronebi, 
Caketili magnituri velis gavleniT lokalizdebian 
uSualod asaorTqlebeli masalis zedapirze. isini 
TiTqos xvdebian xafangSi, romelic, erTis mxriv, 
Seqmnilia magnituri veliT, romelic aiZulebs 
eleqtronebs imoZraon cikloidur traeqtoriaze 
zedapiris siaxloves, xolo meores mxriv – eleqtronebis 
ganzidviT kaTodis velis mier anodisaken. yovelive amis 
gamo mkeTrad izrdeba eleqtronebis argonis 
molekulebTan Sejaxebis albaToba da raodenoba da, 
Sesabamisad, argonis atomebis ionizacia. eleqtruli da 
magnituri velebis araerTgvarovnebis gamo kaTodis 
mimdebare ubanTan ionizaciis intensivoba sxvadasxva 
ubanSi sxvadasxvaa. maqsimaluri mniSvneloba SeimCneva 
ubanSi, sadac magnituri velis induqciis wirebi 
marTobulia eleqtruli velis Zalwirebis, da 
minimaluria – sadac maTi mimarTulebebi erTmaneTs 
emTxveva. kaTodis siaxloves plazmis lokalizaciam 
SesaZlebeli gaxada ionuri denis maRali simkvrivis 
miRweva dabali samuSao wnevis pirobebSi, rac 
mniSvnelovnad zrdis gafrqvevis siCqares. 

magnetronuli mowyobilobebi miekuTvnebian ionuri 
gafrqvevis dabalvoltian sistemebs. mudmivi denis kvebis 
wyaros Zabva ar aRemateba 1000 – 1500 v. kaTodze 
uaryofiTi Zabvis modebisas eleqtrodebs Soris 
aRiZvreba argonis anomaluri mRvivari ganmuxtva. 
magnetrons SeuZlia imuSaos muSa airis 10−2 pa da ufro 
maRal wnevebze. airis wneva da magnituri velis induqcia 
did rols TamaSobs ganmuxtvis parametrebze. amasTan 
erTad TiToeuli magnetronuli sistemisaTvis arsebobs 
raRac wnevis intervali, Cveulebriv 10−1 pa-mde, 
romelSic wnevis cvlileba arsebiT gavlenas ar axens 
ganmuxtvis parametrebze. magnituri velis gavlena airadi 
garemos gavlenis analogiuria. amis gamo magnetronul 
sistemebSi dabali wnevebi uzrunvelyofen magnituri 
veils induqciis gazrdis SesaZleblobas, romlis 
sididec kaTodis zedapirTan Seadgens 0.03 – 0.1 tl. 
kuTri simZlavris gazrda xels uwyobs ganmuxtvis 
stabilizacias dabali wnevebis ubanSi. 

meTodis dadebiTi mxareebia: 
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1) gafrqvevis maRali siCqare dabali muSa Zabvebisa 
(600 – 800 v) da muSa airis mcire wnevebis pirobebSi 
(5 ∙ 10−1 − 10 pa); 

2) fuZeSris gadaxurebis ar arseboba; 
3) Tanabari sisqis fenebis miRebis SesaZlebloba 

SedarebiT did farTebze. 
nax. 6.8-ze magaliTisaTvis naCvenebia magnetronuli 

gafrqvevis meTodiT miRebuli 𝑍𝑍𝑍𝑍𝑍𝑍-is firis 
mikroreliefis fotografia. 
 

 
 

nax. 6.8. magnetronuli gafrqvevis meTodiT miRebuli 
𝑍𝑍𝑍𝑍𝑍𝑍-is firis mikroreliefis fotografia (× 50000) 

 
vakuumur-rkaluri gamoleqva. meTodi dafuZnebulia 

vakuumuri rkalis meSveobiT asaorTqlebeli masalis  
maRalionizirebuli liTonuri plazmis SeqmnaSi. 
procesis dawyebamde fuZeSres mosdeben maRal uaryofiT 
Zabvas, rac uzrunvelyofs mis efeqtur gawmendas misi 
zedapiris dasaleqi masaliT gafrqvevis Sedegad, aseve 
zedapiris aqtivacias da atomebis difuzias fuZeSreSi. 
yvelaferi es uzrunvelyofs magnetronul gafrqvevasTan 
SedarebiT masalis ukeTes adgezias fuZeSresTan. 
kameraSi inertuli airis SeSveba saSualebas iZleva 
gaizardos miRebuli danafaris fiziko-meqanikuri 
Tvisebebi. vakuumur-rkaluri dafenis arsebiT gansxvavebas 
magnetronul meTodTan SedarebiT warmoadgens plazmur 
nakadSi aorTqlebuli masalis wveTebis arseboba, rac 
gavlenas axdens danafaris struqturaze, Seyavs ra masSi 
damatebiTi damaxijebebi, sazRvrebi, forebi. wveTovani 
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Semadgenlis Sesamcireblad iyeneben sxvadasxva plazmur 
filtrebs. 

vakuumur-rkaluri teqnologiis ganviTarebis Semdegi 
nabijia danafaris miReba plazmuri ionuri implantacia-
dafenis procesSi. plazmuri ionuri implantaciis meTodi 
dafenisas realizdeba Semdegi tipiuri eleqtruli 
sqemiT: fuZeSreze modeben mudmiv eleqtrul potencials 
da erTdroulad erTpolarul uaryofiT impulsur 
potencials cvladi sixSiriT da amplitudiT (nax. 6.9). 
 
 
 

 
 
 

nax. 6.9. mudmivi uaryofiTi da 
impulsuri potencialis CarTvis sqema 

 
nax. 6.10-ze moyvanilia kombinirebuli potencialis 

droze damokidebulebis grafiki. amasTan dasamuSavebeli 
obieqtis potenciali warmoadgens mudmivi uaryofiTi 
potencialisa da uaryofiTi impulsuri potencialis 
superpozicias. 
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nax. 6.10. mudmivi da impulsuri potencialebis 
superpoziciis droze damokidebuleba 

 
am meTodis pirveli da jer-jerobiT MmTavari 

miRwevaa 𝑇𝑇𝑇𝑇𝑇𝑇-is danafaris miRebis temperaturis daweva  
100 −  150 oC-mde. amis wyalobiT SesaZlebeli gaxda 
titanis nitridis datana yvela saxis konstruqciul da 
instrumentul foladebze, yvela im saxis foladebis 
CaTvliT, romlebsac gaaCniaT moSvebis dabali 
temperatura. 

es meTodi (Plasma − Based Ion Implantation and Deposition  
an PBH&𝐷𝐷) uzrunvelyofs yvelaze maRal adgezias 
amJamad cnobil orTqlis fazidan fizikuri gamoleqvis 
meTodebs Soris (PVD). maRali adgezia miiRweva Txeli 
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gardamavali fenis formirebiT fuZeSresa da zedapirs 
Soris da ara – saSualedo fenis miRebiT, rogorc es 
adre iyo. 

es axali meTodi saSualebas iZleva efeqturad 
imarTos danafarebSi mkumSavi Zabvis mniSvneloba 
dabaltemperaturuli sinTezis pirobebSi. ionuri 
implantacia SedarebiT mcire energiebis (0.5 – 5 kev) 
drosac ki SeiZleba efeqturad iqnas gamoyenebuli Siga 
Zabvebis Sesamcireblad, romlebic damokidebulia 
impulsis amplitudis maT sixSireze namravlze. am 
namravlis gazrdiT SesaZlebelia 𝑇𝑇𝑇𝑇𝑇𝑇-is danafarebSi 
Siga Zabvebis Semcireba 1 gpa-mde. danafaris miRebisas 
75 v Zabvis toli uaryofiTi potencialis, 5 kv-is toli 
amplitudisa da 1 – 3 mkwm xangrZlivobis, 1 – 2 khc 
sixSiris impulsis modebisas miRebul iqna 𝑇𝑇𝑇𝑇𝑇𝑇-is 21 gpa 
simtkicis da 0.9 – 2.9 gpa Siga Zabvis mqone danafari. 

namzadis cveTamedegobis gasazrdelad mniSvnelovania  
danafaris sisalis gazrda. ionuri implantaciis 
procesSi mimdinare movlebis analizi gviCvenebs, rom 
srulebiT SesaZlebelia miRebul iqnas 𝑇𝑇𝑇𝑇𝑇𝑇-is zesali 
danafarebi dabal, 100 oC temperaturebze. 

ionuri bombardirebis procesSi danafarebis 
misaRebad (ionuri implantacia) vakuumur-rkaluri 
meTodis danadgaris safuZvelze Seqmnil iqna 
teqnologiuri kompleqsi, romelic sqematurad naCvenebia 
nax. 6.11-ze. vakuumur kameraSi molekuluri airis 
miwodebis win misi damatebiTi qimiuri aqtivobis gazrdis 
mizniT, mas atareben cilindruli formis kvarcis 
ganuxtviT kameraSi, romelSic generatoriT generirdeba 
perioduli naperwkluri ganmuxtvebi, romelic 
uzrunvelyofs dartymiTi talRis warmoqmnas, es 
ukanaskneli kumSavs da axurebs airs ganmuxtvis kameris 
RerZis gaswvriv, ris Sedegadac molekuluri airi 
disocirdeba. disociaciis Semdeg warmoqmnili atomuri 
airi, gamodis ra ganmuxtvis milidan, adiabaturad 
farTovdeba teqnologiur moculobaSi rekombinaciis 
gareSe. procesi ase tardeba: namzadi 8 Tavsdeba moZrav 
fuZeSreze, romelsac miewodeba maRali sixSiris Zabva    
generatoridan 7, 5 da 6 mowyobilobebis gavliT (nax. 6.11). 
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nax. 6.11. vakuumur-rkaluri ganmuxtvis bazaze 

Seqmnili sinTezis teqnologiuri sistemis sqema: 
1 – vakuumuri kamera, 2 – asaorTqlebeli masala, 
3 – plazmis nakadi, 4 – rkaluri amaorTqleblis 

kvebis wyaro, 5 – koaqsialuri kabeli, 
6 – cvladi tevadobis kondensatori, 

7 – maRali sixSiris generator, 8 – namzadi 
 

mravalfeniani nanostruqturirebuli danafarebis 
misaRebad damuSavebul iqna impulsuri Zabvis generatori, 
romelic saSualebas iZleva daregulirdes impulsis 
amplituda, misi xangrZlivoba da sixSire. ase 
damuSavebul iqna procesis marTvis eleqtronuli 
sistema, romelic uzrunvelyofs mravalfeniani 
struqturebis dafenas fenebis regulirebadi periodebiT. 
danadgaris sqema naCvenebia nax. 6.12-ze. 
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nax. 6.12. mravalfeniani orfaza 𝑇𝑇𝑇𝑇 − 𝐶𝐶𝐶𝐶𝐶𝐶 nanostruqturebis 

dasafeni danadgaris sqema: 1 – vakuumuri kamera, 2 – 
azotis wnevis maregulirebeli sistema, 3 – qromis 
amaorTqlebeli, 4 – titanis amaorTqlebeli, 5 – 

fuZeSris samagri, 6 – fuZeSre, 7 – mudmivi Zabvis wyaro, 
8 – impulsebis generatori, 9 – programuli mowyobiloba 
 
 

ionur-sxivuri mowyobiloba. es meTodi warmoadgens 
kaToduri da magnetronuli gafrqvevis meTodebis 
mniSvnelovnad gaumjobesebul variants. ZiriTadi 
gansxvaveba imaSia, rom inertuli airebis ionebi 
asaorTqlebel masalas (samizne) miewodeba calke 
ganTavsebuli 1 – 10 kev energiis nakadis mqone 
damoukidebeli ionuri wyarodan (nax. 6.13). 
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nax. 6.13. ionur-sxivuri gafrqvevis sqema: 1 – vakuumuri 
kamera, 2 – fuZeSris samagri, 3 – fuZeSre, 4 – ionebis 

nakadi, 5 – asaorTqlebeli masala, 6 – samiznis 
samagri, 7 – ionuri sxivebis wyaro, 8 – mRvivari 
ganmuxtvis plazmis makoncentrirebeli magnituri 
sistema, 9 – ionuri sxivis fokusirebis sistema, 
10 – plazmis koncentraciis zona, 11 – fuZeSreze 

kondensirebadi nawilakebis nakadi 
 

procesi mimdinareobs 10−3 −  10−2 pa vakuumSi. 
vinaidan ionuri nakadis warmoqmna ar aris damokidebuli 
asaorTqlebel masalasaTan, SesaZlebelia, rogorc 
liTonuri, ise dieleqtrikuli masalebis gafrqveva        
(fuZeSris zedapirze dadebiTi muxtis dagrovebis 
makompensirebeli mowyobilobis gamoyenebis SemTxvevaSi). 
amasTan SeiZleba ionebis mier aorTqlebuli masalac 
iqnas ionizirebuli da aCqardes fuZeSreze damatebiTi 
wanacvlebis Zabvis modebiT. ionebis wyaros SigniT 
ganmuxtvis plazmis koncentrireba saSualebas iZleva 
Tavidan iqnas acilebuli fuZeSris masalis Zlier 
gaxureba. ionur-plazmuri aorTqlebis didi naklia 
asaorTqlebeli masalis qimiuri Semadgenlobis 
SenarCunebis siZnele. es gamowveulia imiT, rom ionebis 
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Sejaxebisas asaorTqlebeli masalis zedapirTan masSi 
mimdinareobs Zalian rTuli procesebis mTeli kompleqsi 
(maT Soris upiratesi gafrqveva, Sereva, radiaciulad 
stimulirebadi difuzia da segregacia, gibsis 
adsorbcia), romlebmac SeiZleba Secvalon samiznis 
zedapiris qimiuri Semadgenloba Dda TviT samiznis 
Semadgenlobac. ionur-sxivurma aorTqlebam didi 
gamoyeneba hpova mravalfeniani 1 – 10 nm sisqis fenebis 
miRebaSi nanoeleqtronikis miznebisaTvis. 

ionuri implantacia.

xvdebian ra samiznes, ionebi inergebian maTSi 
5 _ 500 nm siRrmeze, maTi energiisagan damokidebulebiT. 
pirobiTad gamoyofen dabalenergiul ionur implantacias 
ionebis energiiT 2 – 10 kev da maRalenergiuls – ionebis 
energiiT 10 – 400 kev. samiznis zedapirze ionuri sxivis 
diametri Seadgens 10 da 200 nm-s, xolo ionuri deni 
tolia 1 – 20 ma. ionuri dasxivebis doza Seadgens 
1014 − 1018 sm–1. dambombavi ionebis samizneze moxvedrisas 
adgili aqvs iseT procesebs, rogoricaa sakuTriv 
implantacia, samiznis gafrqveva, dajaxebaTa kaskadis 
ganviTareba, samiznis zedapirze myofi atomebis 

 meTodis arsi mdgomareobs 
masalis zedapirSi maRali energiis ionebis CanergvaSi. 
procesi tardeba 10−4 −  10−3 pa vakuumis pirobebSi 
ionebis nakadebis amaCqarebel mowyobilobaSi (nax. 6.14). es 
mowyobilobebi moicaven ionebis erT an ramdenime wyaros, 
romlebSic adgili aqvs masalis gadasvlas ionizirebul 
mdgomareobaSi. implantirebadi ionebi SeiZleba Seiqmnas 
sxvadasxva meTodiT: mRvivar ganmuxtvasTan SeTavsebuli 
Termuli aorTqlebiT, eleqtrorkaluri meTodiT da a.S. 
warmoqmnili ionebi xvdebian analizisa da separaciis 
sistemaSi, sadac ZiriTadi nakadidan xdeba arasasurveli 
minarevebis gamocalkaveba. separaciis Semdeg 
mafokusirebeli linzebiT xdeba ionebis nakadis 
koncentracia sxivSi, romelic xvdeba amaCqarebelSi, aq 
xdeba maTi aCqareba eleqtrul velSi maRal energiebamde. 
ionuri sxivis Semdgomi stabilizaciisa da 
skanirebisaTvis gamoiyeneba eleqtruli linzebi da 
gadamxreli firfitebi. ionuri implantaciis ZiriTadi 
parametrebia aCqarebuli ionebis energia 𝐸𝐸0 da dasxivebis 
doza 𝐷𝐷. 
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kaskaduri Sereva, radiaciulad stimulirebadi difuzia, 
metastabiluri fazebis warmoqmna, radiaciulad 
stimulirebuli segregacia (zedapirul fenaSi atomebis 
gadanawileba), gibsis adsorbcia (zedapiris 
Semadgenlobis cvlileba Tavisufali energiis 
Semcirebis xarjze), gaxureba da sxva. am procesebis 
xasiaTi da Tanafardoba damokidebulia implantirebadi 
ionebis xasiaTze, samiznis gvarobaze da damuSavebis 
teqnologiur reJimebze. 
 

 
 

nax. 6.14. ionuri implantaciis danadgari: 1 – ionebis 
wyaro, 2 – ionebis wyaros kvebis bloki, 3 – wyaros 

moculobaSi airis miwodebis mowyobiloba, 4 – vakuumuri 
sistema, 5 – ionuri konis magnituri analizator- 

separatori, 6 – ionuri konis maformirebeli aperture, 
7 – amaCqarebeli seqciebi da maRali Zabvis wyaroebis 

bloki, 8 – eleqtromagnituri linzebi, 9 – konis 
filtraciisa da gadaxris mowyobiloba, 10 – atomebisa 

da minareuli ionebis mSTanTqmeli kamera, 11 – skanirebis 
mowyobiloba (firfitebi, romlebic uzrunvelyofen 
konis gadaxras 𝑥𝑥  da 𝑦𝑦 koordinatebiT), 12 – konis 

parametrebis gamzomi faradeis cilindri, 13 – 
samizneebis mimRebi kamera, 14 – samiznis samagri- 

gamaxurebeli, 15 – samizneebis temperaturis gamzomi da 
makontrolebeli mowyobiloba, 16 – Sluzuri vakuumuri 

mowyobiloba gadatvirTvis kaseturi meqanizmiT 
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17 – ionuri konis parametrebis kontrolis mowyobiloba. 
ionuri implantaciis dadebiTi mxareebia: zedapirul 

nanofenaSi komponentebis praqtikulad nebismieri 
Tanafardobis miRweva; iseTi Senadnebis miRebis 
SesaZlebloba, romelTa miRebac Termodinamikuri 
SezRudvebis gamo SeuZlebelia sxva meTodebiT; 
salegirebeli masalis dabali temperatura da zomebis, 
struqturis da Tvisebebis ramdenadme SesamCnevi 
cvlilebebis ar arseboba; gayofis sazRvris da adgeziis 
problemis ar arseboba; legirebis siRrmis maRali 
sizustiT kontroli; procesis kargi aRwarmoebadoba da 
stabiluroba; procesis maRali sisufTave; ionuri sxivis 
maRali sizustiT skanirebis gamo masalis zedapirze 
praqtikulad nebismieri sirTulis nanostruqturebis  
Seqmnis SesaZlebloba; sxvadasxva masalebiT erTdrouli 
an mimdevrobiT legirebis SesaZlebloba. 

meTodis naklovanebebia: masalis zedapiris 
damuSaveba mxolod im ubanze, sadac uSualod ionuri 
sxivi ecema, legirebis dabali siRrme, aparaturis siZvire 
da sirTule, mTeli procesis Seswavlis dabali done da 
kontrolirebis sirTule. 

lazeruli meTodebi.

lazeruli legireba an lazeruli implantacia 
dakavSirebulia gamdnar zedapirul fenaSi damatebiTi 
malegirebeli masalis SeyvanasTan. aseTi Seyvana 
SesaZlebelia malegirebeli masalis salegirebel 

 am meTodebiT nanostruqturebi  
miiReba tradiciuli meTodebiT miRebuli liTonuri 
masalebis an namzadebis zedapiruli fenebis damuSavebiT 
maRali simkvrivis lazeris sxiviT. gamoiyeneba lazeris 
sxivi energiis simkvriviT 103 − 1010 vt/sm2 da impulsis 
xangrZlivobiT 10−3 − 10−9 wm. lazeruli sxivis 
moqmedebiT masalis 0.1 – 100 mkm sisqis zedapiruli fena 
swrafad dneba da Semdeg myardeba 4 − 103 K/wm siCqariT. 

amasTan liTonuri masalis ZiriTadi masa swrafi 
gaxurebis gamo ar gadaxurdeba da uzrunelyofs siTbos 
swraf arinebas. gacivebis maRali siCqare uzrunvelyofs 
nanokristaluri da xSirad amorfuli struqturis 
Seqmnas. am ukanasknel SemTxvevaSi nanostruqturuli 
mdgomareoba miiRweva damatebiTi kontrolirebadi  
kristalizaciiT an Termuli damuSavebiT. 
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masalaze Txeli fenis winaswar dafeniT an lazeruli 
sxivis zemoqmedebis zonaSi airis nakadSi fxvnilis 
nawilakebis (maT Soris nanonawilakebis) inJeqciiT. am 
dros legireba gulisxmobs ori ZiriTadi miznis 
miRwevas: a – masalis zedapirze iseTi fenis Seqmna, 
romlis qimiuri Semadgenloba da, Sesabamisad, Tvisebebi 
gansxvavdeba ZiriTadi masalis Tvisebebisagan; b – 
gamdnari zedapiruli fenis gamyarebisas 
nanostruqturuli an amorfuli mdgomareobis miRwevis 
siadvile. 

molekulur-sxivuri epitaqsia (mse)

firebisa da mravalkomponentiani struqturebis 
miRebis sxva meTodebisagan mse gansxvavdeba dafenis 

. es meTodi Tavisi 
arsiT warmoadgens Txeli firebis vakuumuri dafenis 
teqnologiis srulyofamde damuSavebis Sedegs. vakuumuri 
dafenis meTodisagan mas ganasxvavebs procesis 
kontrolis ufro maRali done. mse meTodis dros Txeli 
monokristaluri fenebi formirdeba fuZeSreze 
molekulebs an atomebs Soris urTierTqmedebis Sedegad. 
fuZeSris maRali temperaturis gamo mis zedapirze 
atomebi an molekulebi aqtiurad migrireben da ikaveben 
mkacrad gansazRvrul mdgomareobebs. swored amiT 
ganisazRvreba monokristalur fuZeSreze formirebadi 
masalis orientirebuli kristalebis zrda. 

epitaqsiis procesis warmateba damokidebulia firisa 
da fuZeSris mesris parametrebs Soris Sesabamisobaze, 
fuZeSris temperaturisa da masze dacemuli nakadebis 
intensivobis swori Tanafardobaze. 

roca monokristaluri fena izrdeba iseT fuZeSreze, 
romlis qimiuri Semadgenloba gansxvavdeba misi 
Semadgenlobisagan da adgili ara aqvs maT Soris qimiur 
urTierTqmedebas, aseT process heteroepitaqsia ewodeba. 
roca firis da fuZeSris qimiuri Semadgenloba 
erTmaneTisagan ar gansxvavdeba an gansxvadeba 
umniSvnelod, aseT process homoepitaqsia an 
avtoepitaqsia ewodeba. firis orientirebul wazrdas, 
rodesac is reaqciaSi Sedis fuZeSresTan, hemoepitaqsia 
ewodeba. firsa da fuZeSres Soris sazRvars igive 
struqtura aqvs, rac fuZeSres, magram is SemadgenlobiT 
gansxvavdeba, rogorc firisagan, aseve fuZeSrisagan. 
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dabali siCqariT da FfuZeSris dabali temperaturiT. 
meTodis dadebiTi mxarea fuZeSreze molekuluri nakadis 
myisi Sewyvetis da gagrZelebis SesaZlebloba, rac 
Zalian mniSvnelovania mravalkomponentebiani, fenebs 
Soris  mkveTri sazRvris mqone, struqturebis 
Sesaqmnelad. srulyofili epitaqsiuri struqturebis 
miRebas xels uwyobs mzardi fenebis formirebis 
procesSi struqturis, Semadgenlobis da morfologiis 
analizis SesaZlebloba  areklili swrafi eleqtronebis 
difraqciis meTodiT da eleqtronuli oJe-
speqtroskopiiT. 

mse danadgaris kameris gamartivebuli sqema 
moyvanilia nax. 6.15-ze. masalis aorTqleba xdeba 
efuziuri ujredidan (efuzia – orTqlis neli gamosvla 
mcire diametris naxvretidan). efuziuri ujredi 
warmoadgens cilindrul rezervuars, romelic 
damzadebulia pirolizuri nitridisa da zemaRali 
sisufTavis grafitisagan. tigelis zemoT ganTavsebulia 
tantalis mavTulis gamaxurebeli spirali da siTburi 
ekrani, romelic, rogorc wesi, mzaddeba tantalis 
kilitisagan. efuziuri ujredebi muSaoben 1400 oC 
temperaturamde da mcire droiT uZleben 1600 oC 
temperaturas. fuZeSre, romelzedac xdeba firis miReba, 
magrdeba gamaxurebeli mowyobilobis mqone 
manipulatorze. magnituri Txeli fenebisa da 
mravalfeniani struqturebis misaRebad saWiro 
Zneldnobadi masalebis aorTqleba xdeba eleqtronuli 
bombardirebiT. 

asaoTqlebeli masalis temperatura kontroldeba 
tigelTan mimagrebuli volfram–reniumis TermowyviliT. 
amaorTqlebeli magrdeba firfitaze, romelzedac 
damontaJebulia eleqtruli mimyvanebi  amaorTqleblis 
kvebisa da TermowyvilisaTvis. rogorc wesi, zrdis erT 
kameraSi ganTavsebulia ramdenime amaorTqlebeli, 
romelTagan TiToeulSi moTavsebulia firis Semadgeneli 
komponentebi da aseve malegirebeli masala. 
    Tanamedrove mse mowyobilobebis zrdis kamerebi 
dakompleqtebulia kvadrupoluri mas-speqtrometriT, 
kameris narCeni atmosferosa da mzardi firis 
Semadgenlobis  elementuri  kontrolis  mizniT   zrdis 
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nax. 6.15. molekulur-sxivuri epitaqsiis danadgaris 
sqema: 1 – nimuSis samagri gamaxurebliT, 2 – nimuSi, 

3 – mas-speqtroskopi, 4 – efuziuri ujredebi, 
5 – safarebi, 6 – manipulatori, 7 – eleqtronuli 

qvemexi, 8 – luminescenturi ekrani 
 
mTeli procesis ganmavlobaSi. formirebadi 
epitaqsialuri firebis struqturisa da morfologiis 
kontrolis mizniT kameraSi aseve ganTavsebulia  
areklili swrafi eleqtronebis difraqtometri, romelic 
Sedgeba eleqtronuli qvemexisagan. is iZleva kargad 
fokusirebul 10 – 40 kev energiis eleqtronul konas. 
eleqtronuli sxivi fuZeSres ecema misi sibrtyisadmi 
Zalian mcire kuTxiT da gabneuli eleqtronuli talRebi 
iZlevian difraqciul suraTs luminescentur ekranze. 
 

6.4.2. orTqlis fazidan qimiuri daleqvis meTodi (oqd) 
 

orTqlis fazidan qimiuri daleqvis (oqd) meTods 
(CVD −   Chemical Vapour  Deposition) safuZvlad udevs  
gaxurebuli detalis zedapirze airad mdgomareobaSi 
myofi liTonis SenaerTebis gamoleqva. es procesi, 
rogorc wesi, mimdinareobs specialur kameraSi dabal 
wnevebze aRdgenis qimiuri reaqciis gamoyenebiT. calkeul 
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SemTxvevebSi gamoiyeneba ZiriTadi airadi reagentis 
urTierTqmedeba damatebiTTan. aseT SenaerTebad xSirad 
iyeneben karbonilebs, halogenebs, metaloorganul 
SenaerTebs, magaliTad, halogenidebis aRdgena wyalbadiT 
liTonamde wyalbadis halogenTan SenaerTebis miRebiT. 
karbonilebs piroloziT Slian liTonad da naxSirbadis 
Jangad. qimiuri reaqciis optimaluri temperaturaa 
500 − 1500 oC. amitom dasamuSavebel detals axureben am 
temperaturebamde, rac uzrunvelyofs qimiuri reaqciis 
lokalizacias zedapirTan, aseve procesis optimalur 
mimdinareobas, danafaris maRal Tvisebebs da karg 
adgezias. danafaris miReba xdeba gamoleqili masalis 
TandaTanobiTi zeddebiT. maRali temperaturebi xels 
uwyobs myarfazovani da airfazuri difuziis process 
danafarsa da fuZeSres Soris. meTodi uzrunvelyofs 
1 _ 20 mkm sisqis danafarebis miRebas 0.01 – 0.1 mkm/wT 
siCqariT. es meTodi SeiZleba gamoyenebul iqnas milebisa 
da naxvretebis Siga zedapirebis dasafaravad. garda 
liTonuri fenebisa, SeiZleba miRebul iqnas boris,  
boridebis, naxSirbadis, karbidebis, nitridebis, 
Jangeulebis, siliciumis da silicidebis firebi. oqg 
ZiriTadi naklia detalebis maRal temperaturamde 
gaxurebis aucilebloba. erTis mxriv, es uaryofiT 
gavlenas axdens fuZeSris struqturasa da meqanikur 
Tvisebebze, meores mxriv – iwvevs problemebs TviT 
danafaris nanostruqturuli mdgomareobis formirebaSi. 
 

6.5. fulerenebis, nanomilebis, 
grafenebis miRebis meTodebi 

 
naxSirbadis nanoklasterebi – fulerenebi an 

naxSirbadis nanomilebi miiReba rkalur ganmuxtvaSi, 
lazeruli aorTqlebis an katalizuri meTodebiT 
gardamavali liTonebis klasterebis gamoyenebiT. 
fulerenebis miRebis klasikuri meTodi mdgomareobs 
vakuumSi naxSirbadis aorTqlebaSi gadaxurebuli 
(104 K-mde) naxSirbadis orTqlis miRebamde. Semdeg 
gadaxurebul orTqls intensiurad aciveben inertuli 
airis (magaliTad, heliumis) gamoyenebiT. Aamis Sedegad 
xdeba fxvnilis gamoleqva, romelic Seicavs klasterebis 
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(molekulebis)  or jgufs – mcire zomis, naxSirbadis 
atomebis kenti raodenobiT (𝐶𝐶25), da didi zomis, 
naxSirbadis atomebis luwi raodenobiT (𝐶𝐶60  da 𝐶𝐶70). 
Semdeg, magaliTid, fxvniluri teqnologiiT xdeba maTi 
dayofa. amas xels uwyobs is, rom pirveli jgufis 
klasterebi ar arian stabiluri warmonaqmnebi. 
parametrebis SerCeviT SesaZlebelia didi raodenobis 
(𝐶𝐶110 ) atomebis Semcveli molekulebis miReba. 

Termuli aorTqleba. am dros xdeba  grafitis Reros 
gaxureba joulis siTboTi heliumis atmosferoSi 𝑃𝑃 =
100 tor wnevaze. naxSirbadis kondensati grovdeba minis 
diskze, saidanac is aifxikeba da esxmeba benzoli. 
suspenziis gamoSrobis Semdeg  miiReba muqi-yavisferi (an 
TiTqmis Savi) masala. benzolis nacvlad SeiZleba 
gamoyenebuli iyos 𝐶𝐶𝐶𝐶2, 𝐶𝐶𝐶𝐶𝐶𝐶4. suspenziis gamoyeneba 
mniSvnelovnad zrdis 𝐶𝐶60-is gamosavlianobas. 𝐶𝐶60-is 
warmadoba Seadgens 1 g-s dRe-RameSi. rogorc Cans, 
benzoli xsnis fulerenebs mTeli moculobidan, xolo 
gamoSrobis Semdeg  fulerenebi aRmoCndebian widis 
nawilakebis zedapirze, rac zrdis gamosavlianobas 
dasxivebisas. 

rkaluri meTodi. fulerenebis miRebis sqema rkaluri 
ganmuxtvis meTodiT moyvanilia nax. 6.16-ze. erTi 
eleqtrodi brtyeli diskia, meore – wawvetebuli 
(6 mm-iani diametris Rero), romelic msubuqad zambariT 
mieWireba pirvel eleqtrods. Semkrebi zedapiri 
warmoadgens spilenZis, wyliT gacivebad, 8 sm diametrisa 
da 15 sm simaRlis mqone cilindrs. buferul airs 
warmoadgens heliumi 100 tori wnevis qveS. eleqtrodebSi 
atareben  𝑓𝑓 = 60 hc sixSiris, 𝐼𝐼 = 100 − 200 a sididis dens 
𝑈𝑈 = 10 − 20 v Zabvis qveS. grafitis aorTqlebis siCqare 
eleqtrodis susti miWerisas Seadgens 10 g-s saaTSi, 
fulerenis miRebis siCqare – 1 g/saaTSi, 𝐶𝐶60 𝐶𝐶70⁄ = 10 1⁄ . 
garkveuli drois Semdeg wida Camoifxikeba da 3 saaTiT 
Tavsdeba mduRare toluolSi. miRebuli siTxe 
orTqldeba mbrunav amaorTqlebelSi. 
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nax. 6.16. fulerenis miRebis sqema rkaluri 

meTodiT: 1 – grafitis eleqtrodebi, 2 – wyliT 
gacivebadi spilenZis gamtari, 3 – wyliT 

gacivebadi spilenZis zedapiri, romelzedac 
xdeba naxSiris kondensatis gamoleqva, 4 – zambara 

 
 

𝐶𝐶60 upiratesad miiReba orive wawvetebuli 
eleqtrodis pirobebSi Semdegi reJimebis dros: 𝐼𝐼 = 100 −
180 a, 𝑈𝑈 = 5 − 8 v, 𝑃𝑃𝐻𝐻𝐻𝐻 = 180 tori. magram am SemTxvevaSi 
fulerenis  gamosavlianoba naklebia: ~ 50 mg/sT. 

naxSirbadis nanomilebis sinTezi.

nanomilebi SeiZleba gaizardos sxvadasxva pirobebSi. 
arsebobs erTi gansxvaveba nanomilebis or saxeobas 

 samiznis rkaluri 
ganmuxtva da lazeruli aorTqleba warmoadgens 
nanomilebis miRebis efeqtur meTods, xolo 
katalizatorebis garemoSi naxSirbadovani masalebis 
siTburi daSla warmoadgens efeqturia naxSirbadis 
nanomilebis msxvilmasStabiani warmoebisaTvis.  
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Soris – naxSirbadis mravalfeniani nanomilebi izrdebian 
katalizatorebis gareSe, xolo erTfenianebi mxolod 
katalizatoris arsebobisas. naxSirbadovani 
warmonaqmnebis aorTqlebisa da gadaadgilebis procesSi 
rkaluri ganmuxtvis plazmis garemoSi nanomilebis 
formireba xdeba depozitebSi, romlebsac mTliani, 
cilindruli forma aqvT da izrdebian daaxloebiT 
1 mkm/wT siCqariT, kaTodis zedapirze. mravalfeniani 
nanomilebis zrdis eqsperimentalurad dadgenili 
optimaluri parametrebia: eleqtrodebs Soris Zabva  
~ 20 v, denis simkvrive – 150 a/sm2, kameraSi heliumis wneva 
– 500 tori, eleqtrodebs Soris Sualedi 1 mm. 
sazogadod, anodis diametric unda iyos kaTodis 
diametrze naklebi da orive maTgani efeqturad unda 
civdebodes wyliT. eleqtrodebs Soris temperatura 
axlosaa 3500 oC-Tan. Tanamedrove mowyobilobebs gaaCniaT 
grafitis eleqtrodebis konfiguraciis kontrolis 
optoeleqtronuli sistema da speqtroskopuli 
mowyobiloba plazmis diagnostikisaTvis. maqsimaluri 
gamosavlianoba nanomilebisa da nanonawilakebisaTvis am 
dros Seadgens 25 woniT procents aorTqlebidan 
dawyebuli saboloo produqtis CaTvliT. 

pirvelad erTkedliani nanomilebi miRebul iqna 
rkaluri ganmuxtviT katalizatoris nawilakebisa da 
naxSirbadis gamoyenebiT. am SemTxvevaSi anodis centrSi 
akeTebdnen naxvrets da avsebdnen mas liTonuri 
katalizatorisa da naxSirbadis fxvniliT (liToni 
Seadgenda 1 – 10 woniT %). gamoyenebul iqna mravali 
katalizatori, magram yvelaze meti gamosavlianiba 
hqonda 𝑁𝑁𝑁𝑁,    𝐶𝐶𝐶𝐶 da bimetalur sistemebs, iseTebs 
rogorebicaa 𝑁𝑁𝑁𝑁 − 𝑌𝑌,   𝐶𝐶𝐶𝐶 − 𝑁𝑁𝑁𝑁,   𝐶𝐶𝐶𝐶 − 𝑃𝑃𝑃𝑃. depozitebi Sedgebian 
didi raodenobis Semkvrelebisgan, romlebic Seicaven 
10 _ 100 erTkedla nanomilebs, amorful naxSirbadTan da 
katalizatoris atomebis nawilakebTan erTad. 𝑁𝑁𝑁𝑁 − 𝑌𝑌 
(proporciiT 4 : 1) katalizatoris gamoyeneba rkalur 
ganmuxtvaSi Zalian zrdis nanomilebis gamosavlianobas – 
75 %-ze meti. 

erTkedliani nanomilebis miRebis erT-erTi efeqturi 
meTodia lazeruli aorTqlebis meTodi (nax. 6.17). 
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nax. 6.17. erTkedliani nanomasalebis 
miRebis sqema lazeruli teqnologiiT 

 
 

lazeris a kona SehyavT kameraSi, romelsac sarkeebis 
meSveobiT afokusireben grafit-liTonur kompozitur 
samizneze b. inertuli airi kameras miewodeba g 
naxvretiT. produqtebi grovdeba spilenZis mavTulebis 
sistemaze kvarcis d milis SigniT. es ukanaskneli 
mierTebulia filtrTan da airis amomtumbav 
mowyobilobasTan. 

argonis atmosferoSi, maRal temperaturaze – 
~ 1200 oC, kompozitis liToni–grafiti (magaliTad, 
𝐶𝐶𝐶𝐶 − 𝑁𝑁𝑁𝑁, 1 %;      𝑁𝑁𝑁𝑁 − 𝑌𝑌 (4.2 ∶ 1 %;  2 ∶ 0.5 %) lazeris sxiviT   
aorTqlebisas, miiReba nanomilebi 80 %-ze meti 
gamosavlianobiT. 

𝑁𝑁𝑁𝑁𝑁𝑁  (2 ∶  0.5  at %)-is gamoyenebiT erTkedliani 
nanomilebis bmulebis miReba SesaZlebelia lazeruli 
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abliaciis meTodiT. aseTi nanomilebis gamosaxuleba 
naCvenebia nax. 6.18-ze. 
 
 

 
 

nax. 6.18. 𝑁𝑁𝑁𝑁𝑁𝑁 (2 ∶ 0,5 at%)-is gamoyenebiT miRebuli 
naxSirbadis erTkedliani nanomilebis bmulebis 
gamWoli eleqtronuli mikroskopiiT miRebuli 

gamosaxuleba: a – bmulebis formireba individualuri 
erTkedla naxSirbadis nanomilisagan, b – bmulis Wrili, 

g – bmulebis SeerTeba ufro msxvil bmulebad 
 
 

ukanasknel periodSi damuSavebul iqna erTkedliani 
da mravalkedliani nanomilebis miRebis teqnologia 
katalizatoris (nax. 6.19a) an mcuravi katalizatoris 
(nax. 6.19b) sadebze naxSirbadSemcveli masalebis qimiuri 
daSlis meTodiT. katalizatoris zedapirze aqtiuri 
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nawilakebis zomis cvlilebiT SesaZlebelia nanomilebis 
diametris cvlileba. 
 

 
 

nax. 6.19. nanomilebis sinTezis sistema: 
a – metaloceni, b – 𝐹𝐹𝐹𝐹(𝐶𝐶𝐶𝐶)5 acetileniT 

 
nanomilebi izrdebian 500 − 1200 oC-ze fuZeSreSi 

ganTavsebuli  sxvadasxva katalizatorisagan. mzardi 
fenebi SeiZleba Seicavdnen erTkedla da mravalkedla 
nanomilebs diametrebiT 1.5 – 20 nm. isini, rogorc wesi,  
organizebulni arian bmulebSi, romelTa zomebic 
100 nm-ze naklebia, xolo sigrZe SeiZleba ramdenime mm-is 
toli iyos. aseT 40 nanometrul bmulSi, rogorc 
Sefasebebi aCveneben, erTkedliani nanomilebis raodenoba 
aranakleb 600-is tolia. 
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mcuravi katalizatoris gamoyenebisas gamosavlianoba 
ufro maRalia, vidre Canergili katalizatoris 
SemTxvevaSi da, garda amisa, is uzrunelyofs nanomilebis 
uwyvet warmoebas. naxSirbad Semcvel SenaerTebad 
yvelaze xSirad gamoiyeneba geksani, maRali wnevis 𝐶𝐶𝐶𝐶, 
ksileni. katalizatoris Semcveli organuli gadamtanebi, 
Cveulebriv, ferocenebi 𝐹𝐹𝐹𝐹(𝐶𝐶𝐶𝐶)5 warmodgenilia airadi 
faziT da isini aseve warmoadgenen naxSirbadis damatebiT 
wyaros. 

qimiuri aorTqlebis meTodiT erTkedliani 
nanomilebis bmulebis miReba mcuravi katalizatoris 
meTodiT xorcieldeba 1150 oC temperaturamde gaxurebul 
vertikalur RumelSi, romelSic geksanis xsnari 
ferocenTan erTad mocemuli proporciiT (0.018 g∙ml–1) da 
tiofeniT (gogirdis danamatiT 0.4 woniTi %) SehyavT 
0.5 ml∙wT–1 siCqariT, mas Semdeg rac reaqtors miewodeba 
wyalbadi 250 ml∙wT–1 siCqariT. 

zrdis aseTi uwyveti proceduris ganxorcilebisas 
gamosavlianoba Seadgens 0.5 g/sT. Zalian grZeli 20 sm-mde 
sigrZis, bmulebis miReba aRniSnuli meTodis dadebiTi 
mxarea (nax. 6.20). 

mokled SevexoT erTkedliani nanomilebis gawmendis  
meTods, romlebic miRebulia 𝐶𝐶𝐶𝐶 daSliT maRal wnevebze. 
daaxloebiT 100 mg wonis nanomilebs deben kermikis navSi, 
romelsac AaTavseben kvarcis milSi. ocprocentiani 
Jangbadis narevs argonSi (SeiZleba haeris gamoyenebac) 
buStulebis saxiT atareben wyalSi 100 sm/wm siCqariT. 
nanomilebs axureben 250 oC  temperaturamde 18 sT-is 
ganmavlobaSi  erTdrouli ultrabgeriTi damuSavebiT 
15 wuTis ganmavlobaSi an amuSaveben koncentrirebul 
marilmJavaSi daaxloebiT 12 sT-is ganmavlobaSi. 
nanomilebs mJavas xsnarSi filtraven 47 mm diametris 
teflonis membraniT, romelic Seicavs 1.0 mkm zomis 
forebs, da Semdeg recxaven deionizebul wyalsa da 
meTanolSi. amis Semdeg aSroben vakuumur kameraSi  100 oC  
temperaturaze, minimum 2 sT-is ganmavlobaSi. Semdeg 
xdeba miRebuli produqtis Termogravimetruli meTodiT 
awonva.  amis  Semdeg  daJangva  da  eqstraqciis  mJavuri 
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nax. 6.20. erTkedliani nanomilebiT Seqmnili Tokis 
mikrofotografia: a – nanomilis aTasi bmulisagan 
(diametri 1.1 – 1.2 nm) Semdgari Tokis gamosaxuleba 
skanirebad mikroskopSi, Tokis diametri Seadgens 

daaxloebiT 15 mkm-s, b – maRali garCevis unarianobis 
mqone gamWoli eleqtronuli mikroskopiT miRebuli 

bmulebis ganivkveTi, romelzec naTlad 
Cans organzomilebiani samkuTxa meseri 

 
cikli meordeba 325 oC -ze 1.5 sT-is ganmavlobaSi da  
425 oC -ze 1 sT-is ganmavlobaSi. vakuumur kameraSi 
gamoSrobis Semdeg xdeba gawmendili milebis gamowva 
800 oC -ze 1 sT-is ganmavlobaSi. 

orientirebuli naxSirbadis nanomilebis masivebis da 
maTi faqizi arqiteqturis formireba. orientirebuli 
nanomilebi SeiZleba miRebul iqnas naxSirbadSemcveli 
masalebisagan sxvadasxva meTodiT: reagentebis siTburi 
aqtivacia an plazmuri aRgzneba (katalizatoriT an mis 
gareSe), nanolitografiuli midgomiT da a.S. 
orientirebuli naxSirbadis nanomilebis miReba Zalian 
perspeqtiulia lazerul an rkalur meTodebTan 
SedarebiT, vinaidan am SemTxvevaSi sinTezis produqtebi 
ar Seicaven arasasurvel nanostruqturebs. rogorc 
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zemoT aRvniSneT, nanomilebis qimiuri, fizikuri da 
eleqtronuli  Tvisebebi damokidebulia maT geometriaze, 
struqturaze, romlebic, Tavis mxriv, gansazRvrulia 
milebis miRebis proceduriT. bolo xanebSi miRebul iqna 
masiuri naxSirbadis nanomilebi sxvadasxva orientaciiTa 
da struqturiT qgo meTodiT, misi iseTi parametrebis 
regulirebiT, rogorebicaa katalizatoris zoma da tipi, 
reaqciis airis wneva da procesis temperatura. 
gadanaskvnuli mravalfeniani naxSirbadis nanomilebis 
sinTezi mimdinareobda 𝑆𝑆𝑆𝑆𝑆𝑆2-is fuZeSreze kobaltis 
nanonawilakebze. kargad formirebuli nanomilebi 
miRebul iqna forovan kvarcze rkinis Canergili 
nawilakebiT, kobaltiT dafarul siliciumze, nikeliT 
da rkiniT dafarul minaze da a.S. 

dadgenil iqna, rom katalizatoris tipi SesamCnevad 
moqmedebs nanomilis diametrze, zrdis siCqareze, 
kedlebis sisqeze, morfologiasa da struqturaze. nikeli 
uzrunvelyofs zrdis yvelaze maRal siCqares, udides 
diametrs da kedlebis yvelaze did sisqes, piriqiT 
kobalti iwvevs zrdis yvelaze dabal siCqares, umcires 
diametrs da kedlis umcires sisqes. nikeliT 
katalizirebuli milebi xasiaTdebian mkacri 
orientaciiT, gaaCniaT yvelaze gluvi da sufTa kedlebi, 
maSin roca kobaltiT katalizirebulebi dafaruli arian  
amorfuli naxSirbadiT. nanomilebis zrda da struqtura 
damokidebulia temperaturaze – magaliTad,  
temperaturis gazrdiT diametric izrdeba. 

nax. 6.21-ze naCvenebia gamdinare katalizatoriT 
orientirebuli naxSirbadis nanomilebis misaRebi 
danadgaris eqsperimentuli sistema. 

vertikalurad orientirebuli nanomilebi miiReba 
sxvadasxva fuZeSreze rkinaftalocianinebis 
𝐹𝐹𝐹𝐹𝐹𝐹32𝑁𝑁8𝐻𝐻16(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) piroliziT 𝐴𝐴𝐴𝐴 𝐻𝐻2⁄ -is atmosferoSi 
800 − 1100 oC temperaturaze ormag RumelSi. siliciumis 
brtyel mikrostruqturirebul fuZeSreze nanomilebis 
zrda naCvenebia nax. 6.22-ze. qod (CVD – Chemical Vapour 
Deposition) meTodiT. zrda mimdinareobs 800 oC 
temperaturaze acetilenis piroloziT. gamoyenebulia 

rkinis firi 30 nm sisqiT da gverdebis  sigrZiT  5 × 5 mkm,  
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nax. 6.21. gamdinare katalizatoriT orientirebuli 
naxSirbadis nanomilebis misaRebi danadgaris sqema 

 
 

20 × 20 mkm da rigebs Soris manZilebiT, Sesabamisad, 15, 20 
da 30 mkm, romelic  datanili iyo siliciumis zedapirze 
da asrulebda zrdis katalizatoris rols. amis Semdeg 
mikrostruqturirebuli vertikalurad orientirebuli 
nanomilebis sistemebi gazrdil iqna brtyeli siliciumis 
zedapirze. nanomilebis vertikalur ganlagebas 
uzrunvelyofs nanomilebs Soris moqmedi van–der–
vaalsis Zalebi. 

nanomilebis gadaxra vertikaluri mdgomareobidan 
SeimCneva im adgilebSi sadac van–der–vaalsis Zalebi ver 
uzrunvelyofen orientirebul mdgomareobas (rigebis 
kide). aq aRwerili nanomilebis miRebis procesi Zalian 
perspeqtiulia radiosixSiris gamaZliereblisaTvis, aseve 
eleqtronuli qvemexisaTvis eleqtronebis civi emisiiT 
da sxvadasxva daniSnulebis displeebisaTvis. 

emitirebuli eleqtronebis marTvis mizniT 
gamoiyeneba Camketi diodi. am SeTxvevaSi mowyobilobis 
martivi da sasurveli  struqturaa  vertikaluri  diodi   
veliT emisiisaTvis, romelic Seicavs naxSirbadis 
nanomilur emiterebs arxis ubanSi (nax. 6.23). 
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nax. 6.22. naxSirbadis nanomilebis zrda 
mikrostruqturirebul siliciumis fuZeSreze: 

a – rkinis struqturirebuli kvadratuli 

firebi gverdiTi zomebiT 5 × 5 mkm da kvadratebs 
Soris manZiliT 15 mkm (marcxniv),  b – 10 × 10 mkm 
zomis kvadratuli ubnebi da kvadratebs Soris 

manZiliT 20 mkm suraTi (centrSi), g – 20 × 20  mkm 
zomis da ujredebs Soris 30 mkm manZilis 
mqone zolebis gamosaxuleba (marjvniv) 
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nax. 6.23. skanirebadi eleqtronuli mikroskopiT 
gadaRebuli 10 mkm siRrmis arxis sistemebis 

suraTi, am arxebis fskerze gazrdili naxSirbadis 
nanomilebiT, a – xedi gverdidan, b, g – xedi zemodan 

 
 

arxebis Seqmnis procesis mizania naxSirbadis 
nanomilebis safuZvelze trioduri struqturebis Seqmna, 
rac moicavs ramdenime Txelfirovani fenis Seqmnas, 
struqturirebas (fotolitografirebas), mowamvlas da 
arxis fskerze rkinis katalizatoris gamoleqvas. 
procesis saimedo kontrolis miuxedavad, is saWiroebs 
maRal temperaturebs, rac mniSvnelonad zRudavs 
fuZeSris masalis SerCevis SesaZleblobas da 
integraciis process. brtyelpaneliani displeebisa da 
vakuumuri mikroeleqtronikisaTvis naxSirbadovani 
nanomilebi dafenili unda iyvnen minis an polimeris 
fuZeze 300 oC-ze dabal temperaturebze. 

nanomilebis orientirebuli zrdis marTvis meore 
perspeqtiuli xerxia maTi sinTezi Sablonebze. am dros 
nanomilebi izrdeba ramdenime nanometri diametris mqone 
forebis Semcvel SablonebSi am forebis SigniT. Sabloni 
Semdeg SeiZleba mowamlul iqnas ise, rom darCeba 
mxolod mravali orientirebulad ganlagebuli nanomili. 
praqtikaSi sxvadasxva Sablonis forebSi gamoleqil iqna 
polimerebi, liTonebi, naxevargamtarebi da sxva masalebi. 
arsebobs ramdenime iseTi meTodi, romlebic saSualebas 
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iZleva ganxorcieldes nanomilebis sinTezi SablonebSi: 
eleqtroqimiuri gamoleqva, eleqtrolizuri gamoleqva, 
qimiuri polimerizacia, zol–gel gamoleqva, qimiuri 
gamoleqva orTqlis fazidan (qgo). Sablonuri teqnika 
saSualebas iZleva Seqmnil iqnas axali optikuri da 
eleqtronuli xelsawyoebi, biosamedicino 
qromatografebi, gadamwodebi, sensorebi da efeqturi 
veliT emiterebi. 

amJamad msoflioSi nanomasalebis sinTzisaTvis 
yvelaze xSirad gamoiyeneba Sabloni aluminis anodur 
oqsidebze (aao – AAO – Anodic Aluminium Oxide). aluminis 
anodur TviTorganizebuli oqsidis membranas, romelic 
damzadebulia garkveul eleqtroqimiur pirobebSi, 
gaaCnia forovani struqtura erTgvarovani da 
paraleluri nanoforebiT (nax. 6.24). am forebis diametri 
eleqtroqimiurad regulirebadia ramdenime nanometridan 
ramdenime  aseul  nanometramde farglebSi. is idealuri 
 
 

 

 
 

nax. 6.24. 500 nm diametris, vercxliT 
savse 𝐴𝐴𝐴𝐴2𝑂𝑂3-is arxis suraTi maskanirebel 
eleqtronul mikroskopSi (xedi gverdidan) 
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masalaa orientirebuli nanostruqturebis masivebis  
misaRebi SablonisaTvis. nanomilebis miRebis procesis 
dasrulebis Semdeg aao membrana SeiZleba mocilebul 
iqnas qimiurad (gaixsnas), ris Semdegac miiReba forebis 
diametris mqone Tavisuflad orientirebuli  nanomilebi. 
am meTodiT miRebul iqna Zalian didi farTis 
orientirebuli nanomilebis Semcveli panelebi, 
romlebic SeiZleba gamoyenebuli iyos brtyelpanelur 
displeebad civi kaTodiT. 

q. troes (aSS) universitetis TanamSromlebma 
daamuSaves da Seqmnes nanomilebi kvarcis (𝑆𝑆𝑆𝑆𝑆𝑆2) da 
siliciumis nanostruqturirebul ubnebze. aRmoCnda, rom 
vertikalurad orientirebuli nanimilebi SesaniSnavad 
izrdebian kvarcze, maSin rodesac aseTnairad 
orientirebuli nanomilebis miReba ver moxerxda 
siliciumze (nax. 6.25). 

 
nax. 6.25. nanomilebis orientirebuli zrda: 
a – orientirebuli nanomilis cilindruli 
Zelakebis (diametric ≈ 10 mkm) sami blokis 
gamosaxuleba maskanirebel eleqtronul 

mikroskopSi, b – nanomilebis horizontaluri da 
vertikaluri zrda (~ 100 mkm masStabis ujredebi) 
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grafitisagan skoCis meSveobiT grafenis meqanikuri 
moSoreba saSualebas iZleva miRebul iqnas maRali 
xarisxis grafenis fenebi, romlebic sruliad 
gamosadegia fundamenturi kvlevebisaTvis. grafenis 
miRebam epitaqsiuri meTodiT SeiZleba uzrunvelyos misi 
gamoyeneba eleqtronul mikrosqemebSi. qimikosebis 
mcdeloba mimarTulia grafenis miRebisaken xsnaridan. am 
meTodis perspeqtivaa dabali Rirebuleba, maRali 
mwarmoebloba. qimiuri meTodis gamoyenebas gaaCnia 
zogierTi siZnele: pirvel rigSi saWiroa xsnarSi 
moTavsebuli grafenis daSla fenebad; meorec, unda 
moxerxdes, rom grafenis fenebi ar daexvios da 
SeinarCunos furclis forma. samecniero literaturaSi  
aRwerilia ramdenime SemTxveva roca daZleul iqna es 
siZneleebi da miRebul iqna xsnarSi Setivtivebuli 
grafenis furclebi. mkvlevarebis erTma jgufma SeZlo 
grafitis fenebs Soris gogirgmJavasa da azotmJavas 
molekulebis Canergva (interkalaciis procesi), ris 
Semdegac xdeboda nimuSis swrafi gaxureba 1000 oC-mde 
(nax. 6.26a). molekula-interkalantebis afeTqebiTi 
aorTqleba saSualebas iZleva miRebul iqnas Txeli 
(ramdenime nanometri sisqis) grafitis “fifqebi”, 
romlebic Seicaven grafenis mraval fenas. amis Semdeg 
grafenis fenebs Soris axdenen ori nivTierebis – 
oleumis da tetrabutilamoniumis hidroJangis Canergvas 
(nax. 6.26b). ultrabgeriT damuSavebuli xsnari Seicavs 
rogorc grafits, aseve grafenis furclebs (nax. 6.26g),  
Semdeg centrifugirebiT xdeboda grafenis furclebis 
gamoyofa. 

amasTan erTad mkvlevrebis mier SemoTavazebul iqna 
mravalfeniani grafitisagan grafenis miRebis sxva 
meTodika – interkalantis gamoyenebis gareSe. 

avtorebis azriT, saWiroa gamoyenebuli iyos “swori” 
organuli gamxsnelebi, magaliTad, N-meTi-pirolidoni. 
maRali xarisxis grafenis misaRebad mniSvnelovania 
SerCeul iqnas iseTi gamxsnelebi, rom zedapiruli 
urTierTqmedebis energia gamxsnelsa da grafens Soris 
iseTive iyos, rogoricaa grafensa da grafens Soris. 
nax. 6.27-ze naCvenebia grafenis miRebis mimdevroba. aseT 
grafens gaaCnia SesaniSnavi meqanikuri da optikuri 
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Tvisebebi, magram misi eleqtrogamtaroba ramdenime rigiT 
naklebia vidre “skoC-meTodiT” miRebulis. amdenad Zneli 
warmosadgenia, rom man gamoyeneba hpovos eleqtronikaSi. 

intekalantebis da gamxsnelebis meSveobiT miRebuli 
grafeni ki maRali xarisxisaa (Seicavs defeqtebis nakleb 
raodenobas) da, rogorc Sedegi, xasiTdeba ufro maRali 
eleqtrogamtarobiT. 

 
 

nax. 6.26. xsnaridan qimiurad  miRebuli grafenis 

furclebi. a – grafitis sqematuri  gamosaxuleba, 
romlis fenebad daSla xdeba sibrtyeebs Soris 

Canergili gogirdmJavas molekulebiT, 
b – interkalirebuli grafitis gamosaxuleba 
(Canergili molekulebi – didi sferoebi), 
g – qimiur xsnarSi  moTavsebuli grafitis 

damuSaveba ultrabgeriT grafenis furclebis 
miRebis mizniT, d – atomur-Zaluri mikroskopiT 
miRebuli ramdenime nanometris sisqis grafenis 
“qerclis” gamosaxuleba. marjvniv naCvenebia 

WurWeli, romelSic moTavsebulia 
xsnarSi myofi grafenis furclebi 
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nax. 6.27. eleqtronuli meTodiT miRebuli 
grafitisa da grafenis gamosaxuleba. grafenis 
misaRebad gamoyenebuli grafiti (a), skala – 
500 nm. centrifugirebis Semdeg miRebuli 

grafitis naleqi (b), skala – 25 nm. grafenis 
furclebis gamosaxulebebi (g, d, e, v, z) 

gamWol eleqtronul mikroskopSi sxvadasxva 
gamxsnelebis gamoyenebis Semdeg, skala – 500 nm 

 
 

aRwerili eqsperimentebi moiTxovs saWiro 
interkaliantebis da / an gamxsnelebis moZebnas. 

cxadia, arsebobs grafenebis miRebis sxva meTodebic 
– iseTi, rogoricaa grafitis gardaqmna grafitis 
oqsidad. maTSi gamoiyeneba midgoma, romelsac ewodeba 
“oqsidireba – fenebad daSla – aRdgena”, romlis 
ganxorcielebisas grafitis bazisuri sibrtyeebi 
ifarebian kovalenturad dakavSirebuli Jangbadis 
funqcionaluri jgufebiT. es daJanguli grafiti  
hidrofiluri xdeba (sxvagvarad rom vTqvaT – tenis 
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moyvaruli) da advilad iSleba fenebad ultrabgeris 
gamoyenebiT wyalxsnarSi. 

mkiTxvelisaTvis, gansakuTrebiT studentebisaTvis, 
interess moklebuli ar iqneba grafenis damzadeba 
“saxlis pirobebSi”. qvemoT moyvanilia grafenis miRebis 
aseTi procedurebis mimdevroba: 

1) upirveles yovlisa, saWiroa kargad ventilirebadi 
oTaxi da sufTa xelebi, sasurvelia xelTaTmanebi. 

2) fuZeSred gamoiyeneT siliciumis bunebrivad 
oqsidirebuli firfita, romelic winaswar gawmindeT, 
magaliTad, marilmJavasa da wyalbadis zeJangis xsnariT 
(Tanafardoba 1 : 3). amisaTvis fuZeSre moaTavseT xsnarSi 
30 wamiT, da Semdeg gaaSreT SekumSuli azotiT. aiReT 
grafitis fena da mas gars SemoakariT skoCi, webovani 
nawiliT grafitisaken. frTxilad miaWireT skoCi grafits 
da Semdeg frTxilad gaxseniT ise, rom grafiti 
daiSalos or fenad. 

gaimeoreT operacia 10-jer. rac ufro metjer 
gaakeTebT amas miT ufro rTuli iqneba misi gameoreba. 

3) Zalian frTxilad miadeT grafitiani skoCi 
siliciumis fuZeSres. plastikuri pincetiT moaSoreT 
haeris buStulebi, romlebic imyofebian fuZeSresa da 
lentas Soris. gadausviT pinceti mTels zedapirze da 
nela daaweqiT 10 wuTis ganmavlobaSi. Semdeg Zalian 
frTxilad moaSoreT skoCi fuZeSres. 

4) moaTavseT nimuSi 50-, umjobesia 100-jer 
gamadidebel mikroskopSi. Tqven dainaxavT sxvadasxva 
zomisa da formis grafitis “qercls”, romelTac eqnebaT 
erTmaneTSi gardamavali cisarteyelas ferebi. Tu Tqven 
gagimarTlaT SeamCnevT grafens: TiTqmis gamWvirvale, 
kristaluri formis “qercls”, romlis uferuloba Zlier 
gansxvavdeba mezobeli “sqeli” grafitis nawilakebisagan. 
 
 
6.6. dabali da saSualo energiis damuxtuli nawilakebis 

konis energiis gamoyeneba nanoteqnologiaSi 
 

amJamad didi yuradReba eqceva dabali da saSualo 
energiis damuxtuli nawilakebis gamoyenebas 
nanoteqnologiaSi. es gamowveulia imiT, rom aseTi 
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fokusirebuli nawilakebis konis diametri icvleba 
ramdenime nanometridan aTeul nanometramde. amis gamo 
konis nawilakebis nivTierebasTan urTierTqmedebis dros 
SesaZlebelia am ukanasknelis fizikuri da qimiuri  
Tvisebebis lokaluri modificireba nanozomiT masStabSi. 

eleqtronebis fokusirebuli konebi amJamad 
gamoyeneba eleqtronul liTografiaSi (EBL −   
E-Beam Lithography). mZime ionebis fokusirebuli konebi, 
romlebic adre ZiriTadad gamoiyenebodnen meorad ionur 
mas-speqtroskopiaSi, gamoiyenebian FIB (Focusing Ion Beam) 
xelsawoebSi samganzomilebiani nanozomiTi struqturebis 
Sesaqmnelad, radganac aseT ionebs SeuZliaT masalis 
aorTqleba. msubuqi elementebis megaeleqtronvolti 
energiis ionebi Tavdapirvelad gamoiyenebodnen birTvul 
maskanerirebel mikrozondebSi nivTierebis lokaluri 
elementuri analizisaTvis. ukanasknel xanebSi didi 
progresi ganicada birTvuli mikrozondebis gamoyenebam 
iseve, rogorc konurma ionurma liTografiam, 
samganzomilebiani nanozomomiTi struqturebis 

Sesaqmnelad. am teqnologias uwodeben P-Beam Writing 
(PBW) teqnologias. 

mokled ganvixiloT am teqnologiebTan 
dakavSirebuli zogierTi sakiTxi. 

sxvadasxva damuxtuli nawilaki, maTi energiebisagan 
damokidebulebiT sxvadsxvanairad urTierTqmedeben 
nivTierebasTan myar fazaSi. nax. 6.28-ze sailustraciod 
moyvanilia konebis sami saxesxvaoba. esaa dabali energiis 
eleqtronebis da mZime ionebis konebi da saSualo 
energiis msubuqi ionebi. dabali energiis eleqtronebis 
nivTierebasTan urTierTqmedebis ZiriTadi meqanizmia maTi 
gabneva atomebis eleqtronebze. amis Sedegad pirveladi 
eleqtronebi mravaljer gadaixrebian did kuTxeebze da 
qmnian klasikuri konusuri formis ionizaciis ubans 
pirveladi sxivis Sexebis areSi. rogorc nax. 6.28-ze 
moyvanili suraTis kompiuterulma damuSavebam aCvena 
50 kev energiis eleqtronebis fokusirebuli sxivi 

rezistul masalaSi PMMC (Poly-Methyl Metha-Crylate) Cadis 
40 mkm siRrmeze da am dros RerZidan gadaixreba 
20 mkm-iT. 
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nax. 6.28. nivTierebasTan dabali da 
saSualo energiebis mqone sxvadasxva 
tipis damuxtuli nawilakebis konebis 

urTierTqmedebis sqematuri gamosaxuleba 
 
 

eleqtronuli konis es Tavisebureba arTulebs 
samganzomilebiani struqturis Seqmnas, romelSic 
obieqtis simaRlis fardoba zedapiris maxasiaTebel 
zomasaTan didi iqneba. 

aseve uaryofiT faqtors, romelic gavlenas axdens 
masalis dasxivebis procesze, warmoadgens e.w. siaxlovis 
faqtori, romelic mdgomareobs sakmaod maRali energiis 
meoradi eleqtronebis arsebobaSi, romlebsac SeuZliaT 
damatebiTi doza Seitanon dasxivebis procesSi. es 
moiTxovs koreqciis Setanas dasxivebis optimaluri 
dozis SerCevaSi. 

dabali energiis mZime ionebis fokusirebuli konebiT 
dasxivebisas masalasTan urTierTqmedebis maxasiaTebeli 
meqanizmia dacemuli ionebis gabneva samiznis atomebze. 
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dacemuli ionebis impulsis zedapirze myofi 
atomebisaTvis gadacemis gamo adgili aqvs zedapiruli 
ionebis gadawyobas, rac iwvevs qimiur da struqturul 
cvlilebebs. am dros SeiZleba moxdes atomuri da 
molekuluri warmonaqmnebis aorTqleba. procesis monte–
karlos meTodiT Catarebulma gaTvlebma aCvena, rom, 
magaliTad, galiumis 30 kev ionebiT dasxivebisas 
aorTqlebis siCqare Seadgens samiznis 1-dan 10 atoms 
yovel dacemul ionze, masalis saxeobis mixedviT. Tumca 
aorTlebis siCqare SeiZleba mniSvnelovnad gaizardos 
urTierTqmedebis zonaSi qimiurad aqtiuri airis, 
magaliTad, qloris miwodebisas. 

ramdenime megaeleqtrovoltis toli energiis mqone  
fokusirebuli msubuqi ionebiT masalis dasxivebisas 
SeiZleba adgili hqondes maT urTierTqmedebas, rogorc 
eleqtronebTan, aseve samiznis atombirTvebTan. magram 
eleqtronebTan urTierTqmedebis albaToba ionis gzis 
pirvel naxevarze ramdenime rigiT maRalia, vidre – 
gabnevis albaToba birTvebze. ion–eleqtronis 
urTierTqmedeba masaTa didi sxvaobis gamo mniSvnelovnad 
ver Secvlis ionis moZraobis traeqtorias, romelic 
rogorc nax. 6.28-dan Cans axlosaa wrfesTan. vinaidan 
aseTi urTierTqmedebis dros ionis energiis danakargi 
umniSvneloa, 100 ev energiis ionisaTvis SesaZlebelia 
ganxorcieldes ionis aTasamde Sejaxeba masalis 
eleqtronebTan, manam sanam ioni mTlianad ar dakargavs 
Tavis kinetikur energias. 

saSualo energiis mqone msubuqi ionebis konis 
Tavisebureba, eleqtronebis konebTan SedarebiT, 
mdgomareobs imaSi, rom adgili ara aqvs meoradi 
eleqtronebis gaCenas (siaxlovis efeqti). ionis SeRwevis 
siRme mocemul masalaSi damokidebulia ionis energiaze 
da mkacrad gansazRvrulia, rac mniSvelovani faqtoria 
erTganzomilebian rezistiul masalebSi mravaldoniani 
samganzomilebiani obieqtebis Seqmnis saqmeSi. 

eleqtronuli konis formirebis procesi 
eleqtronuli konuri litografiis (EBL) mowyobilobasa 
da maskanirebel eleqtronul mikroskopSi (SEM)  
erTmaneTis analogiuria, eleqtronuli konis fokusireba 
da skanireba saWiro ubanSi gamosaxulebis misaRebad 
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xdeba aqsialuri simetriis eleqtromagnituri linzebiT. 
EBL da SEM gansxvaveba mdgomareobs imaSi, rom SEM-Si 
meoradi eleqtronebis da gabneuli eleqtronebis mier 
inducirebuli maxasiaTebeli rentgenuli gamosxivebis 
fiqsireba xdeba specialuri deteqtoruli 
mowyobilobebiT, romelTa mizania gamosaxulebis miReba 
da elementuri analizi. 

EBL sistemis  mniSvnelovani elementebia: nimuSis 
maRali sizustis pozicionireba misi mdgomareobis 
lazeruli interferometriiT kontroliT, laqis zomebis 
gasazomi sistema, faradeis cilindriT pikoamperis rigis 
denis gazomva da dozis normalizacia, nimuSis 
gadaadgilebisas konis swrafad Semcirebis sistema, 
cifruli Sablonis Sesabamisad konis skanirebis 
specializirebuli programuli uzrunvelyofa. 
nax. 6.29-ze naCvenebia kompania JEOL mier gamoSvebuli 
komerciuli danadgari JBX–9300F, romelSic 
gamoyenebulia Termo-veliT emisiis eleqtronuli qvemexi. 
 
 
 

 
 
 

nax. 6.29. kompania JEOL-is gamoSvebuli 
sistema JBX–9300FS: a – saerTo xedi, b – 
nimuSisa da damxmare obieqtebis samagri 
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konis minimaluri zoma nimuSze Seadgens 4 nm-s 
realizebuli deniT 50 pa-dan 50 na-mde. skanirebis 
sixSire – 50 mghc-mde, uxeSi skanirebis ubani – 
500 × 500 mkm2, zusti skanirebis ubani – 4 mkm2 (meoradi 
gadamxreli koWebi), 1 nm-is toli garCevis unarianobiT. 

dabali energiis mZime ionebis fokusirebuli konebis 
formirebis zogadi sqema FIB mowyobilobebSi moyvanilia 
nax. 6.30-ze. aq fokusirebuli konebis formirebis procesi 
analogiuria eleqtronebis fokusirebis procesis, 
ZiriTadi gansxvavebaa galiumis ionebis (𝐺𝐺𝐺𝐺+) gamoyeneba 
eleqtronebis konebis nacvlad. ionuri kona miiReba 
TxevadliTonuri wyaros (LMIS) gamoyenebiT, romelzedac 
eleqtruli velis modebiT adgili aqvs galiumis 
dadebiTi  ionebis emisias Txevadi galiumis konusuri 
formis wyarodan. 

 
 
 

nax. 6.30. dabali energiis mZime ionebis fokusirebuli 
konis formirebis sqema FIB mowyobilobaSi 
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aperturis sistema saWiroa, saTanado tipis konebis 
gamosayofad da saWiro zomamde fokusirebisaTvis. konis 
tipiuri energiaa 30 – 50 kev; saukeTeso garCevis 
unarianoba  Seadgens 5 – 7 nm. 

konis skanireba warmoebs 10−7 mbar vakuumSi 
ganTavsebuli nimuSis zedapirze. nimuSis zedapirTan 
ionebis Sejaxebisas adgili aqvs eleqtronebis emisias da 
gabneuli atomuri da molekuluri warmonaqmnebis gaCenas. 
meoradi eleqtronebis deteqtireba saSualebas iZleva 
miRebul iqnas nimuSis zedapiris gamosaxuleba skanirebis 
rastrSi. 

iseve, rogorc eleqtronuli-zonduri liTografiis 
SemTxvevaSi, specializirebuli ionur-konuri 
liTografiis maskanirebeli mikrozondi Sedgeba zondis 
formirebis sistemisa da samizne kamerisagan (nax. 6.31). 
 

 
 

nax. 6.31. saSualo energiis msubuqi ionebis 
fokusirebuli konis formirebis sqema, 
maskanirebel birTvul mikrozondSi 

p-beam writing teqnologiis miznebisaTvis 
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aq ionuri qvemexis rolSi gamodis eleqtrostatikuri 
amaCqarebeli maanalizirebeli magnitiT, romlis 
gamosasvlelTan iqmneba msubuqi ionebis (𝐻𝐻+,𝐻𝐻2

+, 𝐻𝐻𝐻𝐻+) 
ramdenime mev-mde aCqarebuli kona. Semdeg xdeba maTi 
formireba obieqtivisa da kuTxovani kolimatorebis 
sistemiT imisaTvis, rom mafokusirebelma sistemam, 
romelic Sedgeba magnituri kvadrupoluri 
multipletisagan, uzrunvelyofs minimaluri zomis konis 
fokusirebas samizneze. 
 
 

 

nax. 6.32. p − beam  writing  teqnologiiT miRebuli 
samganzomilebiani nanozomis struqturis 
gamosaxuleba: a – 350 nm sisqis polimeris 

fenaSi paraleluri  wrfeebis gamosaxuleba 
gamWol eleqtronul mikroskopSi; b – 
erTfenian rezistiul SU − 8 masalaSi 

protonebis energiis varirebiT Seqmnili 
agebulebis asli; g – siliciumis masiur 

moculobaSi Seqmnili sigane-simaRlis maRali 
Sefardebis nemsebis masivi (wvetis simrude 15 nm) 
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aCqarebuli damuxtuli nawilakebi nimuSSi gavlisas 
iwveven dasxivebuli ubnis fiziko-qimiuri Tvisebebis 
cvlilebas. Sesabamisi momwamvlelis gamoyenebisas 
SesaZlebeli xdeba dasxivebuli ubnebis mocileba. am 
SemTxvevaSi rezistiul masalas pozitiuri ewodeba. da, 
piriqiT, rodesac  xdeba dausxivebeli ubnebis mocileba 
rezistiul masalas negatiuri ewodeba. 

ase magaliTad, polimerul masalebSi protonebis 
gavla iwvevs polimeruli jaWvebis gawyvetas, ris gamoc 
dasxivebuli ubani Seicavs mcire molekuluri wonis 
mqone molekulebs, romelTa mocilebac xdeba, magaliTad, 
izopropilirebuli spirits wyalxsnariT SefardebiT 
3 : 7 (nax. 6.32a). 

meores mxriv, SU − 8 rezistiul masalaSi protonebi 
qmnian molekulebs Soris kavSirebs, romlebic xels 
uwyoben masalis mdgradobas im momwamvlelis mimarT, 
romelic iwvevs dausxivebeli ubnis moSorebas da amitom 
aseTi rezistiuli masala negatiuria damuxtuli 
nawilakebiT dasxivebis procesis mimarT (nax. 6.32b). 

p-tipis siliciumis radiaciuli  darRvevebi iwveven 
dasxivebuli ubnebis kuTri winaRobis zrdas, rac 
saSualebas iZleva dausxivebel ubanSi eleqtroqimiuri  
mowamvliT Seiqmnas forovani struqtura, romelic 
Semdgom SeiZleba mocilebul iqnas kaliumis 
hidrooqsidiT. aseTi teqnologia saSualebas iZleva 
miRebul iqnas samganzomilebiani nanostruqturebi 
masiuri siliciumis moculobaSi (nax. 6.32g). 

protonebis konis gamoyenebis ZiriTadi gansxvaveba 
eleqtronuli konis gamoyenebasTan SedarebiT imaSi  
mdgomareobs, rom struqurebis zomebis Sesamcireblad 
eleqtronebis SemTxvevaSi SesaZlebelia ufro Txeli 
rezistiuli fenebis gamoyeneba (nax. 6.33). 
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nax. 6.33. PMMA rezistuli masalis 
fenis sisqis  damokidebuleba 

nanostruqturis zedapiruli zomisagan 
 
 

es Sedegia eleqtronebis gabnevisa nimuSSi gavlisas,  
ris gamoc struqturebi am dros organzomilebiania, 
maSin rodesac protonebis nakadi rezistiul masalaSi 
praqtikulad ar farTovdeba, rac saSualebas iZleva 
Seiqmnas samganzomilebiani nanostruqturebi. 

garda amisa, mnivnelobas aqvs imasac, rom Sedegis 
misaRwevad saWiro dasxivebis doza protonebisaTvis 
TiTqmis orjer naklebia eleqtronebis dozasTan 
SedarebiT. 
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Tavi 7 

nanomasalebis kvlevis meTodebi 

 
amJamad Seqmnilia myarsxeulovani da molekuluri 

struqturebis diagnostikisa da fiziko-qimiuri 
parametrebis kvlevis mravali meTodi da Sesabamisi 
mowyobiloba. amasTan erTad axali, winaswar dasaxuli 
nanozomis struqturebis Seqmna sul axal da axal 
moTxovnebs uyenebs diagnostikis saSualebebs. 

nanodiagnostikis meTodebi unda iyos aramrRvevi da 
unda iZleodes informacias ara marto nanoobieqtis 
struqturuli Tvisebebis, aramed maTi eleqtronuli 
Tvisebebis Sesaxebac. nanoteqnologiis dasamuSaveblad  
gadamwyvetia atomuri da eleqtronuli procesebis 
kontroli droSi maRali garCevis unarianobiT, idealur 
SemTxvevaSi droiT, romelic tolia an naklebia atomuri 
rxevebis periodze (10−13  wm da naklebi). aseve 
aucilebelia nanoobieqtebis eleqtronuli, optikuri, 
magnituri, meqanikuri da sxva Tvisebebis kvleva  
“nanoskopur” doneze. 

nanomasalebis specifikidan gamomdinare, SeiZleba 
gamoiyos struqturuli da qimiuri analizis mTeli rigi 
meTodebi: eleqtronuli mikroskopia, difraqciuli,  
speqtraluri meTodebi. qvemoT moyvanilia am meTodebis 
mokle aRwera. 
 

7.1. nanoobieqtebis struqturuli 
da qimiuri analizis meTodebi 

 
eleqtronuli mikroskopia. es meTodi saSualebas 

iZleva ganisazRvros masalis Semadgeli nawilakebis 
zomebi, Seswavlil iqnas marcvlebs Soris sazRvari. 
sxvadasxva mikroskopebis moqmedebis principi 
mniSvnelovnad gansxvavdeba erTmaneTisagan. isini moicaven 
eleqtronebis gaRwevas nimuSSi (gamWoli eleqtronuli 
mikroskopia), eleqtronebis arekvla nimuSidan (amrekli 
eleqtronuli mikroskopia, neli eleqtronebis 
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mikroskopia, maskanirebeli eleqtronuli mikroskopia) da 
ionebis arekvla (velis ionuri mikroskopia); zedapiris 
skanireba eleqtronebis koniT (maskanirebuli 
eleqtronuli mikoskopia) da nemsis zondiT 
(maskanirebeli eleqtronuli mikroskopia, atomur-
Zalovani mikroskopia). masalebis analizisaTvis 
gamoyenebuli mikroskopiis meTodebis umravlesoba, 
uzrunvelyofs nanomasStabis garCeviis unarianobas, 
xolo veliT ionuri mikroskopia, maskanirebeli 
gvirabuli mikroskopia da atomur-Zalovani mikroskopia 
saSualebas iZlevian miRebul iqnas mikroskopuli 
gamosaxulebebi atomuri garCevis unarianobiT. 

gamWoli eleqtronuli mikroskopia saSualebas 
iZleva miRebul iqnas maRali garCevis gamosaxuleba da 
nimuSis ubnis erTi da imave mikrodifraqciuli suraTi. 
Tanamedrove gamWoli eleqtronuli mikroskopia 
uzrunvelyofs 0.1 nm-is tol garCevas da im ubnis zoma, 
saidanac xdeba mikrodifraqciuli suraTis miReba,  
Seadgens daaxloebiT 30 nm-s. miRebuli gamosaxulebiT 
SeiZleba vimsjeloT masalis agebulebaze, xolo 
difraqciuli suraTiT – kristaluri mesris tipze. am 
meTodiT SeiZleba mikrodifraqciuli analizis 
Catarebac. masalis agebulebisagan damokidebulebiT 
Seswavlis zonaSi miiReba diagramebi wertilebis saxiT 
(monokristalebi an skvlevi zonis zomebze didi zomis 
polikristalebi), uwyveti an calkeuli refleqsebisagan 
Semdgari wirebi. mikrodifraqciuli analiziT SeiZleba 
dadgenil iqnas kristalebis orientacia da marcvlebis 
an submarcvlebis ganorientireba. nax. 7.1-ze magaliTis 
saxiT moyvanilia kobaltis 𝐴𝐴𝐴𝐴2𝑂𝑂3-is fuZeSreze miRebuli 
nawilakebis profilis suraTi. 

Zalian viwro koniani gamWoli eleqtronuli 
mikroskopebi, eleqtronebis energetikuli danakargebis 
speqtris meSveobiT saSualebas iZlevian Catarebul iqnas 
masalis lokaluri qimiuri analizi, maT Soris iseTi 
msubuqi elementebis, rogorebicaa bori, naxSirbadi, 
Jangbadi, azoti. 

velis ionuri mikroskopia. am meTodis garCevis 
unarianoba uaxlovdeba atomebs Soris manZils. velis 
ionur mikroskopSi liTonis nemsis wverze, romelic 
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moTavsebulia maRal vakuumian kameraSi, miewodeba 
dadebiTi potenciali. amasTan wverosTan eleqtruli 
velis  sidide  da gradienti sakmaod imdenad didia, rom 
 
 

 

 
 
nax. 7.1. 𝐴𝐴𝐴𝐴2𝑂𝑂3-is fuZeSreze 𝐶𝐶𝐶𝐶-is nawilakebis profilis 

cvlilebis eleqtronul mikroskopuli suraTi: 
a – sasazRvro temperaturaze maRali temperatura, 
b – sasazRvro temperaturaze dabali  temperatura 

 
 
narCeni airis molekulebi masTan miaxloebisas 
ionizdebian, gadascemen ra eleqtronebs nemss da TviTon 
ki imuxtebian dadebiTad. airadi kaTionebi ganizidebian 
nemsis mier da gadaadgildebian eleqtruli velis 
Zalwirebis gaswvriv fotofirfitisaken, romelzedac 
miiReba wertilebi. yoveli wertili firfitaze 
Seesabameba atoms zondis boloze, ase, rom wertilebis 
ganawileba fotofirze warmoadgens nemsis wverze 
atomebis ganawilebis Zlier gadidebul suraTs. 

maskanirebeli eleqtronuli mikroskopia. zedapiris 
gamosaxulebis miRebis efeqturi meTodia zedapiris 
eleqtruli koniT skanireba rastris warmoqmniT, rogorc 
amas akeTebs eleqtronuli qvemexi televizoris ekranze.  

informacia zedapiris Sesaxeb SeiZleba miRebul 
iqnas maskanirebeli myarsxeulovani zondiT, romlis 
traeqtoriac gadis masalis im ubnebze, romelTa kvlevac 
surT. 
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skanireba SeiZleba Catardes zondiTac, romelic 
zomavs im eleqtronebis mier Seqmnil dens, romlebic 
tunelireben zedapirsa da zondis wveros Soris, an 
zondiT, romelic zomavs zedapirsa da nemsis wvers 
Soris urTierTqmedebis Zalas. eleqtronuli 
maskanirebeli mikroskopiis ZiriTadi gamoyeneba 
dakavSirebulia topografiisa da elementebis zedapirze 
ganawilebis vizualizaciasTan. 

nax. 7.2-ze moyvanilia 𝑇𝑇𝑇𝑇𝑇𝑇2(110)-is fuZeSreze miRebuli 
da 500 oC-ze Termulad damuSavebuli oqros firis 
mikrofotografia, romelic gadaRebulia eleqtronuli 
maskanirebeli mikroskopiT. 

maskanirebeli gvirabuli mikroskopia.

 
nax. 7.2. maskanirebeli eleqtronuli mikroskopiT 

miRebuli 100 Å sisqis oqros firis gamosaxuleba: 
a – konis normaluri dacemisas, b – 450 -iT dacemisas 

 

 am SemTxvevaSi 
zondis saxiT gamoiyeneba Zalian wvrili Tavis  mqone 
nemsi. am wveros uerTeben denis wyaros dadebiT poluss 
da miuaxloveben Sesaswavl zedapirs daaxloebiT 1 nm 
manZilze. konkretuli atomis kuTvnili eleqtronebi 
masalis zedapiridan, miizidebian nemsis wveris mier da 
gadmodian masze – tunelireben. amrigad warmoiqmneba 
susti eleqtruli deni. 
 

maRali garCevisunarianobis misaRwevad eleqtronuli 
skanirebadi mikroskopia moiTxovs maRal an zemaRal 
vakuums da dabal temperaturebs (50 − 100 K), garda amisa, 
is gamosadegia mxolod eleqtrogamtari masalebisaTvis. 
amasTan erTad, garCevisunarianobis misaRwevad 1 nm-is 
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diapazonis farglebSi es moTxovnebi savaldebulo ar 
aris. nax. 7.3-ze magaliTis saxiT moyvanilia 𝑃𝑃𝑃𝑃-is 
kvaziheqsagonaluri rekonstruirebuli zedapiris 
fotografia. 
 

 
nax. 7.3. 𝑃𝑃𝑃𝑃-is kvaziheqsagonaluri 

rekonstruirebuli zedapiris fotografia 
 

 
   atomur - Zaluri mikroskopia.

fundamenturi gansxvaveba maskanirebel gvirabul 
mikroskopsa da atomur-Zalur mikroskops Soris is aris, 
rom pirveli zomavs gvirabul dens zondsa da zedapirs 

 am SemTxvevaSi 
registrirdeba zondis (nemsis) wverosa da zedapirs 
Soris urTierTqmedebis Zalis cvlileba. nemsi 
ganTavsebulia cnobili sixistis konsoluri Zelis 
boloze, romelsac SeuZlia gadaiRunos mcire Zalebis 
gavleniT, romlebic warmoiqmneba nimuSis zedapirsa da 
zondis wveros Soris. es Zalebi meTodis sxvadasxva 
variantSi SeiZleba iyos van–der–vaalsis (molekuluri), 
eleqtrostatikuri an magnituri bunebis. Zelaks nemsTan 
erTad ewodeba kantileveri. misi deformacia izomeba mis 
ukana mxareze dacemuli lazeris sxivis gadaxriT an 
piezorezistuli efeqtiT, romelic kantileverSi Cndeba 
gaRunvisas. 
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Soris, xolo meore – maT Soris urTierTqmedebis Zalas. 
orive am mikroskops gaaCnia muSaobis ori reJimi. atomur-
Zalur mikroskops SeuZlia imuSaos kontaqtur reJimSi 
zedapirTan, romlis drosac ZiriTad rols TamaSobs 
zondisa da masalis zedapiris atomebis eleqtronuli 
garsis urTierTqmedebebi “ukontaqto” reJimSic, rodesac 
zondi daSorebulia zedapiridan. am dros dominirebs 
van–der–vaalsis Zalebi. iseve, rogorc skanirebadi 
gvirabuli mikroskopis SemTxvevaSi gamoiyeneba 
piezoleqtruli skaneri.  skanirebis proceSi zondis 
vertikaluri gadaadgileba SeiZleba gakontroldes 
interferenciuli suraTis cvlilebiT. nax. 7.4-ze 
magaliTis saxiT moyvanilia atomur-Zaluri mikroskopiT 
gadaRebuli, ionur-plazmuri 𝑇𝑇𝑇𝑇 − 𝐴𝐴𝐴𝐴 − 𝑁𝑁-is danafaris 
suraTi. wveris diametri Seadgenda ~ 10 nm-s. gazomvebi 
Catarebulia haeris atmosferoSi. 
 
 

 
 
nax. 7.4. ionur-plazmuri meTodiT miRebuli 𝑇𝑇𝑇𝑇 − 𝐴𝐴𝐴𝐴 − 𝑁𝑁-is 

danafaris topografia: a – 𝑈𝑈 = 100 v, b – 𝑈𝑈 = 200 v 
 
 

atomur-Zaluri mikroskopiis dadebiTi mxrea misi 
gamoyenebis SesaZlebloba nebismieri tipis 
zedapirisaTvis: gamtari, naxevargamtari da dieleqtriki. 
Tanamedrove xelsawyoebi saSualebas iZlevian gazomil 
iqnas nemsis xaxunis Zala, gadaRebul iqnas masalis 
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Sesaswavli ubnebis drekadobis ruka, Catarebul iqnas 
cveTamedegobis kvleva gakawvris meTodiT 
naxevargamtaruli almasis gamoyenebiT. almasis aseTi 
nemsebis gamoyenebiT SesaZlebelia gaizomos zedapiris 
tevadoba, zedapiruli fenis gamtaroba, minarevebis 
koncentracia. sibrtyeze (𝑥𝑥 da 𝑦𝑦 koordinatebi) 
garCevisunarianoba Seadgens daaxloebiT 1 nm-s, xolo 
simaRleze (𝑧𝑧 koordinati) – 0.1 nm-mde. meTodis susti 
mxarea nemsis masalis medegoba, magram sakvlevi  
masalebis umravlesobisaTvis almasis an fulerenis 
sisale srulebiT sakmarisia. samive aRwerili 
maskanirebeli mikroskopi iZleva informacias 
topografiisa da struqturis defeqtebis Sesaxeb 
garCevisunarianobiT, romelic axlosaa atomis zomebTan. 

rentgenostruqturuli analizi. es meTodi 
saSualebas iZleva Catardes Tvisebrivi fazuri analizi, 
ganisazRvros mesris parametrebi, atomuri wanacvlebebi, 
gaTvlil iqnas koherentuli gabnevis ubnebi, dadgindes 
mikrodamaxijebebis sidide maRali sizustiT. Tu 
rentgenodifraqtogramaze gamoCnda fazebi, romelTa 
struqturis dadgena am meTodiT SeuZlebelia, maSin 
SesaZlebelia moxdes maTi identificireba difraqciis 𝜃𝜃 
kuTxeebis (an sibrtyeebs Soris manZilebis 𝑑𝑑ℎ𝑘𝑘𝑘𝑘 ) 
SedarebiT im fazebis monacemebTan, romlebic SeiZleba 
gaCndnen mocemul masalaSi. amisaTvis SeiZleba 
gamoyenebuli iyos cnobarebSi mocemuli 
sibrtyeTaSorisi monacemebi da PCDFWIN monacemebis 
kompiuteruli baza. baraTebis (cxrilebis) umravlesoba 
Seicavs  sibrtyeTa Soris da intensivobebis monacemebis 
speqtrs, romlebic dalagebulia Semcirebis mixedviT. 
maTSi mocemulia 𝑑𝑑-ebis sami monacemi sibrtyeebisaTvis, 
romlebsac maqsimaluri intensivoba gaaCniaT (Canaweris 
Tanmimdevroba Seesabameba arekvlis intensivobis 
Semcirebas), aseve – meoTxe mniSvneloba, romelic 
Seesabameba yvelaze did sibrtyeTaSoris manZils 
mocemul  nivTierebaSi. garda amisa, baraTSi moyvanilia: 
masalis dasaxeleba, qimiuri formula, elementaruli 
ujredis parametrebi, kristaluri sistema, sivrciTi 
jgufi, da zogierTi fizikuri maxasiaTeblebi. karToteka 
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ASTM Secavs etalonuri speqtrebis 25 aTasze met 
monacems da mas yovelwliurad emateba 1500 – 2000 
etaloni. 

difraqciuli meTodiT SesaZlebelia gaTvlil iqnas 
marcvlis gasaSualebuli zomebi mTeli masalis 
moculobaSi, maSin rodesac eleqtronuli mikroskopia 
lokaluri meTodia da gansazRvravs obieqtis zomas 
mxolod dakvirvebis SemosazRvrul ubanSi. koherentuli 
gabnevis ubnis Sesafaseblad iyeneben sxvadasxva meTods – 
aproqsimaciis meTods, romelic mxolod difraqciuli 
gafarToebis miaxloebiT mniSvnelobas iZleva; aseve – 
stoqsis meTods, romelic saSualebas iZleva gamoiyos 
difraqciuli gafarToebis meTodi funqciebis saxiT, 
romlebic aRweren wirebis profils; da harmoniuli 
analizis meTods. am ukanaskneliT SesaZlebelia 
10 _ 15 nm sididis blokebis gansazRvra da 
mikrodamaxinjebebis damzera, romlebic ar aRematebian 
4 ∙ 10−4-s. 

nax. 7.5-ze magaliTis saxiT moyvanilia 2 – 10 mkm 
zomis marcvlebis mqone nikelis da nikelis 
kompaqtirebuli nanokristalebis ~ 20 nm zomis 
marcvlebis rentgenogramebi. rogorc naxazidan Cans, 
nanomdgomareobaSi gadasvla iwvevs difraqciuli xazebis 
mniSvnelovan gafarToebas. 

zogadad, rentgenuli difraqcia ar aris is meTodi, 
romliTac SeiZleba zedapiris struqturis Sesaxeb 
informaciis mopoveba, vinaidan zedapiridan aorTqleba 
xuTi rigiT ufro sustia vidre moculobidan. amis gamo 
zedapiris struqturis Sesaxeb informaciis mopoveba 
SeiZleba rentgenuli gamosxivebis srialis meSveobiT, 
roca dacemis kuTxe tolia an naklebia zRvruli 
Sinagani arekvlis kuTxeze. 

kvlevis speqtraluri meTodebi. myari sxeulebis 
zedapiris kvlevisaTvis iyeneben speqtralur meTodebs, 
romlebic damyarebulia Sesaswavli masalis  
eleqtronebiT dasxivebisas areklili gamosxivebis 
energetikuli speqtris analizze. cnobilia ramdenime 
aTeuli   aseTi   meTodi,  magram  yoveli  maTgani  araa 
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nax. 7.5. msxvlmarcvlovani da kompaqtirebuli 
nanokristaluri nikelis rentgenogramebis Sedareba 

 
gamosadegi nanomasalebis kvlevisaTvis. ase magaliTad, 
mikroanalizis cnobili meTodiT raodenobrivi analizis 
Catarebisas, saanalizebeli ubnis diametri ar aRemateba 
1 – 2 mkm-s, xolo rentgenuli fotoeleqtronuli 
speqtroskopiisas – 2 – 10 mkm-s. amis gamo qvemoT 
ganxiluli iqneba meTodebi, romlebic interess 
warmoadgenen, erTis mxriv, swored nanomasalebis 
Sesaswavlad da, meores mxriv, sakmaod xSirad 
gamoiyenebian. 

meoradi ionuri mas-speqtroskopiis meTodi (mioms). es 
meTodi masalis zedapiris kvlevis erT-erTi fizikuri 
meTodia. is saSualebas iZleva sxvadasxva masalaSi 
dagenil iqnas minarevis raodenobrivi ganawileba 
siRrmis mixedviT da zedapirul fenaSi. nimuSebis 
analizi tardeba maRali vakuumis pirobebSi. masalis 
zedapiris bombardireba xdeba pirveladi ionebis koniT, 
romelTa energiac Seadgens 0.1 – 100 kev-s. ejaxebian ra 
zedapirs pirveladi ionebi amoagdeben misgan meorad 
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nawilakebs, romelTa nawili (Cveulebriv, 5 %) tovebs 
masalis zedapirs ionizirebul mdgomareobaSi. es ionebi 
fokusirdebian da xvdebian mas-analizatorSi, sadac 
xdeba maTi dayofa masisa da muxtis mixedviT. Semdeg 
ionebi xvdebian deteqtorze, romelic afiqsirebs meoradi 
ionebis denis intensivobas da informacias awvdis 
kompiuters. nax. 7.6-ze magaliTis saxiT moyvanilia 
zegamtari masalis 𝑌𝑌𝐵𝐵𝐵𝐵2𝐶𝐶𝐶𝐶307-is mas-speqtri. 
 
 

 
 

nax. 7.6. maRaltemperaturuli zegamtaris 𝑌𝑌𝐵𝐵𝐵𝐵2𝐶𝐶𝐶𝐶307-is 
meoradi ionuri klasterebis mas-speqtri 

 
eleqtronuli oJe-speqtroskopia (eos). aRniSnuli 

meTodi warmoadgens masalis zedapiris qimiuri 
Semadgelobis analizis erT-erT yvelaze gavrcelebul 
speqtroskopul meTods. fenis sisqe, romlis analizic 
SesaZlebelia eos meTodiT, Seesabameba oJe-eleqtronis 
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Tavisufali ganarbenis sigrZes. siRrme icvleba 

~ 0.5 nm-dan (oJe-eleqtronebis 50 ev toli energiisas) 

~ 5 nm-mde (500 ev energiisas). amrigad, speqtris is nawili, 
romelic imyofeba dabalenergetikul ubanSi, yvelaze 
mosaxerxebelia zedapirze nawilakebis aRmosaCenad. 
analizis minimaluri farTobi SemosazRvrulia 
eleqtruli konis diametriT da Seadgens 0.01 – 0.1 mm-s. 
oJe-meTodis mgrZnobiaroba damokidebulia aRmosaCeni 
elementis gvarobaze. praqtikaSi maxasiaTebeli pikebi 
SeiZleba aRmoCenil iqnas, Tu atomebis fardobiTi 
koncentracia Seadgens 0.1 – 1 %-s. rastruli meTodikis 
gamoyeneba SesaZleblobas iZleva Catarebul zedapiris 
organzomilebiani analizi, xolo ionuri gafrqvevis 
gamoyenebiT – masalis zedapiruli fenis 
samganzomilebiani analizic. 

rezerfordis ukugabnevis speqtroskopia (POP). U es 
meTodi masalis zedapiris elementuri Semadgenlobis 
Seswavlis erT-erTi xSirad gamoyebuli meTodia. is 
gamoiyeneba masalaTa Zalian farTo klasisaTvis da 
SeiZleba gamoyenebul iqnas etalonad analizis sxva 
meTodebisaTvis. aRniSnuli meTodi gansakuTrebiT zust 
Sedegebs iZleva elementebisaTvis, romelTa atomuri masa 
metia matricis atomis masaze. rezerfordis ukugabnevis 
meTodi damyarebulia nimuSis dasxivebaze 1 – 3 mev 
energiis ionebiT (Cveulebriv 𝐻𝐻𝐻𝐻+ an 𝐻𝐻+). konis diametri, 
rogor wesi, icvleba 10 mkm-dan 1 mm-mde. miRebuli speqtri 
warmoadgens grafiks. abscisTa RerZze gadazomilia 
energetikuli arxis nomeri (𝑛𝑛1), romelSic xvdeba 
garkveuli energiis gabneuli ioni, xolo ordinatTa 
RerZze – (𝑛𝑛1) arxSi moxvedrili (𝐻𝐻1) ionebis raodenoba. 
analizatoris tipisagan damokidebulebiT 
(naxevargamtaruli, magnituri da a.S.) SesaZlebelia 
ukugabneuli nawilakebis sxvadasxva maxasiaTeblebis 
gadaReba. ukugabnevis gamosvla zedapiridan Tavs iCens 
zedapiruli pikis saxiT. am pikis intensivobis analizi 
iZleva informacias zedapiris struqturis Sesaxeb. 
nax. 7.7-ze moyvanilia 𝐴𝐴𝐴𝐴 − 𝑁𝑁𝑁𝑁-is molibdenis fuZeSreze 
dafenili firis heliumis ionebis (POP) speqtri. 
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nax. 7.7. 𝐴𝐴𝐴𝐴 − 𝑁𝑁𝑁𝑁-is molibdenis fuZeSreze 
dafenili firis ionebis POP-speqtri 

 
 

am meTodiT awarmoeben nimuSebis Tvisebriv 
elementur analizs, adgenen zedapiris Semadgenlobas, 
firis sisqes, elementis ganawilebas siRrmeze. 
 
 

7.2. myari sxeulebis gamocda nanosimtkiceze 
 

masalis zedapiris struqtura da Tvisebebi 
mniSvnelovnad gansazRvaven namzadis Tvisebebs. 
nanoteqnologiis danergva Tanamedrove eleqtronikaSi 
moiTxovs fizikuri, meqanikuri da tribologiuri 
Tvisebebis gazomvas submikronul da nanometrul doneze. 
bolo xanebSi meqanikuri Tvisebebis Sesaswavlad – 
zedapiruli simtkice da drekadobis moduli, gamoiyeneba  
dabal datvirTvebze uwyveti indentirebis meTodi, 
romelsac nanoindentireba ewodeba, vinaidan indentoris 
CaRrmaveba xdeba ramdenime aTeulidan ramdenime aseul 
nanometramde. nanoindentirebisa da mikroindentirebis 
meTodebi saSualebas iZleva Seswavili iqnas Txeli 
firebisa da danafarebis mikromeqanikuri da 
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struqturulad mgrZnobiare Tvisebebi. nax. 7.8-ze 
moyvanilia nanoindentometris sqema. 
 

 
   a   b 
 

nax. 7.8. nanoindentoris (a) da atomur-Zaluri 
mikroskopis (b) blok-sqema: 1 – Zalovani ujredi, 

2 – moZravi indentoriani Stokis (3) 
gadaadgilebis maregistrirebeli gadamwodi, 
4 – zambarebi, 5 – gamzomi Tavakis korpusi, 
6 – kontrolioris bloke, 7 – kompiuteri, 

8 – nimuSi, 9 – magida nimuSisaTvis, 10 – anodi, 
11 – pizoeleqtruli aqtuatori, 12 – konsoluri 

mikro-Zeli (kantileveri, 13 – oTxfanjriani fotomimRebi 
(zondis gadadgilebis registratori), 14 – lazeri 

 
 

kompiuteruli programiT moicema gamocdis 
parametrebi – datvirTva, datvirTvis siCqare, dro, 
gantvirTvis dro. 

xelsawyo (nax. 7.8a) Seicavs datvirTvis kvanZs (1), 
preceziul gadamwods (2) indentoris (3) gadaadgilebis 
registraciisaTvis rbil zambarebze (4) – yvelaferi es 
konstruqciulad gaerTianebulia erT gamzom TavakSi (5), 
makontrolebel bloks (6) da kompiuters (7) programis 
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paketiT yvela samuSao ciklis marTvis, monacemebis 
Sekrebisa da damuSavebisaTvis. Sesaswavli ubnis SerCeva 
xdeba optikuri mikroskopiT, xolo nimuSis (8) 
pozicionireba da gadaadgileba – or- an 
samkoordinatiani magidiT (9). atomur-Zaluri mikroskopis 
kvanZebis wyoba, funqcia da urTierTkavSiri analogiuria 
(nax. 7.8b). xSirad maT aerTianeben erT kompleqsSi an 
zogjer erT TavakSi, rac saSualebas iZleva 
gafarTovdes zonduri meTodebis SesaZlebloba. 

nax. 7.9-ze moyvanilia uwyveti indentirebis tipiuri 
eqsperimentuli mrudi da datvirTvis damokidebuleba 
CaRmavebis siRrmisagan. zeda mrudi Seesabameba 
datvirTvas da asaxavs masalis winaaRmdegobas 
indentoris Canergvisadmi, xolo qveda aRwers 
deformaciis aRdgenas datvirTvis moxsnis Semdeg da 
axasiaTebs masalis drekad Tvisebebs. 
 

 
 
nax. 7.9. datvirTvis damokidebuleba Cawnexvis siRrmisgan 
 

simtkicis Cveulebrivi meTodiT gazomvis siZnele 
ZiriTadad dakavSirebulia mcire datvirTvebisas 
anabeWdis zomebis zust dadgenasTan, maSin rodesac 
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nanoindentoris meTodis realizaciisas anabeWdis 
siRrmis dadegenisas ZiriTadi problemaa indentoris 
Canergvis eqsperimentulad miRebuli diagramis 
damuSaveba. sirTules warmoadgens is, rom xelsawyo 
anabeWdis siRrmes ki ar zomavs, aramed – mxolod 
indentoris gadaadgilebas ℎმაქს, romelic ramdenime 

Sesakrebis jams warmoadgens – kontaqtis siRrme ℎკ, 
kontaqtis sazRvarze zedapiris drekadi CaRunva ℎდ.  
nimuSis nanosimtkicisa da drekadobis modulis 
dasadgenad saWiroa maqsimaluri datvirTvisas kontaqtis 
ℎკ siRrmis codna. ZiriTadi siZnele dakavSirebulia 

zedapiris drekadi CaRunvis sididis ℎდ moZebnasTan 
kontaqtis sazRvarze (nax. 7.10). 

drekadi modulis gazomva SeuZlebelia, is SeiZleba 
mxolod gamoTvlil iqnas oliverisa da faris 
TanafardobiT 
 

ℎდ =  
𝜀𝜀𝑃𝑃მაქს
𝑆𝑆

, 

 
sadac koeficienti 𝜀𝜀 = 1 brtyeli Stampis SemTxvevaSi; 
𝜀𝜀 = 0.75 brunviTi paraboloidisa da sferos SemTxvevaSi; 
𝜀𝜀 = 0.72 wawvetebuli konusis formis SemTxvevaSi. 
kontaqtis sixistes  𝑆𝑆 = 𝑑𝑑𝑑𝑑 𝑑𝑑ℎ⁄  pouloben indentoris 
datvirTvis mrudis meSveobiT (nax. 7.10). 
 

nax. 7.10. anabeWdis kveTis sqema 
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oliverisa da faris meTodikaSi berkoviCis 
indentoris gamoyenebisas ℎკ dasadgenad 𝜀𝜀 = 0.75. viciT ra 
kontaqtis siRrme, SesaZlebelia vipovoT anabeWdis 
gegmilis farTobi 

𝐴𝐴 = 24.56 ℎდ2 . 
Semdeg ganisazRvreba simtkice siRrmis mixedviT 
maqsimaluri datvirTvisas Semdegi TanafardobiT: 

𝐻𝐻 = 
𝑃𝑃მაქს
𝐴𝐴

. 
sivrculi analizisa da saboloo elementebis 

meTodiT SesaZlebelia gamoiTvalos plastikur 

deformaciaze daxarjuli muSaobis (𝑤𝑤მთლ – 𝑤𝑤დრეკ) 
Sefardeba mTlian muSaobasTan 𝑤𝑤მთლ. es Sefardeba 

axasiaTebs masalis plastikur deformacias 𝜆𝜆, romelic 
SeiZleba gaTvili iqnas indentirebisas miRebuli 
datvirTva-gantvirTvis mrudis meSveobiT, indentoris 
muSaobis gaTvliT, rogorc Sesabamisi mrudis qveS myofi 
farTi. samarTliania formula: 

𝜆𝜆 = 
𝑤𝑤მთლ– 𝑤𝑤დრეკ

𝑤𝑤მთლ
. 

 
 

Tavi 8 

nanostruqturuli firebisa da 

danafarebis struqtura da Tvisebebi 

 
kondesirebuli nanostruqturuli masalebis miRebis 

xerxebi mravalferovania, magram yvela maTgani araa 
damyarebuli formirebis sam stadiaSi energiis intensiur 
disociaciaze. pirvel stadiaze mimdinareobs Canasaxis 
warmoqmnis procesi, romelic Sesabamisi Termodinamikuri 
pirobebis ar arsebobis gamo ar gadadis srulmasStabian 
kristalizaciaSi. meore stadia mdgomareobs amorfuli 
klasterebis nanokristaluri Canasaxebis formirebaSi, 
romlebic Semdeg erTiandeba kristalitTSoris fazaSi 
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(pirveli stadia), disipatiuri nanostruqturis 
warmoqmniT. aseTi Termodinamikurad metastabiluri 
mdgomareobis arseboba mniSvnelovnad arTulebs 
kondensatebis struqturul-fazuri mdgomareobis 
prognozirebad modelirebas, magram samagierod saxavs 
srulebiT axal SesaZleblobebs unikaluri 
funqcionaluri Tvisebebis mqone masalebis SeqmnaSi. 
 
 

8.1. nanokristaluri firebis formireba 
 

nanokristaluri firebi xasiaTdebian rentgenis 
sxivebis farTo, dabalintensiuri arekvlebiT. arsebobs 
gardamavali mdgomareobis sami jgufi: 

1) kristaluri fazidan amorful fazaSi gadasvla; 
2) gadasvla sxvadasxva masalis or kristalur 

fazebs Soris; 
3) gadasvla erTi da igive masalis marcvlis or 

ZiriTad kristalografiul orientacias Soris (nax. 8.1). 
 
 

 
 
nax. 8.1. sami gardamavali ubnis sqematuri gamosaxuleba: 

a – kristaluridan amorfulSi gadasvla, b – or 
kristalur fazas Soris an marcvlis or upirates 
kristalografiul orientacias Soris gadasvla 
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8.1.1. nanostruqturuli firebis formirebis 
fiziko-teqnologiuri parametrebi 

 
cnobilia, rom myari sxeulebis Tvisebebsa da 

struqturas Soris kavSirs gaaCnia fundamenturi xasiaTi. 
magram is, Tu ra struqtura eqneba firs, damokidebulia 
firis formirebis parametrebsa da qimiur 
Semadgenlobaze. problema imaSia, rom TiToeuli 
teqnologiuri procesi xasiaTdeba mTeli rigi 
teqnologiuri parametrebiT, romlebic erTmaneTTan 
mWidrodaa dakavSirebuli. magaliTad, magnetronuli 
gafrqvesas es aris ganmuxtvis deni 𝐼𝐼დ da Zabva 𝑈𝑈დ, 

fuZeSris wanacvleba 𝑈𝑈წ , FfuZeSris ionuri denis 

simkvrive 𝑖𝑖, fuZeSris temperaturა 𝑇𝑇ფ, manZili fuZeSridan 

samiznemde 𝑑𝑑ფ–ს, dafenis siCqare 𝑎𝑎დ, gasafrqvevi airis 

nakadi 𝜙𝜙, reaqtiuli airis parcialuri wneva 𝑃𝑃პ, 
gasafrqvevi airis sruli wneva 𝑃𝑃სრ, vakuumuri sistemis 
amotumbvis siCqare, ZiriTadi wneva dafenis kameraSi 𝑃𝑃0, 
gasafrqvevi airis Sesasvleli naxvretebis ganlageba, 
magnetronis samiznisa da fuZeSris zedapiris 
urTierTgalageba (marTobuli Tu daxrili dafena), 
uZravi, mbrunavi Tu wrfivad moZravi fuZeSre, plazmis 
gaZliereba maRali an zemaRali sixSiris  ganmuxtvebiT 
an plazmis mdgradobis gazrda gareSe magnituri velis 
moqmedebiT (helmholcis eleqtromagnituri koWebi, 
dafenis kameris geometria). 

gafrqvevis meTodiT firis miRebisas yvelaze 
mniSvnelovani teqnologiuri parametrebia: 𝐼𝐼დ , 𝑈𝑈დ, 

𝑖𝑖 ,𝑇𝑇ფ ,𝑑𝑑ფ–ს, 𝑎𝑎დ ,𝑃𝑃სრ ,𝑃𝑃პ. TiToeuli am parametris kombinacia 

iZleva mxolod erT diskretul stuqturas. amitom 
SeuZlebelia, rom am kombinaciaSi erTi parametris 
cvlilebiT uwyvetad Seicvalos firis struqtura 
yovelive. amis gamo praqtikulad SeuZlebelia winaswar 
dasaxuli Tvisebebis firebis miReba. am problemis 
gadawyvetis gasaRebia firis zrdisas gasazrdeli 
masalis ionebis 𝐸𝐸 energiis kontroli. es energia 
gavlenas axdens: 

1) fuZeSris temperaturaze 𝑇𝑇ფ; 
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2) firis formirebaze, romelic kontroldeba 

dafenis energiiT 𝐸𝐸კ (ionebis energia 𝐸𝐸ი ,  ionebis nakadi 𝜙𝜙, 
dafenis siCqare 𝑎𝑎დ) da swrafi ganeitralebiT 𝐸𝐸ნ (dafena 
atomebis kontrolirebadi 𝑃𝑃კ wneviT da 𝑣𝑣1 firis 
Semadgeneli nawilakebiT); 

3) plazmoqimiuri reaqciebze da ∆𝐻𝐻-ze, sadac ∆𝐻𝐻 
warmoadgens Semadgenlobis formirebis energias 
(egzoTermul reaqciebSi, ∆𝐻𝐻 < 0, gamoiyofa energia, am 
dros sruli energia izrdeba da, piriqiT, endoTermuli 
reaqciebis dros, roca ∆𝐻𝐻 > 0, siTbo moixmareba da 
sruli energia mcirdeba). 

sruli energiis TiToeuli komponenti erTdroulad 
axdens gavlenas firis zrdis procesze. Tumca calkeuli 
komponentebis gavlena SeiZleba Zalian gansxvavebuli 
iyos. magaliTad, sufTa liTonebis dafenisas qimiuri 
reaqciis wvlili nulis tolia. ionuri gafrqvevis dros 
ki, rodesac firis formireba xdeba dabali energiis 
ionebiT, energia 𝐸𝐸1 gadamwyvet rols TamaSobs firis 
zrdaSi. yovelive amis gamo es energia xSirad gamoiyeneba 
firis Tvisebebis samarTavad.  

aradajaxebadi ganmuxtvisas es energia ganisazRvreba 
fuZeSreze modebuli ZabviT 𝑈𝑈1, fuZeSris ionuri 𝑖𝑖 denis 
simkvriviT da dafenis siCqariT 𝑎𝑎დ, Semdegi formuliT: 
 
𝐸𝐸1 = 𝐸𝐸2𝜈𝜈1 𝜈𝜈2⁄ = 𝑒𝑒(𝑈𝑈1 − 𝑈𝑈2) 𝜈𝜈1 𝜈𝜈2⁄ = 𝑒𝑒𝑈𝑈3𝑖𝑖1/𝑎𝑎1, roca 𝑇𝑇 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, (8.1) 
 
sadac 𝐸𝐸2 ionebis energiaa; 𝜈𝜈1 da 𝜈𝜈2 – mzardi firis 
dambombavi da atomebis damfarvi ionebis nakadebi 
Sesabamisad, xolo 𝑈𝑈1 plazmuri potencialia. 𝑈𝑈2-is 
tipiuri mniSvnelobebi meryeobs mcuravi potencialidan 
𝑈𝑈3-dan miaxloebiT 200 v-mde. firis mikrostruqturis 
efeqturi kontrolisaTvis saWiroa daculi iyos  
Tanafardoba 𝑖𝑖 ≥ 1 ma/sm2. 

yovel masalas axasiaTebs 𝐸𝐸1 energiis garkveuli 
kritikuli mniSvneloba. firebi, romlebis gazrdilia 
𝐸𝐸1 < 𝐸𝐸2 pirobebSi, forovania, rbili, gaaCniaT mqrqali 
zedapiri da daWimulni arian. piriqiT 𝐸𝐸1 > 𝐸𝐸2 pirobebSi 
gazrdili firebi kompaqturia, mkvrivia, gaaCniaT gluvi 
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amrekli zedapiri, kargad muSaoben kumSvaze. 𝐸𝐸1 = 𝐸𝐸2 
pirobebSi gazrdil firebs gaaCniaT nulovani 
mikrodaZabuloba 𝜎𝜎. magram 𝐸𝐸1 erTi da igive mniSvneloba 
ar unda Seesabamebodes firis erTi da imave 
mikrostruqturas. (8.1) gantolebis Sesabamisad 𝐸𝐸2 erTi da 
igive mniSvneloba SeiZleba miRweul iqnas ionebis 
energiis sxvadasxva kombinaciiT da TanafardobiT 𝜈𝜈1 𝜈𝜈2⁄ , 
e.i. pirobebSi, roca upiratesia sxvadasxva fizikuri 
procesebi. es imas niSnavs, rom parametrebi 𝐸𝐸1 da 𝜈𝜈1 𝜈𝜈2⁄  
fizikurad araekvivalenturia. 

dajaxebadi ganmuxtvisas dafenili firis erTeul 
moculobaSi miwodebuli energia 𝐸𝐸1 SeiZleba gamoisaxos 
formuliT: 
 

𝐸𝐸1(𝐽𝐽/𝑐𝑐𝑚𝑚2) = 𝑈𝑈1(𝐼𝐼1 𝛼𝛼1⁄ )𝑁𝑁1, roca 𝑇𝑇 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, (8.2) 
 

sadac 𝑁𝑁1 = exp⁡(−𝐿𝐿 𝜆𝜆⁄ ) im ionebis raodenobaa, romlebic 
fuZeSres aRweven maqsimaluri energiiT 𝑒𝑒𝑈𝑈1; 𝑒𝑒 
eleqtronis muxtia, 𝐿𝐿 – firis sisqe, 𝜆𝜆 – Tavisufali 
ganarbenis sigrZe ionisaTvis dajaxebisaTvis, romelic 
iwvevs energiis danakargs fenaSi. ionis Tavisufali 
ganarbenis sigrZe SeiZleba gamoiTvalos daltonis 
kanoniT, rogorc 𝜆𝜆 ≈ 0.4/𝑃𝑃. maRali Zabvis (𝑈𝑈1 ≫ 𝑈𝑈3) 
gamtaris sisqe SeiZleba gamoiTvalos Carlz–lengmiuris 
gantolebidan, sadac 𝑈𝑈3 mcuravi potencialia. firis 
sisqe 𝐿𝐿 SeiZleba gamoiTvalis formuliT: 

a) 𝑑𝑑𝑑𝑑 fena dajaxebis gareSe fuZeSresTan axlos 
(𝐿𝐿 𝜆𝜆⁄ <1): 

𝐿𝐿 = (0.44𝜀𝜀0)1 2⁄ (2𝑒𝑒/𝑚𝑚)1 4⁄ 𝑈𝑈𝑠𝑠
3 4⁄ 𝑖𝑖1 2⁄ , (8.3) 

 

sadac 𝜀𝜀0 dieleqtrikuli SeRwevadobaa, 𝑚𝑚 – ionuri masa; 
b) dajaxebadi 𝑑𝑑𝑑𝑑 fena fuZeSresTan axlos (𝐿𝐿 𝜆𝜆⁄ >1): 

 

 L = (0.81𝜀𝜀0)2 5⁄ (2𝑒𝑒/𝑚𝑚)1 5⁄ 𝜆𝜆1 5⁄ 𝑈𝑈𝑠𝑠5𝑖𝑖5.  (8.4) 
 

es martivi analizi aCvenebs, rom ionebiT 
bombardirebisas fuZeSremde miRweuli energia Zlier 
damokidebulia im pirobebze, Tu ra pirobebSi aris 
Catarebuli masalis aorTqleba. 
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mravali mkvlevari (8.1) gantolebas iyenebs, firebis 
mikrostruqturasa da Tvisebebze dabali energiis 
ionebiT bombardirebis dasaxasiaTeblad. 

miuxedavad imisa, rom firebis reaqtiul gafrqvevas 
Tan sdevs samiznis (kaTodis) mowamvla, rac mkveTrad 
amcirebs firis dafenis siCqares, 𝑎𝑎1-is cvlilebebi, 
romlebic gamowveulia reaqciuli airebis parcialuri 

wnevebiT 𝑃𝑃რა (𝑁𝑁2,𝑂𝑂2,𝐶𝐶𝐻𝐻4  da a.S.) dafenis mudmivi pirobebis 
dros arsebiT gavlenas axdens 𝐸𝐸1 energiaze, romelic 
miewodeba firs misi zrdis dros. magaliTad, 
nitridebisaTvis 𝑎𝑎1(𝑀𝑀𝑀𝑀) ≈4𝑎𝑎1(𝑀𝑀𝑀𝑀𝑁𝑁𝑥𝑥) da oqsidebisaTvis 
𝑎𝑎1(𝑀𝑀𝑀𝑀) ≈ (10 – 15) 𝑎𝑎1(𝑀𝑀𝑀𝑀𝑂𝑂𝑥𝑥), sadac 𝑀𝑀𝑀𝑀 liTonia, 𝑀𝑀𝑀𝑀𝑁𝑁𝑥𝑥 da 
𝑀𝑀𝑀𝑀𝑂𝑂𝑥𝑥 – Sesabamisad, liTonis nitridi da oqsidi. amitom 
aucilebelia gaviTvaliswinoT, rom reaqtiuli 
gafrqveviT miRebuli firebis Tvisebebis cvlileba 
gamowveuli iqneba ori parametris erToblivi 
cvlilebiT: 

1) firis elementuri da qimiuri Semadgenloba, 
gansakuTrebiT firSi Canergili reaqciuli airebis 
atomebiT; 

2)  𝐸𝐸1 energia anu parametrebi, romlebic 
damokidebulia reaqciuli airis parcialur wnevaze. 
gafrqvevis reaqciul reJimSi gazrdili 𝐸𝐸1 energiis 
gavlena, rac gamowveulia 𝑎𝑎1 -is SemcirebiT 𝑃𝑃𝑁𝑁2 -is 
gazrdiT, SeiZleba Zalian Zlieri iyos (8.3). 

varaudoben, rom mxolod 𝑎𝑎2-is Semcireba 𝑃𝑃რა-is 
gazrdiT pasuximgebelia iseTi erTfaza myar xsnarebze 
dafuZnebuli firebis kristalografiuli orientaciis 
cvlilebaze, rogoricaa 𝑇𝑇𝑇𝑇(𝐹𝐹𝐹𝐹)𝑁𝑁. 

𝐸𝐸1 energia Zlier moqmedebs ara marto firis 
struqturaze, aramed mis elementur da qimiur 
struqturazec, magaliTad, firis zedapiridan reaqciuli 
airis desorbciis gamo, agreTve, mikrodaZabulobaze 𝜎𝜎, 
romelic firSi gamowveulia ionebiT dabombviT. 

cnobilia, rom ionuri nakadidan firebis formireba 
Zlier arawonasworuli procesia, romelSic ionebi mTel 
Tavis kinetikur energias gadascemen mzard firs da 
axureben mas atomur doneze. misi gansxvaveba Cveulebrivi  
gaxurebisagan is aris, rom mbombavi ionebis energia 
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gadaecema atomuri zomis ubnebs da xasiaTdeba Zalian  
swrafi  (daaxloebiT 104 K/wm) gacivebiT. garda amisa 
unda aRiniSnos, rom mzardi kristalisaTvis Cveulebrivi 
gaxurebiT miwodebuli siTbo (𝑇𝑇ფ 𝑇𝑇დ⁄ ) da nawilakebis 

bombardirebiT miwodebuli (𝐸𝐸1) fizikurad eqvivalenturi 

ara arian; aq 𝑇𝑇ფ fuZeSris temperaturaa, 𝑇𝑇დ – firis dnobis 
temperatura. am faqtis miuxedavad torntonis zonalur 
struqturaSi 𝑇𝑇 zonis Sesabamisi eqstraordinaluri 
Tvisebebis mqone, mkvrivi firebi SeiZleba miRebul iqnas, 
Tu gafrqveva ganxorcieldeba dabal wnevebze,  
daaxloebiT 0.1 pa da ufro dabali (nax. 8.4). 
 

 
 

nax. 8.4. torntonis struqturuli zonuri modeli 
 
 

𝐸𝐸1 energia firis formirebisas mniSvnelovan gavlenas 
axdens maT struqturaze da Sesabamisad fizikur da 
funqcionalur Tvisebebze. 

yovelive zemoT Tqmuli samarTliania magnetronuli 
gafrqvevisaTvisac, sadac daleqvadi nawilakebis energia 
rgulirdeba muSa airis wneviT vakuumur kameraSi da 
fuZeSremde manZiliT, aseve – fuZeSreze uaryofiTi 
potencialis miwodebiT. 
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vakuumur rkaluri daleqvis meTodSi, aseve, ionur 
meTodebSi fuZeSreze miwodebuli amaCqarebeli 
potencialis cvlilebiT SesaZlebelia daleqvadi 
ionebis energiis cvlileba farTo farglebSi da amdenad  
ionebis nakadis simkvrivis marTva danafaris formirebis 
procesSi. 

amrigad, ionur-plazmur kondensatebSi, firis 
formirebis procesSi daleqvadi nawilakebis energiis 
regulirebiT SesaZlebelia Sesaqmneli masalis 
struqturis da substruqturis marTva. 
 

8.2. nanostruqturuli danafarebis 
formirebis Taviseburebebi 

 
nanokristaluri firebis da danafarebis 

formirebisaTvis aucilebelia viswavloT mzard 
struqturaSi marcvlebis kristalografiuli 
orientaciisa da zomebis marTva. es SesaZlebelia Semdegi 
gzebiT: 

1) energiis varirebiT danafaris formirebisas; 
2) ZiriTad masalaSi damatebiTi elementebis 

CanergviT da, erTdroulad, marcvlis zomebis zrdis 
SezRudviT; 

3) nanometruli sisqis mravalfeniani firebis 
gamoleqviT; 

4) nanokompozituri danafarebis formirebiT. 
 

8.2.1. daleqvadi nawilakebis energiis 
gavlena danafaris formirebaze 

 
cdebiT dadgenilia, rom danafarebis 

mikrostruqturis da fiziko-meqanikuri Tvisebebis 
cvlilebis erT-erTi gzaa danafaris  miReba kondensatis 
mzardi zedapiris ionebiT bombardirebiT. ionebiT 
bombardireba iwvevs kristalitebis zomis Semcirebas, 
marcvlis zomebis SemWidroebas, radiaciuli defeqtebis 
gaCenas (frenkelis wyvili da sxva wertilovani 
defeqtebi), mkumSavi deformaciebis warmoqmnas. 

ase magaliTad, vakuumur-rkaluri meTodiT 𝑇𝑇𝑇𝑇𝑇𝑇-is 
danafaris miRebisas, Tu FfuZeSreze modebuli iqneba 
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1 _ 7 khc sixSiris 1 – 2 v-is toli uaryofiTi Zabvis 
impulsebi da mudmivi 0 – 500 v Zabva, SesaZlebelia 
danafarSi struqturuli elementebis zomebis Semcireba. 
sailustraciod nax. 8.5-ze moyvanilia 𝑇𝑇𝑇𝑇𝑇𝑇-is danafaris 
fraqtogramebi. naxazidan Cans, rom miRebul danafarebs 
aqvT svetovani struqtura, rac damaxasiaTebelia ionur-
plazmuri danafarebisaTvis. 

rentgenis xazebis gafarToebis meSveobiT dadgenili 
marcvlis zomebis Sefaseba iZleva daxloebiT 
15 _ 30 nm-s, maSin rodesac 𝑇𝑇𝑇𝑇𝑇𝑇-is kristalitebis 
saSualo zoma implantaciis gareSe wanacvlebis mudmivi 
Zabvis modebisas Seadgens 100 – 200 nm-s. 
 

 
nax. 8.5. 𝑇𝑇𝑇𝑇𝑇𝑇-is danafaris fraqtograma. dafena 
Catarebulia azotis 0.66 pa wnevis pirobebSi: 

a – mudmivi uaryofiTi wanacvlebis 230 v Zabvis 
modebisas 2 kv-iani impulsebiT, b – mudmivi 
uaryofiTi waacvlebis 230 v Zabvis modebisas 

 
amrigad, ionuri bombardirebis gamoyeneba firebis 

formirebis procesSi SesaZleblobas iZleva Semcirebul 
iqnas marcvlis zomebi da, Sesabamisad, Seicvalos 
masalis struqtura da Tvisebebi. 
 

8.2.2. Serevis procesi 
 

Serevis procesi gulisxmobs ZiriTad erT elementian 
masalaSi erTi an ramdenime elementis damatebas. 



168 
 

malegirebeli minarevis Seyvana xels uSlis danafaris 
ziriTadi fazis marcvlis zomis zrdas. 

firis struqturis kontrolis ZiriTadi parametrebia 

fuZeSris temperatura 𝑇𝑇ფ, energia 𝐸𝐸0 romelic miewodeba 
mzard firs mbombavi ionebiTa da swrafi neitralebiT, 
aseve damatebuli elementebis tipiTa da raodenobiT. 

sxva faqtorebs, romlebic aseve mniSvnelovan rols 
TamaSoben nanokristalebis formirebaSi, warmoadgens: 

1) firis elementebis Serevadoba an Seurevadoba; 
2) elementebis unari Seqmnan myari xsnarebi an 

intermetaluri SenaerTebi; 
3) Senadnis formirebis entalpia ∆𝐻𝐻0 (dadebiTi an 

uaryofiTi). 
firis struqtura mniSnelovnad aris damokidebuli 

mraval faqtorsa da maT kombinaciaze. 
ase magaliTad, erTfaza firebis mikrostruqtura 

kargad aiwereba movCanis, demCiSinis da torntonis da 
sxva avtorebis mier SemoTavazebuli modeliT, magram 
yvela es modeli Zlier icvleba, rogorc ki firSi 
SeviyvanT minarevul atomebs. minarevis Seyvana aCerebs 
marcvlis zrdas da stimuls aZlevs mis gadajerebas 
CanasaxebiT. es movlena iwvevs globularuli 
struqturis formirebas, 𝑇𝑇1 𝑇𝑇2⁄  sididis gadidebiT 
dabalidan maRal mniSvnelobamde firSi malegirebeli 
elementis raodenobis zrdasTan erTad; aq 𝑇𝑇1 - fuZeSris 
temperaturaa, xolo  𝑇𝑇2 – firis masalis temperatura 
(nax. 8.6). minarevis raodenobis gazrdiT mTlianad ispoba 
svetovani struqtura. es faqti kargad aiwereba barnisa 
da adamikis modeliT. orfaziani nanokompozituri firebi 
avlenen mikrostruqturas, romelic identuria barnisa da 
adamikis modelis (nax. 8.6a). aq moyvanili 𝑍𝑍𝑍𝑍 − 𝐶𝐶𝐶𝐶 − 𝑁𝑁-is 
spilenZis minarevis dabali (1.2 at %) da maRali (20 at %) 
Semcvelobis, nanokompozituri firis mikrostruqtura 
karg SesabamisobaSia aRniSnul modelTan. unda 
aRiniSnos, rom ukve minarevis 7 %-iani Semcvelobisas 
miiReba wvrilmarcvlovani, mkvrivi 𝑍𝑍𝑍𝑍 − 𝐶𝐶𝐶𝐶 − 𝑁𝑁-is firi 
svetovani mikrostruqturis gareSe. aseTi gardaqmna 

svetovanidan wrilmarcvlovanamde SeimCneva 𝑇𝑇𝑇𝑇𝑇𝑇-is 𝑆𝑆𝑆𝑆-is 
atomis Semcvel firebSi 𝑇𝑇𝑇𝑇 − 𝑆𝑆𝑆𝑆 −  𝑁𝑁. 
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mravalricxovani eqsperimentebiT dadgenilia, rom  
mkvrivi wvrilmarcvlovani firebis formireba 
SesaZlebelia ara marto minarevis da / an danamatis 
CanergviT, aramed daleqvis iseTi pirobebis SerCeviTac, 
romlebic saSualebas iZleva formirebul iqnas iseTi 
firebi, romlebic Sedgebian sxvadasxva masalis 
sxvadasxva    kristalografiuli   orientaciis   da / an  
 

 
 
 

nax. 8.6. bernisa da adamikis modelis Sedareba 
eqsperimentTan: a – modeli orfaziani firisaTvis, 
b – spilenZis dabali (1.2 at %) da maRali (20 at %) 

Semcvelobis 𝑍𝑍𝑍𝑍 − 𝐶𝐶𝐶𝐶 − 𝑁𝑁-is firis ganivkveTi 
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sxvadasxva struqturis mesris da marcvlis Zlier 
upiratesad orientirebuli obieqtebisagan. 
nanostruqturuli firis formirebaSi gadamwyvet rols 
TamaSobs aseve zrdisas misTvis miwodebuli  energia. 

ganxilul procesSi, im procesisagan gansxvavebiT, 
romelSic prevalirebs gamoleqva ionuri bombardirebiT, 
SesaZlebelia iseTi firebis formireba, romlebic 
Seicaven sxvadasxva nanokristalur marcvlebs da, aseve, 
upiratesi orientaciis amorful firebs. 
 
 
 
 

8.2.3. nanostruqturis mqone mravalfeniani danafarebi 
 
 

danafaris zrdis mimarTulebiT kristalitebis zomis 
marTvis efeqturi xerxia mravalfeniani 
nanostruqturebis miReba. danafarebSi mravalfeniani 
agebuleba miiRweva winaswar dasaxuli sisqis 
individualuri Txeli fenebis perioduli dafeniT. 
amasTan, nanomasalis struqturaSi izrdeba dayofis 
sazRvrebis fazaTaSorisi zedapiris wili, rac cxadia 
arsebiT gavlenas axdens mravalfeniani danafaris 
Tvisebebze. marcvlis zomebi winaaRmdegobas uqmnis 
dislokaciebisa da nabzaris gadaadgilebas, rac iwvevs 
masalis simtkicis zrdas. 

nax. 8.7-ze magaliTis saxiT moyvanilia 𝑇𝑇𝑇𝑇𝑁𝑁𝑥𝑥 𝐶𝐶𝑟𝑟𝑥𝑥 𝐴𝐴𝐴𝐴𝐴𝐴⁄⁄  
nanostruqturuli danafaris simtkicis damokdebuleba 
fenebis periodulobisagan. 

rogorc naxazidan Cans fenebis mimdevrobis raRac 
sixSirisas, anu nanofenis gansazRvruli sisqisas, 
SesaZlebelia maRali simtkicis miRweva. fenebis  mcire 
sisqeebisas (6 – 7 nm) simtkicis Semcireba dakavSirebulia 
fenebs Soris sazRvrebis moSlaSi. aseTi fenebis miReba 
da kvleva warmoadgens mniSvnelovan samecniero da 
praqtikul interess. 
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nax. 8.7. mikrostruqtura. mravalfeniani danafaris 
sisalis damokidebuleba nanofenebis periodulobisagan 

 
 

8.2.4. nanokompozituri  danafarebi 
 
 

nanokompozituri danafarebi warmoadgenen 
nanomasalebis axal generacias. nanokompozitebi, 
romelTa Seswavlac intensiurad daiwyo meoce saukunis 
90-iani wlebidan, Zlier gansxvavdeba Cveulebrivi 
masalebisagan. es masalebi warmoadgenen mimarTul-
granulirebian masalebs, romelTa marcvlis zoma 𝑑𝑑 
100 nm-ze metia. maTi Tvisebebis gaumjobeseba pirvel 
rigSi damyarebulia ZiriTadi masalis legirebaze. am 
gziT miRebul iqna superSenadnebi da superkeramika. 
marcvlis didi zomebis gamo aseT masalebSi deformaciis 
procesebi ganpirobebulia dislokaciebiT. swored es 
procesebi gansazRvraven moculobiTi masalebisa da 
danafarebis Tvisebebs, magaliTad simtkices 𝐻𝐻, iungis 
moduls  𝐸𝐸, plastikur deformacias, drekad aRdgenas, 
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simtkices (siblate), winaaRmdegobas gabzarvis mimarT, 
siTbur mdgradobas, mdgradobas daJangvisadmi. 

dislokaciuri mdgradoba warmoadgens imis mizezs, 
rom Cveulebrivi masalebis Tvisebebi, romlebic 
Sedgebian 100 nm-ze meti zomis marcvlebisagan, SeiZleba 
gaumjobesdes mxolod sxva elementebiT legirebiT, 
magram ara radikalurad, rogorc es SeiZleba gakeTdes 
nanokompozitur masalebSi, romelTa marcvlebis zomebic 
100 nm-ze naklebia. nanokompozituri masalebi es iseTi 
masalebia, romlebic Sedgebian aranakleb ori sxvadasxva, 
saxis 100 nm-ze naklebi zomis marcvlis mqone 
masalebisagan. dislokaciebis generireba wydeba 
marcvlebSi, romelTa zomac 10 nm-is tolia. es imas 
niSnavs, rom rodesac roca marcvlis zoma mcirdeba, 
dislokaciuri aqtiuroba TandaTan icvleba deformaciis 
axali procesebiT, kerZod, marcvlis zomebis gamagrebiT, 
marcvlis sazRvris srialiT da a.S. marcvlebis atomebs 
Soris da / an atomebs Soris mosazRvre ubnebSi. amasTan 
erTad marcvlis zomebis SemcirebiT mniSvnelovnad 
mcirdeba fardoba 𝑆𝑆 𝑉𝑉⁄  (𝑆𝑆 marcvlis zedapiris farTobia, 

xolo 𝑉𝑉 – moculoba), mcirdeba aseve fardoba  𝑁𝑁ს 𝑁𝑁მ⁄  (𝑁𝑁ს – 
atomebis raodenobaa marcvlebis SemomsazRvrel 
sazRvarze, xolo 𝑁𝑁მ – atomebis raodenobaa marcvlis 
moculobaSi). nanokompozituri masalebis Tvisebebi 
ganpirobebulia marcvlebis zomiT da marcvlis irgvliv 
sazRvris topologiiT. esaa is ZiriTadi mizezebi, ris 
gamoc nanokompoziciur masalebs gaaCniaT unikaluri 
fizikuri da funqcionaluri Tvisebebi. 

amJamad Zalian didi warmatebebia miRweuli 
sistemebisaTvis, romlebic xasiaTdebian Semadgeneli 
nawilebis sruli ar praqtikulad sruli SeurevlobiT, 
romlebic iseT mdgomareobaSi imyofebian, rom myari 
nanokristalitebi mTlianad SemosazRvrulni arian 
amorful fazaSi myofi masalebiT. arsebobs 
mtkicebuleba, rom aseTi danafarebi Sedgebian 
dislokaciisagan Tavisufali 3 – 10 nm zomis 
nanokristalitebisagan, romlebic SemosazRvrulia 
1 _ 3 nm sisqis amorfuli faziT. 

nax. 8.8a-ze naCvenebia zesali nanokompozituri 
danafaris mqone obieqtis idealizirebuli modeli, xolo 
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nax. 8.8b-ze naCvenebia 𝑇𝑇𝑇𝑇 − 𝑆𝑆𝑆𝑆 − 𝑁𝑁 nanokompozituri sistemis 
sqematuri gamosaxuleba. 
 

 
nax. 8.8. nanokompozitebis agebulebis sqematuri 

gamosaxuleba: a – idealizirebuli nano- 
struqturirebuli danafari (1 – nanokristaliti, 

2 – amorfuli Suafena); b – nanokompozitebis 
𝑛𝑛𝑛𝑛 − 𝑇𝑇𝑇𝑇𝑇𝑇/𝛼𝛼 − 𝑆𝑆𝑆𝑆3𝑁𝑁4 𝑛𝑛𝑛𝑛⁄ −  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇4 agebulebis gamosaxuleba 

 
amJamad Seswavlilia ramdenime nitriduli sistema, 

maT Soris yvelaze srulad 𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑆𝑆𝑆𝑆3𝑁𝑁4. 
kompoziciurma masalam 𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑆𝑆𝑆𝑆3𝑁𝑁4, romelic miRebuli 

iyo magnetronuli gafrqveviT gamoleqvis saSualo 
siCqariT 0.2 – 0.3 nm/wm da muSa atmosferos wneviT 
𝑃𝑃𝐴𝐴𝐴𝐴+𝑁𝑁 ≈ 0.3 − 0.4 pa, gamoavlina droSi Zalian stabiluri 
sisale, sakmaod maRal – 900 K temperaturebamde. sisalis 
es mniSvneloba Zalian axlosaa boris nitridis 
sisalesTan masiur mdgomareobaSi. 
 
 

8.3. maRali simtkicis nanokristaluri danafarebi 
 

firis sisalis 𝐻𝐻 gazrdaSi ZiriTad rols TamaSoben 
Semdegi faqtorebi: a – plastikuri deformacia, 
romelSic dominirebs dislokacia; b – atomebs Soris 
bmis Zalebi; g – nanostruqtura; d – mkumSavi mikroZabva 
𝜎𝜎, romelic firSi generirdeba misi formirebisas. 
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sisalis sidide damokidebulia deformaciis procesebze, 
romlebic muSaoben marcvlis zomis mocmul intervalSi 
(nax. 8.9). 
 

 
nax. 8.9. masalis sisalis 𝐻𝐻 

damokidebuleba marcvlis zomisagan 𝑑𝑑 
 

masalis sisale maqsimums 𝐻𝐻მაქს aRwevs maSin, rodesac 

marcvlis zomebi utoldeba ~ 10 nm-s. 
Zneldnobadi masalebis fuZeze Seqmnili danafarebis 

simtkicis gazrda maTTvis nanostruqturuli 
mdgomareobis miniWebiT Zalian rTuli amocanaa. 

myari kondensirebuli nanomasalebis ori saxeobidan 
– mravalfeniani da kompozituri – es ukanaskneli avlens 
simtkicis met nazrds masiur masalebTan SedarebiT. 
amJamad cnobilia nanokompozituri danafarebis ori 
jgufi: 

1) 𝑛𝑛𝑛𝑛 − 𝑀𝑀𝑀𝑀𝑀𝑀/rbili faza da 𝑛𝑛𝑛𝑛 −𝑀𝑀𝑀𝑀𝑀𝑀/myari faza; 
2) nanokristaluri da / an amorfuli fazebi, 

romlebic Sedgebian ori kristaluri fazisagan. esaa 
erTi da igive masalis ori kristalografiuli 
orientaciis marcvlebi, roca erT-erTi fazis 
mikrostruqtura Zalian gansxvavdeba meorisagan. 

nanokompozituri danafarebi SeiZleba 
klasificirebul iqnas sami ZiriTadi kriteriumiT: 1 – 
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simtkice; 2 – fazuri mdgomareoba; 3 – nanokompozitis 
fazebis zoma. 

1) klasifikacia sisalis mixedviT: 
a) myari danafarebi 𝐻𝐻 ≤ 40 hpa; 
b) zesali danafarebi 𝐻𝐻 = 40 − 80 hpa; 
g) ultrasali danafarebi 𝐻𝐻 > 80  hpa; 

2) klasifikacia fazebis mixedviT: 

a) ori myari faza da 𝑛𝑛𝑛𝑛-𝑀𝑀𝑀𝑀𝑀𝑀/myari faza, 
magaliTad, 𝑆𝑆𝑆𝑆3𝑁𝑁4,𝐵𝐵𝐵𝐵, da a.S. 

b) erTi myari faza da erTi rbili faza 

𝑛𝑛𝑛𝑛-𝑀𝑀𝑀𝑀𝑀𝑀/rbili faza, magaliTad, 𝐶𝐶𝐶𝐶, 𝐴𝐴𝐴𝐴,𝐴𝐴𝐴𝐴,𝑁𝑁𝑁𝑁, 𝑌𝑌, da a.S. 𝑛𝑛𝑛𝑛 
niSnavs nanokristalur fazas, 𝑀𝑀𝑀𝑀 = 𝑇𝑇𝑇𝑇,𝑍𝑍𝑍𝑍,𝑇𝑇𝑇𝑇,𝑀𝑀𝑀𝑀,𝑊𝑊,𝐶𝐶𝐶𝐶,𝐴𝐴𝐴𝐴  
da a.S. sxva nitridebis Semqmneli elementebi.AaRmoCnda, 
rom orive kompoziti qmnis maRal sisales; 

3) klasifikacia fazebis zomis mixedviT: 

a)  2D- (or)ganzomilebiani danafarebi, zemesruli        
danafarebi; 

b) 3D- (sam)ganzomilebiani danafarebi, erTfeniani 
nanokompozituri danafarebi. 

zemesruli danafarebi Sedgebian mravali rigrigobiT 
ganlagebuli sxvadsaxva kompoziciisa da Semadgenlobis 
ori fenisagan, romelTac zemesris periodi ewodeba. 
zemesris periodi meryeobs ramdenime nanometridan 
15 nm-mde. samganzomilebiani erTfeniani nanokompozituri 
danafarebi Sedgebian ramdenime mikrometramde zomis 
nanomarcvlebisagan (faza 1), romlebic Canergilia 
matricaSi an dafaruli arian Txeli, ZiriTadi  masalis  
ekvivalenturi, feniT (faza 2). am codnis gamoyenebiT 
Seiqmna nanikompozitebis Seqmnis koncefcia, romelic  
damyarebulia nanostruqturebis Taviseburebebis 
geometriaze, anu marcvlebis zomasa da kristalitebis 
formaze. maRali sisalis mqone nanokompozitebs SeiZleba 
hqondeT sxvadasxva nanostruqtura. arsebobs 
mikrostruqturis sami saxe: a) svetismagvari; b) 
nanomarcvlovani, romlebic garSemortymulia ZiriTadi 
masalis Zalian Txeli (1 – 2 monofena) faziT; g) 
nanomarcvlovani narevi – sxvadasxva kristalografiuli 
orientaciis nanomarcvlebis narevi (nax. 8.10). 
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firis nanostruqturis Sesabamisad gazrdili 
sisalis mqone nanokompozitebi SeiZleba daiyos sam 
jgufad: 

1) nanokompozitebi svetovani nanostruqturiT. isini 
SeerTebulni arian nanosvetebad da amasTan meore faza 
(ZiriTadi masalis) arasakmarisia yvela marcvlis 
dasafaravad (nax. 8.10a); 

2) nanokompozitebi mkvrivi globularuli 
nanostruqturiT, romelic Sedgeba ZiriTadi masalis 
Txeli feniT dafaruli nanomarcvlebisagan. 

3) nanokompozitebi mkvrivi globularuli 
nanostruqturiT, romlebic Sedgeba sxvadasxva masalis 
nanomarcvlebisagan (orfaza masalebi) an sxvadasxva 
kristalografiuli orientaciis da mesris struqturis  
mqone erTi da imave masalis marcvlebisagan (erTfaza 
masalebi), nax. 8.10g. 

zemoT moyvanili klasifikacia dadasturebulia 
eqsperimentalurad. sisalis gazrda dakavSirebulia 
nanokompozitebis Semadgenili standartuli blokebis 
formisa da zomebisagan. gazrdili sisale SeiZleba 
gamoiwvion  danafarebma,  romlebic  Sedgebian  erTi  da 
 

 
nax. 8.10. gazrdili sisalis mqone 

sxvadasxva nanokompozitebis sqematuri 
gamosaxuleba: a – svetovani, b – ZiriTadi 

masalis faziT garSemortymuli 
nanomarcvlebi, g – nanomarcvlebis narevi 

 
imave masalis marcvlebisagan, romelTac gaaCniaT 
sxvadasxva kristalografiuli orientacia da mesruli 
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struqtura. amiT aixsneba erTfaza masalebis maRali 
sisale. 
 

8.4. nanokristaluri danafarebis meqanikuri Tvisebebi 
 

cnobilia sami parametri, romlebic gavlenas axdenen 
nanokompozitis simtkiceze: 

1) mikroZabva 𝜎𝜎, romelic warmoiqmneba danafarSi misi 
zrdisas; 

2) nanokompozitis nanostruqtura; 
3) atomebs Soris mokle kovalenturi kavSirebi, 

romlebic arseboben iseT danafarebSi rogorebicaa 
𝑆𝑆𝑆𝑆 − 𝐶𝐶 − 𝑁𝑁, 𝑆𝑆𝑆𝑆 − 𝐶𝐶 − 𝐵𝐵 − 𝑁𝑁. 

simtkicis gazrda gamowveulia am ori an sami 
parametris gaerTianebuli moqmedebiT. es faqti Zalian 
arTulebs simtkis gazrdis realuri mizezis dadgenas da 
Sesabamisad maqsimaluri simtkicis misaRwevad saWiro 
dafenis optimaluri reJimis SerCevas. amitom simtkicis 
gazrdis mizezis dasadgenad saWiroa am sami 
parametridan movaSoroT ori maTgani da simtkice 𝐻𝐻 
gamovikvlioT, rogorc mxolod erTi parametris funqcia. 
Zalian Zlier mkumSav mikroZabvas 𝜎𝜎 SeuZlia firi 
moaSoros fuZeSres, rodesac firis sisqe ℎ kritikulze 
maRalia. amitom ukidures SemTxvevaSi unda vecadoT 𝜎𝜎-s 
Semcirebas. makroZabva aseve SeiZleba gamovricxoT 
danafaris miRebis procesis guldasmiT kontroliT. 

arsebuli eqsperimentuli monacemebis analizi 
saSualebas iZleva davadginoT, rom mtkice masalis 
danafaris simtkice SeiZleba gavzardoT ori gziT: 
danafaris (𝑇𝑇𝑇𝑇𝑇𝑇,  𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶⁄ , 𝑇𝑇𝑇𝑇𝑇𝑇 𝑀𝑀𝑀𝑀𝑀𝑀)⁄  miRebis procesSi 
energiuli ionuri bombardirebiT, romelic iwvevs 
marcvlis zomebis gamkvrivebas, kristalitebis zomis 
Semcirebas; maRali mkumSavi orRerZa Zabvis modebiT; 
gansazRvruli Semadgenlobis nanokompozitis SeqmniT, 
anu iseTi Sesabamisi nanostruqturis formirebiT, 
romelic xels uSlis mikronabzarebis da dislokaciebis 
warmomqmneli mikroZabvebis zrdas, gamravlebas da 
gavrcelebas. 
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nax. 8.11-ze mocemulia 𝑛𝑛𝑛𝑛 − 𝑇𝑇𝑇𝑇𝑇𝑇 𝛼𝛼 − 𝑆𝑆𝑆𝑆3𝑁𝑁4⁄  danafaris 
simtkicis damokidebuleba 𝑆𝑆𝑆𝑆3𝑁𝑁4-is Semcvelobaze. 

sxvadasxva Semadgenlobisa da simtkicis mqone 
danafarebis eleqtronulma mikroskopiulma kvlevebma 
aCvena, rom titanis nitridis danafaris struqtura 
siliciumis gareSe, warmoadgens 𝑇𝑇𝑇𝑇𝑇𝑇-is calkeul 
kristalebs, romelTa zomac zrdis sibrtyis 
marTobulad Seadgens ramdenime aseul nanometrs, xolo 
ramdenime aTeul nanometers – zrdis sibrtyeSi (nax. 8.11, 
CanarTi a). kondensaciis dros siliciumis nitridis 
mcire raodenobiT Seyvana iwvevs sisalis mniSvnelovan 
zrdas. amasTan titanis nitridis marcvlis nawilobriv 
dafarvac ki siliciumis nitridiT xels uSlis titanis 
nitridis marcvlebis zrdas da amrigad xels uwyobs 
𝑇𝑇𝑇𝑇𝑇𝑇-is axali Canasaxebis warmoqmnas da zrdas. 𝑆𝑆𝑆𝑆3𝑁𝑁4-is 
15 _ 20 mol % Semcvelobisas 𝑇𝑇𝑇𝑇𝑇𝑇-is marcvlis zomebi ar 
aRemateba 7 nm-s. es zoma Zalian mcirea dislokaciebis 
wyros aqtivizaciisaTvis, rac, Tavis mxriv, amcirebs 
palastikurobas da zrdis simtkices. meqanikuri 
datvirTvisas   aseTma   masalam  SeiZleba  relaqsireba 
gaukeTos mis moqmedebas mxolod marcvlebis erTmaneTze 
gasrialebis gziT (anu 𝑇𝑇𝑇𝑇𝑇𝑇-is calkeuli 
aradeformirebuli nanokristalis erTmaneTis mimarT 
moZraobiT). es procesi moiTxovs ufro met energies, 
vidre dislokaciebis moZraoba da, Sesabamisad, izrdeba 
simtkicec. titanis nitridis calkeul marcvlebs Soris 
saSualo manZilis Sefasebam aCvena, rom maqsimaluri 
meqanikuri maxasiaTeblebis misaRwevad 𝑇𝑇𝑇𝑇𝑇𝑇-is 
nanokristalebi gamoyofili unda iyvnen siliciumis 
nitridis mxolod ramdenime nanofeniT (nax. 8.11, 
CanarTi b). siliciumis nitridis didi Semcvelobisas 
marcvlebs Soris saSualo manZili sakmarisi xdeba 
imisaTvis, rom 𝑆𝑆𝑆𝑆3𝑁𝑁4-is fazaSi gaCndes da Semdeg 
ganviTardes mikrobzarebi. 

amasTan, am dros masalis sisale uaxlovdeba masiuri  
𝑆𝑆𝑆𝑆3𝑁𝑁4-is simtkices (nax. 8.11, CanarTi g). 

simtkicis evolucia nanokompozitSi aCvenebs, rom 
aseTi masalebis simtkicis zrdaSi mniSvnelovania ori 
faqtori:  jer  erTi  kristalitebis  zoma naklebi unda 
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nax. 8.11.siliciumis nitridis Semcvelobis 
gavlena 𝑛𝑛𝑛𝑛 − 𝑇𝑇𝑇𝑇𝑇𝑇 𝛼𝛼 − 𝑆𝑆𝑆𝑆3𝑁𝑁4⁄  danafaris simtkiceze 

 
iyos 10 nm-ze deformaciis mimarTulebiT, raTa xeli 
SeuSalos dislokaciis moZraobas; xolo, meores mxriv,  
saSualo manZili marcvlebs Soris ar unda aRematebodes 
0,5 nm-s, raTa ar moxdes nabzaris Casaxva da gazrda.  

am SemTxvevaSi  did mniSvnelobas iZens masalis  
mdgomareoba  marcvalTSoris  sazRvrebze, romelic, 
eleqtronuli mikroskopiis monacemebiT, ZiriTadad 
Seesabameba arawonasworul amorfulis magvar 
struqturas. arawonasworuli sazRvrebis Zabvebis Sors 
moqmedi veli xasiaTdeba deformaciis tenzoriT, romlis 

komponentebic marcvlis SigniT proporciulia 𝑟𝑟−1 2⁄ -is (𝑟𝑟  
manZilia marcvlis sazRvramde). amis gamo daZabulobis 
veli iwvevs drekadi deformaciebis gaCenas, romlebic 
amaxinjeben kristalur mesers. garda amisa, ultramcire 
zomis sammagi pirapirebi SeiZleba gaxilul iqnan 
rogorc dislokaciebi. TavianTi bunebiT aseTi 
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kristalebi parakristalebia, romlebic imyofebian 
SemTxveviT ganlagebuli atomebis garemocvaSi. nax. 6.12-ze 
moyvanilia. marclebis sazRvrebis moculobiTi wilis 𝑉𝑉𝑓𝑓 
(1) da sammagi pirapiris (2) marcvlis zomisagan 
gaangariSebuli damokidebuleba. 

konstruqciuli masalebis ZiriTadi maxasiaTeblebia 
iungis moduli, denadobis zRvari, simtkicis zRvari, 
daRlilobis zRvari, cveTamedegoba, daSlis siblante 
(Zabvebis intensivobis kritikuli koeficienti 
wawvetebuli koncentratorebisa da bzarebisaTvis 𝐾𝐾). 
iungis modulisagan gansxvavebiT, romelic pirvel 
miaxloebaSi ar aris damokidebuli masalis 
struqturaze, yvela sxva maxasiaTebeli struqturulad 
mgrZnobiarea, e.i. SesaZlebelia maTi marTva realuri 
struqturis mizanmimarTuli cvlilebiT, kerZod, 
struqturuli defeqtebis, marcvlis zomebis ujredebis 
da sxva substruqturuli erTeulebis nomenklaturis 
cvlilebiT. 
 
 

 
 
 
 

nax. 8.12. marclebis sazRvrebis moculobiTi wilis 
𝑉𝑉𝑓𝑓 (1) da sammagi pirapiris (2) marcvlis zomisagan 

gaangariSebuli damokidebuleba (angariSisas 
sazRvrebis sisqe aRebulia 1 nm-is tolad) 
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nax. 8.13-ze, ilustrirebis mizniT, moyvanilia  
nitridebis fuZeze Seqmnili danafarebis 𝐻𝐻 
damokidebulebebi 𝐸𝐸 -sagan. naxazidan Cans, rom 
mravalkomponentiani nanostruqturuli danafarebis 
simtkice ufro maRalia, vidre nitridebis fuZeze 
Seqmnili erTkomponentiani danafarebisa. miuxedavad 
simtkicis gazomvis SedarebiTi simartivisa, saWiroa  
yuradReba mieqces gamoyenebuli datvirTvis intervals, 
firis sisqes, zedapiris  topografias,  narCen Zabvebs da 
sxva faqtorebs, romlebic gavlenas axdenen simtkiceze. 

umetes SemTxvevaSi, erTis mxriv, struqturuli 
elementebis da fenis sisqis Semcireba nanozomebamde  
aumjobesebs danafarebis meqanikur Tvisebebs, xolo, 
meores mxriv, gavlenas axdens danafarebis Termul da 
droiT mdgradobaze. vinaidan ionuri gamoleqviT 
danafaris  formirebisas adgili aqvs aramarto marcvlis 
 

 
 

nax. 8.13. magnetronuli gafrqveviT miRebuli 

zesali masalebis 𝐻𝐻-is damokidebuleba 𝐸𝐸-sgan 
 
zomebis Semcirebas aramed, defeqtebis simkvrivis 
gazrdasac da mkumSavi Zabvebis formirebas, amitom 
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SeimCneva simtkicis da, Sesabamisad, stabilurobis 
Semcireba. 

yovelive amis  gamo xarisxiani nanostruqturebis 
misaRebad saWiroa Semadgenlobis optimizacia: mraval-
komponentiani da nanokompozituri danafarebisaTvis unda  
SeirCes masalis optimaluri  Tanafardoba, malegirebeli 
elementi da misi raodenoba; mravalfenianisaTvis – aseve 
fenis masalebi da maTi sisqe. 

gamoleqili ionebis energiis regulirebiT, fuZeSris 
temperaturis optimizaciiT, reaqciis airis wnevisa da 
Semadgenlobis SerCeviT  sruliad SesaZlebelia 
stabiluri danafarebis Seqmna. 
 

8.5. temperaturis gavlena nanokristaluri 
danafarebis Tvisebebze 

 
rogorc zemoT aRvniSneT, nanokristaluri firebis 

fiziko-meqanikuri Tvisebebi ganpirobebulia maTi 
nanostruqturiT.  nanostruqtura ki metastabiluri 
fazaa, amitom Tu temperatura, romelzedac formirdeba 
firi, tolia an meti kristalizaciis temperaturaze 𝑇𝑇კრ , 
masala iwyebs kristalizacias. es ki arRvevs mis 
nanostruqturas da iwvevs axali kristaluri fazebis 
warmoqmnas, ris gamoc aRniSnul temperaturebze 
nanokompozituri firebi kargaven TavianT unikalur 
Tvisebebs. kristalizaciis temperatura 𝑇𝑇კრ (rodesac 
nanokompozituri firis nanostruqtura irRveva da 
warmoiqmneba axali kristaluri fazebi)  gansazRvravs 
nanokompozituri masalis Termul mdgradobas. 
kristalizaciis 𝑇𝑇კრ temperatura Tanamedrove 

nanokompozituri firebisaTvis 1000 oC-ze naklebia. magram 
1000 oC dabali temperaturaa, rogorc eqsploataciis 
temperatura, amitom mkvlevarebis yuradReba miqceulia 
axali nanokompozituri masalebis Seqmnisaken, romlebic 
Termulad mdgradi iqnebian da ar daiJangebian 1000 oC-ze 
maRal temperaturebze. 

danafaris daJangva ganisazRvreba, rogorc misi masis 
∆𝑚𝑚 cvlilebis dasawyisi Termuli daJangvis Semdeg. roca 
oqsidebi myari nawilakebia, SeimCneva masis zrda (∆𝑚𝑚 > 0), 
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xolo roca formirdeba aqroladi Jangeulebi adgili 

aqvs masis danakargs (∆𝑚𝑚 < 0). nax. 8.14-ze naCvenebia masis 
nazrdi, rogorc gamowvis 𝑇𝑇 temperaturis funqcia.  

temperatura, romelic Seesabameba ∆𝑚𝑚-is mkveTr 
zrdas ganisazRvreba rogorc 𝑇𝑇მაქს, rogorc temperatura 
romelzedac daJangvas adgili ara aqvs. daJangvisadmi 
mdgradoba miT ufro maRalia rac maRalia 𝑇𝑇მაქს. 
nax. 8.14-ze moyvanlia kristaluri da nanokristaluri 
firebi, romlebic xasiaTdebian ∆𝑚𝑚-is mkveTri zrdiT. 
yvela am firisaTvis daJangvisadmi mdgradoba 1000 oC-ze 
dabalia, vinaidan isini Sedgebian marcvlebisagan 
romlebsac yovelTvis SeuZliaT ikontaqton   
atmosferosTan  da  fuZeSresTan  marcvlis  sazRvrebis 
 

 
 

nax. 8.14. myari danafarebis mdgradoba daJangvisadmi 
 
meSveobiT. es movlenebi mniSvnelovnad amcireben 
daJangvisadmi mdradobas firis moculobaSi da mis 
barierul SesaZleblobebs. garkveli gaumjobesebis 
miRweva mainc SeiZleba Tu gamoviyenebT maintegrirebel 
minismagvar fazas. arsebobs myari danafarebis 
daJangvisadmi mdgradobis gaumjobesebis erTi efeqturi 
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xerxi – gzis gadaketva marcvlebis sazRvrebis gaswvriv 
danafaris zedapiridan mTliani firis gavliT 
fuZeSrisaken. Tumca amis miRweva mxolod maSin xerxdeba, 

rodesac firi amorfulia (nax. 8.15). 
yovelive amis gamo maRal temperaturaze  

daJangvisadmi maRali mdgradobis uzrunvelsayofad 
aucilebelia miRweul iqnas nanokompozitis orive fazis 
Termuli stabiluroba. magaliTad, siliciumis nitridis 
gamoyeneba kristalizaciisa da metalo-nitridis daSlis 
winaaRmdeg. konkretul magaliTad gamodgeba 
kompozitebis ojaxi, 𝛼𝛼 − 𝑆𝑆𝑆𝑆3𝑁𝑁4/𝑀𝑀𝑀𝑀𝑀𝑀𝑥𝑥𝛼𝛼 − 𝑆𝑆𝑆𝑆3𝑁𝑁4 fazis maRali 

SemcvelobiT (≥  50 moc %). mocemuli danafarebi 

amorfulia  da gaaCniaT sisale 20 – 40 gpa farglebSi, anu 
 

 
nax. 8.15. fuZeSris gareSe atmosferosTan, myari 

nanokompozituri fenis gavliT, kontaqtis sqematuri 

gamosaxuleba:  a – firi, b – amorfuli fena 
 
 
isini sakmarisad salia, raTa gamoyenebul iqnan rogorc 
damcavi danafarebi mWrel instrumentebSi. 

heterofazur nanokompozitur danafarebs 

𝑛𝑛𝑛𝑛-(𝑇𝑇𝑇𝑇1−𝑥𝑥𝐴𝐴𝐴𝐴𝑥𝑥)𝑁𝑁/𝛼𝛼 − 𝑆𝑆𝑆𝑆3𝑁𝑁4 da 𝑇𝑇𝑇𝑇𝑇𝑇 𝛼𝛼 − 𝑆𝑆𝑆𝑆3⁄ 𝑁𝑁4/𝑇𝑇𝑇𝑇𝑆𝑆2 gaaCniaT 
maRali Termuli medegoba, rac ganpirobebulia idealuri 
erTgvarovani struqturiT, romelic formirdeba 
spinidaluri daSlisa da amorfuli nitridebis 
kristalizaciisas. nanokompozitis komponentebi 
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idealurad ereva erTmaneTs, xolo kristaluri fazebis 
Casaxva xdeba erTdroulad, mniSvnelovani zrdis gareSe.               
fazaTaSoris kavSirebic maRalia, rac, rogorc Cans, 
akavebs Siga maRal daZabulobebs. 

nax. 8.16a-dan Cans, rom (𝑇𝑇𝑇𝑇1−𝑥𝑥𝐴𝐴𝐴𝐴𝑥𝑥)𝑁𝑁/𝛼𝛼 − 𝑆𝑆𝑆𝑆3𝑁𝑁4 
nanokompozitis marcvlis zomebi ucvlelia da 

daaxloebiT tolia 3 nm-is 1000 oC-mde. nanokompozitSi 

𝑇𝑇𝑇𝑇𝑇𝑇 𝛼𝛼 − 𝑆𝑆𝑆𝑆3⁄ 𝑁𝑁4/𝑇𝑇𝑇𝑇𝑆𝑆2 (nax. 8.16b) is umniSvnelod izrdeba 

10.5-dan 12 nm-mde 800 oC temperaturaze. amasTan, unda 
aRiniSnos, rom am sistemebSi SeimCneva simtkicis 
garkveuli gazrda temperaturis momatebiT. amasTan, 
marcvlis zomebis zrda iwvevs Tvisebebis mkveTr 
gauresebas. 
 
 
 

 
 
 

nax. 8.16. nanokompozitebis danafarebis 
sisalis da kristalitebis zomebis 
cvlilebis damokidebuleba gamowvis 

temperaturisagan: a – (𝑇𝑇𝑇𝑇1−𝑥𝑥𝐴𝐴𝐴𝐴𝑥𝑥)𝑁𝑁/𝛼𝛼 − 𝑆𝑆𝑆𝑆3𝑁𝑁4, 

b – 𝑇𝑇𝑇𝑇𝑇𝑇 𝛼𝛼 − 𝑆𝑆𝑆𝑆3⁄ 𝑁𝑁4/𝑇𝑇𝑇𝑇𝑆𝑆2 
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Tavi 9 

nanomasalebis gamoyeneba teqnikaSi 

 

9.1. nanokristaluri danafarebi warmoebaSi 
 

dReisaTvis praqtikulad realizebulia mxolod 

ramodenime tipis nanomasala – nanostruqturuli 

nanokilita, magnitorbili Senadni “fainmenti”, 
mravalfeniani naxevargamtaruli  heterostruqturebi, 
zesali nitriduli firebi da sxva. 

rTuli Semadgenlobis mravalfenianma firebma kuburi 
𝐵𝐵𝐵𝐵,𝐶𝐶3𝑁𝑁4, 𝑇𝑇𝑇𝑇𝑇𝑇, 𝑇𝑇𝑇𝑇𝑇𝑇,𝑇𝑇𝑇𝑇(𝐴𝐴𝐴𝐴,𝑁𝑁)-is fuZeze, romlebsac gaaCniaT 

zemaRali (70 hpa-mde) sisale, kargad gamoiCines Tavi 
srialis xaxunze muSaobisas. TviTgampox danafarebad 
kosmosur teqnikaSi gamoiyeneba nanostruqturuli 

danafarebi 𝑇𝑇𝑇𝑇𝐵𝐵2 −𝑀𝑀𝑀𝑀𝑆𝑆2 fuZeze sisaliT 20 hpa da srialis 
xaxunis koeficientiT 0.05. manqanaTa nawilebSi moxaxune 
zedapirebis aRsadegenad Zravis zeTs umateben liTonur 
nanonawilakebs. 

nanotruqturuli danafarebi perspeqtiuli masalebia 
sanavigacio xelsawyoebSi, eleqtromagnituri dacvis 
farTozolian sistemebSi, aseve maRaltemperaturuli  
Tburi elementebis Sesaqmnelad da a.S. 𝑇𝑇𝑇𝑇 − 𝑆𝑆𝑆𝑆 − 𝐶𝐶 sistemis 
nanostruqturuli danafarebis, romlebic datanilia 
kompresorebis frTebze, muSaobisunarianobis Sefasebam 
aCvena, rom isini uzrunvelyofen ufro maRal 
Termomedegobas, vidre mravalfeniani danafarebi. 
 
9.2. nanostruqturebis gamoyeneba xelsayoebis elementebad 
 

uaxloes aTwleulSi mosalodnelia warmoebis axal 
meTodebze gadasvla, gansakuTrebiT gadasvla meTodze, 

romelsac pirobiTad  ewodeba  “qvemodan zemoT”  da 
dafuZnebulia atomebis an molekulebis wyobaze.   
amJamad eleqtronika viTardeba sami ZiriTadi 
mimarTulebiT: 
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1) konstruqciuli (mzidi konstruqciebis simtkicis 
maxasiaTeblebis gazrda da sxva); 

2) funqcionaluri (nanoteqnologiis ZalebiT ukve 
arsebulis an axali xelsawyoebis gaumjobeseba); 

3) kombinirebuli. 
ukve dRes nanodanafarebi da nanonawilakebi 

gamoiyenebian masalis simtkis gasazrdelad ramdenime 
aTeuljer da metjer; cnobilia nanoforovani masalebis  
mfiltravi, katalizuri, absorbciuli Tvisebebi. 
nanonawilakebs (𝐶𝐶𝐶𝐶,𝑁𝑁𝑁𝑁), nanokristalur liTonur 
nitridul firebs 𝑍𝑍𝑍𝑍𝑍𝑍,   𝐴𝐴𝐴𝐴𝐴𝐴,   𝑁𝑁𝑁𝑁 𝐹𝐹𝐹𝐹,   𝑁𝑁𝑁𝑁 𝐶𝐶𝐶𝐶⁄⁄  da 
ultradispersul fxvnilebs gaaCniaT unikaluri 
magnituri  Tvisebebi. mavTulis formis 𝐶𝐶𝐶𝐶 − 𝑁𝑁𝑁𝑁 
nanokompozitebis, 𝑇𝑇𝑇𝑇𝑇𝑇,       𝑇𝑇𝑇𝑇𝐵𝐵2 tipis gamtar 
nanostruqturul firebis,  polimerebSi liTonebis  
nawilakebisa da nanomilebis gamoyeneba saSualebas 
iZleva gaumjobesdes eleqtrogamtaroba da simtkice. 
Termoeleqtruli masalebi (zemesrebi kvanturi 
wertilebis fuZeze 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, kvanturi mavTulebi 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 da 
kvanturi kedlebi 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃1−𝑥𝑥𝐸𝐸𝐸𝐸𝑥𝑥⁄ 𝑇𝑇𝑇𝑇) maRali vargisobis  
gamo iTvlebian perspeqtiul masalebad mzis energiis 
gardamqmnelebad da kriodanadgarebis Sesaqmnelad. 
maRali dieleqtrikuli SeRwevadobis mqone masalebi 
gamoiyenebian mravalfeniani kondensatorebis, 
Termistorebis, varistorebis, maxsovrobis elementebis, 
mgrZnobiare  gadamwodebis da sxva elementebis 

Sesaqmnelad. nanostruqturebi metali–dieleqtriki–
naxevargamtari warmoadgenen inegraluri mikrosqemebis 
bazur elementebs. nano-naxevargamtarebze gadasvla iwvevs 
luminescenciis speqtris gadanacvlebas mokle talRebis 
mxares, akrZaluli zonis siganis gazrdas, rac zrdis 
mniSvnelovan teqnikur parametrebs. monokristaluri 
nawilakebi polimerul matricaSi SesaZlebelia efeqturi 
aRmoCndes Suqdiodebisa da optikuri gadamrTvelebis  
dasamzadeblad. 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺⁄ -is tipis kvanturi ormoebisa  
da zemesrebis Semcveli heterostruqturebis gamoyeneba 
naxevargamtarul lazerebSi Seamcirebs zRvrul denebs 
da SesaZlebels gaxdis gamoyenebul iqnas ufro mokle 
talRebi, rac gazrdis swafqmedebas da Seamcirebs 
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optikurboWkovani sistemebis energomoxmarebas. 
nanogamtarebi da, gansakuTrebiT, nanomilebi 
warmoadgenen yvelaze perspeqtiul obieqtebs emiterebis, 
tranzistorebis da axali Taobis gadamrTvelebis  
Sesaqmnelad. da bolos, nanomeqanikuri sistemebi Seqmnian 
imis saSualebas, rom nano- da mikro-samyaroebi 
SeerTdnen erTian eleqtronul mowyobilobaSi.  
nanoeleqtromeqanikuri sistemebis gamoyenebis sferoebia:  
sensorebi, eleqtroZravebi, gardamqmnelebi, gadamwodebi, 
ventilebi, sarqvelebi, kondesatorebi, rezonatorebi, 
generatorebi da a.S. arsebobs cnobebi, rom 
nanoeleleqtromeqanikuri 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 sistemebis fuZeze 

(3000 × 250 × 200 nm) erTeleqtronul tranzistorTan 
erTad Seqmnili gadamwodis gamoyenebiT SesaZlebeli 
gaxda gadaadgilebis gazomva nanometris meaTasedis tol 
doneze. 

rogorc cnobilia, nebismieri integraluri sqema 
faqtiurad warmoadgens maRalorganizebul kompozitur 
struqturas. amitom teqnikuri damuSavebis dasawyisSi 
mikroeleqtronikaSi saWiro masalebs warmoadgendnen 
monokristalebi. magram aRmoCnda, rom xist Siga wesrigs 
mniSvnelovani SezRudvebi Seaqvs integraluri 
mikrosqemebis formirebis teqnologiur procesebSi. amaze 
bunebrivi reaqcia iyo planarul teqnologiebze 
gadasvla, firovani struqturebis farTo gamoyeneba da 
a.S. anu faqtiurad uaris Tqma moculobiT 
(samganzomilebian)  sistemebze. amis Sedegad Tanamedrove 
myarsxeulovani eleqtronikis teqnologiuri safuZveli 
gaxda planaruli (2D) teqnologiebi. amasTan erTad, 
elementebis simkvrivis Semdgomi gadidebisaTvis  
aucilebelia gadasvla an samganzomilebian (3D)  
nanosistemebze an molekulur eleqtronikaze. 

TviTorganizebis principze dafuZnebuli nano-
xelsawyoebis formirebis fiziko-qimiuri meTodebi, 
saSualebas iZlevian 3𝐷𝐷 sistemebSi miRweul iqnas 

1 ∙  1014 −  5 ∙  1014 sm-3 toli elementebis moculobiTi 
simkvrive (elementebis ganivi zomebisas ramdenime 
aTeulidan aseul nm-mde). aseTi kompozitebi, sxva 
danarCenTan erTad, muSaoben denis simkvriveebze, 
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romelTa sididec 3 – 4 rigiT dabalia, vidre planarul 
sistemebSi. marTalia, liTografiis sxvadasxva xerxebis 
gamoyenebiT SesaZlebeli gaxda mniSvnelovani warmatebis 
miRweva naxevargamtaruli elementebis zomebis 
Semcirebis sakiTxSi, magram planaruli teqnologia 
sakmaod miuaxlovda Tavis fizikur sazRvrebs da, 
Sesabamisad, aucilebeli xdeba samganzomilebian 
nanosistemebze gadasvla (nanoeleqtronika). 

ukve axla, SeiZleba gakeTdes prognozi, rom 
nanostruqturuli masalebis gamoyeneba teqnikis iseT 
dargebSi, rogoricaa optoeleqtronika, sinaTlis 
nakadebis gadacema da marTva, kerZod, kavSirgabmulobis 
optikur-boWkovani sistemebi, SesaZlebels gaxdis 
Seiqmnas axali Taobis elementuri baza. esaa informaciis 
gadacemis sistemebi, dabalzRubluri lazerebi da 
gamaZliereblebi, integraluri optika, da, rac mTavaria, 
optikuri kompiuterebi, agreTve, informaciis Caweris, 
damuSavebisa da asaxvis optikuri meTodebi.  
 
 
 

9.3. damuxtuli nawilakebis fokusirebuli konebiT 
Seqmnili mikro- da nanostruqturebis gamoyeneba 

 
nanodaStampva.

nax. 9.1-ze moyvanilia 3D 𝑁𝑁𝑁𝑁-is Stampebis warmoebis 
procesis Tanmimdevroba PWB teqnologiis da nikelis 
galvanuri danafaris gamoyenebiT. aq 𝑆𝑆𝑆𝑆(100)-is fuZeSre 
adgeziis da eleqtrogamtarobis gazrdis mizniT jer 

 did farTobze maRali simkvriviT 
ganTavsebuli mcire zomis struqturebis warmoebis 
yvelaze gavrcelebuli procesebia sinaTlis proeqciuli, 
rentgenuli an ionuri liTografia. magram mzardi 
teqnikuri siZneleebi  da 100 nm-ze naklebi maxasiaTebeli 
zomis mqone struqturebis warmoebis Rirebulebis zrda 
aucilebels xdis alternatiuli gzebis Ziebas. aqedan 
gamomdinare, rogorc es samecniero teqnikuri 
literaturidan Cans, liTografiuli meTodebi, 
fokusirebuli damuxtuli nawilakebis gamoyenebasa da 
nanodaStampvasTan erTad kombinaciaSi bevr SemTxvevaSi 
SeiZleba warmatebuli iyos. 
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ifareba 𝐶𝐶𝐶𝐶-is (20 nm) da 𝐴𝐴𝐴𝐴-is (200 nm) feniT, xolo Semdeg 
centrifugiT xdeba rezistuli masalis PMMA datana, 

romelic Semdeg dasxivdeba 2 mev energiis protonebis 

fokusirebuli koniT (nax.  9.1a). Semdeg zeda zedapirze 
daitaneba meore metalizirebuli fena, romelic TamaSobs 
ZiriTadi Stampis rols da uzrunvelyofs gamtarobas, 

romelic aucilebelia galvnuri dafarvisas (nax. 9.2b). 
gamamJRavnebliT damuSavebis Semdeg warmoiqmneba 

samganzomilebiani struqtura (nax. 9.1g), Semdeg galvanuri 

meTodiT daitaneba nikelis fena (nax. 9.1g). bolos xdeba 

Stampis Sablonisagan mocileba (nax. 9.1d) da 

nanodaStampva (nax. 9.1e). nax. 9.2-ze naCvenebia nikelis 

Stampis anabeWdi 8 mkm sisqis fenaze, romelic datanilia 

cenrifugiT siliciumis fuZeSreze. kargad Cans 100 nm 
siganis da 2 mkm siRrmis arxebi gluvi vertikaluri 
kedlebiT. aseTi Stampebi SeiZleba gamoyenebuli iyos 
daaxloebiT 15-jer produqciis xarisxis SesamCnevi 
gauaresebis gareSe. 
 
 

 
 

nax. 9.1. PWB teqnologiiT Stampis 
damzadebis procesis sqematuri warmodgena 

 



191 
 

 
 

 
 

nax. 9.2. 8 mkm sisqis rezistiul PMMA 
masalaSi nikelis Stampis anabeWdi. marcxniv 
anabeWdi naklebi gamadideblobiTaa naCvenebi 

 
 

gamoyeneba biomedicinaSi. PWB teqnologiiT Seqmnili 
viwro arxebi, romelTa siganec ramdenime nanometris 
tolia, xolo simaRle ramdenjerme meti SeiZleba iyos 
siganeze, SesaZleblobas iZleva gamokvleul iqnas 

biomolekulebi. nax. 9.3-ze naCvenebia biosensoruli 
struqturis prototipi, romelic warmoadgens 
savarcxlis formis erTmaneTTan Semxvedr eleqtrodebs, 

romelTa Sorisac RreCo Seadgens ~ 85 nm-s. 
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biomulekulebis gamokvleva tardeba eleqtrodebs Soris 
sruli eleqtruli winaRobis gazomviT. 
 
 

 
 

nax. 9.3. SEM teqnologiiT miRebuli nano- 
biosensoruli struqturis gamosaxuleba 

 
biomolekulis yovel saxeobas Seesabameba garkveuli 

eleqtrogamtaroba, rac saSualebas iZleva aseTi sensori 
gamoyenebuli iyos mravali biomolekulis Sesaswavlad, 
magaliTad, toqsinebis, dnm-is didi molekulebis da 
hormonebis, formaldehidis, an ufro specifikuri 

molekulebisa – Sidsis antisxeulebis. 
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nax. 9.4-ze moyvanilia fibroplastis ujredebis qcevis 
gamosakvlevad saWiro qsoviluri boWkoebis Sesaqmnelad  
3D mikroarxebis gamoyenebis sxva magaliTi. 
 

 
 
 

nax. 9.4. a – fibroplastis suraTi, romelic 
7 dRis ganmavlobaSi migrirebs wvril arxebSi 
da gaaRwevs  maTi gavliT inkubaciuri ubnebis 

gareT. arxis sigane: b – 5, g – 20, d – 25, e – 30 mkm 
 
 

aq naCvenebia 5,  20,  25 da 25 mkm siganis oTxi arxi, 
romlebic gareSe ares aerTeben Caketil inkubaciur 
aresTan. naxazidan Cans, rom ujredebi ver gaaRweven 
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Caketili aris gareT 5 mkm sisqis arxis gavliT, maSin 
rodesac sxva arxebSi isini sruliad Tavisuflad 
gadaadgildebian. 

mikroWavluri sistemebi.

 
 

nax. 9.5. SEM-iT miRebuli, 100 nm siganis 
arxebiT SeerTebuli rezervuarebis suraTi 

 sxva, PBW  teqnologiiT 
PMMA tipis polimerul masalebSi Seqmnili mikro- da 
nanoarxebis gamoyenebis SesaZlo gzebia mikroWavluri 
sistemebi. aseTi sistemebi warmoadgenen cocxali 
organizmebis qsovilebSi Txevadi nakadebis moZraobis 
modelebs. ukanaskneli aTi wlis ganmavlobaSi 
gansakuTrebiT gaizarda mikroWavluri sistemebis 
masiuri warmoebis moTxovna, rogorc qimiisa da 
biologiis fundamenturi kvlevebis, aseve samedicino 
miznebisaTvis. magram mikroWavluri sistemebi Seswavlis 
stadiaSia, vinaidan arxis sigane SeiZleba molekulis 
zomis toli iyos da amitom saWiroa maTi qcevis 
Seswavla erTmolekulur masStabSi. nanoaarxis kedelze 
zedapiruli muxtis gaCena, rac gamowveulia magaliTad 
𝑂𝑂𝑂𝑂− jgufis ionizaciiT, agreTve, qimiuri mizidvis 
ZalebiT (van–der–vaalsis Zalebi), mniSvnelovnad cvlian 
nanoWavlur sistemebSi siTxeebis moZraobis kinetikas. 
nanoarxSi gamavali siTxis mier misi moZraobisadmi 
winaaRmdegobis Zalebis daZlevis erT-erTi xerxia, 
eleqtrokinetikuri gadatumbva. 

nax. 9.5-ze naCvenebia 100 nm siganis arxebiT 
SeerTebuli rezervuarebis seria. 
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roca eleqtruli veli modebulia arxebis gaswvriv, 

iseTi molekulebi, rogorcaa Ddnm, miemarTebian 
nanoarxebis gaswvriv siCqariT, romelic damokidebulia 
dnm zomebsa da konfiguraciaze. aseTi nanoarxuli 
sistema warmoadgens Tavisebur nanoCips. nanoarxebis 
damzadebisas aranakleb mniSvnelovania maTi arxebis 
kedlebis sigluve. amJamad miRweulia 3 nm-ze naklebi  
xorklianoba. 

mikrofotonika. PBW teqnologiiT Seqmnili mikro- da 
nanostruqturebis gamoyenebis erT-erTi mniSvnelovani 
dargebia mikrooptika da mikrofotonika. sinaTlis 
signalis damuSaveba SeiZleba ganxorcieldes CipSi 
integrirebuli  optikuri elementebiT, iseTebiT 
rogorebicaa gamomsxiveblebi,  talRgamtarebi, 
deteqtorebi, modulatorebi da mikrolinzebi, romelTa 
gamoyenebamac unda uzrunvelyos informaciis swrafi 
damuSaveba. 

arsebobs ori gza, romlis mixedviTac PBW 
teqnologia SeiZleba gamoyenebul iqnas mikrooptikasa da 
mikrofotonikaSi. pirveli moicavs uSualod 
polimerebisagan mikrozomebis struqturebis formirebas, 
romlebic centrifugiT daitaneba Sesabamis fuZeSreze, 
magaliTad, minaze an Termulad daJanguli siliciumis 
firfitaze. amasTan fuZeSres da datanil masalas unda 
gaaCndes ufro dabali gardatexis maCvenebeli, vidre 
optikuri boWkos guls. rezistoruli masala SU − 8 
warmoadgens yvelaze misaReb masalas talRgamtarebis 
dasamzadeblad, vinaidan mas gaaCnia yvelaze maRali 
gamWvirvaloba, dabali danakargebi da gluvi kedlebi 
(nax. 9.6). amasTan, gardatexis maCvenebeli cotaTi maRalia, 
vidre minis an siliciumis Termuli oqsidisagan 
damzadebuli fuZeSris masalis gardatexis maCvenebeli. 
mikrolinzuri masivebi SeiZleba damzadebuli iyos 
rezistiuli masalis struqturebis gamoyenebiT, 
romlebic centrifugiT datanilia iseT minaze, romelic 
gamoiyeneba sinaTlis mikroskopiaSi. amis Semdeg xdeba 
saWiro diametris mikrolinzebis Seqmna. gamJRavnebis 
Semdeg   mTels   struqturas  axureben  temperaturamde, 
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nax. 9.6. siliciumis fuZeSreze rezistiuli SU − 8 
masalis fenaSi Seqmnili wriuli rezonatoris 

fotosuraTi. gamosaxulebaze marjvniv gamosaxulia 
ubani maxasiaTebeli TaviseburebebiT zomiT 200 nm 

 
 
romelic naklebia minis fazuri gadasvlis 
temperaturaze. am dros polimeri moSordeba fuZeSres. 
zedapiruli daWimulobis Zalebis gavleniT formirdeba  
naxevarsferos formis linzebi (nax. 9.7). fokusis sidide 
ganisazRvreba linzis diametrisa da rezistiuli masalis 
sisqis kombinaciiT.  
    polimeris an kvarcis minis masiur moculobaSi 
talRgamtarebis formirebis meore meTodi PBW 
teqnologiis meTodis gamoyenebiT moicavs ionur-konur 
modifikacias, gamJRavnebis nabijis gareSe. es miiRweva im 
procesebis gamoyenebiT, romlebsac adgili aqvs  
talRgamtaris faruli arxis Seqmnisas ionis moZraobis  
dros. ionebs gaaCniaT unikaluri Tviseba, rac 
mdgomareobs imaSi, rom energia romelsac isini fuZeSres 
gascemen swrafad izrdeba. amitom ionis gzis bolos 
albaToba imisa, rom igi Seqmnis vakansias, aseve swrafad 
izrdeba. am movlenis jamuri efeqtia, dazianebis faruli 
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nax. 9.7. 15 mkm sisqis rezistuli 

masalisagan damzadebuli mikrolinzuri 
masivis optikuri gamosaxuleba 

 
ubnis warmoqmna, romelic sabolood iwvevs masalis 
simkvrivis gazrdas da amis Sedegad gardatexis 
maCveneblis lokalur gadidebas. SemdgomSi es dazianeba 
TamaSobs talRgamtaris birTvis rols. 

zemoT ganxiluli PBW teqnologiis sami 
saxesxvaobidan, romlebic gulisxmoben fokusirebuli 
damuxtuli nawilakebis gamoyenebas, yvelaze didi 
potenciuri upiratesobis mqonea msubuqi ionebis 
gamoyeneba. magram amJamad saSualo energiis msubuqi 
ionebis mafokusirebeli mowyobilobis – mikrozondis 
garCevisunarianoba mniSvnelovnad (ori rigiT) CamorCeba 
danarCen or saxesxvaobas. meores mxriv, ar arsebobs 
araviTari fizikuri xasiaTis principuli winaaRmdegoba, 
rom ar SeiZlebodes birTvuli mikrozondis 
maxasiaTeblebis gaumjobeseba.  
 

9.4. naxSirbadis nanomilebis gamoyenebis 
potenciuri SesaZleblobebi 

 
naxSirbadis nanomilebis (nnm) aRmoCenis Semdeg didi 

yuradReba eqceva maT gamoyenebas sxvadasxva 
mowyobilobebSi. gansakuTrebiT didi warmatebebia 
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mosalodneli maT realizaciaSi eleqtronuli 
emisiisaTvis, vinaidan  isini xasiaTdebian eqstremaluri 
fizikuri simtkiciT, qimiuri stabilurobiT, maRali 
eleqtrogamtarobiT. amJamad eleqtronikis yvelaze 
perspeqtiul mimarTulebad iTvleba dabalvoltiani 
velis emisiis displeis Seqmna nnm-ebis fuZeze. 

Cveulebriv emiterebTan SedarebiT, nnm-ebs gaaCniaT 
ufro dabali zRvruli eleqtruli velebi, rac kargad 
Cans cxrilidan 9.1. nnm-ebis denis simkvriveebi gacilebiT 
maRalia sxva Cveulebrivi emiterebis denis simkvriveebze, 
romlebic xasiaTdebian mwyobridan gamosvlis tendenciiT 
30 ma/sm2-ze dabali simkvriveebisaTvis. nnm-ebis emiterebis 
gamoyeneba gansakuTrebiT mimzidvelia vakuumuri 
mikroeleqtronikisaTvis da mikrotalRovani 
gamaZliereblebisaTvis (denis simkvrive > 500 ma/sm2). 
 
 

cxrili 9.1. sxvadasxva masalis zRvruli eleqtruli 
velis sidide emisiis denis 10 ma/sm2 simkvrivisas 

 

 

masalebi zRvruli eleqtruli veli (v/mkm) 
molibdenis wveti 50 – 100 
siliciumis wveti 50 – 100 

𝑝𝑝 −tipis gamtarobis 
almasi 

130 

amorfuli almasi 20 – 40 
dafenili almasi 20 – 30 
grafitis fxvnili 
(1 mm-ze naklebi zomis) 

17 

nanostruqturirebuli   
almasi 

3 – 5 (arastabiluria >30 ma/sm2-ze) 

naxSirbadis nanomili 1 – 3  (stabiluria 1 a/sm2-ze) 
 
 

sul bolo gamokvlevebma aCvenes, rom nnm-ebi 
SeiZleba gamoyenebuli iyos, rogorc perspeqtiuli 
qimiuri an biologiuri gadamwodebi. erTfeniani nnm-ebis 
eleqtrowinaRoba, rogorc gamoirkva, mniSvnelovnad aris 
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damokidebuli garemomcvel airad garemoze, romelic 
Seicavs 𝑁𝑁𝑁𝑁2,   𝑁𝑁𝐻𝐻3 da 𝑂𝑂2 an biomolekulebs. SemCneul iqna, 
rom nnm-ebis fuZeze Seqmnili sensorebis reaqciis dro 
uares SemTxvevaSi erTi rigiT maRalia, vidre liTonis 
oqsidebze da polimerebze Seqmnili sensorebis. yvelaze 
xSirad qimiur sensorebs qmnian velis tranzistoris 
fuZeze, romelSic nnm TamaSobs xelsawyos arxis rols. 

nnm, “nanoarxebis saxiT”, SeiZleba gamoyenebuli iyos 
airebis da siTxeebis preciziuli miwodebisaTvis. 
nanomilebSi transportirebis siCqareebi erTi rigiT 
maRalia, vidre ceolitebsa da sxva xelmisawvdom 
mikroforovan masalebSi. es fenomenaluri Sedegi 
dakavSirebulia nnm-ebis Siga kedlebis sigluvesTan. 

unda aRiniSnos, rom nnm-ebi SeiZleba gamoyenebuli 
iyos, rogorc gamaZlierebeli komponenti, mravalfenian 
kompozitur masalebSi, vinaidan maT gaaCniaT maRali 
simtkice, dabali wona da maRali Termuli mdgradoba 
(magaliTad, kosmosuri xomaldis kvanZebSi, TviTmfrinavis 
nawilebSi da a.S.). dadgenilia, rom nnm-ebis mcire 
raodenobiT Seyvanac ki mniSvnelovnad zrdis matriculi 
polimeris siTbogamtarobas. 

vinaidan nnm-ebs gaaCniaT SedarebiT swori da wvrili 
arxebi,  aRmoCenisTanave daiwyo maTi sxvadasxva masaliT 
Sevsebis SesaZleblobis Seswavla erTganzomilebiani 
nanomavTulebis miRebis mizniT. nanomilebi gamoyenebuli 
iyo rogorc Sablonebi sxvadasxva Semadgenlobisa da 
struqturis nanomavTulebis misaRebad, liTonuri da 
keramikuli masalebis CaTvliT. axlaxan gamovlenil iqna 
liToniT Sevsebuli nanomilebis nanoTermometrad 
gamoyenebis SesaZlebloba. arsebobs garkveuli 
winamZRvrebi imisa, rom gamoyenebul iqnas erTfeniani 
nanomilebis Siga carieli sivrce fizikaSi, qimiaSi, 
eleqtronikisa da biologiaSi. eqsperimentebma aCvena, rom 
mravalfenian naxSirbadis nanomilebSi eleqtronebis 
gavlis Taviseburebebis gamo SeiZleba nnm-ebi 
gamoyenebul iqnas nanozomis eleqtronuli laqis 
Sesaqmnelad eleqtronebis fokusirebis gziT. 

amJamad realizebulia mravali mowyobiloba 
erTfeniani nnm-ebis fuZeze, maT Soris, velis 
tranzistoris mravali saxeoba, oTaxis temperaturaze 
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momuSave  erTeleqtroniani tranzistorebi,  logikuri 
sqemebi, invertorebi da eleqtromeqanikuri 
gadamrTvelebi. sul axlaxan gamoCnda monacemebi, rom 
Seqmnilia fleS-maxsovroba erTfenian nnm-ebis fuZeze 
400 gbit/sm2-ze meti maxsovrobiT. 
 
 

9.5. grafenis gamoyenebis SesaZleblobebi 
 
 

grafenis popularoba mkvlevarebsa da inJinrebs 
Soris dRiTidRe izrdeba, vinaidan mas gaaCnia 
araCveulebrivi optikuri, eleqtruli, meqanikuri da 
Termuli Tvisebebi. mravali eqspertis azriT, uaxloes 
momavalSi SesaZlebeli gaxdeba siliciumis 
tranzistoris Secvla ufro ekonimiuri da swrafmoqmedi 
grafenuliT. nax. 9.8-ze naCvenebia erTeleqtroniani 
tranzistoris realizaciis SesaZlo sqema grafenis 
bazaze. marcxniv moyvanilia tranzistoris sqema, 
romelic Sedgeba grafenis wyarosa da Casadinarisagan  
romlebic SeerTebulia kunZuliT gamtari masalisgan an 
kvanturi wertilisgan, romlis siganec mxolod 100 nm-ia. 
marjvniv naCvenebia testuri tranzistori, romlis 
gamosaxulebac gadidebulia 40000-jer. tranzistoris 
kunZuli imdenad mcirea, rom masze eteva mxolod erTi 
eleqtroni drois mocemul momentSi. Tu kunZuls 
miuaxlovdebian axali eleqtronebi, isini ukugdebul 
iqnebian eleqtrostatikuri ZalebiT. wyarodan nebismieri 
eleqtroni kvantur-meqanikurad tunelirebs (arsebobs 
nulisagan gansxvavebuli albaToba imisa, rom eleqtroni 
gadalaxavs energetikul bariers) kunZulisaken, ris 
Semdegac igi “gaqreba” – gaedineba Casadinarisken. mesame 
eleqtrodze – Camketze modebuli Zabva (sqemaze naCvenebi 
araa) marTavs eleqtronis Sesvlas da gamosvlas 
kunZulze da, amrigad, aregistrirebs nebismier 0-s 
(kunZulze eleqtroni araa) an 1-s (eleqtroni kunZulzea). 

sainteresoa kornelis universitetis TanamSromelTa 
miRweva. maT Seqmnes grafenis furclisagan membrana, 
romlis kedlis sisqec mxolod erTi naxSirbadis atomis 
tolia da is daberes ise, rogorc ibereba rezinis burTi. 
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 nax. 9.8. grafenuli tranzistoris 
SesaZlo sqema: 1 – grafeni, 2 – wyaro, 
3 – kunZuli, 4 – Casadinari, 5 – kari 

 
 
aseTma membranam gauZlo ramdenime atmosferos wnevas. 
eqsperimenti mdgomareobda SemdegSi: oqsidirebuli 
siliciumis FfuZeSreze, romelzec winaswar amoWmuli 
iyo ujredebi, moaTavses grafenis furclebi, romlebic 
van–der–vaalsis ZalebiT mWidrod mikvrnen siliciumis 
zedapirs (nax. 9.9a). amrigad Seiqmna mikrokamerebi, 
romlebSic SesaZlebeli gaxda airis Sekaveba. amis 
Semmdeg mecnierebma Seqmnes wnevaTa sxvaoba kameris 
SigniT da gareT (nax. 9.9b). atomur-Zaluri mikroskopis 
gamoyenebiT, romelic zomavs gadamxrel Zalas, romelsac 
kantileveri nemsiT grZnobs membranis skanirebisas misi 
zedapiridan sul raRac ramdenime nanometris simaRleze, 
mkvlevarebma SeZles dakvirveba Sezneqva-amozneqvis 
xarisxze (nax. 9.9g–e) wnevis ramdenime atmosferomde  
Secvlisas. dadgenil iqna, rom heliumi mikrokameraSi 
rCeba maRali wnevis pirobebSic ki. magram vinaidan 
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gamoyenebuli grafenis agebuleba idealuri ar iyo 
(gaaCnda kristaluri mesris defeqtebi), heliumma daiwyo 
gaJonva kameridan. mTeli eqsperimentis ganmavlobaSi, 
romelic grZeldeboda 70 saaTis ganmavlobaSi SeimCneoda 
wnevis mudmivi Semcireba (nax. 9.9e). eqsperimentis 
avtorebis azriT, aseTma membranebma SeiZleba sxvadasxva 
gamoyeneba hpovon, magaliTad, xsnarSi moTavsebuli 
biologiuri masalebis Sesaswavlad. amisaTvis sakmarisia 
aseTi masala daifaros grafeniT da dakvirveba moxdes 
mikroskopiT ise, rom ar iyos imis SiSi, rom aorTqldeba 
xsnari, romelic adamianis sicocxlis unarianobas 
uzrunvelyofs. aseve SesaZlebelia membranaSi gakeTdes 
atomis zomis naxvreti da moxdes dakvirveba difuziaze, 
Tu rogor gadaadgildebian calkeuli atomebi an ionebi 
naxvretSi. Tamamad SeiZleba iTqvas, rom kornelis 
universitetis TanamSromlebis mier gadadgmulia Zalian 
mniSvnelovani nabiji erTatomiani sensorebis 
Sesaqmnelad.  unda aRiniSnos, rom Zalian drouli 
aRmoCnda kalifornieli mecnierebis erTi miRweva, 
romlebmac axlaxan ganacxades, rom miaRwies 
eleqtronuli mikroskopis maRal garCevisunarianobas – 

1 Å, eleqtronebis dabali energiiT – 80 kv, rac 
saSualebas iZleva damzeril iqnas grafenis meserSi 
calkeuli atomebi da defeqtebi.  mecnierebma pirvelad 
msoflioSi SeZles mieRoT grafenis struqturis maRali 
simkveTris gamosaxuleba (nax. 9.10), rac saSualebas 
iZleva sakuTari TvaliT davinaxoT grafenis badisebri 

struqtura. 
amJamad yvelaze ganxilvadi  da popularuli 

proeqtia grafenis, rogorc mikroeleqtronikis 
“safuZvlis” gamoyeneba, romelsac Zireulad SeuZlia 
Secvalos arsebuli teqnologiebi siliciumis, 
germaniumis da galiumis arsenidis bazaze. muxtis 
matareblebis maRali Zvradoba, atomur sisqesTan erTad, 
mas warmoadgens idealur masalad patara da swrafi 
velis tranzistorebis Sesaqmnelad. firma IBM-is 
TanamSromlebma SesZles SeeqmnaT grafenuli 
tranzistori,  romelic  muSaobs  100 ghc sixSireze, rac 
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nax. 9.9. grafeniT “Seqmnili” mikrokameris sqematuri 

gamosaxuleba (a). mikrokameris ganivkveTi (b). amoburculi 
kameris gamosaxuleba, rodesac gare wneva naklebia 
Sigaze (g). membranis amozneqilobis Semcireba drois 

mixedviT (d). yvelaze dabali siRrme Seesabameba 
eqsperimentis dasawyisidan 71.3 sT-s, yvelaze didi – 
40 wT-s (eqsperimentis dasawyisad iTvleba is momenti, 
roca mikrokamera gamoRebul iqna vakuumuri kameridan) 

 
 
2.5-jer aRemateba amave zomis siliciumis fuZeze Seqmnili  
tranzistoris swrafqmedebas. 
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nax. 9.10. grafenis mikroskopuli suraTi. 

masStaburi saxazavis sigrZea 2 Å 
 

maRali gamWvirvalobis SeTavsebam, karg 
gamtarobasTan da elastiurobasTan warmoSva azri, rom 
grafeni SeiZleba gamoyenebuli iyos sensoruli 
displeebis da mzis batareebis fotoelementebis 
Sesaqmnelad. eqsperimentebma aCvenes, rom am saxis 
grafenis fuZeze Seqmnili mowyobilobebis 
maxasiaTeblebi ukeTesia, vidre amJamad gamoyenebili 
indium–kalis oqsidebze damzadebuli mowyobilobebisa. 

imisaTvis, rom vaCvenoT Tu ramdenad  perspeqtiulia 
grafenis gamoyeneba, moviyvanoT arasruli CamonaTvali im 
dargebisa, sadac ukve dawyebulia misi gamoyeneba: 
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1) esaa masala uzarmazari tevadobis kondensatorebis 
Sesaqmnelad – 1 farada da meti; 

2) airebis mikrometruli sensorebi, romlebsac 
SeuZliaT “igrZnon” airis erTi molekulac ki; 

3) lazerTan erTad kombinaciaSi SesaZlebelia 
grafeni gamoyenebuli iyos kibos samkurnalod. 

samarTlianoba moiTxovs aRiniSnos, rom moyvanili 
magaliTebi warmoadgenen erTeul SemTxvevebs. ZiriTadi 
siZneleebi dakavSirebulia maRali xarisxis didi 
farTobis stabiluri formis da iafi grafenis 
furclebis teqnologiasTan. miuxedavad amisa,  
ukanaskneli publikaciebi imeds iZleva, rom es 
winaaRmdegobebi daZleuli iqneba. Jurnal Nature 
Nanotechnology-Si gamoCnda koreeli, singapureli da 
iaponeli teqnologebis naSromi, romelSic isini 
aRniSnaven rom miiRes 30 diumiani (72 sm; SeadareT 
grafenis pirveli kristalebis zomas) grafenis furceli  
meTodebiT, romlebic SeiZleba seriuli gaxdes. grafenze 
eqsperimentebis ganuxreli zrda gviCvenebs, rom is Zalian 
perspeqtiuli masalaa, farTo gamoyenebis TvalsazrisiT, 
magram amisaTvis saWiroa mravali Teoriis Seqmna da 
araerTi eqsperimentis Catareba. 
 

9.6. bio-nanoteqnologiebi. xelovnuri masalebi 
 

ueWvelia, rom yvelaze rTul da mravalfunqciur 
nanostruqturebs amJamad warmoadgenen da uaxloes 
momavalSic aseTi iqnebian biologiuri sistemebis 
maregulirebeli da makontrolirebeli  molekuluri 
kompleqsebi. magaliTad SeiZleba moviyvanoT cilebi – 
nanozomis molekuluri kompleqsebi, romlebic 
monawileoben praqtikulad yvela biologiur procesSi, 
romlebic dakavSirebulia molekulur transportTan, 
metabolzmTan, sensorul da informaciul TvisebebTan. 

bio-nanoteqnologia swavlobs biologiur 
nanostruqturebs  molekulur doneze da maT gamoyenebas. 
amrigad, is imyofeba qimiis, biologiis da fizikis 
sazRvarze. bio-nanoteqnologiis ZiriTadi 
mimarTulebebia damxmare, biologiurad Tavsebadi, 
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masalebis warmoeba da teqnologiis ganviTareba Semdegi 
mimarTulebebiT: 

1) organizmis monitoringis saSualebebi ujredis da 
subujredis doneze; 

2) axali biologiuri sensorebi; 
3) axali medikamentebi. 
bio-teqnologiaSi ZiriTadi aqcenti keTdeba 

medicinis dargSi kvlevebze – axali medikamentebis 
damuSaveba, diagnostirebis gaumjobeseba da mkurnaloba, 
organizmis mdgomareobis monitoringi zemaRali 
garCevisunarianobiT (gacilebiT maRali, vidre amis 
saSualebas iZleva birTvul magnituri rezonansi). 

nanoteqnologias gaaCnia Zalian didi potenciuri 
SesaZleblobebi, organizmis saWiro ujredebisaTvis  
wamlis miwodebis TvalsazrisiT. igulisxmeba, rom am 
mizniT SeiZleba gamoyenebul iqnas funqcionaluri 
nanonawilakebi, romlebic Seicaven Terapiul 
komponentebs, e.i. wamlebs da sensorul komponents. 
wamali unda daicalos ujredze da sensoruli 
komponenti gansazRvravs, Tu ra momentSi unda moxdes es 
dacla. amJamad damuSavebulia am procesis sxvadasxva 
stadia (saWiro ujredis moZebna da wamlis dacla), 
magram mTeli stadia jer kidev damuSavebis procesSia. 

magaliTad,  kibos ujredebis daSlis araqirurgiuli 
teqnologia Tirkmlis kibos miznobrivi  radioTerapiiT 
damuSavebul iqna gasuli saukunis 80-ian wlebSi. 

mikrosferoebi, romelTa SemadgenlobaSi Sedis 80Y  
nuklidi ar aris radiaqtiuri, misi aqtivizireba xdeba 

neitronebis bombardirebiT 90Y-mde, naxevardaSlis 
periodiT 64.1 sT. am mikrosferoebis ineqcia xdeba 
Tirkmlis arteriiT, sadac isini CaiWirebian mcire 
sisxlZarRvebiT, romlebic blokaven sisxlis miwodebas 
dazianebul adgilamde da uSualod sxivebiT amuSaveben 
avTvisebian ujredebs. es mikrosferoebi amJamad 
gamoiyeneba kanadis, aSS-is da avstraliis klinikebSi. 

amasTan dakavSirebiT iseTi nanosistemebis 
damuSaveba, romelTa meSveobiTac SesaZlebelia wamlis 
mitana dazianebul adgilebamde, SesaZlebelia gaxdes 
medicinaSi axali mimarTuleba – ujredSiga Terapia, anu 
mkurnaloba qirurgiuli Carevis gareSe. 
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kolageni.

 
nax. 9.11. kolagenis boWkos xsnari 

 
 

 es yvelaze metad gaqvrcelebuli cilaa 
adamianis organizmSi, is warmoadgens adamianis 
organizmis ujredebis bunebriv karkass da gansazRvravs 
maTi zrdis dros da mimarTulebas. aSS-Si jon hopkinsis 
institutSi aRmoCenil iqna kolagenis imitatori 
sinTeturi molekulebis axleburi gamoyenebis Tvisebebi.  

nanonawilakebis gamoyenebisas, am molekulas, 
romelsac kolagenis msgavsi peptidi (kmp) ewodeba, 
SeuZlia dawvrilebiTi informaciis gadacema avTvisebiani 
simsivneebis Sesaxeb, magaliTad, sisxlZarRvebis 
cvlilebis mimarTuleba. mas SeuZlia, aseve, wamlis 
miwodeba ujredamde, implantirebuli organoebisadmi 
sisxlis miwodebis gaumjobeseba. nax. 9.11-ze moyvanilia 
Tagvis kudis I tipis kolagenis boWkos xsnaris 
fotografia misi oqros nanonawilakebTan inkubaciis 
Semdeg. 
 

medicinaSi sul ufro da ufro farTod gamoiyenebian 
nanomasalebi implantantebisa da protezebis saxiT. es 
gamowveulia adamianis dazianebuli organoebis saimedo 
masalebiT Secvlis aucileblobiT. Tanamedrove 
qirurgias da stomatologias sWirdeba liTonebi da 
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Senadnebi, romlebic xasiaTdebian maRali qimiuri 
inertulobiT da amasTan erTad maRali meqanikuri 
simtkiciT. bolo xanebSi am mizniT gamoiyeneba 
nanostruqturuli titanis Senadnebi da sufTa titani. 
titanis gamoyenebis perspeqtiuloba gamowveulia misi da 
zogierTi misi Senadnis, praqtikulad sruli, sxva 
masalebisagan gansxvavebiT, biologiuri SeTavsebadobiT 
cocxal qsovilTan. uJangavi foladisa da kobaltis 
Senadnebisagan gansxvavebiT, romlebic farTod 
gamoiyenebian medicinaSi, titanis gamoyeneba ar iwvevs 
alergiul reaqcias, is Zalian mcired ionizdeba 
fiziologiur xsnarSi, misi produqtebi araa toqsikuri 
da ar vrceldeba mTels organizmSi, aramed 
koncentrirdeba implantantis axlos. 

kvlevebma aCvenes, rom kmp-s SeuZlia SeumCnevlad  
Cainergos kolagenis swored im sivrcul intervalebSi, 
romlebSic isini yvelaze sustadaa dakavSirebuli. 
mravalricxovani eqsperimentebiT dadasturebulia, rom 
kmp kavSirs amyarebs mxolod kolagenTan da am dros ar 
exeba arcerT sxva cilas. kmp-s unari aqvs SeaRwios iseT 
ubnebSi romelTa zomebic 20-jer naklebia im zomebze, 
romlebSic SeuZliaT SeRweva antisxeulebs. nax. 9.12-ze 
naCvenebia gamosaxuleba, romelic gviCvenebs kolagenis 
dagrovebas iq, sadac is ar unda iyos. 

eqsperimentebma aCvenes, rom 37 oC-mde (adamianis 
sxeulis temperatura) gaxurebisas kmp swrafad  kargavs 
kolagenTan msgavsebas da is swrafad gamoTavisufldeba. 
magram kmp-is jaWvis sigrZis cvlilebiT SeiZleba kmp-is  
kolagenTan dakavSirebul mdgomareobaSi yofnis drois  
varireba. rac ufro grZelia jaWvis sigrZe, miT ufro 
didxans rCeba kmp adgilze. 

kmp-is es Tviseba saSualebas iZleva is gamoyenebul 
iqnas Terapiuli da diagnostikuri  miznebisaTvis – 
mokle molekulebi swrafi kvlevebisaTvis, xolo 
grZelebi – ufro  xangrZlivi klevebisaTvis. kmp-is 
potenciuri gamoyeneba SezRudulia mxolod im 
molekulebis tipiT, romelTanac is kavSirs qmnis. kmp-is 
molekulebi, nanonawilakebTan da nanogarsebTan  
kompleqsSi,   SeiZleba  gamoyenebul  iqnan  daavadebuli 
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nax. 9.12. kolagenis grovis gamosaxuleba 

 
adgilebis dasadgenad da, Sesabamisad, am adgilebze  
wamlebis misawodeblad. 

amJamad mimdinareobs muSaoba imaze, rom erTmaneTs 
optimalurad Seuxamdes maqsimaluri biologiuri 
SeTavsebadoba da masalis simtkice. am problemis 
gadwyvetis erT-erT perspetiuli gzaa nanostruqturuli 
titanis gamoyeneba. masiur mdgomareobasTan SedarebiT 
nanostruqturul titans gaaCnia 1.5-jer meti mikrosisale, 
2.5-jer meti simtkicis zRvari, rekorduli – TiTqmis 
orjer meti simtkice daRlilobisadmi. am dros 
SenarCunebulia plastikuroba, denadoba da drekadobis 
dabali moduli. nanostruqturuli titanis Tvisebebis es 
Sexameba Zalze xelsayrelia orTopediuli da 
stomatologiuri miznebisaTvis. 

aseve Zalze perspeqtiulia nanostruqturuli 
aluminis Senadnebis gamoyeneba, magaliTad, Zvlebisa da 
misi fragmentebis gareTa fiqsaciisaTvis, rogorc 
travmatologiuri aparaturis mzidi konstruqciebi da 
a.S. 
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miRweulia garkveuli warmatebebi xelovnuri 
qsovilebis imitatori nanomasalebis Seqmnis saqmeSi. 
xelovnuri kanis Seqmna aqtualuria damwvrobis Sedegad 
dazianebuli qsovilebis aRsadgenad. implantantebad 
gamoiyeneba zeTxeli airgamtari firebi Seuvsebeli 
silikonuri kauCukisagan. 

biologiuri da samedicino masalaTmcodneoba 
mecnierebis SedarebiT axali dargia. misi intensiuri 
ganviTareba dakavSirebulia funqcionaluri da 
usafrTxo masalebis damuSavebas, miRebasa da 
SewavlasTan. 
 

9.7. nanofiltracia, rogorc sasmeli 
wylis gawmendis axali meTodi 

 
dasavleTis mraval qveyanaSi sasmeli wyali Zalian 

maRali xarisxisaa, magram sruli damSvidebis safuZveli 
ar arsebobs. vinaidan sasmeli wylis, da ara marto misi, 
gamaWuWyianebeli komponentebis raodenoba ganuxrelad 
izrdeba. klimaturi cvlilebebi iwveven wyalsacavebis 
temperaturisa da mikroorganizmebis Semadgelobis 
cvlilebas. bevr ganviTarebad qveyanaSi xSirad sasmelad 
gamoiyeneba gruntis wylebi, romelic Seicavs organul 
gamaWuWyianeblebs. SveicariaSi sasmeli wylis 43 % 
aiReba bunebrivi wyaroebidan, 40 % – miwisqvSa 
wyaroebidan, 17 % – tbebidan. gasakuTrebul gawmendas 
moiTxoven tbisa da wyaros wylebi. 

tbis wylis gasawmendad, wvrili qviSis nacvlad, 
gamoyenebul iqna ultramfiltravi membranebi, romelTa 
forebis zoma Seadgens 10 nm-s. aseTi membranuli 
filtrebi, qviSis filtrebisagan gansxvavebiT, 
warmoadgenen absolutur bariers mikro-
organizmebisTvisac. aqtivizirebuli naxSiris gamoyenebiT 
ultrafiltraciis kombinacia erTad filtraciasTan da 
ozonirebasTan, romelTagan TiToeuli gamoiyeneba 
rogorc damoukidebeli meTodi, iZleva 
mikrobiologiurad usafrTxo sasmel wyals, 
qlorirebisagan gansxvavebiT, romelic arapopularulia 
momxmareblebSi. 
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