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                  Tanamedrove nanoteqnologiebi 

Tavi 1. 

1. nanoteqnologiis arsi, amocanebi da terminologia 

  TavsarTi `nano~ berZnuli sityvaa da niSnavs `jujas~, anu 

nanosamyaros nominalis zoma R Seicavs nanoobieqts nanometrebis 

masStabiT: 1nm=10-9m=10-6mm=10-3mkm; nanoobieqti SeiZleba iyos bunebaSi an 

miRebul iqnas xelovnurad. `nano~ moicavs fizikur, qimiur, 

biologiur, samedicino da a.S. obieqtebs. swored maT miRebas da 

parametrebis gansazRvras Seiswavlis nanomecniereba. nanomecniereba 

SeiZleba ganisazRvros, rogorc disciplinaTaSoriso mecniereba, 

romelic ramdenime nm-an (10-9m) zomis obieqtebs da procesebs ikvlevs 

fudamentalurad: fiziko-qimiuri, meqanikuri, siTburi, optikuri da a.S. 

Tvisebebis TvalsazrisiT. nanoteqnologia SeiZleba ganisazRvros, 

rogorc nanomecnierebis gamoyenebiTi kvlevebisa da maTi praqtikuli 

miRebis erToblioba, romelic gadadis masobriv warmoebaSi. is Seicavs 

codnis, mecnieruli midgomebis da Taviseburebebis, konkretuli 

procedurebis da maTi materialuri Sedagis _ nanoproduqtis 

erTobliobas. amitom SesaZlebelia termini nanoteqnika, romelic 

moicavs yvela zemoT CamoTvlil procesebs da Teoriul safuZvlebs, 

SeiZleba CavTvaloT, rogorc nanoteqnologiis erT-erTi Semadgeneli 

nawili. 

   nanomecniereba aris codnis da moqmedebis Taviseburebebis 

erToblioba nanozomis sagnebze, xolo nanoteqnologia da nanoteqnika 

_ maTze qmnis struqturebs da xelsawyoebs zomiT atomuridan (0,1 nm)  

100 nm. 

 
                                                              qalaqi 
                                                avtomobili  
                                 adamianis  

                        sinaTle      Tma 

             nanomili 
     atomi              0,4 . . 0,8   30 

     1Å       1nm              1mkm        1mm          1m         1km 
    10-10 m     10-9 m            10-6 m       10-3 m                   103  
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   imisaTvis, rom SeviswavloT nanoteqnologiis ZiriTadi principebi, 

saWiroa gaverkveT im sakiTxebis arsSi, saidanac warmoiSva igi. 

zogadad, SeiZleba iTqvas, rom eleqtronikam Secvala adamianis yofa-

cxovreba Zirfesvianad me-19 saukuneSi. misgan me-20 saukunis meore 

naxevarSi Seiqmna mikroeleqtronika, xolo am saukunis dasawyisSi 

mikro gadaizarda nanoSi da upriania jer gaverkveT mikroteqnologiis 

ZiriTad sakiTxebSi, romelic gagviadvilebs nanoteqnologiis 

Seswavlas.  

mikroeleqtronikis ganviTareba, romelic gansazRvravs mecnierebis 

da teqnikis sxva dargebis progress, ZiriTadad ganpirobebulia 

mikroeleqtronuli sistemebis swrafqmedebisa da integraciis xarisxis 

gazrdiT. am mimarTulebiT progresi miiRweva integraluri mikrosqemis 

(ims) elementebis geometriuli zomebis  Semcirebisa da funqcionaluri 

qmedebis gazrdiT. magram, am tendeciis ganviTarebis gzaze arsebobs 

fizikuri, teqnologiuri da energetikuli winaRobebi, romelTa 

gadalaxvis mcdelobam Seqmna axali mimarTuleba _ nanoeleqtronika. 

mikrodan nanoeleqtronikaze gadasvlis mizniT ims-is elementebis 

miniaturizaciis sakiTxi dRes-dReobiT metad aqtualuria. 

ramdenime rigiT zomebis Semcireba praqtikulad cvlis 

nanoelementis muSaobis fizikuri meqanizmebis safuZvlebs. magaliTad, 

nanoelementSi eleqtroni gamoiyeneba, ara rogorc denis gadamtani 

nawilaki, aramed rogorc talRa. nanoeleqtronika warmoadgens 

mikroeleqtronikis logikur gagrZelebas. sainformacio xelsawyoebi  

Semcirdnen mikrodan (10-6 m) nano (10-9m) zomamde. nanoeleqtronikaSi 

elementebis tipiuri zomebi Seadgenen 10 – 100 nm-s.  

aRsaniSnavia, rom nanoeleqtronikis da nanoteqnologiis Seqmna araa 

ganpirobebuli mxolod elementebis geometriuli zomebis SemcirebiT 

nanomasStabamde. ZiriTadi faqtoria nanomasalebisTvis sruliad axali, 

unikaluri Tvisebebis gamovlena, romelTa axsna klasikuri fizikis 

farglebSi SeuZlebelia da saWiroebs ufro rTuliUfizikis CarTvas. 

magaliTad, rogorc cnobilia oqros masala ar iJangeba, magram 

nanoraodenobis oqros Tvladi atonebi (daaxloebiT 70 – 80 atomi) 

Zalian swrafad (feTqebadad) iJangeba. axali procesebis kvlevisa da 
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axsnisaTvis saWiroa axali ideebi, axali midgomebi, axali gamzomi 

aparatura da teqnologiuri mowyobilobebi.  

nanonawilakebi zomebis mixedviT moTavsebulia mcire molekulebsa 

da kompaqtur myar sxeulebs Soris da Tavisi TvisebebiT gansxvavdeba 

orive mezoblisagan. nanonawilakebi, iseve rogorc myari sxeulebi, 

molekulebisagan gansxvavebiT, xasiaTdeba koleqtiuri TvisebebiT 

(fazuri mdgomareoba, siTbo da eleqtrogamtarebloba da a.S.), magram es 

Tvisebebi damokidebuli aRmoCnda maT zomebze, ris axsnac tradiciuli 

molekulur-kinetikuri Teoriis safuZvelze SeuZlebeli aRmoCnda.  

`nanomasalis~ da `nanostruqturis~ termini SemoRebulia im 

SemTxvevisaTvis, roca obieqtis xazovani zoma erTi mimarTulebiT 

maincaa nanometruli diapazonis. aRsaniSnavia, rom stuqturebs ewodebaT 

organzomilebiani, erTganzomilebiani da nulganzomilebiani, radganac 

maTi zomebi erTi, ori an sami mimarTulebiT gansazRvrul `kritikul~ 

mniSvnelobaze naklebia. am `kritikuli~ mniSvnelobis qvemoT struqtura 

am mimarTulebaze (mimarTulebebze) xdeba sruliad gansxvavebuli 

Tvisebebis, vidre kompaqturi, moculobiTi (samganzomilebebiani) masala, 

saidanac isaa damzadebuli.  

struqturis zomisa da funqcionalur daniSnulebas Soris 

kavSiris moZebnisaTvis, pirvel rigSi, moiTxoveba Sesabamisi 

teqnologiis da gamzomi aparaturis Seqmna. moxda mikroeleqtronuli 

xelsawyoebis Seqmnis procesebis gadazrda nanoeleqtronikis axal 

principebad. kerZod, mikroeleqtronikis is ZiriTadi sakiTxebi, 

saidanac warmoiSva nanoeleqtronikis  principebi aris Semdegi 

procesebi: 

    a) qvesafeni (naxevargamtari) da mis zedapirze Jangis miRebis    

procesebi; 

    b) fotolitografia: fotorezisti da misi saxeebi; fotoSabloni,  

misi miReba da kontroli; 

g) naxevargamtarSi difuziisa da legirebis procesebi; 

d) naxevargamtarze epitaqsiiT Txeli firebis miReba; 

e) fotolitografiis sruli procesi; 

v) topologiis Seqmna da xelsawyos modelireba; 

z) integraluri sqemebi da maTi klasifikacia. 
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nanoteqnologiis principebis SeswavlisaTvis gaverkvioT zogierTi 

terminis  arsSi: 

qvesafeni – wamoadgens, ZiriTadad naxevargamtaris an, zogjer 

dieleqtrikis firfitas, sisqiT 300 mkm, romelazedac formirdeba 

sqema, anu is aris sqemis sayrdeni; 

fotorezisti – organuli, bladti siTxea, romelic ultraiisferi 

sxivis moqmedebiT icvlis sruqturas, ris Sedegadac icvleba 

gamxsneli mJavis mimarT medegoba, anu amowamvla moxdeba lokalurad, 

sasurveli areebis mixedviT; 

fotoSabloni - aris brtyel-paraleluriani minis an kvarcis 

firfita, dafaruli saWiro konfiguraciiT ultraiisferi sxivisaTvis 

gaumWvirvale Gr2O3 an 32OFe  SriT; 

fotolitografia – procesia, sadac fotorezistis,  

fotoSablonis da qimiuri mJaveebiTa da gamxsnelebiT qvesafenis 

zedapirze gadadis saWiro suraTi; 

epitaqsia – procesia, romlis dros xdeba qvesafenze (safenze) 

Txeli firebis gazrda ise, rom gazrdili firi imeorebs safenis 

struqturas; 

difuzia – maRaltemperaturuli (11000C) procesia, sadac qimiuri 

elementis koncentraciis gradientiT xdeba safenSi am elementis 

Seyvana; 

legirebis procesSic xdeba safenSi elementis Seyvana ufro 

dabal temperaturaze, misi dasxivebisas, maRalenergetikuli energiis 

mqone  am elementis ionebiT;  

integraluri mikrisqema (ims) – aris tranzistorebis, 

rezistorebis (wanaRobebis) da kondensatorebis (ims-is elementebi) 

erToblioba, SeerTebulni saWiroebis mixedviT, romlebic 

formirdebian erT teqnologiur procesSi, erT safenze da asruleben 

saWiro funqcias; 

fotoSablonis Seqmnamde xdeba ims-is modelireba misi momavali 

funqcionaluri daniSnulebis mixedviT, tranzistorebis, rezistorebis 

da kondensatorebis urTierT komfortuli ganlageba, anu topologiis 

Seqmna. nanoteqnologia _ mecnierebis axali mimarTulebaa, romelic 

gansazRvruli raodenobis atomebis da molekulebis manipulaciiT 
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awyobs da qmnis sasurveli struqturis masalebs da xelsawyoebs. mas 

SeuZlia miiRos sasurveli nanoobieqtebi da nanostruqturebi xelovnuri 

sinTeziT, romelTa msgavsebi ar arseboben saerTod bunebaSi, Seqmnas jer 

arnaxuli simZlavris da siswrafvis kompiuterebi da sainformacio 

saSualebebis sxva xelsawyoebi. uaxloes aTwleulSi misi samecniero-

teqnikuri ganviTarebis tempi moaxdens nanorevolucias da kardinalurad 

Seicvleba adamianis moRvaweobis yvela sfero. nanoteqnologia, 

romelsac xSirad uwodeben `maRal teqnologiebs~, emyareba samecniero 

da eqsperimentul safuZvlebs. is warmoadgens disciplinaTaSoriso 

mecnierebas da aerTianebs fizikas, qimias, biologias, eleqtronikas, 

medicinas da sxva dargebs. msoflios bevr qveyanaSi is aRiarebulia 

saxelmwifos ganviTarebis prioritetul mimarTulebad. 

2. sakuTari naxevargamtari da misi energetikuli speqtri 

naxevargamtarebi arian masalebi, romelTa gamtarebloba 

moTavsebulia metalur (104 ÷ 106 omi-1sm-1) da dieleqtrikul (10-3 ÷ 10-5 

omi-1sm-1) gamtareblobebs Soris. maT Zalian didi mniSvneloba aqvT 

teqnikasa da yofacxovrebaSi. isini warmoadgenen ZiriTadad ims-is 

safenebs, an asruleben sxvadasxva funqciebs.  

naxevargamtarebi ZiraTadad moTavsebulni arian mendeleevis 

sistemis me-4 jgufSi, iseTebi rogoricaa germaniumi (Ge) da siliciumi 

(Si). ganvixiloT sufTa, minarevebis gareSe, naxevargamtaruli masala, 

magaliTad siliciumi, romelTa kvanZebSi arian mxolod siliciumis 

atomebi. mis atoms aqvs gare Sreze 4 savalento eleqtroni da 

molekulis Seqmnisas siliciumis yoveli atomi garSemortymulia 8 

eleqtroniT, riTac xdeba yvela bmis gajereba. aseve naxevargamtarul 

masalasac qmnian mendeleevis sistemis me-3 da me-5 jgufis elementebi 

SeerTebisas, magaliTad, galiumi (Ga) da arsenidi (dariSxani As) -- 

GaAs,  me-2 da me-6 jgufis - cinki (Zn) da gogirdi (S) – ZnS da a. S.  

isinic molekulis Seqmnisas, maTi yoveli atomi garSemortymulia 8 

eleqtroniT (nax.2.1). 



9 

 

                 

 

      nax.2.1. sakuTari naxevargamtaris sqematuri warmosaxva 

  absolutur nul gradus temperaturaze yvela savalento  

eleqtroni imyofeba bmaSi, energetikulad yvela eleqtroni erTnairia, 

araa upiratesi romelime maTgani. yoveli energetikuli zona Seicavs 

mraval calkeul energetikul dones. cxadia, rom sasruli zomis 

kristalSi doneTa Soris manZili atomebis ricxvis ukuproporciulia. 

Tu kristalSi 1022 ÷ 1023 sm-3 atomia, maSin maT mier Seqmnili 

energetikuli doneebi erTmaneTisgan daSorebuli iqneba  10-22 ÷ 10-23 ev-

iT, e.i. zona iqneba kvaziuwyveti. eleqtronebi maTze ganlagdebian paulis 

principiT da iqnebian sasruli raodenobis. saWiro iqneba sruliad mcire 

energrtikuli zemoqmedeba, rom eleqtroni gadavides zemo doneze, Tu iq 

iqneba Tavisufali adgili. amitom maTi energetikuli ganlagebisas yvela 

eleqtronis energetikuli done iqneba mkveTrad mikruli erTmaneTze da 

qmnian uwyvet speqtrs, e.w. savalento  zonas  (nax. 2.2-ze Ev).  aseTi  

naxevargamtari,   masze   gare  Zabvis modebisas dens ar gaatarebs, radgan 

araa denis Tavisufali matareblebi – eleqtronebi. denis Tavisufali 

matareblebis SeqmnisaTvis saWiroa bmis gawyveta, anu misgan eleqtronis 

`mogleja~, risTvisac saWiroa energiis garkveuli raodenobis daxarjva 

(Eg). am energiis mcire energisas Tavisufali eleqtronebi ar miiRebian, 

anu maT eqnebaT akrZaluli are, zona  
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      nax.2.2. naxevargamtaris energetikuli zonebi 

(nax. 2.2-ze Eg). am energiis maRla miiReba Tavisufali eleqtronebi, 

romlebsac SeuZliaT monawileoba miiRon gamtareblobaSi da isini aq 

qmnian gamtareblobis zonas (nax. 2.2-ze Ec).    

naxevargamtarma es  Eg energia SeiZleba miiRos sxvadasxva gziT, 

magaliTad, siTboTi an sinaTliT, maSin gamtareblobis zonaSi 

moxvdeba eleqtroni da is savalento zonaSi tovebs cariel adgils 

anu xvrels. xvrelis muxti iqneba eleqtronis muxtis sawinaaRmdego 

– `dadebiTi~. Sesabamisad, gamtareblobis zonaSi eleqtronebis 

ricxvi (ni) iqneba toli savalento zonaSi xvrelebis ricxvisa (pi). 

aseTi naxevarigamtari aris sakuTari naxevargamtari da misTvis ii pn  . 

aseTi sakuTari naxevargamtaris gamtareblobas ewodeba sakuTari 

gamtarebloba.  

akrZaluli energies sidide damokidebulia struqturis, atomTa 

bmis, masalis saxeze da amitom is gansxvavdeba naxevargamtaruli 

masalis mimarT. 

3. eleqtronuli gamtareblobis (n) tipis naxevargamtari da misi  

              energetikuli speqtri 

realurad naxevargamtarSi yovelTvis arseboben minareuli centrebi, 

romlebic warmoadgenen ucxo atomebs naxevargamtaris kristalSi – 

CanacvlebiTi (kvanZebSi) da CanergviTi (kvanZTa Soris). aseT 

SemTxvevaSi gamtarebloba ganpirobebulia minareuli atomebiT da 

ewodeba minareuli gamtarebloba. ganvixiloT CanacvlebiTi martivi 
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centrebi, romelTa moqmedeba damokidebulia Canacvlebuli atomis 

valentobaze. magaliTad, Tu siliciumSi SeviyvanT me-V jgufis 

elements (magaliTad fosfors P-s), romelsac aqvs xuTi savalento 

eleqtroni,  maSin xuTidan oTxi savalento eleqtroni monawileobs 

mezobeli  siliciumis atomebis  bmaSi  (nax.3.1) da  qmnian myar garss 

Semdgars rva eleqtronisgan. am kombinaciidan me-9 eleqtroni (anu 

fosforis me-5 eleqtroni) iqneba sustad bmuli xuTvalentovanis 

birTvTan, SesaZlebelia advilad mowydes mas da gaxdes Tavisufali. 

amitom minareuli atomi gaxdeba erTjeradad dadebiTad damuxtuli 

ioni, romelic iqneba uZravi. 

                  

                nax.3.1. n- tipis siliciumi.                        

energetikulad, am eleqtronis mowyvetis energia iqneba bevrad 

mcire, vidre sakuTari naxevargamtaris SemTxvevaSi da Sesabamisad, 

misi energetikuli done iqneba gamtareblobis zonasTan axlos 

akrZalul zonaSi, rac mocemulia nax. 3.2-ze. aseTi minarevuli 

naxevargamtari aris 
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         nax.3.2. eleqtronuli tipis (n) naxevargamtaris  

                 energetikuli speqtri 

 

eleqtronuli tipis, xolo minarevi - donoruli (gamcemi) tipis. 

SesaZlebelia, rom gamtareblobis zonaSi Tavisufal eleqtronebs, 

Seqmnilni minareuli atomebiT, romlebisTvisac saWiroa mcire 

energia, daematon Tavisufali, sakuTar eleqtronebi da gamtarebloba 

ufro metad iqneba eleqtronuli. aseTi naxevargamtari aris 

eleqtronuli, anu n - tipis. minarevs, romlebic aZleven eleqtronebs 

mesers, ewodebaT donoruli. am dros, Tu doneze zis eleqtroni 

damuxtulia uaryofiTad da Tu ar zis – neitraluria. amitom:

 dNpn , sadac ionizirebuli donorebis koncentracia: ddd nNN   . 

zogadad, p«Nd
+ da  dNn . 

4. xvreluri gamtareblobis (p) tipis naxevargamtari da misi 

energetikuli speqtri 

realurad naxevargamtarSi yovelTvis arseboben minareuli 

centrebi, romlebic warmoadgenen ucxo atomebs naxevargamtaris 

kristalSi – CanacvlebiTi (kvanZebSi) da CanergviTi (kvanZTa Soris). 

aseT SemTxvevaSi gamtarebloba ganpirobebulia minareuli atomebiT 

da ewodeba minareuli gamtarebloba. ganvixiloT CanacvlebiTi 

martivi centrebi, romelTa moqmedeba damokidebulia Canacvlebuli 

atomis  valentobaze. magaliTad, Tu siliciumSi SeviyvanT me-3  

jgufis  elements   (magaliTad  bors),  maSin  samive  savalento  
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                  nax.4.1. p-tipis siliciumi  

eleqtroni monawileobs mezobeli siliciumis atomebis bmaSi (nax.4.1) 

da rva eleqtroniani myari garsis SeqmnisaTvis aklia  erTi 

eleqtroni.am bmis SeqmnisaTvis SeiZleba eleqtroni movides 

siliciumis sxva mezobeli bmidan. maSin miiReba uaryofiTi ioni 

kvanZSi da xvreli savalento zonaSi, anu miiReba xvrelebis siWarbe. 

aseTi naxevargamtari aris xvreluri, anu p-tipis. aseTi tipis 

minarevia aqceptoruli _ netraluria, roca masze ar zis eleqtroni 

da uaryofiTad damuxtulia, roca masze zis eleqtroni (nax.4.2). 
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                 nax.4.2. xvreluri tipis  (p) naxevargamtariს 

                                                 energetikuli speqtri 

zogadad, SeiZleba iyos, rom sakuTars daematos aqceptoruli da 

iyos gamtarebloba Sereuli, magram radganac sakuTari agRzneba 

bevrad naklebia aqceptorulze, amitom xvrelebis koncentracia p ≈N
-
a. 

5.  denis matareblebis Zvradoba 

erTgvarovan naxevargamtarSi siTburi aRgznebiT Seqmnili 

Tavisufali eleqtronebi asruleben qaosur moZraobas. TiToeuli 

eleqtronis traeqtoria wrfivia manam, sanam ar daejaxeba meseris 

defeqts, sxva denis matarebels da a.S. am dros denis saSualo 

mniSvneloba nulis tolia nebismieri mimarTulebiT.  

or mezobel dajaxebas Soris manZili aris Tavisufali ganarbenis 

manZili  , moZraobis saSualo siCqare am manZilze v  da Tavisufali 

ganarbenis saSualo dro  . maT Soris aris cxadi kavSiri 
v


  . 

Tu naxevargamtarul nimuSze modebulia sakmaod mcire mudmivi 

eleqtruli veli raRac daZabulobiT, maSin qaosur moZraobasTan 

erTad gaCndeba eleqtronebis da xvrelebis urTierTsawinaaRmdego 
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mimarTuli moZraobis siCqaris mdgeneli. es siCqare iwodeba 

gamtareblobis dreifuli siCqaris saSualod.  

gare velis moqmedebiT m* masis da e  muxtis matarebeli 

imoZravebs aCqarebiT: a=eE/m*. 

SeiZleba CaiTvalos, rom mravaljeradi dajaxebis Sedegad 

eleqtronis dreifuli siCqaris saSualo: av dr , maSin ev dr E/m*. 

aRvniSnoT 
E

v

m

e dr


*


 . mas uwodeben muxtis matareblis Zvradobas. 

es ricxobrivad tolia dreifuli siCqarisa, miRebuli erTeulovan 

velSi. misi ganzomilebaa sm2/v.wm. matareblis Zvradoba aris erT-erTi 

mTavari parametri naxevargamtaruli masalisaTvis da axdens Zalian 

did gavlenas uSualod masze Seqmnili sqemis parametrebze, kerZod 

mis swrafqmedebaze. eleqtronisaTvis Zvradoba uaryofiTi sididea, 

xvrelisaTvis ki dadebiTi. 

es formula gvaZlevs saSualebas gavaanalizoT Zvradobis 

damokidebuleba naxevargamtaruli masalis zogierT parametrisagan. 

Zvradoba damokidebulia elqtronis Tavisufali ganarbenis saSualo 

droze anu meseris raRac defeqtze gabnevisas or mezobel dajaxebas 

Soris manZilze. naxevagamtarSi rac naklebi defeqtia, miT metia 

Tavisufali ganarbenis manZilis sigrZe. naxevargamtarSi eleqtronebis 

gabneva xdeba ZiriTadad minareul atomebze da meseris siTbur 

rxevebze. amitom eleqtronebis Zvradoba udidesi unda iyos sufTa an 

mcired legirebul naxevargamtarSi dabal temperaturaze. minareuli 

atomebis koncentraciis gazrdisas da temperaturis matebasTan erTad 

Zvradoba unda mcirdebodes. Zvradoba ukuproporciulia  matareblis 

masisa. aqedan Cans, rom radgan sxvadasxva naxevargamtars aqvs 

sxvadasxva efeqturi masebi, aseve gansxvavebuli eqnebaT Zvradobebi e.i. 

eleqtronis da xvrelis Zvradobebic sxvadasxvaa )( pn   .  

 

sakontrolo kiTxvebi: 

1. ras niSnavs nano? 

2. ganmarteT, ra aris fotolitografia, fotorezisti da 

fotoSabloni; 
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3. ganmarteT, ra aris qvesafeni, difuzia, legireba da epitaqsia; 

4. ra aris integraluri mikrosqema? 

5. rogoria sakuTari naxevargamtari? 

6. ra aris `xvreli~ da ra kavSirSia eleqtronTan? 

7. rogoria sakuTari naxevargamtaris energetikuli speqtri? 

8. rogor miiReba eleqtronuli tipis naxevargamtari? 

9. rogoria eleqtronuli tipis naxevargamtaris energetikuli speqtri? 

10. rogor miiReba xvreluri tipis naxevargamtari? 

11. rogoria xvreluri tipis naxevargamtaris energetikuli speqtri? 

12. ganmarteT – ra aris denis matarebelTa Zvradoba da ra erTeulebSi 

izomeba? 

13. ra parametrebzea damokidebuli denis matarebelTa Zvradoba?  

 

 

 

 

 

6. naxevargamtaris zedapirze dieleqtrikuli firebis miRebis 

                            procesebi. 

siliciumis zedapirze myofi atomebi TavianTi bunebiT 

gansxvavdebian moculobaSi myof atomebisagan. moculobaSi atomebi 

erTmaneTs ukavSirdebian gawyvilebuli eleqtronebiT, xolo 

zedapirze myof atomebs aqvT erTi gauwyvilebeli bma da amitom isini 

cdiloben rogorme Seavson es eleqtronebiT, an moculobidan an, 

ufro advilad, gare atmosferodan. amitom siliciumis zedapirze 

realurad yovelTvisaa `sakuTari Jangi~ miRebuli gare atmosferodan 

damjdari atomebiT: JangbadiT, azotiT Tu sxva airebiT. amitom, 

procesis sruli kontrolisaTvis saWiroa siliciumze sqemis 

formirebisaTvis teqnologiis dawyebis win qimiurad gasufTavdes 

aseTi Jangisagan. 

dieleqtrikuli firebi arian aucilebeli Semadgeneli nawilebi 

ims-is warmoebaSi. es firebi gamoiyenebian, rogorc pasiuri aseve 

aqtiuri elementebis formirebaSi. dieleqtrikuli firebi 

gamoiyenebian gamtar fenebs Soris izolaciisaTvis, niRabis saxiT 
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difuziis an legirebis SemTxvevaSi sqemis hermetizaciisa da 

pasivirebisaTvis misi arasasurveli minarevebisagan, CamketqveSa 

dieleqtrikad veliT tranzistorebSi, dieleqtrikad fenovan 

kondensatorebSi da a.S. mis xarisxze da srulyofazea damokidebuli 

ims warmoebis teqnologiis xarisxi da saboloo variantSi ims 

parametrebi. amitom dieleqtrikuli firebis winaSe dgas mkacri 

moTxovnebi. isini unda iyvnen: 

1) kargi izolaciis mqone, mcire gamtareblobis 

2) mcire forianobis; 

3) kargi damcvelunariani; 

4) qvesafenTan maRali adgeziis xarisxiT; 

5) mdgradi parametrebiT gare faqtorebis moqmedebis mimarT; 

6) qimiurad advilad dasamuSavebeli mJaveebis da tuteebis 

mimarT; 

7) mcire zedapiruli mdgomareobebiT naxevargamtarTan gamyof 

sazRvarze; 

8) radiaciulad mdgradi 

dReisaTvis mikro- da nanoeleqtronikaSi gamoyenebuli 

dielqtrikis saxeebi metad Tu naklebad akmayofileben am moTxovnebs. 

am moTxovnebis dakmayofileba damokidebulia rogorc dieleqtrikis 

saxeze, aseve mis miRebis meTodze. arsebobs dieleqtrikis miRebis 

mravali meTodi: qimiuri (Termuli daJangva, agregadis qimiuri daSla 

da reaqciiT dieleqtrikuli firis qvesafenis zedapirze dafena) da 

fizikuri (vakuumSi gafrqveva, plazmuri anodireba) meTodebi. 

gavecnoT yvelaze ufro martiv da gavrcelebul meTods _ 

siliciumis Termuli daJangvas. 

es meTodi martivia, ar moiTxovs rTul teqnologiur aparaturas 

da iZleva xarisxian Jangs (dieleqtrikul fenas). siliciumis Jangs 

 2SiO  da siliciums erTmaneTTan axlos aqvT temperatuli 

gafarToebis koeficientebis mniSvnelobebi da amitom temperaturis 

cvlilebisas maT gamyof sazRvarze ar Cndeba meqanikuri darRvevebi, 

2SiOSi   gamyof sazRvarze mcire muxtis zedapirul mdgomareobaTa 

simkvrive, 2SiO  advilad da seleqciurad muSavdeba mJavaSi, sadac ar 

fuWdeba Si -is zedapiri, is kargad icavs Si -is zedapirs ucxo 
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minarevebisgan da a.S. yovelive aman ganapiroba siliciumis Termuli 

daJangvis teqnologiis farTo gamoyeneba mikro- da nano ims-is 

SeqmnaSi.  

arsebobs siliciumis Termuli daJangvis meTodis ori saxe: 1) 

maRaltemperaturuli daJangva `mSral~ JangbadSi da 2) SedarebiT 

dabaltemperaturuli daJangva `svel~ JangbadSi. pirvel SemTxvevaSi 

siliciumis daJangva xdeba 11500C-ze sinestisagan da sxva gazebisagan 

gasufTavebul Jangbadis areSi, xolo meore SemTxvevaSi daJangvis 

procesi mimdinareobs 8000C-ze wylis orTqlis Semcvel Jangbadis 

garemoSi. nax.1.7-ze gamosaxul danadgaris 1; 2 da 3 onkanebis 

saSualebiT SesaZlebelia orive procesis monacvlebiT Catareba.  

Termuli daJangvis procesi mimdinareobs sami stadiiT: 1) 

damJangavis adsorbcia dasaJangi firfitis zedapirze; 2) damJangavis 

gasvla mzard dieleqtrikul firSi da 3) damJangavis reaqcia 

siliciumis atomebTan gamyof sazRvarze 2SiOSi  . 

 

                            

        nax.1.7. `mSrali~ da `sveli~ Jangbadis mimRebi danadgari:  

              1; 2 da 3 onkanebi. 

eqsperimentulad dadgenilia, rom gare Zabvis moqmedebiT SeiZleba 

Seicvalos daJangvis siCqare da kerZod, rom daJangvis procesSi ufro 

metad monawileoben Jangbadis uaryofiTi ionebi.  

Jangbadis izotopis gamoyenebam cdaze aCvena, rom Jangis zrda 

mimdinareobs 2SiOSi   gamyof sazRvarze da ara 2SiO -gazi. 
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2SiO  firis zrdis kinetikis eqsperimentulma gamokvlevebma 

aCvenes, rom misi sisqis zrdis siCqare droSi emorCileba TiTqmis 

wrfiv parabolur kanons: tkxkx 21

2  ,sadac x -Jangis sisqea, t  - 

daJangvis dro, 1k  da 2k  siCqaris Sesabamisad wrfivi da paraboluri 

mudmivebia. 

es kanoni ar sruldeba daJangvis procesis dasawyisSi, roca 

xdeba adsorbcia damJangvelis siliciumis zedapirze. 

aqedan Cans, rom Jangis zrdis siCqare sisqis zrdasTan erTad 

ecema: 
x

k

dt

dx

2
~ 2 . marTlac aseTi damokidebuleba cdazec SeimCneva. 

`mSrali~ daJangvis dros 2SiO -is sisqis damokidebuleba 

daJangvis temperaturaze da droze ganisazRvreba empiriuli 

formuliT: 

               









kT
tx

33,1
exp2,212                      (6.1)   

sadac k  - bolcmanis mudmivaa, T  - absoluturi temperatura da 1,33(ev) 

procesis aqtivaciis energia.  

procesis dadebiT mxared unda CaiTvalos is, rom `mSrali~ 

daJangviT miRebuli firi 2SiO  didi simkvrivisaa (2,27g/sm3). marTlac, 

aqtivaciis didi energia iwvevs Jangbadis ionebis didi simkvriviT 

Cawyobas JangSi. magram es procesi xasiaTdeba procesis didi 

xangrZlivobiT, rac aixsneba Jangbadis ionebis mcire difuziis 

koeficientiT 2SiO -Si da daJangvis procesis didi aqtivaciis energiiT. 

daJangvis procesis siCqare SesamCnevad izrdeba Tu Jangbadi gadis 

wylis orTqlSi da najeri orTqli miewodeba daJangvis ares, e.i. 

miiReba `nestiani~ Jangbadis garemo. aqac xdeba procesis dasawyisSi Si

-is zedapirze Jangbadis Semcveli naerTis hemoadsorbcia Txeli 2SiO  

fenis warmoqmniT. Semdeg xdeba Jangbadis Semcveli orTqlis difuzia 

miRebul Txel JangSi  da imisaTvis, rom warimarTos Semdegi Jangis 

sisqis zrda, saWiroa warmoqmnil JangSi moxdes reagentis uwyveti 

gadatana.  
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`sveli~ daJangvisas 2SiO  firis sisqe damokidebulia daJangvis 

temperaturaze da droze Semdegi empiriuli formuliT: 

      









kT
tx

8,0
exp26,72                                (6.2)   

sadac x  - Jangis sisqea, t  - daJangvis dro, k  - bolcmanis mudmivaa, T  - 

temperatura da 0,8(ev) procesis aqtivaciis energia. 

(6.1) da (6.2) Sedareba iZleva, rom `sveli~ daJangvis dros daJangvis 

aqtivaciis energia ufro dabalia, vidre `mSrali~ daJangvisas. amitom 

`sveli~ daJangvisas Jangis zrdis siCqare ufro metia da miRebuli 

firebis simkvrive ufro naklebia, vidre `mSrali~ daJangvisas. garda 

amisa, Jangis zrdis siCqareebs Soris gansxvaveba imiTacaa gamowveuli, 

rom difuziis koeficientebi 2SiO -Si aseTia: 

10105,9
2

OHD sm2/wm;  6102,2
2

HD sm2/wm da  14108,2
2

OD sm2/wm. 

ptaqtikam aCvena, rom pirveli da meore meTodis 

urTierTSenacvleba iZleva SedarebiT karg Sedegs. amitom xarisxiani 

Jangis miRebisaTvis daJangva xdeba 15 wT `mSral~ JangbadSi, Semdeg 

`svel~ JangbadSi 1 sT da 45wT, Semdeg kvlav `mSralSi~ 30wT. am 

SemTxvevaSi miiReba 2SiO  firi sisqiT ~0,45 mkm kargi damcavi 

TvisebebiT. 

 

7. fotolitografia: fotorezisti da misi saxeebi; fotoSabloni, 

misi miReba da kontroli. 

ims-is SeqmnaSi litografias ukavia wamyvani roli. litografiis 

procesi niSnavs Sablonidan suraTis didi sizustiT gadatanas 

firfitis zedapirze. misi saSualebiT xdeba `fanjrebis~ gaxsna 

niRbis firfitaSi, romelSic xdeba minarevis difuzia, an legireba 

Semdeg dieleqtrikuli firebisaTvis saWiro formis da zomis micema 

da metalizacia. 

fotolitografia dafuZnebulia fotomgrZnobiare polimeruli 

masalis – fotorezistis gamoyenebaze, romelic SeiZleba iyos 
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pozitiuri an negatiuri. fotolitografiaSi gamoyenebuli 

fotorezistebi mgrZnobiareni arian ultraiisferi gamosxivebis 

mimarT 310-450nm talRis sigrZis intervalSi. maTSi Seyvanilia 

specialuri minarevi firfitis zedapirze maTi adgeziis 

gaumjobesebisaTvis da maRal temperaturaze mJaveebis da tuteebis 

moqmedebis medegobis xarisxis amaRlebisaTvis. 

pozitiuri fotorezistis dasxivebis stadiisas xdeba 

molekulebSi qimiuri bmis gawyveta STanTqmuli gamosxivebis kvanti 

Sedegad, miiReba molekulis daSla (destruqcia)  da Tavisufali 

radikali. amis Sedegad gasxivebuli areebis medegoba gamxsnelis 

mimarT mcirdeba. gamxsnelis mimarT reaqciisas miiReba advilad 

aqroladi naerTi, rac saerTo jamSi iZleva fotorezistis mTlianad 

mocilebas zedapiridan. firfitis zedapirze miRebuli lokaluri 

areebi imeoreben fotoSablonis suraTs. negatiuri fotorezistis 

SemTxvevaSi xdeba piriqiT – dasxivebuli areebi xdebian ufro 

medegni gamxsnelis mimarT.  

fotoSablonis suraTis gadatana firfitis zedapirze xdeba sami 

stadiiT: 1) fotoSabloniT, fotorezistis eqsponireba, anu dasxiveba; 

2) suraTis gamJRavneba da gamagreba, anu lokalurad damcveli niRbis 

Seqmna da 3) firfitis daucvel areebSi misi zedapiris mowamvla.  

yoveli am stadiis procesSi moqmedeben faqtorebi, romlebic 

amaxinjeben fotoSablonis sawyis suraTs. magaliTad, eqsponirebisas 

adgili aqvs difraqcias, sinaTlis gardatexas da arekvlas, 

romlebic cvlian suraTis elementebis zomebs da axdenen misi 

napirebis ganrTxmas. gamJRavnebis da gamagrebis procesSi SeiZleba 

moxdes fotorezistis gaberva, gaJRenTa da Tavisufal areebSi maTi 

gadasvla, rac cvlis suraTis zomebs. firfitis zedapiris 

mowamvlisas gamxsneli SeiZleba Sevides fotorezistis qveS da 

suraTi daamaxinjos. maSasadame, fotoSablonidan suraTs elementis 

zusti gadataniaTvis firfitis zedapirze fotolitografiis process 

unda hqondes mTlianobaSi Sesabamisi garCevixunarianoba (sizuste). 

mas afaseben 1 mm-Si moTavsebuli xazebis maqsimaluri ricxviT: 

R=1000/2amin, sadac mina  - xazis siganea [mkm]-Si. praqtikaSi xSirad 

garCevisunarianobas afaseben ubralod mina -is sididiT.  
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fotolitografiaSi fotoSabloni aris ZiriTadi instrumenti. 

maTi saSualebiT xdeba fotorezistis lokaluri dasxiveba da ims-is 

topologiis zusti gadatana firfitis zedapirze. ims-is SeqmnisaTvis 

saWiroa mravaljeradi fotolitografia sxvadasxva suraTis 

fotoSablonebis, anu fotoSablonis kompleqtis gamoyenebiT. is aris 

brtyel-paraleluriani minis an kvarcis firfita, dafaruli saWiro 

konfiguraciiT gaumWvirvale 3232 , OFeOGr   SriT. 

                                 

    sur.7.1. fotoSabloni: 1-SeTavsebis wertilebi da 

                         2- 3232 ; OFeOGr  

 fotoSablonis kompleqtis damzadebis procesi iwyeba ims-is 

topologiuri naxazis – fotooriginalis SeqmniT Sesabamisi Sreebis 

mixedviT. nax.7.1-ze mocemulia fotoSablonis  Seqmnis  procesi  erTi 

SrisaTvis.   topologia ixazeba koordinografiT specialur Txel 

firfitaze didi sizustiT, masStabiT 500:1. originalis zomebi 

mcirdeba fotolinzebiT 50-jer da miiReba Suamdgomi Sabloni. es 

ukanaskneli Tavis mxriv kidev mcirdeba fotolinzebiT masStabiT 1:1 

da specialuri linziT xdeba misi multiplikacia (gamravleba) 

gansazRvruli bijiT. 
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           nax.7.1. fotoSablonis Seqmnis procesi 

                   (daxazva ar moiTxoveba). 

amiT miiReba etalonuri fotoSabloni, romlis Semdeg mzaddeba 

samuSao Sabloni (სურ.7.1). ims-is Seqmnisas xdeba mravaljeradi 

fotolitografia Sesabamisi fotoSablonis gamoyenebiT. amitom 

arsebiTia fotoSablonis zusti SeTavseba firfitaze wina 

fotolitografiiT Seqmnil suraTTan. winaaRmdeg SemTxvevaSi ims ar 

imuSavebs. zusti SeTavsebisaTvis yovel fotoSablonze 

gaTvaliswinebulia specialuri niSnebi,  romlebic  zustad 

meordebian da gadadian firfitis zedapirze da maT ewodebaT 

SeTavsebis wertilebi (sur.7.1-ze 2) fotoSablonis dadebisas 

zedapirze aTavseben wina litografiiT miRebul niSnebs da am 

fotoSablonis niSnebs erTmaneTs da amiT aRweven SeTavsebis 

sizustis gazrdas.  

                                           

                              sur.7.2. fotografiis proceduris warmosaxva 
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zogadad, SeiZleba davaskvnaT: fotolitografia, anu optikuri 

litografia aris procesi, romelic gamoiyeneba mikrostruqturebis 

formirebaSi sasurveli suraTis gadasatanad safenis zedapirze (sur.7.2). 

ganvixiloT 2SiO  niRbis magaliTze fotolitografiis procesis 

ZiriTadi etapebi. siliciumze Seqmnil 2SiO -is zedapirs qimiurad 

asufTaveben da axdenen gacximvas, SemdgomSi fotorezistis kargi 

adgeziisTvis. aTavseben centrifugaze, zedapiris centrSi aTavseben 

ramdenime wveT fotorezistis xsnars, romelic brunvisas ganirTxmeba 

mTel zedapirze 1mkm sisqiT da Semdeg aSroben RumelSi 1000C-ze 

1520 wT-is ganmavlobaSi. firfitaze  deben  fotoSablons  (nax.7.2a)  

(fS)   suraTiT fotorezistisaken (fr) da sinaTliT (ultraiisferi 

ixivi) asxiveben, Semdeg mas aSoreben. pozitiuri fr-isas xdeba 

dasxivebuli nawilis amowamvla gamxsneliT (nax.7.2b). amis Semdeg 

wamlaven 2SiO  mJaviT, romelic ar moqmedebs fr-ze. fr-is aSoreben 

toluoliT, romelic ar moqmedebs Si  da 2SiO -ze (nax.7.2g). 

 

               

          nax.7.2. fS-iT teqnololiuri procesi. 
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8. naxevargamtarSi minarevis difuziisa da legirebis procesebi. 

naxevargamtaris lokaluri ubnebis eleqtrofizikuri Tvisebebis 

cvlileba (eleqtrogamtareblobis tipi, xvedriTi winaaRmdegoba) 

SesaZlebelia legirebiT, anu minareuli atomebis masSi 

kontrolirebadi SeyvaniT. ims-is Seqmnis teqnologiaSi ZiriTadad 

gamoiyeneba minareviT legirebis ori meTodi – Termuli difuzia da 

ionuri legireba.  

   1) minarevis Termuli difuzia. maRal temperaturaze 

(100012000C) naxevargamtaris zedapiris gavliT minarevuli atomebi 

vrceldebian mis moculobaSi siTburi moZraobis Sedegad. 

kristalur meserSi minareuli atomis SeRweva ZiriTadad xdeba 

meseris vakansiebSi Tanmimdevruli gadaadgilebiT. SesaZlebelia 

agreTve gadaadgileba kvanZTa Soris da Semdeg Canacvleba kvanZSi. 

unda aRiniSnos, rom minareuli atomi eleqtrulad aqtiuria, anu aris 

an donori, an aqceptori, mxolod maSin, roca is aris kvanZSi. 

Sesabamisad imisaTvis, rom iqnas miRebuli Zlierad legirebuli ubnebi 

saWiroa vakansiis didi koncentracia nimuSis zedapiris ubanSi. 

temperaturis zrdiT izrdeba vakansiebis ricxvi, Tanaxmad 

gamosaxulebisa:  

        









kT

E
NN expvak                                 (8.1)     sadac N  - kristalis kvanZebSi myofi atomebis ricxvia, E  - vakansiis Seqmnis energia, k  - bolcmanis mudmiva da T  - absoluturi temperatura. siTburi rxevebis 

moqmedebiT minareul atoms SeuZlia daikavos mezobeli vakansiis 

adgili da ase gadaadgildes kristalSi. kvanZidan vakantur kvanZSi 

minareuli atomis gadasvlis W  albaToba damokidebulia mezoblad 

vakansiis arsebobis albaTobaze da potencialuri jebiris gadalaxvis 

albaTobaze, romelic arsebobs atomsa da vakansiis adgils Soris: 

                kT

E

eW




~                                  (8.2)     sadac E  - difuziis procesis aqtivaciis energiaa, romelic Seicavs vakansiis gaCenisa da minareuli atomis vakansiaSi Cajdomis energiebs. 

difuziis danadgaris sqema mocemulia nax.8.1.-ze, razedac SesaZlebelia 

SenacvlebiT, rogorc n-, aseve p-tipis ubnebis miRebis procesebis 

Catareba.  Termuli difuziis procesi tardeba kvarcis RumelebSi, 

sadac misabmel aparatSi iqneba Sesabamisi minarevi naerTTan erTad, 

romelic aris Txieri, magaliTad, AsH3, B2H6, 3BBr  an 3POCl .  
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    siliciumSi bevri minareuli atomi difundirebs kvanZTaSoris da 

Cerdebian maTSi, e.i. qmnian Canergvis myar xsnarebs. ragdganac atomis 

kvanZTa Soris gadasvlis albaToba ufro metia, vidre kvanZidan 

kvanZSi, amitom minarevis Canergvis difuzia ufro swrafad 

mimdinareobs, vidre Canacvlebis. difuziis meTodiT naxevargamtarSi 

SeiZleba SeviyvanoT minarevi mocemul maRal temperaturaze, zRvrul 

gamxsnelobaze naklebi koncentraciiT da oTaxis temperaturamde 

gacivebisas iqneba  zRvruli. nivTierebis difuziuri gadatanis 

procesebis aRwera SesaZlebelia fikis kanonebiT. 

  

 

            

             nax.8.1. difuziis danadgaris sqema. 

 

     

difuziis pirveli gantoleba (fikis I kanoni) gansazRvravs 

minareuli atomebis nakads misi didi koncentraciis ubnidan naklebi 

koncentraciis ubnisaken 

           
dx

dN
DF                                     (8.3)     

sadac D  - difuziis koeficienti ricxobrivad tolia minareuli 

atomebis raodenobisa, gamavali drois erTeulSi difuziis 

mimarTulebis marTob farTis erTeulSi, roca minareuli 
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koncentraciis gradienti 
dx

dN
 erTis tolia. niSani minusi miuTiTebs, 

rom difuzia midis koncetraciis Semcirebis mimarTulebiT. 

difuziis meore gantoleba (fikis II kanoni) gadmodis pirvelidan 

im daSvebiT, rom difuziis koeficienti araa damokidebuli 

koncentraciaze: 

         
2

2

x

N
D

t

N









                                    (8.4)   

fikis II kanoni gamosaxavs difuziis ZiriTad kanons. is 

gansazRvravs mocemul temperaturaze naxevargamtarSi Seyvanili 

minarevis koncentracias drois nebismier momentSi, zedapiridan 

nebismier manZilze.  

xSir SemTxvevaSi, mikro- da nano ims-is elementebis Seqmnisas 

difuziur procesebs atareben or stadiad. procesis pirveli stadia, 

e.w. zedapirze Sedevna, eTanadeba difuziis usasrulo wyaros da 

difuzanti Sedis naxevargamtaris mcire SreSi; meore stadia, e.w. 

zedapiridan siRrmeSi gandevna, eTanadeba difuzias sasruli, pirvel 

stadiaSi Seqmnili wyarodan. am dros xdeba zedapiridan gansazRvrul 

siRrmemde naxevargamtarSi minarevis gadanawileba da xdeba 

zedapiruli koncentraciis Semcireba moculobaSi minareuli 

koncentraciis gazrdis Sedegad.  

rogorc wesi, siliciumSi minarevis difuzia xdeba lokalurad, 

2SiO -is niRabis  gamoyenebiT, sisqiT 0.5mkm  (nax.8.2a.). minarevis  

koncentracia     

 

   nax.8.2. difuziis procesi (a) da minarevis ganawileba siRrmeSi (b). 
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maqsimaluria zedapirze da ecema firfitis moculobaSi (nax.8.2.b). 0x  

manZils, sadac minareuli donoruli koncentracia emTxveva sawyiss 

aqceptorul koncentracias ewodeba difuziuri Sris sisqe. amave dros 

am SemTxvevaSi 0x  eTanadeba np   gadasasvlelis sazRvars.  

.2. ionuri legireba. ionuri legireba aris teqnologiuri procesi, 

sadac minarevis ionebis bombardirebiT firfitis zedapirze xdeba 

minarevis Seyvana nimuSSi. 

zemoT ganxilul Termuli difuziis process aqvs rigi 

naklovanebebi, riTac misi farTo gamoyeneba SezRudulia. 

amitom gamoiyeneba naxevargamtaris sxva elementTa ionebiT 

legireba. naxevargamtaris kristalSi minarevis ionis SeyvanisaTvis 

saWiro energias is Rebulobs gare eleqtruli velidan ramdenime 

aseuli kolovolti Zabvisas. winaswar Rebuloben malegirebeli 

nivTierebis ions, xolo naxevargamtaris, rogorc samiznis temperatura 

aris oTaxis an axureben im temparaturamde, rom ar moxdes difuziis 

procesis aqtivacia da Seyvanili minarevis gadanawileba. rogorc 

difuziis dros, ionuri legirebisas naxevargamtaris eleqtruli 

gamtareblobis tipis Secvla xdeba minarevis Canacvlebisas meseris 

kvanZebSi. minarevis koncentraciis maqsimumi mdebareobs 

naxevargamtaris siRrmeSi (nax.8.3), romlis regulireba SesaZlebelia 

ionis energiiT. Tu ionuri nakadi mimarTulia qvesafenis zedapiris 

marTobulad, maSin legirebuli aris konfiguracia zustad emTxveva 

maskis kidis sazRvars da gverdiT legirebas adgili ara aqvs.  

 

    

 

  nax.8.3. ionuri legirebisas 

energiis mixedviT minarevis 

ganawileba siRrmeSi  
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ionuri legireba (implantacia) iZleva saSualebas:   

1)zustad da ganmeoradebulad movaxdinoT malegirebeli ionis 

Canacvleba meseris kvanZebSi ionuri nakadis denisa da dasxivebis 

dros kontrolirebiT; 

2) np   gadasvlis siRrmis miRebis didi sizuste (0,02mkm-mde)  

3)procesis ganxorcielebis siswrafe (ramodenime wT-Si) danadgaris 

jgufuri CatvirTvisas kargi ganmeoradovnebiT 

4)praqtikulad minarevis ganawilebis nebismieri profilis miReba 

safexuriani legirebiT, anu legirebis energiisa da malegirebeli 

elementis saxis cvlilebiT. 

  miuxedavad amisa, ionur legirebas aqvs zogierTi naklovanebebi: 

1) ionuri legirebis Semdeg saWiroa firfitis gamowva (8000C) 

minarevis aqtivizaciisTvis da miRebuli radiaciuli defeqtis 

gaqrobisaTvis; 

2) ionuri legirebis procesis Catarebis danadgari sakmaod 

ZviradRirebulia da rTulia. 

kristalis meserSi moTavsebul atomTan dajaxebisas, ioni 

waanacvlebs mas kvanZTa Soris, ris Sedegad Seiqmneba wertilovani 

defeqti (vakansia da kvanZTaSoris atomi). Tavis mxriv, kvanZTaSoris  

gasul atoms SeuZlia Seqmnas wanacvlebaTa kaskadi da mouwesrigebeli 

areebi. maSasadame, moZraobis gzaze Seiqmneba darRveul struqturiani 

ubnebi, e.w. klasterebi, romlebSic SeiZleba SeerTdnen da Seiqmnas 

amorfuli ubnebi.  

ionuri legirebis danadgari Sedgeba ionis wyarosagan, mas-

speqtrometrisagan, amaCqareblisagan da misaRebi kamerisagan.  

praqtikulad difuzia da ionuri legireba xorcieldeba firfitis 

zedapirze lokalurad 2SiO  an 43NSi -is niRbebis gamoyenebiT, sisqiT 

0,5mkm, romelic aRemateba am masalebSi ionebis ganarbenis SesaZlo 

manZilebs.   
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sakontrolo kiTxvebi: 

1. rogori moTxovnebi dgas dieleqtrikuli firebis winaSe? 

2. ramdeni saxis Termuli daJamgva arsebobs da ra arsi aqvT 

TiToeuls? 

3. riT gansxvavdeba Termuli daJangvis es meTodebi erTmaneTisgan? 

4. aRwereT fotorezistis da fotoSablonis arsi da daniSnuleba; 

5. ramdeni saxis fotorezisti arsebobs da ra gansxvavebaa maT Soris? 

6. riT gansazRvraven fotolitografiis sizustes? 

7. rasSi mdgomareobs fotolitografiis procesi? 

8. ra aris difuzia myar sxeulebSi? 

9. rogor tardeba Termuli difuziis procesi? 

10. ra aris ionuri legireba? 

11. ra upiratesobiT xasiaTdebian TiToeuli maTgani? 

 

 

 

 

     9. epitaqsiiT Txeli firebis miReba.  

epitaqsia es aris procesi, roca monokristaluri (siliciumis) 

qvesafenze efineba (siliciumis) atomebi da dafenili firi agrZelebs 

qvesafenis struqturas da mis kristalografiul orientacias. xSir 

SemTxvevaSi qvesafenis da firis masala (homeoepaqsia) erTnairia, magram 

SeiZleba iyos sxvadasxva masala axlomyofi kristaluri struqturiT 

(heteroepitaqsia). ase magaliTad, siliciumis firis gazrda safironze. 

epitaqsiuri firi miiReba qvesafenis zedapiris mTel farTobze 

Tanabrad. praqtikulad didi mniSvneloba aqvs SemTxvevas, roca 

epitaqsiis procesSi xdeba minarevis rogorc malegirebeli elementis 

SerCeva. qvesafenis sxvadasxva gamtareblobis tipze SeiZleba 

sxvadasxva gamtareblobis tipis epitaqsiuri firis miReba. amdenad 

SeiZleba miviRoT epitaqsiuri firi xvedriTi winaRobis did 

diapazonSi, damoukideblad qvesafenis xvedriTi winaRobisa. 

naxevargamtaris atomebis wyaros agregatuli mdgomareobis mixedviT 

epitaqsiuri procesi iyofa gazur, Txevad da myari fazis procesebad. 
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yvეla maTgans aqvs Tavisi dadebiTi da uaryofiTi mxareebi, magram 

bolo dros didi gavrceleba hpova molekulur-sxivurma epitaqsiam 

(nax.9.1). is dafuZnebulia  epitaqsiuri masalis  nakadisa  da  

qvesafenis  masalis urTierTmoqmedebaze. epitaqsiuri procesi 

mimdinareobs ~10-7pa vakuumSi, qvesafenis temperatura SedarebiT 

dabalia ~6000C. vakuumis xufis SigniTaa rogorc ZiriTadi, agreTve 

malegirebeli elementebis damWerebis specialuri WurWlebi. SeiZleba 

maTi aorTqleba temperaturiT an lazeris sxiviT. aorTqleba SeiZleba 

erTi an ori amaorTqleblidan, riTac SesaZlebelia qvesafenze 

monofiris an legirebuli firis datana. epitaqsiuri firis sisqis 

regulireba SeiZleba drois mixedviT safaris regulirebiT (nax.1.12-is 

4). wyaros temperaturis an lazeris sxivis simZlavris da qvesafenis 

temperaturis regulirebiT SeiZleba miRebul iqnas sasurveli qimiuri 

Sedgenilobis da struqturis epitaqsiuri firi. 

                

 nax.9.1. molekulur-sxivuri epitaqsiis danadgaris sqema: 

         1-Sesabamisi elementis damWeri; 2- molekuleri  

         sxivi; 3-safeni da 4-safari. 

 

10. topologiis Seqmna da xelsawyos modelireba. 

mikro- da nanosqemis Seqmnis procesSi erT-erTi gadamwyveti 

adgili ukavia topologiis SemuSavebas, anu elementebis da 

SeerTebebis formis da ganlagebis suraTis Seqmnas. topologiis 

modelis SemuSavebisa da misi optimizaciisas unda iqnas 

gaTvaliswinebuli Semdegi ZiriTadi faqtorebi: 
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    1. naxevargamtaruli ims-is yvela elementi unda iyos rac SeiZleba 

mWidrod urTierTmimarT qvesafenis zedapirze an mis SigniT. am dros 

izrdeba elementebs Soris parazituli kavSirebi, siTbocvla da 

sakuTari xmauris done. 

2. naxevargamtaruli ims-is yvela elementi mzaddeba erT 

teqnologiur ciklSi, rac zrdis proeqtirebis sizustes.  

ims-is topologiis SemuSavebis safuZvelia eleqtruli sqemis 

Sedgena, teqnologiuri da konstruqciuli moTxovnebi. topologiuri 

naxazis Sedgena iTvaliswinebs Semdeg calkeul etapebs: 

- sawyisi monacemebis miReba da SeTanxmeba; 

- ims-is elementebis struqturis gamoTvla da sizuste; 

- qvesafenze an mis moculobaSi sqemuri elementebis ganlageba da 

kvanZTa Soriso SeerTebis Sedgena; 

- topologiis winaswari variantis Seqmna; 

- miRebuli topologiis optimizacia, anu Sesworebebi (Tu 

saWiroa) gamoTvlebSi, ganlagebaSi da zomebSi; 

- saboloo, anu muSa topologiis Seqmna. 

ims-is topologiis SemuSavebas iwyeben saerTo eleqtruli, 

konstruqciuli da teqnologiuri monacemebis miRebiT da maTi 

urTierTSeTanxmebiT. sawyisi eleqtruli monacemebi iTvaliswinebs 

eleqtruli sqemis Sedgenas saWiro eleqtrofizikuri parametrebiT, 

ims-is elementebisaTvis gansazRvruli zomebis da statikuri da 

dinamiuri parametrebis mocemas. konstruqciuli monacemebi gulisxmobs 

ims-is elementebis ganlagebas kristalis zedapirze, maTi SeerTebis, 

kontaqturi farTebis zomebis gansazRvras da korpusis gamomyvanebTan 

maT SeTanxmebas. yvela zoma moicema specialur naxazze im masStabiT, 

ra masStabiTac Semdeg gamoixazeba cal-calke ims-is topologiuri 

naxazebi Sreebis saxiT, romelTa Semcirebis Semdeg gansazRvruli 

masStabiT mzaddeba fotoSablonis kompleqti. 

naxevargamtaruli ims-isTvis ufro xSirad gamoiyeneba planaruli 

konstruqcia, romelic niSnavs elementebis sxvadasxva tipis Sreebis 

ganlagebas erT, paralelur sibrtyeze (safenis zedapirze).  

ims-is topologiis Seqmna rTuli procesia da saWiroebs did 

sizustes dawyebuli qvesafenis daJangvidan, damTavrebuli kristalis 
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korpusSi Casmamde. amitom aucilebelia fotoSablonis kompleqtSi 

sxvadasxva fenis Sablonis urTierTSeTanxmebisaTvis gakeTdes 

SeTavsebis wertilebi. am wertilebs topologiaSi unda hqondes 

gansazRvruli adgili. nax.10.1-ze mocemulia ims struqtura, 

principialuri eleqtruli sqemiT, Sesabamisi ims-is saxe WrilSi da 

Sesabamisi topologiuri naxaziT, planaruli teqnologiiT misaRebad.   

 

nax. 10.1. ნახევარგამტარული სქემის ტოპოლოგია: ელექტრული სქემა (ა),  

    ტოპოლოგირი ნახაზი (ბ) და სქემა განხორციელებული კრისტალში (გ). 

 sawyisi eleqtruli monacemebiT iTvleba aqtiuri  T , pasiuri ( R ) 

elementebis eleqtrofizikuri parametrebi, maTTan Tanxmdeba 

komponentTaSoriso sadenebis da sakontaqto farTis parametrebi. amis 

Semdeg ixazeba principialuri eleqtruli sqema (nax.10.1a)). ims-is 

konstruirebisas unda moxdes aqtiuri da pasiuri elementebis, 

metalis sadenis da sakontaqto farTis geometriuli zomis dadgena 

da urTierTganlageba ise, rom rac SeiZleba naklebi gadakveTebi 

sadenebis SeerTebisas (nax.10.1.b)). SemuSavebul topologiaSi unda 

iyos gaTvaliswinebuli SemoWris xazi (nax.10.1.b-ze 6), romelzec xdeba 
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miRebuli saboloo kristalis SemoWra (nax.10.1.გ), calkeuli ims-is 

კრისტალრბის მისაღებად. 

 

   11. sqemis Seqmna velis tranzistoris magaliTze. 

nax.11.1–ze mocemulia velis tranzistoris miRebis teqnologiuri 

marSruti. safenad aRebulia siliciumis firfita, sisqiT 300 mkm, p-tipis, 

4,5 omi•sm kuTri winaRobiT, iwmindeba qimiurad (nax.1.14-is 1). iJangeba 

Termiulad 0,6 mkm sisqemde (nax.11.1–is 2). Semdeg efineba fotorezisti 

(nax.11.1–is 3)), tardeba fotolitografiis procesi (nax.11.1-is 4 _ 6). amiT 

moxda sasurveli suraTis (fotoSablonze datanili suraTis) gadatana 

siliciumis zedapirze. amis Semdeg tardeba fosforis difuzia, rac 

iZleva lokalurad n tips (nax.11.1-is 8) gamomdeni da CamdenisTvis.  xdeba 

fotolitografia CamketqveSa dieleqtrikis  formirebisaTvis,  efineba 

metali,  magaliTad alumini, tardeba fotolitografia gamomyvanebis 

miRebisaTvis (nax.11.1–is 9)  da saboloo saxe gamosaxulia nax.11.2-ze.  

 

                               

 

nax.11.1. velis tranzistoris miRebis teqnologiuri marSruti. 
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         nax.11.2. velis tranzistoris saboloo saxe. 

 

12. integraluri sqemebi da maTi klasifikacia. 

integraluri sqemebi damzadebis da teqnologiuri miRebis 

TvalsazrisiT iyofian: naxevargamtaruli, firovani da hibriduli. 

naxevargamtarul integralur sqemaSi misi elementebi 

moTavsebulni arian qvesafen naxevargamtaris zedapiriswina areSi. am 

SemTxvevaSi elementebi ganlagebuli arian erT sibrtyeSi, 

gamomyvanebiT qvesafenis zedapirze. aseTi sqemebi warmoadgenen 

Tanamedrove mikroeleqtronikis ZiriTad sqemebs. 

firovani sqemebi arian mikrosqemebi, sadac elementebi Seqmnilni 

arian dieleqtrikuli qvesafenis zedapirze dafenili sxvadasxva saxis 

firebiT. es SeiZleba iyos Txel (12 mkm) da sqelfirovani (520 mkm) 

sqemebi. firovani sqemebi Seicaven mxolod pasiur elementebs. amitom 

aseTi sqemebis funqciebi SemosazRvrulia. 

hibriduli integraluri sqema aris sqema, sadac firovani sqema da 

diskretuli sqemebi arian gaerTianebulni erT dieleqtrikul 

qvesafenze. diskretuli elementebi arian dawebebulni da SeerTebebi 

maTsa da firovan elementebs Soris aris sivrculad gamtarebiT. 

amitom aqtiur elementebs uwodeben dakidebul elementebs. 
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kidev gvxvdeba erTi saxis Sereuli integraluri sqema, sadac 

aqtiuri elementebi formirdebian naxevargamtaris zedapiriswina areSi 

da pasiuri elementze firebis saxiT mis zedapirze. 

integraluri mikrosqemis (ims) Seqmnis teqnologiuri donis 

Sefasebis erT-erTi ZiriTadi kriteriumia integraciis xarisxi. is 

gviCvenebs integraluri sqemis sirTulis xarisxs, romelic xasiaTdeba 

kristalSi (ucxour literaturaSi ixmareba chipirun) integraluri 

tqnologiiT Seqmnil elementTa ricxviT (iTvleba ims-is yvala 

elementi). integraciis xarisxis gamosaxatavad xmaroben xarisxis 

ricxvs Nk lg , sadac N  - elementTa ricxvia kristalSi. k -s 

mniSvnelobis mixedviT integralur sqemebs hyofen dabali integraciis 

( 1k , anu 10N ), saSualo integraciis ( 2k ), didi integraciis ( 3k ) 

da zedidi integraciis ( 3k , anu 1000N ) sqemebad. 

nebismieri saxis integraluri sqemisaTvis ZiriTadi da yvelaze 

rTuli elementi aris tranzistori, romlebic maTi muSaobis fizikuri 

principebis mixedviT iyofian bipolarul da unipolarul 

tranzistorebad. gare zemoqmedebisgan dacvis mizniT yvela 

integraluri sqema daxurulia hermetulad. korpusiani sqema 

hermetulad ixureba vakuumSi, xolo ukorpuso eboqsitiT an 

specialuri laqiT. 

funqcionaluri daniSnulebis mixedviT integraluri sqemebi iyofa 

cifrul (logikur), analogur (wrfiv) da anlogur-cifrul sqemebad, 

mowyobilobaSi maTi gamoyenebis moTxovnis mixedviT farTo da 

specialur moxmarebis sqemebis mixedviT. 

imis da mixedviT, Tu ra konstruqciis da funqcionaluri 

daniSnulebis mixedviT romeli ims mzaddeba teqnologiuri procesebis 

ricxvi da mimdevroba aris sxvadasxva. yvela es operaciebi 

gaerTiandnen damoukidebel teqnologiur etapebad.  

gansakuTrebuli didi mniSvneloba aqvs ims-is procentul 

gamosavals, misi parametrebis ganmeoradobas da stabilurobas. 

amisaTvis saWiroa yvela procesi Catardes sufTa klimatur 

atmosferoSi. klimaturi atmosferos sisufTave moicavs temperaturis 

mudmivobas, sinotivis stabilurobas da haeris 1m3 moculobaSi mtvris 

nawilakebis rac SeiZleba mcire raodenobis arsebobas.  
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atmosferos sinotive da temperatura, pirvel rigSi, moqmedebs 

fotolitografiis xarisxze da teqnoqimiur procesebze. temperaturis 

cvlilebiT icvleba fotorezistoris siblante da qimiuri procesebis 

Catarebis siCqareebi, rac uaryofiTad moqmedebs saboloo procentul 

gamosavalze da ims-s parametrebis ganmeoradobaze. am moTxovnebis 

dasakmayofileblad iqmneba specialuri oTaxebi, romelSicaa 

moTavsebuli yvela teqnologiuri danadgari da tardeba ims-is Seqmnis 

yvela procesi.  

sakontrolo kiTxvebi: 

1. ras niSnavas epitaqsiis procesi? 

2. rogor mimdinareobs molekulur-sxivuri epitaqsiis procesi? 

3. ras niSnavs sqemis topologia? 

4. risTvisaa saWiro sqemis modelireba? 

5. rogor mimdinareobs velis tranzistoris Seqmnis procesebi? 

6. CamoTvaleT integraluri sqemis saxeebi maTi damzadebis mixedviT; 

7. CamoTvaleT integraluri sqemis saxeebi maTi konstruqciisa da 

funqcionaluri daniSnulebis mixedviT; 

8. ra aris integracia da rogor gamoiTvleba? 

 

 

 

 

           13. fotolitografiis alternatiuli meTodebi. 

mikrosqemis miniatiurizacia sruladaa damokidebuli fotoSablonis 

xazis zomaze, romelzec, Tavis mxriv, damokidebulia fotorezistSi 

seleqtiurad qimiurad amowamluli aris zoma.  

litografiaSi gamoyenebuli optikuri meTodi aris mosaxerxebeli, 

martivi, magram iZleva miniatiurizaciis fizikur zRvars  100 nm-s 

(rezistis ultraiisferi sxiviT eqsponirebisas). ase, rom integraluri 

sqemis integraciis xarisxis gazrdis da miniatiurisaciis gzaze yvelaze 

viwro adgilia _ litografia, didi mgrZnobiarobiT da mcire xazebiT. 

releis Tanaxmad, mgrZnobiaroba ganisazRvreba TanafardobiT: =k/A, 

sadac k0,6;  _ gamoyenebuli gamosxivebis talRis sigrZea; A _ optikis 
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aparaturis linzis maxasiaTebeli mudmiva, romelic damokidebulia 

linzidan sinaTlis gaSlis kuTxeze da ganisazRvreba sin nA , sadac n – 

linzis gardatexis maCvenebelia da θ – sferuli kuTxe. realurad A ver  

miiReba 0,8 –ze meti. miniatiurizaciisaTvis saWiroa fotoSablonSi 

Suqgamtari aris zomis Semcireba. ganszRruli talRis sigrZisas, am zomis 

Semcireba raRac sididis qvemoT, iwvevs am sxivis difraqcias da 

Sesabamisad, mgrZnobiarobis Semcirebas da fotorezistze  aris gaSlas 

(ganrTxmas). mgrZnobiarobis gazrdis erT-erT gzad rCeba -s Semcireba. 

ultraiisferi sxivis gamoyenebisas ( Zevs intervalSi 436 _ 365 nm). 

nanolitografiaSi SeiZleba iqnas gamoyenebuli ufro mokle talRiani 

sxivebi an altertatuli meTodebi. ufro mokle talRian sxivebad 

SeiZleba iqnas gamoyenebuli rentgenis, eleqtronebis, ionebis nakadi da 

lazeris sxivebi. amasTanve, unda iqnas SerCeuli Sesabamisi mgrZnobiarobis 

rezisti.  

NA - ლინზის მახასიათებელი სიდიდე, რომელიც დამოკიდებულია ლინზიდან 

სინათლის გაშლის კუთხეზე და განისაზღვრება შემდეგნაირად: 

𝐴 = 𝑛 × 𝑠𝑖𝑛𝜃                                          (2.6) 

n - ლინზის გარდატეხის მაჩვენებელია, θ - სფერული კუთხე. როგორც 

ფორმულიდან ჩანს, რაც უფრო მცირეა ტალღის სიგრძე, მით უფრო მცირე ზომის 

გამოსახულების მიღებაა შესაძლებელი. 

 

14. eleqtro-sxivuri litografia. 

es meTodi mosaxerxebelia sqemis masuri warmoebisaTvis. is SeiZleba 

ganvaxorcieloT ori meTodiT: 1)proeqciuli _ gaSlili, arafokusirebuli 

eleqtronebis nakadiT, roca safenis mTeli zedapiri sxivdeba 

erTdroulad da 2)wertilovani _ kargad fokusirebuli nakadiT. pirvel 

SemTxvevaSi saWiroa niRabi-Sabloni, rogorc optikuri 

fotolitografiisas, xolo meore SemTxvevaSi niRabi-Sabloni araa saWiro 

da dasxivebis  marTva xdeba uSualod eleqtronebis wyaros danadgaridan. 

eleqtro-sxivuri litografiis danadgari Sesdgeba vakuumuri 

wyobilisagan eleqtronebis wyaros, eleqtronebis amaCqarebeli sistemis, 

magnituri linzebis da safenis zedapiris eleqtronuli sxivis skanirebis 

sistemisagan. eleqtronuli sxivis formirebis sistema uzrunvelhyofs 
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eleqtronebis nakadis Seqmnas 20 _ 100 kev energiiT da fokusirebas nakadis 

diametris 1 _ 1,5 nm zomiT. skanireba regulirdeba kompiuteriT, romlis 

saSualebiT eleqtruli sxivi SeiZleba Caqres da ainTos, e.i. moxdes 

zedapirze lokaluri amowanvlebi. rezistad ufro xSirad gamoiyeneba 

polimeruli masala polimeTilmeTakrilati (pmma), romelicaa grZel 

jaWviani naerTi. eleqtronebiT dasxivebisas, jaWvi wydeba, mokldeba da 

advilad ixsneba qimiur gammJRavnebelSi. nanolitografiaSi gamoiyeneba 

agreTve, organuli naerTebi, rogoricaa SiO2 da AlF3, legirebuli LiF-iT da 

NaCl-iT. es miiReba, roca firebis dasxiveba xdeba mkacrad fokusirebuli 

eleqtronuli sxiviT oTaxis temperaturaze. oqsidi dasxivebis adgilidan 

orTqldeba da SeiZleba miviRoT zedapirze sasurveli suraTi. yovelive 

es SesaZlebelia Catardes vakuumSi da Semdgomi procesebi gagrZeldes 

iqve, vakuumis darRvevis gareSe.  

   a)  ionur-sxivuri litografia msgavsia eleqtro-sxivuri litografiisa, 

mxolod aq gamoiyeneba He
+ionebi, romelTa talRis sigrZe λ=5·10

-5
 nm 100kv 

Zabvaze, roca igive Zabvaze eleqtronebisaTvis λ=4·10
-3 nm. es iZleva 

saSualebas gavaumjobesoT garCevisunarianoba da rezistis sqel firebSi 

movaxdinoT gamosaxulebis eqsponirebamasiuri warmoebisaTvis ionur-

sxivuri litografia ferxdeba imitom, rom danadgari aris 

ZviradRirebuli da ionuri dasxiveba  iwvevs safenis struqturis 

radiaciul darRvevebs. 

b) rentgenuli litografia SeiZleba Catardes λ= 1nm talRis sigrZis 

fotonebis nakadiT, romelTa misaRebad gamoiyeneba sinxrotronuli 

gamosxiveba, rac xdis am process mouxerxebelad. agreTve, araa 

SesaZlebeli rentgenuli sxivis fokusireba da Sesabamisad, Sablonis 

gareSe procesis Catareba. miRweuli minimaluri zomebi 50 _ 70 nm-ia.   

g)plazmuri litografia iTvleba erT-erT yvelaze perspeqtiul 

meTodad, magram jer-jerobiT gamoiyeneba lazeris wyarod plazmis gazuri 

ganmuxtva, rac dakavSirebulia vakuumTan. aravakuumuri lazeris wyaroebis 

gamoiyeneba am meTods xdis perspeqtiulad. 

15. feTqebadi litografia. 

es meTodi gamoiyeneba ZiriTadad metaluri firebisaTvis, roca Znelia 

misi qimiuri mowamvla. es procesi gamosaxulia nax.15.1-ze: 
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        nax.15.1. feTqebadi litografiis procesi  

            

rezisti, sisqiT 1mkm, formirdeba safenis zedapirze (a), ixsneba 

rezisti sasurvel ubnebSi (b), efineba metali, sisqiT 0,3 _ 0,4 mkm (mag. 

oqro) mTlianad, mTel zedapirze (g), xdeba struqturis damuSaveba aqtiur 

organul gamxsnelSi (mag. acetonSi), rac iwvevs rezistis da Sesabamisad, 

mis zemoT metalis Sris mocileba da miiReba sasurveli metalis suraTi 

safenis zedapirze (d). aseTi saxiT miRebuli metalis lokaluri firebi 

SeiZleba gamoyenebul iqnan nanoeleqtronil xelsawyoebSi elementebad an 

niRbebad xelsawyos damzadebis Semdgom procesebSi. 

16. maskanirebeli zonduri mikroskopia 

es meTodi SeiZleba gamoyenebul iqnas eleqtronebiT rezistis 

meqanikuri, lokaluri modifikaciisaTvis ukontaqto da kontaqtian 

reJimebSi muSaobisas. procesi tardeba eleqtronul mikroskopze da 

rezistis modifikaciisaTvis saWiroa mikroskopis zondi axdendes 

eleqtronebis efeqtur inJeqtirebas. amisaTvis `nano kalami~ damzadebuli 

an dafaruli siliciumis nitridiT, kvlav oqroTi ifareba. skanirebis 

ukontaqto reJimSi muSaobisas, zondze edeba uaryofiTi Zabva 5 _ 20 v-is 

sididis. skanirebis procesSi manZili zondi-safeni da zondidan 

eleqtronebis nakadi mudmivi sidideebia. SesaZlebelia elementis 

minimaluri zoma 30 nm-ze mcire miviRoT.  

   mikroskopis kontaqtur reJimSi muSaobisas xdeba rezistis, an 

uSualod safenis zedapiris  meqanikuri modifikacia, maTSi arxebis, 

Rrmulebis formireba da a.S. am SemTxvavaSi zondi aris, rogorc 

wertilovani instrumenti da pirdapiri meqanikuri damuSaveba xdeba didi 

sizustiT. am procesis uaryofiTi mxare isaa, rom dieleqtrikze 
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modifikaciisas, dieleqtriki imuxteba da sxivi airekleba, rac auaresebs 

amoWmuli arxis xarisxs.  

zogadad, sasurveli obieqtis miReba SesaZlebelia ori gziT, 

romlebsac pirobiTad hqviaT teqnologiebi `zemodan_qvemoT~ da 

`qvemodan__zeviT~ (nax.16.1). mimarTuleba `zemodan_qvemoT~ gulisxmobs 

masiuri sxeulis zomebis Semcirebas mikro- da nanometruli masStabamde 

meqanikuri an sxva saxis damuSavebiT. magaliTisaTvis SeiZleba ganvixiloT 

masiuri naxevargamtaruli masala, romlis fotolitografiuli 

damuSavebiT miiReba xelsawyo.  

         

   nax. 16.1. masalis damuSavebis ori mTavari nanoteqnologiuri 

                              principi 

ukanaskneli monacemebiT, sinaTlis yvelaze mokle talRiT damuSavebuli 

zoma 50 nm-ia. unda aRiniSnos, rom es teqnologia rTulia, moiTxovs did 

dros da ZviradRirebul danadgarebs, ris gamoc farTomasStabian 

warmoebaSi gamoudegaria. 

teqnologiis `qvemodan_zeviT~ idea mdgomareobs imaSi, rom uSualod 

atomebis an molekulebis Sesabamisi konfiguraciis awyobiT miiReba 

sasurveli nanoobieqti. SeiZleba iTqvas, rom es teqnologia iZleva 

masalis ekonomias winasTan SedarebiT da misi Sebrunebulia. `qvemodan_ 

_zeviT~ teqnologiis tipiuri magaliTia atomebis calobiT dadeba 

kristalis zedapirze maskanirebeli gvirabuli mikroskopiT. aseTi 

manipulaciis magaliTi mocemulia nax.16.2-ze, sadac spilenZis zedapirze 

wriuladaa ganlagebuli rkinis atomebi. 

`qvemodan__zeviT~ teqnologiis daxmarebiT erTmaneTze davawyoT ara 

marto calkeuli atomebi, aramed atomTa Sreebi. dRes-dReobiT es meTodi 
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xasiaTdeba Zalian mcire efeqturobiT da warmadobiT, magram mas aqvs didi 

momavali. 

 

                 

       nax.16.2. spilenZis zedapirze rkinis atomebis 

               wriuli ganlageba (დახაზვა არ მოითხოვება). 

 

 

17. nanolitografia 

nanolitografia, anu nanobeWvda axali mimarTulebaa litografiis 

teqnologiaSi, romelic aerTianebs martiv, iaffasian, mgrZnobiarobis 

nanometrul ubanSi da maRali warmadobis procesebs. aq ar gamoiyeneba 

raime saxis gamosxiveba,  amitom adgili ara aqvs difraqciul movlenebs 

da Sesabamisad litografiuli procesebi ufro zustia. gamoiyeneba 

nanobeWvdis ori xerxi: melniT da naWdiT beWvda. 

 B a) melniT beWvdaSi melnis saxis rezistis masala daitaneba saTanado 

suraTis elastikur Stampze (nax.17.1a). Semdeg Stamps meqanikurad mcire 

wneviT axeben safenis zedapirs, romelzec Stampis mocilebis Semdeg rCeba 

monomolekuluri fena (nax.17.1.b). miRebuli melniT naxati gamoiyeneba 

niRbad Semdgomi operaciisaTvis.  
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                            a)                     b) 

              nax.17.1. nanobeWvda: Sexebamde (a) da Sexebis Semdeg (b). 

 

Stampze moqmedi meqanikuri Zabva uaryofiTad moqmedebs suraTis 

formirebaze da SeTavsebaze, gansakuTrebiT mravaljeradi xmarebisas. 

garda amisa, garSemo atmosferos temperaturis cvlilebiT icvleba 

elastomeris (Stampis masala) zomebi da, Sesabamisad suraTic. melnis 

suraTis difuziuri ganrTxmebi xdeba Stampis safenTan kontaqtisas. es 

Znelad kontroldeba. unda iyos kargi adgezia safenze darCenil melansa 

da safens Soris. winaaRmdeg SemTxvevaSi, Stampis aRebis Semdeg 

SesaZlebelia melnis aorTqleba, anu gadasvla gazur fazaSi. kargi 

adgezia, anu melnis difuzia safenis zedapirze, aumjobesebs 

garCevisunarianobas. amisaTvis melnis masalaSi (Tioli) SehyavT mZime 

molekulebi.  

  b) naWdiT beWvdis idea mdgomareobs imaSi, rom saTanado suraTis mqone 

xisti Stampi inergeba safenze winaswar dafenil, Termoplastikur 

polimeris fenaSi, oTaxis temperaturaze ufro maRal iseT temperaturaze, 

rom moxdenilia polimeris darbileba. es procesi gamosaxulia nax.17.2-ze. 

Stampis zedapirs aqvs saWiro suraTis forma fanjrebiT (nax.17.2a). safeni 

ifareba Termoplastikur polimeris feniT, xurdeba iseT temperaturamde, 

rom moxdes misi darbileba (minis mdgomareobaSi gadasvlis temperatura). 

masSi inergeba Stampi  (nax.17.2b), civdeba sistema im temperaturamde,  rom 

moxdes polimeris  
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                nax.17.2. naWdiTi beWvdis procesi 

 

gamyareba, Semdeg iReben Stamps (nax.17.2g). darCenil Txeli fenis polimers 

aSoreben qimiurad an plazma-qimiurad. am saxiT miRebul rezistis fenas 

(nax.17.2d) iyeneben niRbad Semdegi procesebisTvis. 

sakontrolo kiTxvebi:  

1.  rogoria alternatiuri litografia? 

2. rogor tardeba eleqtro-sxivuri litografia? 

3. CamoTvaleT nanolitografiis ZiriTadi saxeebi. 

4.  rogor tardeba feTqebadi litografia? 

5.  rasSi mdgomareobs maskanirebeli litografiis arsi? 

6.  rogori procesebia melniT beWvdisas? 

7.  rogori procesebia naWdiT beWvdisas? 

 

 

 

 

 

 

 

 

Tavi 2. molekulis aRnagoba da qimiuri bmis buneba 

Tanamedrove gagebiT or atoms Soris qimiuri bma xorcieldeba 

TiToeuli atomis gare garsis eleqtronebis (savalento) moZraobiT meore 

atomis birTvis velSi. bma xorcieldeba imiT, rom es eleqtroni, moZravi 

orive birTvs Soris, ekuTvnis ukve orive birTvs da aris maTTvis 

gankuTvnili. 

mikronawilakis talRuri Tvisebebis gamo eleqtronebis 

urTierTqmedeba unda ganvixiloT ara rogorc wertilovani muxtebisa, 

aramed muxtebisa, romlebic ganrTxmulni arian areSi raRac Rrublis 

saxiT. atomebi erTdebian mxolod maSin, roca am SeerTebiT mcirdeba 

sistemis sruli energia, rac gamovlindeba birTvebs Soris sivrceSi 

eleqtronebis ricxvis simkvrivis gazrdiT. am simkvriveTa gadafarvis 
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sididezea damokidebuli molekulis (mTlianad nivTierebis) fizikuri da 

qimiuri Tvisebebi. Tavis mxriv, gadafarvis sidide damokidebulia 

TiToeuli atomis SigniT eleqtronTa kvantur mdgomareobaze, anu atomur 

orbitalebze.  

                         18. talRuri funqciis arsi 

 nivTierebis atomuri aRnagobis idea warmoiSva Zalian didi xnis 

winaT da iTvleboda atomi, rogorc ganuyofeli nawilaki. me-19 saukuneSi 

eqsperimentebma aCvena, rom atomi rTuli sistemaa da Sedgeba sxvadasxva 

nawilakebisagan. me-20 saukuneSi eqsperimentalurad dadginda, rom 

eleqtroni aris yvela atomis Semadgeneli nawilaki, misi muxtia  1,610-19 k 

da masa Seadgens 9,110-28 g-s. 

     rezerfordma Tavisi cnobili cdiT aCvena, rom atomi Sedgeba 

dadebiTad damuxtuli atombirTvisagan da mis garSemo moZravi 

uaryofiTi muxtis matarebeli eleqtronebisagan. mTavari uaryofiTi 

mxare rezerfordis atomuri (planetaruli) modelisa iyo is, rom is 

ewinaaRmdegeboda klasikur eleqtrodinamikur kanons: moZravi eleqtroni 

unda asxivebdes energias da unda uaxlovdebodes birTvs. orbitis 

radiusis TandaTabobiTi Semcireba gamoiwvevda eleqtronis brunvis 

periodis Semcirebas da gamosxivebis sixSiris gazrdas. es niSnavda, rom 

atomi ar SeiZleboda yofiliyo mdgradi, xolo misi speqtri unda                               

yofiliyo uwyveti da arawrfivi. magram rezerfordis cdis Sedegi iyo 

dasabuTebuli imdenad, rom man daayena eWvqveS ara atomuri modeli, 

aramed klasikuri eleqtrodinamikis SesaZlebloba moZravi 

eleqtronisaTvis. amis safuZvels iZleoda isic, rom sinaTlis 

gamosxivebis da STanTqmis TeoriaSi zogierTi eqsperimentuli faqtebi 

ver ixsneboda sinaTlis talRuri bunebiT. 

plankma wamoayena idea, rom sinaTlis gamosxiveba da STanTqma xdeba 

mxolod energiis sasruli porciebiT, romelsac man kvanti uwoda. kvantis 

energia damokidebulia sixSireze hE  , sadac h  plankis mudmivaa 

erTnairi yvela sixSirisaTvis da tolia 6,610-34 j.wm. misi ganzomilebaa 

moqmedebis ganzomileba, anu energiis ganzomileba gamravlebuli droze. 

es sidide mniSvnelovania fizikaSi.  
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borma gaaerTiana rezerfordis atomis agebuleba da kvanturi Teoria. 

Tavisi Teoria man Camoayaliba postulatebis saxiT, romlebic aseTia: 

1) atomSi eleqtroni imyofeba mxolod gansazRvrul (diskretul)  

mdgrad mdgomareobaSi, romelsac ewodeba stacionaluri. am mdgomareobaSi 

eleqtroni brunavs gansazRvrul oritebze birTvis garSemo da ar 

asxivebs. am postulatiT atomisaTvis miuRebelia klasikuri Teoria; 

2) atomi asxivebs mxolod maSin, roca eleqtroni gadadis erTi 

stacionaluri mdgomareobidan )( 1E -dan meoreze ( 2E ) da maT Soris 

energiebis sxvaoba iqneba   sixSiris fotonis gamosxivebis energia:  

          21 EEhE                                          (18.1)  

es piroba gamodis energiis Senaxvis kanonidan. 

3)  atomSi yvela SesaZlo mdgomareobidan xorcieldeba mxolod 

is, romlisTvisac moZraobis raodenobis momenti M  tolia 
2

h
 -is 

mTeli ricxvis jeradia, anu  

                2

h
nnM   ,                              (18.2) 

sadac ,...3,2,1n kvanturi ricxvia. 

martiv SemTxvevaSi eleqtronis moZraobisas wriul orbitaze 

moqmedeba tolia misi impulsisa vme -s namravlisa orbitis sigrZeze r2 -

ze, anu is proporciulia moZraobis raodenobis momentisa vrmM e . boris 

TeoriiT atomis yoveli stacionaluri mdgomareoba xasiaTdeba 

gansazRvruli moqmedebis mniSvnelobiT, romelsac SeuZlia miiRos 

diskretuli mimdevrobiTi mniSvnelobebi: ,h h2 , h3  da a.S. sidide h  aris 

moqmedebis umciresi mniSvneloba, anu moqmedebis kvanti. 

amrigad, eleqtronisaTvis saWiro gaxda axali kvanturi Teoriis 

Seqmna. boris Teoria iyo warmatebuli, radgan man mogvca eleqtronis 

moZraobis fizikuri suraTi atomSi da misi energiis gansazRvris meTodi. 

axali Teoriis SeqmnaSi gamoCnda siZnele, romelic dakavSirebuli iyo 

TviT eleqtronis bunebasTan. es siZnele ganpirobebuli iyo haizenbergis11 

ganuzRvrelobis principis arsebobasTan, romlis Tanaxmad SeuZlebelia 

erTdroulad zustad gansazRvroT eleqtronis koordinati da impulsi. 

magaliTad, Tu eleqtroni moZraobs absolutur vakuumSi gansazRvruli 
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siCqariT (impulsiT) da gvinda raRac momentSi ganvsazRvroT misi 

mdebareoba, saWiroa is `davinaxoT~ mikroskopiT. amisaTvis am mdebareobaSi 

eleqtronma unda aireklos fotoni, romelic moxvdeba mikroskopSi. magram 

fotonis eleqtronze dajaxebis Semdeg, misi mikroskopSi mosvlamde, 

eleqtroni gadaadgilda, Seicvala siCqare (impulsi). rac metia fotonis 

h  energia, miT zustad gavigebT eleqtronis mdebareobas, magram miT 

metad Seicvleba eleqtronis siCqare (impulsi) da miT meti iqneba misi 

gansazRvris cdomileba. ganuzRvrelobis principi maTematikurad ase 

Caiwereba: 

            xPx                                    (18.3) 

sadac x - nawilakis ganusazRvrelobaa x  koordinatSi mocemul momentSi, 

xP  - impuls-veqtoris proeqciis ganusazRvrelobaa x  koordinatze imave 

momentSi.  

(18.3)-is msgavsad SeiZleba CavweroT: 

           m
vx x


                                                 (18.4) 

Tu davuSvebT, rom eleqtronis mdebareoba zustad gansazRvrulia, 

maSin impulsi sruliad ganusazRvrelia, anu is erTnairi albaTobiT 

iRebs yvela mniSvnelobas. 

aseve SeiZleba davweroT, rom  

             tE                                                  (18.5) 

(18.3) da (18.5)-iT damakavSirebel wyvilebs, impulss da koordinats, 

aseve energias da dros uwodeben SeuRlebul cvladebs. 

mikronawilakTa gansakuTrebuli moqmedebebis ganxilvidan gamomdinare 

SeiZleba gakeTdes Semdegi mniSvnelovani daskvnebi: 

1) mikrosamyaroze Cveni Secneba (nawilakTa mdebareoba, siCqare a.S.) 

atarebs albaTur xasiaTs. 

2) moZraobis traeqtoriis arsi kargavs azrs. 

3) mikronawilakTa energia araviTar pirobebSi ar SeiZleba nulis 

toli iyos, radganac 0E -is SemTxvevaSi misi koordinatebi da impulsi 

iqneboda zustad gansazRvruli, rac ewinaaRmdegeba ganuzRvrelobis 

princips. 
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4) ganuzRvrelobis principi aris fizikurad realuri. es niSnavs, rom 

Semcireba (gazrda) erT-erTi SeuRlebuli cvladisa aucileblad iwvevs 

meore cvladis gazrdas (Semcirebas). 

boris Teoriam ver axsna H2
+
-is arseboba. am TeoriaSi eleqtroni 

ganixileboda mxolod, rogorc nawilaki (korpuskularuli). de broilma 

dauSva, rom m masisa da v siCqariT moZravi eleqtronis talRuri Tviseba 

xasiaTdeba talRis sigrZiT:  =һ/mv. de broilis Teoriis siswore 

damtkicda eleqtronebis gabnevisas meserze. Tu misi siCqarea v=108 m/wm, 

maSin misi talRis sigrZea   710-8 sm, anu atomis rigisaa. 

amrigad mocemul momentSi mikronawilakis mdebareobis ganmsazRvreli 

tareqtoriis cneba azrs kargavs. aseve azrs kargavs misi siCqaris cnebac. 

maSin, azri aqvs mikronawilakis mocemul momentSi, mocemul adgilze 

yofnis albaTobas da aRiwereba statistikuri maxasiaTeblebiT. 

SeinarCuneba mikronawilakis iseTi maxasiaTeblebi, rogoricaa masa, 

energia, impulsis momenti. radgan eleqtroni talRuri bunebisaa misi 

mdgomareobis aRwerisaTvis unda iyos talRuri tipis gantoleba. amocanis 

mizania sivrcis gansazRvrul ubanSi moiZebnos eleqtronis yofnis 

albaToba. es albaToba xasiaTdeba raRac ),,( zyx  funqciiT, romelsac 

ewodeba talRuri funqcia da saWiroa misi povna. talRuri funqciis povna 

SesaZlebelia mikronawilakis moZraobis talRuri gantolebidan. talRuri 

  funqciis fizikuri arsis gagebisaTvis warmovidginoT, rom sivrceSi 

mocemulia ),,( zyx  wertili da mis garSemo dxdydzdv   mcire moculoba. 

wertilSi iyo ),,( zyx  funqcia. dv  moculobaSi eleqtronis moxvedris 

albaToba iqneba dv2 , anu dv -Si eleqtronis yofnis drois nawili. 

2
2




dv

dv
 iqneba eleqtronis yofnis albaToba moculobis erTeulSi, anu 

albaTobis simkvrive, eleqtronTa simkvrive. eleqtronis talRuri Tviseba 

niSnavs, rom yovel nebismier momentSi eleqtroni SeiZleba iyos nebismier 

wertilSi sxvadasxva albaTobiT. ase, rom eleqtronuli Rrubeli, romlis 

simkvrive sxvadasxva wertilSi aris sxvadasxva da eTanadeba eleqtronul 

simkvrives. yvela eleqtronuli RrublisTvis SeiZleba gavavloT 

nebismieri raodenobis zedapirebi, sadac Const2 . sasazRvro zedapiri 

talRuri funqciis kvadratis erTnairi mniSvnelobis mqone ubnis 
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SemomsazRvravia, mis SigniT eleqtronis simkvrivis umetesi nawilia 

Tavmoyrili (magaliTad 80% an 90%). sasazRvro zedapiri gansazRvravs 

eleqtronuli Rrublis formas. sakvanZo zedapiri aris zedapiri, sadac 

talRuri funqciis kvadrati nulis tolia. Tu   funqcias gavamravlebT -

1-ze 2  ar Seicvleba. albaToba inarCunebs Tavis sidides. 

talRuri funqciisTvis samarTliania superpoziciis principi 

(zeddeba). Tu mikrosistema aRiwereba 1  da 2  funqciebiT, maSin   

talRuri funqcia tolia maTi jamis an sxvaobisa, anu maTi wrfivi 

kombinacia aseve gansazRvravs sistemis mdgomareobas: 

             2211  CC                                       (18.6) 

sadac 21,CC  mudmivebia. klasikurisgan gansxvavebiT kvantur meqnikaSi 

mikronawilakisTvis albaTobebi aramarto ikribeba, aramed xdeba maTi 

zeddeba, anu xdeba interferencia. marTlac: 

         2121

2

2

2

2

2

1

2

1

2

2211

2 2)(  CCCCCC                (18.7) 

(18.7) gantolebis bolo wevri aRniSnavs albaTobebis zeddebas.  

talRuri gantolebidan napovni talRuri funqcia, Seicavs 

uganzomilebo sidideebs – kvantur ricxvebs, romlebic Rebuloben mTel 

ricxviT mniSvnelobebs, anu eleqtronis mdgomareoba atomSi ganisazRvreba 

kvanturi ricxvebiT.  

19. erTeleqtroniani atomis orbitali 

ganvixiloT talRuri gantolebis amonaxsni wyalbadis atomSi, 

sadacaa erTi eleqtroni, moZravi erTi protonis velSi. amocanaa vipovoT 

`amplituda~. am wertilebis mdebareoba SeiZleba iyos dekartes 

koordinatebSi ),,( zyx  wertiliT mocemuli, sadac centri gadiodes atomis 

birTvSi.  

arsebobs am gantolebis uamravi amonaxsni. magram arsebobs 

SemosazRvra imiT, rom es amonaxsni unda iyos sasruli, uwyveti da erTi 

mniSvnelobis. aseTi amoxsnis magaliTia: 

                  masin                              (19.1) 
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es funqcia arasdros ar gadaaWarbebs a -s, anu sasrulia, uwyvetia 

sinusis uwyvetobis gamo. erTi mniSvnelobisaa mxolod maSin, roca m

mTeli ricxvia. cxadia, (2.33) maSinaa gantolebis amonaxsni, roca m  tolia 

0; 1; 2 da a.S. 

m  ricxvs ewodeba magnituri kvanturi ricxvi. misi arseboba 

miuTiTebs imas, rom eleqtronis moZraoba atomSi iyos erTmniSvnelobiani. 

eleqtrons aqvs sami Tavisuflebis xarisxi, amitom mas unda hqondes kidev 

ori kvanturi ricxvi. zogadad, talRuri gantolebis amonaxsni Seicavs sam 

kvantur ricxvs ln,  da m . mTavari kvanturi ricxvi n  Rebulobs yvela 

naturalur mniSvnelobas ,...,2,1 -mde. mTavari kvanturi n  ricxvis 

mocemuli mniSvnelobisaTvis orbitaluri (azimutaluri) kvanturi ricxvi 

l  Rebulobs mniSvnelobas 0-dan )1( n -mde:  1;...2;1;0  nl . orbitaluri 

kvanturi ricxvis mocemuli mniSvnelobisaTvis magnituri kvanturi ricxvi 

m  Rebulobs mniSvnelobas l -dan l -mde nulis CaTvliT, sul )12( l  

raodenobas: llllm );1;...(1;0;1);...1(;  . 

talRuri funqcia mln ;;  aRwers eleqtronis gansazRvrul 

mdgomareobas, roca mocemulia samive kvanturi ricxvi. erTeleqtronian 

talRur funqcias, roca mocemulia sami ln, ,m  kvanturi ricxvi ewodeba 

atomuri orbitali (ao). amitom roca amboben, rom eleqtroni imyofeba 

raRac gansazRvrul ao-ze, igulisxmeba eleqtronis mdgomareobis 

Sesabamisi talRuri funqcia aris cnobili, anu mocemulia yvel kvanturi 

ricxvis mniSvnelobebi. 

simartivisaTvis SemoRebuli ao-is aRmniSvneli simboloebi, magaliTad 

;...3;2;1;0l orbitalebi aRiniSnebian fdps ,,,  da a.S. Sesabamisad. garda amisa, 

n  dgas l -is win. ase magaliTad 1n , maSin 0;0  ml , aRniSvna s1 ,  

0,0,2  mln  ;2s  0,1  ml  an 1   p2  (sami p2  ao) da a.S. 

moviyvanoT ao-is aRniSvnis cxrili: 

1n  0l  0m  s1  

2n  0l  0m  s2  

 1l  1;0 m  p2 (sami ao) 
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3n  0l  0m  s3  

 1l  1;0 m  p3 (sami ao) 

 2l  2;1;0 m  d3 (xuTi ao) 

    

       xarisxSi ricxvi miuTitebs masze eleqtronebis raodenobas. am 

CanawerSi mTavari da orbitaluri ricxvebi eleqtronebis raodenobis 

gamomxatveli ricxvi xarisxSi. aseTia atomis eleqtronuli formulis 

Cawera. 

20. kvanturi ricxvebis arsi. 

TvalsaCinoebisaTvis atomur orbitalebs gamosaxaven eleqtronuli 

konfiguraciiT – ujrediT, e.w. kvanturi ujrediT, SigniT eleqtronis 

spinis gamomxatveli isriT.  

wyalbadis atomSi eleqtronis energia ikvanteba da ganisazRvreba 

mTavari kvanturi ricxviT. misi erTaderTi eleqtroni miiswrafvis 

daikavos umciresi energiis mqone s1  orbitali. am dros atomi aris 

yvelaze ufro mdgrad mdgomareobaSi, anu e.w. ZiriTad mdgomareobaSi. 

atomuri sistemis ZiriTad mdgomareobaSi eleqtronis sruli energia aris 

minimaluri. yvela orbitals, erTnairi mTavari kvanturi ricxvebiT aqvT 

erTnairi energiebi.      
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rac metia birTvidan manZili, miT mcirea misi birTvTan bmis energia. 

mTavari kvanturi n  ricxvi gansazRvravs eleqtronis birTvTan daSorebas, 

anu orbitalis zomas. im wertilebSi, sadac eleqtronis yofnis albaToba 

nulia, talRuri funqciac nulia. wertilebis geometriul adgils, sadac 

eleqtronis yofnia albaToba nulia, ewodeba sakvanZo zedapiri.  

atoms ara aqvs mkacri sazRvari, eleqtrons ara aqvs traeqtoria, 

orbita, aramed aqvs yofnis albaToba gansxvavebuli sxvadasxva adgilebSi. 

amitom SeiZleba vTqvaT birTvis garSemo eleqtronuli Rrubeli aris 

sxvadasxva simkvriviT, romlis zomas gansazRvravs mTavari kvanturi 

ricxvi.  

orbitaluri kvanturi l ricxvi gansazRvravs eleqtronuli Rrublis 

saxes, anu ao-is formas da moZraobis raodenobis moments M-s. energiis 

msgavsad ikvanteba isic da misi gegmilic romelime gamoyofil RerZze, 

magaliTad z  RerZze, romelic damokidebuli m  magnitur kvantur 

ricxvze. es msgavsia planetebis moZraobisa mzis garSemo - nricxvi 

gviCvenebs moZravi planetis orbitas, l ricxvi – planetis orbitis formas 

da m  - orbitis daxras. nax.20.1-ze mocemulia  l =2 saTvis Sesabamisi 

formebi da daxrebi.   

                  

      nax.20.1. orbitaluri kuTxuri momentis sivrculi  

                         dakvatva (l=2). 

am sami kvanturi ricxviT ver aixsna zogierTi eqsperimentuli 

monacemi. magaliTad, aRmoCnda, rom wyalbadis atomis speqtris yoveli 
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xazi ixliCeba orad, anu aris dupleti. am faqtis axsnisaTvis ulenbekma 

da gaudsmitma dauSves, rom eleqtroni brunabs sakuTari RerZis garSemo, 

aqvs sakuTari kuTxuri momenti damas spini uwodes. eleqtronis spini aris 

mudmivi sidide 
2

1
s . es iseTi fundamenturi sididea, rogoric 

eleqtronis masa, muxti.  

maSasadame, eleqtronis mdgomareoba gansazRvrulia, Tu mocemulia 

oTxi kvanturi ricxvi mln ,,  da s . 

           21.  mraval eleqtroniani atomis orbitalebi 

mravaleleqtronian atomSi aris birTvi da z  eleqtroni. yoveli 

eleqtroni ganicdis birTvisgan mizidvas da sxva eleqtronisgan ganzidvas. 

zustad ganisazRvros ganzidvis energia rTulia da talRuri gantolebis 

amoxsna zustad ar aris SesaZlebeli. amitom is miaxloebiT ixsneba, 

amisaTvis daSvebulia, rom ganzidvis energia mcirea mizidvis energiasTan 

SedarebiT. maSin yoveli eleqtroni aris damoukidebeli erTmaneTisgan da 

is imyofeba gansazRvrul orbitalze, iseTive formis da iseTive 

simetriisas, rogoricaa wyalbadis atomSi da ganisazRvreba oTxive mln ,,  

da s  kvanturi ricxvebiT. 

mravaleleqtroniani atomis SemTxvevaSi aucilebelia ganisazRvros 

romel atomur orbitalze ganawildebian eleqtronebi da ra 

TanmimdevrobiT. amisaTvis daculi unda iyos Semdegi principebi: 

1) energiis minimumis principis Tanaxmad, jer unda Seivsos mcire 

energiis mqone orbitalebi;  

2) paulis principis Tanaxmad, atomSi nebismieri ori eleqtronis 

mdgomareoba unda gansxvavdebodes erTmaneTisagan oTxi kvanturi mln ,,  da 

s  ricxvebidan erTiT mainc. es niSnavs, rom erT atomur orbitalze, 

romelic xasiaTdeba sami mln ,,  ricxvebiT SeiZleba imyofebodes erTi 

nebismieri mimarTulebis spiniT an ori eleqtroni sxvadasxva 

mimarTulebis spiniT +1/2 an -1/2. 

3) hundis wesiT atomur orbitalebze eleqtronebi iswrafian 

moTavsdnen ise, rom SeinarCunon paralelur spiniani eleqtronebis 

udidesi ricxvi. magaliTad, fosforis SemTxvevaSi romelsac aqvs sul 15 

eleqtroni, ZiriTadSi s1  atomur orbitalze ganlagdeba )0;0;1(  mln  
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ori eleqtroni 2)1( s . Seivseba 2622 3221 spss  da 33p -Si iqneba sami eleqtroni 

paraleluri spiniT.  

atomTa eleqtronuli konfiguraciebi SeiZleba gamoisaxos e.w. 

orbitaluri sqemebis saSualebiT. nax.21.1-ze daStrixuli orbitali 

Seesabameba eleqtronul wyvils, dauStrixavi ki kent eleqtrons. 

             

         nax.21.1. azotis da Jangbadis atomebis orbitaluri  

                              konfiguraciebi. 

gavaanalizoT valentovnebis sakiTxi. elementis valentobas 

gansazRvravs gauwyvilebeli spinebis ricxvi. im SemTxvevaSi, Tu 

erTidaigive mTavari kvanturi ricxvis farglebSi SesaZlebelia 

eleqtronTa wyvilis Semcveli orbitalidan erTi eleqtronis vakantur 

orbitalze gadasvla, maSin gauwyvilebeli spinebis raodenoba da 

Sesabamisad elementis valentovneba gaizrdeba (nax.21.2.).  

 

     nax.21.2. elementis valentovnebis gazrdis magaliTi. 

      

     SesaZlebelia eleqtroni gadavides bmuli mdgomareobidan )0( E  

Tavisufal mdgomareobaSi (atomis ionizacia), romelsac yovelTvis Tan 

axlavs energiis daxarjva. am dros miiReba dadebiTad damuxtuli ioni da 

Tavisufali eleqtroni. 
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ionizaciis energia aris energia, romelic saWiroa daixarjos 

imisaTvis, rom ZiriTad mdgomareobaSi myofi neitraluri atomidan 

eleqtroni movaciloT da gadaviyvanoT usasrulobaSi. ionizaciis 

energias gamosaxaven eleqtro-voltebSi. es energia yovelTvis dadebiTia. 

ionizaciis energias xSirad uwodeben ionizaciis potencials. magram 

radgan igulisxmeba potencialTa sxvaoba voltebSi, amitom ionizaciis 

energia iE  (ev) da ionizaciis potenciali iI (v) ricxobrivad Tanxvdebian 

erTmaneTs. mravaleleqtroniani atomis SemTxvevaSi SesaZlebelia 

eleqtronis TandaTan mocileba meore, mesame da a.S. amitom miiReba 

Sesabamisad pirveli, meore, da a.S. ionizaciebis energiebi. yoveli 

atomisaTvis Semdegi ionizaciis energia izrdeba, rac dakavSirebulia 

Seqmnil ionze dadebiTi muxtis gazrdasTan. 

bevr atoms aqvs Tviseba miierTos eleqtroni, romelic gamoixateba 

sididiT – swrafva eleqtronisadmi. swrafva eleqtronisadmi aris is 

energia, romelic gamoiyofa neitraluri (Tavisufali) atomis mier 

eleqtronis mierTebisas. am dros atomi imuxteba uaryofiTad. is aris 

uaryofiTi sidide. mravaleleqtronian atomSi yoveli Semdegi swrafva 

eleqtronisadmi energia absoluturi mniSvnelobiT izrdeba, radgan 

izrdeba eleqtronis ganzidva ionis mier. ionizaciis potencialis da 

swrafva eleqtronebisadmis saSualo ariTmetikuli aris sidide, romelsac 

ewodeba eleqtrouaryofoToba, romelsac aqvs fizikuri azri da 

mniSvnelovani parametria yvela elementisaTvis. ori elementis 

SeerTebisas eleqtruli Rrubeli gadaiweva im elementis mxares, romlis 

eleqtriuaryofiTobac metia.  

22. molekulis aRnagoba 

mikronawilakebis talRuri bunebis gamo ori atomis eleqtronebis 

urTierTqmedeba unda ganvixiloT, rogorc maTi eleqtronuli Rrublebis 

urTierTqmedeba. atomebi SeerTdebian molekulebad maSin Tu am dros 

sistemis sruli energia Semcirdeba birTvebs Soris eleqtronuli 

Rrublis simkvrivis gazrdis xarjze. 

eleqtronebis aseTi orientacia dakavSirebulia eleqtronebis 

gacvlasTan or atoms Soris, romelic aris eleqtronebis ganurCevlobis 

principis Sedegi. es simartivisaTvis ganvixiloT wyalbadis molekulis 
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magaliTze. Sors myofi wyalbadis atomi ar reagirebs erTmaneTze. maTi 

raRac manZilze daaxloebisas moxdeba eleqtronebis urTierTqmedeba, 

romlebic adre moZraobdnen TavianTi birTvis velSi. rodesac wyalbadis 

ori atomi urTierTSors arian TviToeuli xasiaTdeba 11s  da 21s  

mdgomareobebiT. amasTan 11s  da 21s  urTierTSeqcevadia, ganurCevlobis 

principiT. molekuluri orbitali iqneba: 

        2211 11 sCsC                                        (22.1) 

radganac urTierTSeqcevadia, amitom 2

2

2

1 CC  , anu CCC  21 da 

gamodis, rom:  

)11( 21 ssCI   da       )11( 21 ssCII                 (22.2)                                   

ori atomuri orbitalidan miviReT ori molekuluri orbitali. I -is 

SemTxvevaSi dadebiTi S  funqciebi ikribeba (ao gadaifareba) da 
2

1  

birTvebs Soris sivrceSi izrdeba, anu eleqtronuli Rrublis simkvrive 

izrdeba. amas mivyavarT sistemis energiis Semcirebamde, anu ori atomis 

kavSiris Seqmnamde. aseTi molekuluri orbitali (mo) aris 

damakavSirebeli.  es mocemulia  nax.22.1-ze.  sII - funqciis  SemTxvevaSi  

birTvebs Soris areSi aris sakvanZo sibrtye. aseTi sistemis energia 

izrdeba da kavSiri atomebs Soris ar myardeba. aseTi orbitalia 

antidamakavSirebeli da aRiniSneba *

s -iT. maSasadame, wyalbadis 

molekulis warmoqmna damokidebulia SesaerTebeli atomebis miaxloebis 

manZilze.   

mdgradi molekulis Seqmna moiTxovs, rom gasaerTianebeli atomebis 

spinebi iyvnen antiparalelurni (singletur mdgomareobaSi). am dros 

atomebis miaxloebis manZilebi xasiaTdebian minimumis energiiT (nax..22.2) 

atomebis spinebis paralelobisas (tripleturi mdgomareoba) iwvevs 

antidamakavSirebeli orbitalis warmoqmnas (nax.22.2). 
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              nax.22.1. molekuluri orbitalebis warmoqmna ori 

                      wyalbadis 1S atomebisagan. 

 

maSasadame, xdeba paralelur spinebiani eleqtronebis ganzidva da am 

dros xdeba Sesabamisi elementebis ganzidva. aqedan gamomdinare, 

eleqtronis gadasvla damakavSirebeli orbitalidan antidamakavSirebelze 

iwvevs bmis Sesustebas. 
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       nax.22.2.  ori atomisagan Semdgari wyalbadis molekulis 

               energiis damokidebuleba atomTa Soris manZilze  

               ori sxvadasxva spinuri mdgomareobisaTvis. 

sakontrolo kiTxvebi:  

1. ra saxis kvanturi ricxvebi arsebobs? 

2. ganmarteT kvanturi ricxvebis arsi; 

3. CamoayalibeT mravaleleqtronian atomis SemTxvevaSi eleqtronebis 

orbitalebze ganawilebis riteriumebi; 

4. raSSi mdgomareobs paulis principi da hundis wesi? 

5. rogor miiReba damakavSirebeli da antidamakavSirebeli orbitalebi? 

 

 

23. elementTa qimiuri bma 

atomebis SeerTebiT warmoiqmneba rTuli sistemebi. es sistemebi 

SeiZleba iyvnen Sedgenili gomeo da getero atomgulebisagan, mdgradi an 

aramdgradi sxvadasxva fazur mdgomareobaSi. mocemul pirobebSi 

mravalatomiani sistema mdgradia niSnavs, rom ar xdeba TavisTavad daSla 

calkeul atomebad an raime nawilebad. es imas ar niSnavs, rom mas ar 

SeuZlia moaxdinos kvlav SeerTebebi an reaqciaSi monawileoba. yovelive 

amas gansazRvravs qimiuri bma or an mraval atomebs Soris. 

molekulebSi eleqtronebi moZraoben fiqsirebuli atomebis birTvebs 

Soris, romlebic sivrculad arian ganlagebulni sistemaSi, anu 

geometriulad arian moTavsebulni urTierT mimarT. uaxloes atomebs 

Soris urTierTqmedeba aris swored qimiuri bma. amitom miRebulia 

gamoTqma atomis atomTan kavSirze, magaliTad, HNHO  ,  da a.S. 

geometriul modelSi pirdapiri manZilebi (xazebi) asaxaven bmis xazebs, 

anu xazebi gamavali birTvebze. bmis sigrZe )(d es aris manZili 

damakavSirebeli atomebis birTvebs Soris. erTi atomisaTvis or bmis 

kavSiris xazebs Soris kuTxes ewodeba savalento kuTxe. wylis 

molekulaSi 05,104 HOH . molekulis geometriul modelSi mocemulia 

misi sivrculi mdebareoba, e.i. mocemulia molekulaSi bmis sigrZe da 

savalento kuTxe. 
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radganac molekula aris mdgradi mdgomareoba, amitom bmis 

gawyvetisaTvis saWiroa energiis daxarjva. molekulis atomizaciis energia 

es aris D  energia, romelic saWiroa molekulis sruli disociaciisTvis, 

Tavisufal atomebad dasaSlelad. magaliTad, wylisTvis OHOH  22 gazi  

saWiroa 928D kj/mol. orive HO   bma erTnairia, amitom HO   bmis 

energiaa 464
2

)( 

D
E HO

 kj/mol. bmis energia ewodeba molekulis 

atomizaciis energiis im nawils, romelic modis erT mocemul bmaze. misi 

ganmartebidan Cans, rom yvela bmis energiis jami aris molekulis 

atomizaciis energia. 

 amrigad, qimiuri bmis dros xdeba urTierTqmedeba or an ramdenime 

atoms Soris, romlebic axorcieleben mdgrad sistemebs da axdenen 

makavSirebeli atomebis eleqtronuli garsis Tavisebur gadawyobas. 

 martivi bmebi xorcieldeba erTi eleqtronuli wyviliT, magaliTad, 

22 ,, FHClH  bmebi erTnairi, martivebia. aseTia  -bma. am dros is mimarTulia 

birTvis SemaerTebel swor xazze. aseTi erTi bma warmoiqmneba 

mravaleleqtronian bmaSic. radgan  -bma ReZulad simetriulia, amitom 

SesaZlebelia atomebis Tavisufali brunva am ReZis garSemo. atomebs 

Soris erTi  -bmis ganxorcieleba ar niSnavs imas, rom maT Soris ar 

warmoiqmnas sxva bma. bmas, romelic xorcieldeba ori da meti 

eleqtronuli wyviliT axasiaTeben jeradobiT (rigiT). jeradoba SeiZleba 

iyos orjeradi, samjeradi da a.S. jeradi bma Seicavs erT  -bmas,  -bmas. 

  bma aris bma, roca bmis xazze gadis erTi sakvanZo sibrtye. 

magaliTad, ganvixiloT sammagi bma azotis molekulaSi. P2 -Si moTavsebul 

eleqtronebSi erT-erTis gadafarvisas miiReba erTi   bma, danarCeni ori 

P2 -orbitalebis gadafarviT ori   bma (nax.23.1).   bma warmoiqmneba 

birTvebis SemaerTebeli RerZis orive mxares. 
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                              nax.23.1. azotis molekulis warmoqmnis sqemა 

 

 

24. homeopolaruli (kovalenturi) bma 

kovalenturi bmis dros atomebis molekuluri gaerTianeba xdeba 

eleqtronebiT, romlebic xdebian saerTo wyvilebi TiToeuli atomisaTvis. 

uaryofiTad damuxtuli eleqtronuli Rrublis simkvrive aris 

maqsimaluri dadebiTad damuxtul birTvebs Soris. kovalenturi bmis 

warmoqmna SeiZleba warmodgenil iqnas, rogorc atomuri orbitalebis, anu 

eleqtronuli Rrublebis gadafarva. aqedan gamomdinare, kovalenturi bmis 

simtkice misi warmoqmnili orbitalebis gadafarvebis intensivobis 

proporciulia. 

bmebis sakiTxis analizis srulyofisaTvis saWiroa hibridizaciis 

sakiTxis ganxilva, romelic erTmaneTisagan damoukideblad SeimuSaves 

polingma, sleterma, milikenma, hundma meTanis geometriis asaxsnelad. 

    naxSirbad atomma sami bma unda warmoqmnas erTmaneTis mimarT 

marTebuli P2 -orbitaliT, xolo erTi bma – sferuli s2  orbitaliT. es 

ar asaxavs realurad meTanis  geometrias.  amitom maT dauSves, rom bmebs 

warmoqmnian ara `sufTa~ P2  da s2  mdgomareobebi, aramed `Sereuli~ maTi 

gadanawilebis oTxi eqvivalenturi hibriduli orbitalebi. nax24.1-ze 
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mocemulia aseTi 3SP  hibridizacia. am dros S -Si erTi eleqtroni, P -Si – 

sami. aseve adgili aqvs 2SP  hibridizacias, sami Tavisufali bmiT, erTi S -

Si, 2 - P -Si. SP  hibridizaciisas S -dan gadadis 1 P -Si. 

      

                   nax.24.1. SP3 hibridizaciis sqema 

 

molekuluri orbitalebis erToblioba gansazRvravs molekulis 

eleqtronul konfiguracias. is igeba im principiT, ra principiTac 

mravaleleqtroniaნi atomis eleqtronuli konfiguracia (energiis 

minimumis, paulis principi da hundis wesi). Tu gvaqvs ramdenime atomisagan 

Semdgari molekula da cnobilia atomis talRuri funqciebi, maSin 

molekulis talRuri funqcia aris masSi Semavali atomebis talRuri 

funqciebis wrfivi kombinacia. wrfivi kombinaciebiT miiReba ise, rogorc 

bmebi  ,  orbitalebi. s1  atomis orbitalidan eleqtronis gadasvlas 

molekulis damakavSirebel orbitaze, ris Sedegad miiReba bma, Tan sdevs 

energiis gamoyofa, xolo molekulis antidamakavSirebel orbitaze – 

energiis xarjva. Sesabamisad, damak
 s1 -ze eleqtronis energia ufro 

dabalia, vidre antidamak
 s1 -ze, რაც მოცემულია ნახ.24.2-ზე.  

        

                   a)                        b) 
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     g)  d) 

 

      nax.24.2.  homeoatomebisagan Sedgenili molekuluri orbitalebis 

                            energetikuli diagrama. 

bmis simtkices gansazRvravs energiebis sxvaoba damakavSirebel da 

antidamakavSirebel orbitalebs შორის, romlebic arian damokidebuli 

maTze myofi eleqtronebis ricxvTa sxvaobaze (jeradobaze). magaliTad, 2H

-Si erTjeradi bmaa. Tu 6 damakavSirebelSia da 2 antidamakavSirebelSi, 

maSin sxvaoba 4-ia. am mizeziT 2He -Si aris nuli jeradobis bma da es 

molekula ar iqneba mdgradi, rac marTlac bunebaSi ar arsebobs. 

 azotisa da JangbadisaTvis gare Srezea 32 22 PS  da 42 22 PS  Sesabamisad. 

bmaSi monawileoben P2 -eleqtronebi, radgan S1  da S2 -eleqrtonebi 

moqmedeba Zalian mcirea. myardeba erTi   da 2  - bma Sesabamis (ნახ.24.3.)                                                

 

             a)                                         b) 
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         nax.24.3. Jangbadis (a) da azotis (b) atomebisagan Sedgenili 

                molekuluri orbitalebis energetikuli diagrama. 

eleqtronuli konfiguraciiT. 

azotis molekulaSi aris 6 eleqtroni damakavSirebel orbitaze da 

nuli antidamakavSirebelze da sxvaobaa 6, xolo  Jangbadis molekulaSi 6 

eleqtronia damakavSirebelze da 2 gauwyvilebeli antidamakavSirebelze 

da sxvaobaa 4, amitom bma azotis molekulaSi meti unda iyos, vidre 

Jangbadis molekulaSi. marTlac 2N -is disociaciis energia 943kj/mol, 

xolo 2O -sa 494kj/mol. 2O -dan erTi eleqtronis wasvlam 

antidamakavSirebeli orbitidan unda gazardos bmis simtkice, marTlac 

2O

-Tvis antidamakavSirebelSi aris erTi eleqtroni da disociaciis energia 

gaxda 642kj/mol. amrigad, antidamakavSirebel orbitaze eleqtronis 

arseboba asustebs bmas.  

 

 

 

     

25. heteropolaruli (ionuri) bma 

qimiur bmaSi SeiZleba monawileobdnen ori erTnairi atomi, romlebic 

arian identurni. am dros yoveli atomis garsis muxti iqneba simetriuli. 

aseTi bma aris arapolaruli. roca bma Sedgenilia sxvadasxva 

atomebisagan, maSin elqtruli Rrubeli gadaweulia erT-erTi atomis 

mxrisken da iqmneba dipoli, lq , sadac l  centridan gadawevis manZilia. 

aseTi bma aris polaruli. or makavSirebel atomisaTvis eleqtruli 

Rrublis Tavis mxares gadawevas axasiaTeben sididiT, romelsac ewodeba 

eleqtriuaryofiToba. atomis eleqtrouaryofiToba A  aris misi 

ionizaciis energiisa da swrafva eleqtronebisadmis saSualo 

ariTmetikuli: 
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)(

2

1
FIA i       (25.1) 

rac metia A , miT Znelia moacilo atoms eleqtroni da miT meti 

energia gamoiyofa misi SeerTebisas. magaliTad, wyalbadisaTvis 3.14
2
HA

ev., xolo qlorisTvis 7.16ClA ev. da cxadia HCl -Si qlori Tavisken 

miizidavs met eleqtrons. 

ionuri bmis dros ar xdeba erTi atomidan meoreze eleqtronebis 

sruli gadacema, aramed daimzireba eleqtronuli Rrublis wanacvleba 

ufro meti eleqtrouaryofiTobis mqone atomisaken.  

umetesad ionuri bma myardeba iseT atomes Soris, romelTa 

eleqtrouaryofiToba didad aris gansxvavebuli. eleqtrouaryofiTobis 

cxrili: Li – 1.0; Be – 1.5; C – 2.5; N – 3.0; O – 3.5; F – 4.0; Na – 0.9; Al – 1.5; Si – 1.8; Cl – 3; Ka 

– 0.8; Ga – 1.6; Ge – 1.8; As – 2.0; Br – 2.8; Cs – 0.7; I – 2.5; da a.S. nax.2.10-is mixedviT 

naTladaa warmodgenili bmis ionuroba misi warmomqmneli elementebis 

eleqtrouaryofiTobis sxvaobis mimarT. magaliTad 1.2 NaCl   da bma 

60%-iT ionuria. 

ionma SeiZleba miizidos ioni sawinaaRmdego muxtiT da nebismieri 

mimarTulebiT. erTniSniani ionebi lagdebian rac SeiZleba Sors 

erTmaneTisgan. ionuri naerTebi qmnian kristalur mesers, sadac simetriis 

sibrtyeTa gadakveTis kvanZebSi ganlagebulia kaTionebi da anionebi.  

 

         

           nax.25.1. bmis ionurobis kavSiri mis warmomqmnel  

            atomTa eleqtrouaryofiTobebs Soris sxvaobasTan. 
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nax.25.2-dan Cans TiToeuli kaTionis  Na  irgvliv ganlagebulia eqvsi 

anioni  Cl  da  piriqiT. 

                      

       nax.25.2. natriumis qloris kristaluri meseris sqema. 

                           - Na ,  - Cl . 

 

26.  metaluri bma 

metaluri Tvisebebi gaaCnia zogierT nivTierebas, romelic aris 

kondensirebuli. yvela nivTiereba, romelic kondensirebulia metalur 

mdgomareobaSi araa metali. metalis Tvisebas gansazRvravs metaluri bma. 

metalis kristalur meserSi (kvanZebSi) ganlagebulia metalis kaTionebi, 

xolo maT Soris moZraobs Tavisufali eleqtronebi – e.w. eleqtronuli 

gazi. kvanZTa Soris ionebisa da eleqtronebis mizidviT ganpirobebulia 

metalis mTlianoba, simtkice.  

metaluri bmis specifika isaa, rom kristalis yvela atomi 

monawileobs eleqtronebis gaerTianebaSi da gaerTianebuli eleqronebi 

Tavisi atomebis garSemo ar lokalizirdebian, aramed Tavisuflad 

gadadgildebian mTeli meseris SigniT, riTac qmnian `eleqtronul gazs~. 

radganac ar aqvT lokaluri bmebi. metaluri kristalebi (ionurisgan 

gansxvavebiT) ar irRvevian atomebis mdebareobis Secvlisas, e.i. maTi 

Tvisebaa plastikuroba deformaciisas. Tavisufali eleqtronebis 

arsebobis gamo metalebi xasiaTdebian didi eleqtro da siTogamtarobiT. 

magaliTad, ganvixiloT perioduli sistemis pirveli metali – liTiumis  

kristaluri meseris agebuleba (nax.26.1).  
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            nax.26.1. liTiumis kristaluri meseris sqema. 

metalur kristalur meserSi metalis kaTionebs Soris Tavisufali 

eleqtronebis saSualebiT damyarebul qimiur kavSirs metaluri bma 

ewodeba.   

27.  molekuluri (van-der-vaalsis) bma 

molekuluri (van-der-vaalsis) bma daimzireba rig nivTierebebisaTvis, 

molekulebs Soris, romelTa Siga molekuluri bma kovalenturia. 

molekulaTa Soris mizidva arsebobs, roca savalento eleqtronebi iseT 

mdebareobaSi arian urTierT (kerZod ufro maqsimalurad Sors), rom 

eleqtronebis mizidva birTvebiT metia, vidre eleqtronebis ganzidva 

sxvadasxva atomidan. drois nebismier momentSi eleqtroni urTierT ufro 

arian Sors da maqsimalurad axlos arian birTvTan. es Zalebi eleqtruli 

xasiaTisaa da moqmedeben, rogorc dipolis mizidvis Zalebi. xdeba 

orientaciuli moqmedeba (dipoli-dipoli) polarul molekulebs Soris.  

polaruli molekulebis dipolebi ise orientirdebian, rom 

sawinaaRmdego niSnis polusebi izidaven erTmaneTs, polaruli da 

arapolaruli molekulebis SemTxvevaSi arapolarulSi inducirdeba 

dipoli da moqmedebaa dipoli – inducirebuli dipoli (nax.27.1). 
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                 nax.27.1. molekuluri bmis Seqmnis sqema. 

yvela SemTxvevaSi xdeba dispersiuli moqmedeba, anu moqmedeba 

swrafad Seqmnil da swrafadve gamqral dipolebze. aseTi dipolebis 

sinqronuli gaCena da gaqroba xdeba maT Soris mizidva. es bma aRiZvreba 

TiTqmis yoveli nawilakisaTvis, magram is Zalian sustia, ramdenime rigiT 

naklebia kovalentur da ionur bmaze. molekuluri bma, radganac 

orientirebulia, Zalian aris damokidebuli temperaturaze, amitom 

molekuluri kristalebi xasiTdebian mcire dnobis temperaturiT. 

magaliTad, sanTlis (parafinis) dnobis temperaturaa 50520C. 

28. wyalbadiseburi bma 

es bma xorcieldeba or did eleqtrouaryofiT atoms Soris, roca maT 

Soris aris wyalbadi. ganvixiloT magaliTze: RYHRHRYHRX  :: . 

wyalbadis atomi dakavSirebuli did eleqtrouaryofiTobis mqone X  

atomTan moqmedebs aseve didi eleqtrouaryofiTobis mqone Y  atomTan, 

romelsac ara aqvs ganuyofeli eleqtrowyvili. aseTi wyalbadis bmis 

energia (romelic saWiroa mis mosawyvetad) Zalian mcirea 840kj/mol. 

wyalbadis atomi, romelic dakavSirebulia ufro meti eleqtrouaryofiT 

atomTan polarizebulia, anu damakavSirebeli eleqtronuli wyvili 

gadaweulia meti eleqtrouaryofiTi atomisaken. amitom wyalbadis atomis 

mdgomareoba uaxlovdeba H -is mdgomareobas, e.i. protons. mas ki ar 

gaaCnia eleqtruli Rrubeli da miizideba meore atomis eleqtruli 
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RrubeliT da inergeba masSi. swored aseTi wyalbadiseburi bma 

xorcieldeba didi eleqtrouaryofiTobis mqone CSClNOF ,,,,, 22 da a.S. 

elementebs Soris. am dros miiReba wrfivi struqtura YHX  . SeiZleba 

iqnas miRebuli simetriuli bma XHX  . zogadad, YH  bmis gaZliereba 

asustebs HX   bmas. yinuli da wyali warmoadgenen struqturas, sadac 

molekulaTaSoriso bma aris wyalbadiseburi. Tu nivTiereba Tavis 

gamxsnelTan qmnis wyalbadisebur bmas, maSin gamxsneloba izrdeba. 

sakontrolo kiTxvebi:  

1. ra parametrebiT xasiaTdeba qimiuri bma? 

2. rogori saxis bmebia π- da σ- bmebi? 

3. ra aris hibridizacia? 

4. rogoria kovalenturi bma? 

5. axseniT CO2 molekulaSi bmis polaroba; 

6. ra aris eleqtrouaryofiToba da rogoria ionuri bma? 

7. ratomaa azotis molekulis ionizaciis energia (15,8 ev) azotis 

atomis ionizaciis energiaze (14,5 ev) meti, xolo Jangbadis 

molekulisa da atomisaTvis  _ SebrunebiT? 

8. ratomaa, rom CO –s molekulidan eleqtronis arTmeva asustebs bmas, 

xolo NO -dan _ piriqiT, aZlierebs; 

9. mokled aRwereT qimiuri bmis saxeebi, maTi msgavsebebi da 

gansxvavebebi. 

 

 

 

 

 

Tavi 3. 

29. nanostruqturebSi Sinagani da garegani zedapirebis roli 

nanonawilakebSi moculobasTan SedarebiT, atomebis umetesi wili, 

modis zedapirze. cxadia, rom sxeulis zedapiriswina Txel areSi (~ 1nm) 

atomebis wili, anu xvedriTi zedapiri α izrdeba nivTierebis Semadgeneli 

nawilakebis R zomis SemcirebasTan erTad, radganac  α=S/ρV=R
2
/ρR

3
=1/ρR, 
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sadac S nawilakis zedapiri, ρ _ simkvrive, xolo R _ misi xazovani zomaa. 

xvedriTi zedapiris sididis ganzomilebaa m2/g. d wibos mqone kubis 

zedapiris farTobia 6d
2 da moculoba d

3
, maSin xvedriTi zedapiri α=S/V=6/d. 

d diametris sferos zedapiris farTobia πd
2
 da moculoba _ πd

3
/6, rac 

iZleva α=S/V=6/d. cilindrs d diametriT da L sigrZiT aqvs moculoba V= 

πd
2
L/4. zRvarSi, roca L«d aris disko, romlis orive mxris farTobis jamia 

S=πd
2
/2, rac iZleva α=S/V=2/d. analogiurad, grZeli cilindris, anu d 

diametris mavTulis SemTxvevaSi L»d, farTobi S=πdL da xvedriTi zedapiri 

α=S/V=4/d. ase, rom erTidaigive ρ simkvrivis nivTierebis sxvadasxva 

formisaTvis xvedriTi zedapiri sxvadasxvaa, kerZoT, kubisaTvis _ 

α=S/ρV=6·10
3
/ρd; sferosaTvis _α=S/ρV=610

3
/ρd; Txeli firfitisaTvis _ 

α=S/ρV=2·10
3
/ρd  da mavTulisaTvis  _ α=S/ρV=4·10

3
/ρd, sadac d izomeba nm-Si, 

xolo  ρ _ g/sm3.  naxevargamtarTa simkvrive ZiriTadad Zevs intervalSi 2 ÷  

8 g/sm3, kerZod CaAs _Tvis ρ=5,32 g/sm3. Sesabamiad, misTvis xvedriTi 

zedapirebi iqneba: 

  cxrili 29.1 

zedapirebis roli sxvadasxva zomis sxeulabisTvis:                       

  zoma, nm    kubi    sfero   milaki   firfita 

     4     349     282      187      94 

     40      36      29       19      10 

    100      13      11        8       4 

    200       7       6        4       2 

 

cxrilidan Cans, rom xvedriTi zedapirebis mniSvneloba damokidebulia 

nanonawilakis zomaze da formaze. sferos xvedriTi zedapiri metia, vidre 

mavTulis da firfitis, radgan sferos maT Soris ukavia minimaluiri 

moculoba. gavaanalizoT kubis da sferos xvedriTi zedapirebis SemTxveva 

da dauSvaT, rom R radiusiani sferos moculoba iseTivea, rogorc a wibos 

mqone kubisa, maSin 4/3·π R
3
 = a

3
 da a = (4π/3)

1/3
 R, rac iZleva, rom erTidaigive 

moculobisas αkub.= 1,24αsfer.. amitom erTidaigive moculobisas kubs aqvs 

24% -iT meti xvedriTi zedapiri, vidre sferos. Tu toli aqvT zedapirebi, 

maSin πd
2
=6a

2
, saidanac d=1,4a. R radiusiani sferosa da R radiusian da 

LsigrZis cilindrs Soris 4π R
3
/3 = πR

2
L da vRebulobT: L=1,3R. toli 
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xvedriTi zedapirebisas cilindris sigrZe 30%-iT meti unda iyos sferos 

diametrze. 

xvedriTi zedapiris gazrda, garda nawilakis zomis Semcirebisa, 

SesaZlebelia simkvrivis SemcirebiT, anu forianobis gazrdiT. es 

SesaZlebelia moculobiT masalaSi wvrili sicarieleebis SeqmniT. 

zogierTi masala, magaliTad ceoliti, maTi miRebis procesSi, sxvadasxva 

gare   faqtorebis   moqmedebisas,   formirdeba  marcvlebis  saxiT,  Siga  

sicarieleebiT (forebiT). es forebi xSirad arian nm-uli zomis da 

gamodian zedapirze. am SemTxvevaSi nanonawilakis gare zedapirs emateba 

Sigac da zedapiris saerTo farTi izrdeba.    

zogadad, katalizisaTvis saWiroa safeni zedapiris didi farTobiT. Tu 

es safeni forovania, maSin katalizatoris molekulebi ekvrian safenis 

zedapirs da iwveven qimiur reaqciaSi katalizur efeqts. rac metia fori, 

miT meti zedapiria da procesic ufro efeqturia. cnobilia agreTve, rom 

zedapirze disocirebuli atomebis Tvisebebi gansxvavdeba moculobiTi 

atomebis Tvisebebisagan, radgan zedapiruli atomebi uSualod 

ukavSirdebian garSemo myof atmosferos atomebs, vidre moculobiTi. 

garda amisa, zedapirze atomebis gaujerebeli bmebis gamo SeiZleba moxdes 

maTi sxvanairi rekonstruqcia da ganlageba, amitom SesaZlebelia 

zedapirze dajdnen garSemo atmosferoSi myofi atomebi an molekulebi da 

Seiqmnas zedapiruli `Jangis~ fena. amrigad, Tvisobrivad yovelTvis 

ganirCeva zedapiruswina ubani da moculoba erTmaneTisgan. yovelive es 

erTad qmnis safuZvels, rom zedapiriswina ubani ganvixiloT, rogorc 

nivTierebis axali mdgomareoba da rasac Seiswavlis sagani `zedapirebis 

fizika~.  

ganvixiloT martivi SemTxveva erTkomponentiani nawilakis orTqlidan 

kondensaciisas da xsnaridan kristalizaciisas. am SemTxvevaSi axali 

fazis nawilakebi gamoyofili iqnebian ZiriTadi fazidan, xasiaTdebian 

gansazRruli zedapiruli energiiT da aqvT sferuli forma.  

nivTierebis kristakuri mdgomareoba ufro mdgradia, vidre amorfuli, 

amitom yvela amorfuli mdgomareoba miiswrafvis kristalizaciisken. am 

procesis mimdinareobis kanokzomiereba damokidebulia garemos fiziko-

qimiur Tvisebebze, sadac es procesebi mimdinareobs da gare faqtorebze, 

sadac es garemoa moTavsebuli. magram, yovelTvis garemos maxasiaTebelia 
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– misi temperatura. kristaluri wanazardis Camoyalibebas Tan sdevs 

sistemis energiis Semcireba sididiT:  

              gRRG   3/44 32  ,                               (29.1) 

romelic aramonotonuradaa damokidebuli wanazardis zomaze (radiusze), 

rac naCvenebia nax.29.1-ze.  

wanazardis formirebisas zedapiris srulyofa moiTxovs energiis masze 

daxarjvas, rac imiTac gamoixateba, rom zedapiris gazrdisas izrdeba 

gaujerebel bmaTa ricxvi da saboloo jamSi zedapirze energia izrdeba 

2R -is proporciulad. kristalis moculobis formirebisas – energia 

gamoiyofa, energia mcirdeba 3R -is proporciulad, miiReba energiis 

minimumi. klasteris CamoyalibebisTvis, Tavisufali energiis cvlilebis 

maqsimumi iqneba kritikul radiusze, rodesac 0




R

G
, anu: 

                     gRc   /2                                    (29.2) 

kristaluri klasteris Camoyalibebisas cR -s radiusiT miRebuli 

sistema warmoadgens stabilurs - iqneba minimumi energia. Tu  sistema 

Camoyalibdeba cR -ze meti, an naklebi radiusiT iqneba arastabiluri da 

temperaturis fliqtuaciisas is daiSleba. 

yuradsaRebia is, rom wanazardCamoyalibebis procesze gavlenas axdens 

minarevebis adsorbcia, riTac mcirdeba gaujerebeli nbis ricxvi da 

Sesabamisad mcirdeba zedapiruli energia.  es iZleva saSualebas vmarToT 

wanazardCamoyalibebis procesi. 

wanazardebi kritikuli cR -s radiusiT xelsayrelia stabiluri 

kristalis Semdgomi zrdisTvis. kristalitebis zrdis siCqare kritikuli 

wanazardebis koncentraciis da maTi zrdis siCqareTa proporciulia: 

        nv  ~ )/(exp[)]/(exp[ kTEkTG ac                                                             (29.3) 

sadac, G - kritikuli wanazardis Seqmnisas sistemis Tavisufali energiis 

cvlilebaa, k - bolcmanis mudmiva, T -absoluturi temperature da aE - 

atomis difuziis nawilSi aqtivaciis energia. radganac sidide cG  

ukuproporciulia 2T -sa, amitom saboloo jamSi, kristalitebis Seqmnis 

siCqare temperaturis mimarT iqneba damokidebuli, rogorc  3/1exp T . 

cxadia, rom yoveli gansazRvruli kristaluri faza yalibdeba 
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temperaturis viwro intervalSi, romlis qvemoT wanazardi ar 

warmoiqmneba, xolo zemoT – Seqmnis da daSlis procesebi mimdinareoben 

ise swrafad, rom wanazardis formirebas adgili ara aqvs.   

kondensirebul mdgomareobaSi atomis an molekulis qimiuri 

potenciali ufro mcirea, vidre gazSi an xsnarSi da nadnobSi. amitom 

cxadia, rom gazSi an xsnarSi da nadnobSi kristalis zrdisaTvis saWiroa 

kristalizaciis centrs hqondes zoma kritikul Rc- ze meti. es gasagebia, 

Tu gavaanalizebT axali fazis wanazrdis modelSi Tavisufal energiaSi 

mogebas (nax.3.1).  

 

                    

   nax.29.1. Tavisufali energiis damokidebuleba axali fazi zomaze. 

 

sferuli wazrdisas Tavisufali energia izrdeba, rogorc R
3
, xolo 

zedapirulisas _   R
2
. amitom maTi sxvaoba iZleva mruds maqsimumiT. 

realuri nivTierebisaTvis es maqsimumi aris zomebSi 1 _ 10 nm-is 

farglebSi, rac eTanadeba wanazrdSi ramdenime erTeulidan ramdenime 

aTaseuli atomis arsebobas. amrigad, kristalizaciis centrebi _ arian 

mcireatomiani klasterebi an nanonawilakebi. wanazardebi Rc zomiT aris 

kritikuli, radganac fazis zrda xdeba maSin, roca R> Rc. wanazardi, roca 

R< Rc ixsneba an orTqldeba garSemo atmosferoSi. es modeli asaxavs 

mxolod fazis zrdis dasawyiss. situacia ufro rTuldeba, roca axali 

faza formirdeba myari matricis SigniT, sadac aRiZvreba drekadi 

daZabulobebi da damatebiTi energiebi.  

nanonawilakebSi, nanokristalur masalebSi, nanokompoziciebSi fazuri 

gadasvlebze did gavlenas axdens struqturuli erTeulis zomebi. kerZod, 
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magnituri mowesrigebis Tavisebureba, nivTierebis magnituri Tviseba misi 

gare magnitur velSi moTavsebisas arsebiTadaa damokidebuli nawilakis 

zomaze, fenis sisqeze da sxva geometriul maxasiaTeblebze. bevri 

metalebis nanoklasterebSi da nanonawilakebSi atomebis ricxvis 

Semcirebisas ramdenime aTeulamde hkargaven metalur Tvisebebs. amasTanve, 

es zrdis savalento eleqtronebis urTierTmoqmedebas da atmosferosTan 

reaqciis siCqares. am mizeziT cnobilia, rom masiuri oqro ar iJangeba, 

xolo oqros 70-75 atomi feTqebadad uerTdebaDJangbads.  

zomis Semcirebis zedapiruli efeqtebis gavlenas ganicdian: 

dislokaciebi, mikronapralebi, adgezia, statikuroba, kapilaroba da a.S.  

cnobilia, rom ucxo atomebis difuzia zedapirze ufro swrafad 

mimdinareobs, vidre moculobaSi (gansakuTrebiT maRal temperaturaze), 

radgan Tavisufali, gauwyvilebeli bmebi bevria da difuziisaTvis bmis 

gawyvetaze energia ar ixarjeba. nanostruqturis masalebSi marcvlovnebis 

gazrdis gamo Sinagani sazRvrebi didia, didia sazRvris efeqtis fardoba 

moculobiT efeqtTan da Sesabamisad, mkveTrad izrdeba difuziis 

koeficienti.  

 

 

30. individualuri nanonawilakebi da nanosistemebi 

nanonawilakebi Sedgeba 106 an ufro mcire raodenobis atomebisagan, 

amitom maTi Tvisebebi mkveTrad gansxvavdeba im atomebis Tvisebebisagan, 

romlebic bmaSi arian nivTierebis moculobaSi. TviT nanonawilakebis 

zomebi, Sedgenili bmuli atomebiT an molekulebiT, ar aRemateba 100 nm-s. 

calkeuli atomebi SeerTebisas qmnian klasterebs, romelSic atomebis 

ricxvi da Sesabamisad misi zomac icvleba. magaliTad, 1 nm-is radiusiani 

klasteri Seicavs 25 atoms, romelTa umetesi nawili zedapirzea. bevri 

molekula, gansakuTrebiT biologiuri, Sedgeba 25 molekulaze naklebi 

molekulisagan. magaliTad, hem-molekula (FeC34H32O4N4), adamianis sisxlis 

hemoglobinis safuZveli da ujredTan Jangbadis mimtani, Sedgeba 75 

atomisagan. maT Soris ar SeiZleba zusti sazRvris gavleba. isini 

lagdebian, rogorc calkeuli atomebis jgufebi an moculobiTi masalis 

nawilebi. rogorc viciT, kritikul zomaze naklebi zomis nanonawilakebi 
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avlenen unikalur Tvisebebs moculobiT masalebTan SedarebiT. Tu  

nawilakis zoma naklebia raRac maxasiaTebel, kritikul zomasTan 

SedarebiT, maSin is avlens axal fizikur da qimiur Tvisebebs. SeiZleba 

miviRoT, rom nanonawilaki _ esaa atomebis agregati, romelTa zomebia 1-

dan 100 nm-mde ganixileba, rogorc moculobiTi masalis nawili, magram 

raRac movlenis Sesabamis sigrZeze naklebi zomis. atomebis es agregatebi, 

anu klasterebi xasiaTdebian atomis Cawyobis sxvadasxva simkvriviT. 

SeiZleba davuSvaT, rom atomebi arian garkveuli radiusis mqone ukumSvadi 

sferoebi. amis gamo nivTierebis kristaluri struqtura SeiZleba gavigoT, 

Tu warmovidgenT, rom is miRebulia aseTi sferoebis mWidriod dawyobis 

Sedegad. es sferoebi miizidebian kulonuri, vad-der-d-vaalsuri an sxva 

romelime ZalebiT da amis gamo cdiloben moTavsdnen erTmaneTis mimarT 

rac SeiZleba mWidrod, ise, rom maT Soris manZils hqondes minimaluri 

mniSvneloba, xolo TiToeuli sfero garSemortymul iyos mezobeli 

sferoebis maqsimaluri SesaZlo ricxviT. sferoebis aseT wyobas, romelic 

xasiaTdeba potencialuri energiis minimumiT, sferoebis umWidresi wyoba 

ewodeba. rac  gamosaxulia nax. 30.1 - ze.  

     

 

       nax.30.1. tolradiusiani sferoebis wyoba erTfenad (a) 

             orfenad (b) da tetraedrulad (g). 

nax. 30.1a-ze mocemulia  erTnairi radiusis sferoebis fena umWidroesi 

wyobis dros. nax.30.1 b-zea, roca meore fenis sferoebiAivsdebian pirveli 

fenis CaRrmavebebSi. nax.30.1 g-ze gamosaxulia, roca pirveli da meore 

fenis sferoebis centrebi qmnian swor tetraedrs, romlis SigniT 

moTavsebulia tetraedruli sicariele. cxadia, rom sferoebis umWidres 

wyobas gaaCnia kompaqturobis koeficientis yvelaze  didi mniSvneloba. 
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kompaqturobis koeficienti aris erT elementalur ujredSi Semaval 

sferoebis moculobis Sefardeba ujredis srul moculobasTan, romelic 

sferoebis moculobasTan erTad Seicavs maT Soris arsebul sicarieleTa 

moculobebsac. vTqvaT, elemetaluri ujredis moculobaa V, masSi 

moTavsebulia r radiusiani n sfero, maSin kompaqturobis koeficienti 

iqneba: q=4/3πr
3
n/V.  

nebismieri umWidroesad Cawyobili struqturisaTvis q tolia 0,74, e. i. 

sivrce ivseba 74%-iT. sibrtyeze sferoebis maqsimaluri Calageba 

mocemulia nax.30.1a-ze. TiToeuli sfero exeba 6 mezobel sferos 

(koordinaciuli ricxvia 6) da mis irgvliv qmnis 6 samkuTxa sicarieles. 

samkuTxa sicariele erTdroulad ekuTvnis sam sferos da TiToeul 

sferoze modis am sicarielis 1/3. centrSi myof sferoze mosuli 

sicarieleTa ricxvi iqneba 6×1/3=2, e.i. orjer metia, vidre fenaSi myofi 

sferoebis ricxvi. 

sferoebis umWidroesi sivrculi wyoba miiReba aRniSnuli fenebis 

erTmaneTze dadebis Sedegad, ise, rom yoveli zeda sfero xvdeba qveda 

fenis sferoTa Soris sicarieleSi. radganac, sicarieleebis ricxvi 

orjer metia sferoebis ricxvze, amitom wyoba SeiZleba ganxorcieldes 1) 

meore fenis sferoebi daikaveben BBB tipis adgilebs, 2) an daikaveben CCC 

tipis adgilebs. mere fenisaTvis amas araviTari principuli mniSvneloba 

ara aqvs. am fenis TiToeuli sfero exeba qveda fenis sam sferos (nax30.1 b) 

da zemodan xuravs samkuTxa sicarieles, romelic qveda fenis sami sferos 

mieraa Seqmnili. oTxi sferos centrebis SeerTebiT miiReba swori 

tetraedri (nax.30.1 g) da warmoiSoba tetraedruli sicaraele. nax.30.1 b-dan 

Cans, rom meore fenaSi kidev arsebobs meore gvaris sicarieleebi, rodesac 

qveda sicarieles Tanxvdeba zeda sicariele. es sicariele 

garSemortymulia 6 sferoTi, romlis centrebis SeerTebiT miiReba 

oqtaedri. aseTi saxisaa oqtaedruli sicariele, romlebic gacilebiT 

didi moculobisaa, vidre tetraedruli sicaraele. dadgenilia, rom 

tetraedruli sicaraeles SigniT moTavsebuli sferos radiusi unda 

Seadgendes ZiriTadi sferos radiusis 0,22, xolo oqtaedrul sicarieleSi 

_ 0,41.  

mesame fenis SevsebisaTvis mniSvneloba eniWeba, Tu mesame fenis 

sferoebi daikaveben ABAB, ACAC  an BCBC (nax.30.1) mdgomareobebs. am 
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SemTxvevaSi sferoebis wyoba xasiaTdeba primitiuli heqsagonaluri 

ujredis simetriiT. meoTxe da Semdegi fenis wyobisaTvis SeiZleva iyos 

ufro rTuli ABCA, BCAC, ACCB da a.S. 

erTi da igive radiusis sferoebisagan SeiZleba aigos moculobiTad 

centrirebuli kuburi meseri, romelic araa umWidroesi wyoba da misi 

kompaqturobis koeficientia 68%. sferos radiusi, romelic wibosa da 

waxnagis centris sicarieleebSi Caeteva aris ZiriTadi sferos radiusis 

0,15 da 0,29. garda amisa, ujredSi 24 sicarielea koordinaciuli ricxviT 3 

(triedruli sicariele) da sxva.  

31. nanonawilakis geometriul struqturas 

atomebis kompaqturad Cawyobis Taviseburebebis Semdeg advilad 

gavarCevT. misi kristaluri struqtura iseTivea, rogorc Sesabamisi 

moculobiTi masalis kristaluri struqtura, mxolod meseris parametris 

ramdenadme gansxvavebiT. 80 nm zomis aluminis nawilakis rentgenulma 

difraqciam aCvena misi bazocentrirebuli saxis elementaruli ujredi, 

iseTive, rogorc moculobiTi masalis. kompaqturi wyobis principiT, 13 

atomisagan Semdgar aluminis klasters, unda hqondes iseTive 

bazocentrirebuli saxis elementaruli ujredi, rogorc 80 nm zomis 

nawilaks. magram, funqcionaluri simkvrivis meTodiT molekuluri 

orbitalebis gamoTvlam aCvena, rom minimaluri energia aqvs ikosaedrul 

wyobis formas, romelic jer eqsperimentze ar damtkicda. zogjer 

nanonawilaks, romlis zoma < 5 nm aqvs sxvagvari struqtura, vidre mis 

moculobiT masalas. magaliTad, oqros nawilakebs, zomiT 3 – 5 nm aqvT 

ikosaedruli struqtura, roca moculobiTi oqro kristalizdeba 

bazocentrirebul mesrad. mcire nanonawilakis struqturis 

eqsperimentuli gansazRvra Zalian rTulia da monacemebic mwirea. magram, 

mainc dadginda, rom indiumis klasteris struqtura ganicdis cvlilebas 

5,5 nm zomis Semcirebis Semdeg. 6,5 nm-is zeviT, rac eTanadeba daaxloebiT 

6000 atoms, klasters aqvs tetragonaluri bazocentrirebuli struqtura, 

fardobiT c/a toli 1,075. 6,5 nm-is qveviT fardoba c/a mcirdeba da 5 nm-sas 

xdeba 1-is toli, e. i. xdeba kuburi. 

geometriuli agebulebis mixedviT klasteri SeiZleba iyos sxvadasxva 

formis: jaWvi, cikli, piramida, poliedri da a. S. nax.31.1-ze mocemulia 
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klasteris geometriuli agebulebis forma 3; 4 da 5 atomis SemTxvevaSi. 

ufro meti atomebis klasterisaTvis forma ufro rTuldeba. 

     

 

 

       nax.31.1. klasteris geometriuli agebulebis formebi.  

 

unda aRiniSnos, rom izolirebuli nanonawilakis struqtura 

gansxvavdeba stabilizirebul ligand-struqturisagan. ligand-

stabilizacia miiReba maSin, roca metalur atomebs an ionebs miuerTdeba 

arametaluri ionebis jgufi. struqturis Secvla aisaxeba nanonawilakis 

mraval Tvisebaze.  

Al13 –Si erT atomze mosuli bmis energia ufro mcirea, vidre 

moculobaSi. Al13 – is klasters zedapirze aqvs erTi gauwyvilebeli 

eleqtroni. erTi eleqtronis damateba avsebs garss, rac zrdis Al13( –) 

ionis bmis energias. magram, mainc naklebia, vidre moculobaSi.  

nanonawilakebs ganvixilavT, rogorc individialurs, izolirebuls, 

magram es yovelTvis ase araa. zogierTi nanonawilaki, magaliTad, alumini, 

gamoirCeva didi reaqciuli aqtiovobiT. individualuri aluminis nawilaki 

haerze swrafad ifareba JangiT. rentgenulma fotoeleqtrulma 

speqtroskopiam aCvena, rom 80 nm zomis klasterisas, aluminis Jangis sisqe 

3 – 5 nm–ia. amitom, xSirad sufTa nanonawilakis miRebisTanave maT faraven 

zedapirulad aqtiuri nivTierebiT (zan), anu akeTeben pasivacias. 

magaliTad, oqros nanonawilaks faraven gogird-wyalbadis organuli 
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naerTiT da iqmneba S-Au  – is Zlieri bma, romelic xasiaTdeba molekuluri 

simetriiT da oqros icavs gare faqtorebis moqmedebisagan.  

32.  magiuri ricxvi. 

 mas-speqtroskopiis meTodiT SesaZlebelia gaizomos masalis 

Semadgenel nawilakTa raodenobis damokidebuleba  nivTierebis masis 

muxtTan fardobaze [N=ƒ(m/e)]. tyviis klasterze Catarebulma  mas-

speqtrometriulma eqsperimentma aCvena, rom 7 da 10 atomebisagan Semdgari 

klasterebi ufro albaTuri arian, anu ufro stabilurni arian, vidre 

sxva atomebisagan Semdgari klasterebi. 

nax.32.1a-ze mocemulia atomebis ionizaciis potencialis damokidebuleba 

maT atimur Z nomerze, romelic atomSi protonebis ricxvis tolia. 

ionizaciis potenciali _ esaa energia, romelic saWiroa neitraluri 

atomisaTvis gare  Sredan  erTi eleqtronis   mosacileblad.  ionizaciis  

                                                      

  nax.32.1. ionizaciis potencialis damokidebuleba atomur nomerze (a) 

         da Na- is klasterSi atomebis ricxvze (b). 

 

potencialis maqsimaluri mniSvnelobebi aqvT neitraluri gazis atomebs 

He, Ne, Ar da a. S., radganac maT aqvT Sevsebuli gare s da p orbitalebi. 

yvelaze mcire aqvT tutemiwaTa metalebs Na, Ka  da  a. S. maT aqvT  mxolod 

erTi eleqtroni gare orbitalze da mis mosawyvetad mcire energiaa 

saWiro. nax.32.1 b-ze gamosaxulia natriumis atomebis klasterisaTvis 

ionizaciis potencialis damokidebuleba maTSi arsebuli atomebis 

ricxvze. pikebi miiReba, roca klasterSi aris 2 da 8 atomi. tyviisaTvis 7 
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da 10, da natriumisaTvis 2 da 8 arian magiuri ricxvebi. yvela atomis 

klasters aqvs gansazRvruli magiuri ricxvi. esaa atomebis is ricxvi, 

roca Sesabamisi klasteri stabiluria. misi arseboba iZleva saSualebas, 

klasteri ganvixiloT, rogorc superatomi. rogorc zemoT aRvniSneT, 

klasteris stabilurobas gansazRvravs atomuri struqtura, amitom magiur 

ricxvs xSirad uwodeben struqturul magiur ricxvs.  

33. nanonawilakis eleqtruli struqtura. 

nanonawilakebis eleqtruli struqturis gansazRvrisaTvis sainteresoa 

maTi Teoriuli modelis dadgena. miaxloebiT SeiZleba iTqvas, rom isini 

warmoadgenen superatomebs da maTTvis misaRebia `Jeles modeli~. am 

modeliT klasteris TiToeuli atomis birTvis dadebiTi muxti Tanabradaa 

ganawi-lebuli klasteris birTvis tol sferos moculobaSi. klasteris 

energe-tikuli doneebi SeiZleba miviRoT aRniSnuli sistemisTvis  

talRuri gantolebis amoxsniT,  ise  rogorc es  xdeboda wyalbadis 

atomisaTvis. nax.33.1-ze gamosaxulia energetikuli wyalbadis atomis 

energetikuli doneebi da dadebiTi muxtis sferuli sistemiT ganawilebis 

sistemisaTvis. zeda  indeqsebi  aRniSnaven mocemuli doneebis Sevsebisas 

maTze eleqtronebis raodenobas. superatomSi eleqtronebis saerTo 

raodenobas eTanadeba eleqtronebis magiuri ricxvi, roca zeda 

energetikuli done mTlianad Sevsebulia. am modeliT magiuri ricxvi 

eTanadeba klasters,  roca misi  yvela done Sevsabulia eleqtronebiT. 

rodesac atomebi akeTeben meseris formirebas, maT ricxvTa matebasTan 

erTad, maTi diskretuli energetikuli doneebi ixliCebian da gadadian 

energetikul zonebSi. metalebSi zeda energetikuli zona nawilobrivaa 

Sevsebuli, xolo naxevargamtarebSi valenturi zona mTlianad Sevsebulia, 

gamoyofilia carieli zonisagan RreCoTi. metalis nawilakis SemcirebiT 

ramdenime aseul atomebamde, gamtareblobis zonaSi mdgomareobaTa 

simkvrive radikalurad icvleba _ uwyvetoba icvleba wyvetil doneTa 

nakrebiT, romelTa Soris energia SeiZleba siTbur energiaze meti iyos, 

rac qmnis RreCos. eleqtruli struqturis cvlileba moculobiTi (a), 

didi (b) da mcire klasteris (g) SemTxvevaSi mocemulia nax.33.2-ze. 

molekulis     msgavss    mcire     klasters   aqvs     energetikuli    doneebis  
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                         a)                   b) 

 nax.33.1. wyalbadis atomis (a)  da sistemis (b) energetikuli doneebi. 

 

diskretuli nakrebi, damakavSirebeli da antidamakavSirebeli 

orbitalebiT. eqsperimentze dadginda, rom klasterSi nanonawilakTa 

mcire  raodenoba iwvevs imas, rom energetikuli speqtri diskretulia, 

masze eleqtroniT  Sevsebis  albaTobac  

  

 

   moculobiTi      didi metaluri      mcire metaluri 

     metali             klasteri            klasteri 

       a                     b                     g 

    nax.31.2. eleqtruli struqtura moculobiTi (a), didi (b) da mcire 

          klasterebis (g) SemTxvevaSi. 
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diskretulia,  rac  Zalze  gansxvavdeba moculobiTi sxeulisaTvis 

fermis ganawilebis uwyveti funqciisagan. nanonawilakTa raodenobis 

zrdasTan erTad mcirdeba doneTa Soris energetikuli manZili, anu RreCo 

TandaTan qreba. magaliTad, Ag55 - s aqvs akrZaluli zonis sigane 0,2 ev, Ag79 

– s _ 0,1 ev.  

masalis feri ganisazRvreba im sinaTlis talRis sigrZiT, romelsac is 

STanTqavs. STanTqma xdeba fotonebiT eleqtronebis agRznebis Sedegad 

qveda, Sevsebuli doneebidan zeda, Seuvsebel doneebze. sxvadasxva 

zomisklasterebs aqvT sxvadasxva eleqtronuli struqtura, energetikul 

doneTa Soris sxvadasxva manZilebi. aqedan gamomdinare, sxvadasxva zomis 

klasterebs eqnebaT sxvadasxva feric.  

naCvenebi iyo, rom nanonawilakis zedapirze da moculobaSi atomebis 

mdgomareobebi erTmaneTisgan gansxvavdebian, amitom gansxvavebuli iqneba 

maTi eleqtruli struqturac. zedapirze aris gaujerebeli bmebi, ris 

Sedegad zedapirze ufro metia Sesustebuli qimiuri bmebi, vidre Sida 

nawilebSi myofi atomebisaTvis. bmebis Sesustebs iwvevs akrZaluli 

energetikuli RreCos Semcirebas da miiRaba Sesabamisad, erT klasterSi 

zedapirzeEufro mcire akrZaluli zonis sigane, vidre moculobaSi. 

aRsaniSnavia, agreTve, rom radganac nanonawilakis eleqtronuli 

struqtura damokidebulia mis zomaze, sxva masalasTan reaqciis Tviseba 

damokidebuli iqneba mis zomaze, anu klasterSi atomebis ricxvze. 

arsebobs mravali eqsperimentuli monacemebi  am faqtis dasamtkiceblad. 

am movlenas didi mniSvneloba aqvs katalizatorebis warmoebaSi.  

 

34. metaluri nanonawilakebi 

masalebis Tvisebebis R zomaze damokidebuleba SeiZleba gaiyos or 

nawilad: 1) mciremgrZnobiare nimuSis zomis mimarT _ `makroskopuli~ da 2) 

maRalmgrZnobiare masalebi, romlebSic Tvisebebis cvlileba iyos Zalian 

didi da hqondes oscilaciis xasiaTic ki, hqondes eqstremumebi an 

gadiodes najerobis iseT doneze, romrlic mkveTrad gansxvavdeba 

makroskopuli mdgomareobisagan. is SemTxvevebi mocemulia nax.34.1-ze. 

maT Soris mdebareobs Sualeduri ubani, romlis zoma R ≤ 0, sadac 

maTi eleqtro-fizikuri Tvisebebi makromasalebisagan mkveTrad icvlebian, 
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maSinac ki roca isini Seicaven erTidaigive atomebis sxvadasxva ricxvs. 

amis mniSvnelovani mizezzebia Semdegi: Semadgenel atomTa ricxvi 

sasrulia; zedapiruli atomebis roli, moculobasTan SedarebiT didia, 

rac gamoricxavs moculobis Tvisebebs; zedapirze difuziis, atomuri 

gadawyobis da atomebis TviTorganizaciis didi roli; axali fazis, 

fazuri gadasvlis, dislokaciis Seqmnis didi SesaZleblobebi. yovelive es 

naTlad vlindeba metalur struqturebSi, sadac eleqtrul, kapilarul, 

magnitur, zegamtarul Tvisebebs aqvT gansakuTrebuli xasiaTi.  

 

     

    nax.34.1. nanoubanSi masalis Tvisebebis gamovlenis sami 

           (1;2;3) varianti: I- nanostruqtura; II – mikrostruq- 

           tura da III – makrostruqtura. 

 

gadatanis nebismieri movlenisas (eleqtruli denis, plastikuri 

deformaciis, siTbogamtareblobis da a. S.) gadamtanebs SeiZleba mieweros 

raRac Tavisufali ganarbenis efeqturi Re sigrZe. roca R » Re matarebelTa 

gabneva an CaWera xdeba moculobaSi da araa damokiddebuli obieqtis 

zomaze. roca R < Re situacia radikalurad icvleba da kinetikuri 

movlenebi Zlierad arian damokidebuli nimuSis zomebze.  

aseve cxadia, sxvadasxva atomebisaTvis urTierTmoqmedebis 

potencialebis raodenobrivi maxasiaTebeli iqneba sxvadasxva, magram 

zogadi saxe da minimumebis arseboba (raRac r0 – mde ganzidva da Semdeg 

mizidva) yvelasTvis universaluri Tvisebaa. am Zalis moqmedebis Sedegad 

warmoiqmneba atomuri konfiguraciebi myari kavSirebiT (kovalenturi, 

ionuri, metaluri) an susti bmebiT (van-der-vaalsi, wyalbadiseburi). 



83 

 

zomiTi efeqtebi vlindeba ara marto calkeul nawilakebs Soris, 

aramed nawilakTaSorisac. nawilakTaSoris SesaZlebelia aRiZvras 

damuxtvis efeqti, gamowveuli erTi nawilakidan meoreze eleqtronebis 

gadasvliT. aseTi gadasvlis Semdeg am or nanonawilaks Soris aRiZvreba 

eleqtroststikuri Zalebi. isini arsebiTia da araa kulonuri xasiaTis, 

radgan am SemTxvevaSi nawilakTa muxti damokidebulia maT Soris 

manZilze. maT Soris ekranirebis met manZilze es Zalebi bevrad metia, 

vidre van-der-vaalsis Zalebi, romlebic asiptotikurni arian r
-8

 saxiT. 

nanonawilakTaSoriso Zalebi gamoixatebian kazimiris formuliT: 

          Fw=r
 -2

qw
2
(r),  qw

2
(r) ≈ 10ħc (R/r)

6  
                                     (34.1) 

nawilakidan nawilakze eleqtronebis gadasvlis minimaluri ricxvisas, 

(orive nawilakis muxti icvleba erTi eleqtronis muxtiT) da roca  

dieleqtrikuli mudmiva ε = 1, (3.4)-iT gansazRvruli Fw Zala mcirea 

kulonur Zalaze manam, sanam r < R
3
. mravali eleqtronis gadasvla erTidan 

meore nawilakze, gamoiwvevs nawilakis defomacias da ganisazRvreba 

zedapiruli daZabulobiT da ara daWimulobiT. es efeqti SesamCnevi iqneba 

duRilis temperaturasTan axlo temperaturaze, roca nawilaki Tavis 

orTqlTan dinamikur wonasworobaSia.  

zomiTi SezRudvebi iwveven fazuri da struqturuli gardaqmnebis, 

siTbos, muxtis gadacemis, simaTlis arekvlis da STanTqmis pirobebis 

Secvlas. amis gamo icvleba masalis yvela fundametaluri maxasiaTeblebi: 

meseris mudmiva, eleqtruli da fononuri speqtrebi, eleqtrinebis 

gamosvlis muSaoba, dnobis temperatura da a. S.  

  gamosvlis muSaobis nawilakis zomaze damokidebuleba pirvelad 

daimzira oqros marcvlebze. nawilakTa radiusis Semcirebisas 0,3 nm-mde 

Au – I gamosvlis muSaoba Semcirda 4-dan 2 ev-mde. vercxlze piriqiT _ 

gaizarda. yvela masalis nanonawilakebisaTvis iqna eqsperimentulad 

miRebuli zomis SemcirebasTan erTad dnobis temperaturis Semcireba. 

nax.34.2-ze moyvanilia Au da CdS – Tvis aseTi damokidebuleba. 
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      nax.34.2. Au da CdS dnobis temperaturis maT nanonawilakis 

             zomaze damokidebuleba.   

 

es Sedegebi damtkicda mravaljeradi eqsperimentebiT sxva metalebzec. 

nanonawilakebis dnobis fizikuri suraTi ase warmodgindeba. 

gansazRvruli ricxvis atomebiani klasteri dnobis procesSi imyofeba 

myari da Txevadi fazebis dinamiur wonasworobaSi. dinamikuri 

wonasworobisas yoveli individualuri klasteri icvlis formas, magram 

fazaTaSoris gadasvlis sixSire mcirea da yovel fazaSi nawilaki aswrebs 

wonasworobaSi mosvlas. rac mcirea nawilakTa ricxvi, miT mcire dro da 

temperaturaa saWiro dinamikur wonasworobaSi mosvlisaTvis.  

sakontrolo kiTxvebi: 

1. nanonawilakebSi rodgori Tanafardobaa Sinagan da gare zedapirebs 

Soris? 

2. ra aris xvedriTi zedapiri da raa misi ganzomoleba? 

3.  rogor miiReba axali faza da ra aris kompaqturobis koeficiemti? 

4. rasSi mdgomareobs superparamagnetizmis efeqti? 

5. ra aris magiuri ricxvi? 

6. rogoria nanisistemebis geometriuli da eleqtruli struqtura? 

7. ras warmoadgens kazimiris Zalebi nanosistemebSi? 

8. rogoraa damokidebuli Au da CdS dnobis temperatura maT 

nanonawilakis zomaze? 



85 

 

Tavi 4. 

35.  nanoSezRudvebi: nanofirfitis, mavTulis da wertilis 

                              cnebebis arsi. 

 

  myar sxeulebSi zomiTi efeqtebi aRiZvreba im SemTxvevaSi, roca 

obieqtis geometriuli zomebi eTanadeba ama Tu im zomebs, romlebic 

gansazRvraven fizikuri procesebis mimdinareobas (muxtis matareblis 

Tavisufali ganarbenis sigrZe, de broilis talRis sigrZe da a. S.). 

sakvlevi nimuSis zomebis mixedviT ansxvaveben klasikur da kvantur zomiT 

SezRudvebs. gasagebia, rom nanometruli obieqtebisaTvis, sadac nawilakTa 

zomebi de borilis talRis zomebis rigisaa, damaxasiaTebelia kvanturi 

siTbotevadoba, eleqtrogamtarebloba, zogierTi optikuri Tvisebebi. 

samganzomilebian sivrceSi eleqrtonul sistemas aqvs makroskopuli 

zomebi da gamtareblobis eleqtronebi arian delokalizirebulni, 

Tavisuflad moZraoben mTel areSi. magaliTisaTvis, spilenZis gamtaris 

yvela zoma metia, vidre atomTaSoris manZilebi. Tu spilenZis gamtaris 

erT an or zomas SevamcirebT atomTaSoris manZilis rigamde mdgomareoba 

kardinalurad Seicvleba: delokalizacia iqneba SeuZlebeli da 

eleqtronebi gaxdebian lokalizirebulni. ganvixiloT magaliTad, 

spilenZis firfita sigrZiT 10 sm, sifarTiT 10 sm da sisqiT 5 sm. aq 

eleqtronebi yvelgan Tavisuflad moZraoben, yvelgan arian delokali-

zirebulni. Tu sisqes SevamcirebT 3,6 nm-mde, romelic eTanadeba 10 

elementalur ujreds, am ujredis 20% atomebisa arian zedapirze. 

gamtareblobis eleqtronebi iqnebian delokalizebuli firfitis 

sibrtyeSi, magram iqnebian lokalizebuli mcire zomiT _ sisqeis 

mimarTulebiT. aseT obieqts ewodeba kvanturi ormo. Tu sisqesTan erTad 

sifarTesac SevamcirebT nm-uli masStabiT, maSin lokalizacia iqneba or 

mxriv da delokalizacia erTi, sigrZis gaswvriv mxriT. eleqtronebi 

Tavisuflad moZraoben mxolod sigrZivad da ganivkveTSi arian 

SezRudulni. aseTs ewodeba kvanturi milaki. da bolos, Tu sigrZesac 

SevamcirebT nm-ul zomamde _ miiReba kvanturi wertili. masSi 

eleqtronebi lokalurni arian yvela, samive mimarTulebiT. es Cans nax.35.1-

dan da cxrili 35.1-dan: 
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 nax.35.1. sxeuli sxvadasxva ganzomilebebiT: a- moculobiTi 

        obieqti; b - kvanturi ormo; g - kvanturi milaki da  

        d – kvanturi wertili. 

 

cxrili 35.1. sxvadasxva ganzomilebiani sxeulisTis lokalizacia. 

kvanturi struqtura delokalizaciis ganz. lokalizaciis ganz. 

moculobiTi obieqti   3(x, y, z);       3D     0 

kvanturi ormo   2(x,y);      2D     1(z) 

kvanturi milaki   1(z);                1D     2(x,y) 

kvanturi wertili   0           0D     3(x, y, z) 

 

nanomovlenebis raodenobiTi daxasiaTebisaTvis xSirad saWiroa 

mikroerTeulebidan (mikrometri, mikroamperi, mikrowami) gadavideT 

nanoerTeulebze (nanometri, nanoamperi, nanowami). fizikuri sidideebis 

erTeulTa sistema dgindeba bunebaSi mimdinare fizikuri procesebis 

urTierTmoqmedebiT. adreuli etalonebis cTomileba axali, 

nanozomebisaTvis arian ukve didi sidideebi da aseTi etalonebiT 

sargebloba SeuZlebelia. amitom unda SemoviRoT fizikuri sidideebis 

axali etalonebi adre gansazRvrul etalonebze dayrdnobiT. ZiriTad 

erTeulebad aiRebian iseTi sidideebi, romlebsac aqvT Sesabamisi 

etalonebi, gansazRvruli didi sizustiT, da, Seesabamebian mocemul 

epoqaSi mecnierebis da teqnikis ganviTarebas. etaloni esaa gazomvis 

saSualeba, romlic inaxavs fizikuri sididis gazomvis am erTeuls da 

misgan awarmoebs gazomvis sxva masze nakleb an met erTeuls. etalonis da 

Sesabamisad sididis erTeulis gareSe ar SeiZleba sxvadasxva dros da 

sxvadasva xelsawyoebiT gazomili sidideebis SeTavseba erTmaneTTan. 
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etalonTa erToblioba qmnis etalonis bazas, romelSic Sedis 

saerTaSoriso sistemis ZiriTadi erTeulebi (SI-sistema).  

metris etalonad miRebulia 1650763,73±0,5nm _ kripton 86 atomis mier 

gamosxivebuli talRis sigrZe. misi damafiqsirebeli mowyobiloba Seicavs 

optikur-interferometr aparaturaTa rTul kompleqss. 

atomuri wami warmoadgens ceziumis ZiriTad mdgomareobaSi myof 

atomSi, zeTxeli struqturis or dones Soris gadasvlis periods da 

eTanadeba 9192631770±10
-12 wm-s. 

jozefsonis efeqtze damyarebuli etalonebi iZlevian saSulebebs 

Zalin zustad gavzomoT susti magnituri velebi (10_18 tl), mcire denebi 

(10_10a) da Zabvebi (10_15 v). es efeqti mdgomareobs or zegamtars Soris 

moTavsebul Txel dieleqtrikSi denis gavlaSi.  

SI-sistemis es etalonebi gamoiyenebian nanostruqtutebSi, xolo sxva 

sidideebi SeiZleba gamoyenebul iqnan teqnologiuri aparaturis 

normaluri muSaobisaTvis. 

kargi gamtarebis bevri Tvisebebi aixsneba modeliT, romlis Tanaxmad 

savalento eleqtronebi scildebian Tavis atomebs, xdebian 

delokalizirebulni gamtareblobaSi, SeswevT unari Tavisuflad imoZraon 

dadebiT ionebs Soris. dajaxebidan dajaxebamde isini gadian  Tavisufali 

ganarbenis L manZils. aseTi eleqtronebi ise iqcevian, rogorc gazi da maT 

ewodebaT fermi-gazi. maTi kinetikuri energia E=mv
2
/2=p

2
/2m , sadac m – masaa, 

v – siCqare da p= m v – impulsi eleqtronis. kargad ixsneba omis kanonic 

V=IR. 

nanometruli ganxilvisas, Tavisufali eleqtronisTvis de broilis 

talRasac iseve iqceva, rogorc eleqtroni, mxolod im gagebiT, rom misi 

Sesabamisi talRuri funqcia unda veZeboT albaTobis. zomiT 

SemosazRvrul struqturaSi eleqtronis energiis mniSvnelobis fiqsaciis 

movlenas ewodeba kvanturi SezRudvebi. ganuzRvrelobis principis 

Tanaxmad ΔpΔy≥ћ eleqtroni m
*
 efeqturi masiT iketeba y mimarTulebiT, rac 

cvlis impulss da Sesabamisad mis kinetikur energies.  

kvanturi wertilis arsSi ar unda vigulisxmoT geometriuli Sinaarsi, 

radgan kvanturi wertili aris obieqti, romelsac ar aqvs makroskopuli 

ganzomileba yvela sami mimarTulebiT. igulisxmeba ramdenime aTeuli 

atomuri zomebi, romlebic moTavsebulni arian, rogorc Canergvebi 
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ZiriTad matricaSi. energiis (impulsis) diskretuloba ganpirobebulia 

imiT, rom eleqtronis talRuri funqcia unda iyos nuli kvanturi 

nawilakis zedapirze. es SesaZlebelia, roca kvanturi nawilakis 

mopirdapire zedapirze Tavsdeba mTeli ricxvebi n=1, 2, 3, … de broilis 

naxevartalRebi λ/2=πћ/p. aqedan gamodis nebismier RerZze impulsis da 

energiis dakvantvis kanoni.  

 dRes-dReobiT gadauwyveteli sakiTxia kvantur struqturaSi kvanturi 

wertilis zustad erTnairi zomebis miReba. magram infrawiTeli 

fotomimRebebis da lazerebis Seqmnas es xels ar uSlis. arsebobs agreTve 

sameleqtrodiani xelsawyoebi, romelSic erTi eleqtrodi Camketia da ori 

maTgani gamomdeni da Camdeni. SesaZlebelia gamomden _ Camden arxis 

naxtomiseburi cvlileba da kvantur wertilze erTi eleqtronis gasvla 

da Sesabamisad, erTeleqtroniani tranzistoris  miReba.  

rogorc aRvniSneT, delokalizebul eleqtrons gamtareblobis zonaSi 

ewodeba Tavisufali. obieqtis zomebis SemcirebiT nanomasStabamde is 

xdeba lokalizebuli, anu misi moZraoba SezRudulia. sxva sityviT, rom 

vTqvaT, eleqtroni xvdeba potencialur ormoSi, SezRuduli ariT 

uaryofiTi energiiT, esaa marTkuTxa potencialuri ormo didi kedlebiT. 

es potencialuri ormo SeiZleba iyos erT-, or-, sam- da met 

ganzomilebiani. meti eleqtroni sawinaaRmdego spinebiT. amitom 

gadagvarebaa orjeradi. 

 

36. kristalis agebuleba 

nanomasalebis Tvisebebi da maxasasiaTeblebi ganisazRvrebian maTi 

struqturiT, romelTa Seswavla warmoadgens  nanoteqnologiis  erT-erTi 

mniSvnelovan amocanas. nanomasalis struqtura klasificirdeba 

Semadgenlobis mixedviT:  erTfaziani da mravalfaziani, formis mixedviT 

_ firovani da svetiseburi, statikuri ganawilebis mixedviT _ identur 

sazRvriani da araidentur sazRvriani. 

 nanomasalaSi atomebi lagdebian gansazRuli wesrigiT, Taviseburi 

periodulobiT, romelic qmnis kristalur mesers. periodul meserSi 

SeiZleba yovelTvis gamioyos elementaruli ujredi, romlis 

translaciiT erT mxares mainc, miiReba kristali. elementaruli meseris 
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Seqmna damokidebulia atomis zomaze da mis gare SreSi eleqtronebis 

konfiguraciaze. elementarul ujredSi koordinatTa RerZebis arCeva 

xdeba wiboebis gaswvriv an maT paralelurad da amitom koordinatTa 

RerZebs Soris kuTxeebi Seicvleba simetriis mixedviT. koordinatTa 

sistemis TiTioeul RerZs gaaCnia sigrZis sakuTari monakveTi, romelsac 

CamoWris am RerZze erTeulad arCeuli sibrtye. amgvarad, 

organzomilebiani meseris SemTxvevaSi elementaruli ujredi ise unda 

airCes, rom kvanZebze agebuli elementaruli paralelogramis simetria 

Tanxvdebodes meseris kvanZis simetrias. am SemTxvevaSi elementaruli 

ujredi aigeba   а da b monakveTebze da maT Soris arsebul  γ kuTxeze. es 

sidideebi gansazRvraven koordinatTa sistemis arCevas da maT 

geometriuli mudmivebi ewodebaT.  

braves 5 organzomilebiani meseri mocemulia nax.36.1-ze. am SemTxvevaSi 

aris braves ujredi: a) iribkuTxa paralelogrami, b) marTkuTxedi, g) 

centrirebuli marTkuTxedi, d) kvadrati da e) rombi, romlebic qmnian 4 

sistemas _ iribkuTxas, marTkuTxas, kvadratulsa da heqsagonalurs. 

zogjer nivTiereba qmnis sxavadasxva kristalur sistemas, romlebic 

mdgradi arian sxvadasxva wnevaze da temperaturaze. nivTierebis am 

Tvisebas polimorfizmi ewodeba, xolo struqturebs polimorfuli 

formebi an nivTierebis alotropuli modifikacia. alotropia _ erTi 

qimiuri elementis arseboba or an met martiv mdgomareobaSi. 

polimorfizmi _ erTi Semadgenlobis myari sxeulis arseboba or an met 

kristalur struqturad.  

modifikacia, romelic mdgradia normalur da dabal temperaturebze 

aRiniSneba ααα–Ti, xolo modifikacia, romelic maRal temperaturebzea 

mdgradi _ β-Ti, γ-Ti da a. S. masalebisaTvis mniSvnelovania modifikaciis 

saxis codna, radgan maTzea damokidebuli maTi eleqtro-, meqanikuri-, 

optikuri- da magnituri Tvisebebi. magaliTad, naxSirbadis polimorfizmia 

grafiti, almasi da fulereni, siliciumi karbits ramdenime modifikacia 

aqvs da a. S.   
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       nax.36.1. orgamzomilebiani braves meseris saxesxvaobebi. 

   

sakontrolo kiTxvebi: 

1. rogoria kvanturi firfitis, mavTulis da wertilis cneba? 

2. rogoria kvanturi firfitis, mavTulis da wertilis 

delokalizaciis xarisxi? 

3. rogoria nanosistemebSi sigrZis, drois da velis ganzomilobaTa 

etalonebi? 

4. rogoria orgamzomilebiani braves meseris saxesxvaobebi? 
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37. fulereni 

nanoteqnologia iZleva farTo perspeqtivebs axali masalebis, 

eleqtronikis, fizikis, qimiis, energetikis da sxva dargebis swrafi 

ganviTarebisaTvis. am procesSi gadamwyvet rols TamaSoben fulereni da 

naxSirbadis nanomilakebi, romlebSic naxSirbadiseuli kavSirebi 

TvisebebiT unikaluria da mravalsaxa. naxSirbadi yvelaze ufro 

gavrcelebuli elementia bunebaSi da axorcielebs sicocxlisaTvis 

saWiro ZiriTad procesebs. naxSirbadis ZiriTadi Taviseburebaa _ C _ C _ 

kavSirebis Seqmna da am kavSiris bunebis gagebisTvis saWiroa ganvixiloT 

naxSirbadis atomis eleqtruli struqtura. is Seicavs 6 eleqtrons, 

romlebic auRgznebel mdgomareobaSi arian umdables energetikul 

doneebze (1s)
2
(2s)

2
(2px)

1
(2py)

1
(2pz). roca molekulaSi  naxSirbadis atomi 

dakavSirebulia sxva atomTan, misi eleqtronuli struqtura aseTia: 

(1s)
2
(2s)

1
(2px)

1
(2py)

1
(2pz)

1
. eleqtruli muxti s-mdgomareobaSi ganawilebulia 

sferuli simetriiT da 1s-eleqtronebi qimiur bmaSi ar monawileoben. 

xdeba s- da p- mdgomareobebis talRuri funqciebis hibridizacia.    

naxSirbadis oratomiani molekulis Seqmnisas aRiZvreba mxolod σ- bma, 

kovalenturi da ionuri kavSiris Sesabamisi wilobiTi energiebiT 6,2 ev da 

2,2 ev. da birTvebs Soris manZiliT 1,242Ǻ-is toli.  

naxSirbadis molekulebis C2_C2 urTierTmoqmedebisas yalibdeba 

jvaredini an Zafiseburi struqtura ise, rogorc es naCvenebia nax.37.1.–ze. 

C2 molekulebis urTierT aseTi ganlageba iwvevs maT gaWimvas da 

molekulis SigniT, atomebs Soris manZili gazrdas 1,242Ǻ-dan 1,415Ǻ-mde. am 

procesze ixarjeba energia da    saboloo Sedegad  nax.37.1a)-ze gamosaxul 

SreSi myof C2 molekulis bmis energia formirdeba dipol-dipoluri 

urTierTqmedebiT da 1,855 ev-is tolia.  

Sre warmoadgens swori eqvskuTxedebisgan Semdgar brtyel bades, 

romelTa yovel kuTxeSi moTavsebulia naxSirbadis atomi (heqsagonaluri 

kristaluri struqtura). aseT sibrtyes ewodeba grafeni. grafenebs Soris 

urTierqmedeba molekuluria da bmis energia Seadgens 0,29 ev-s, xolo maT 

Soris manZili _ 3,35Ǻ-s. mcireodeni Zvris deformacia iwvevs aseTi 
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masalis fenebad daSlas. aseT Tvisebas amJRavnebs grafiti. naxSirs aqvs 

Zafiseburi struqtura, romelic gamosaxulia nax.37.1.b)-ze. 

             

    nax.37.1. C2_C2 molekulis urTierTmoqmedebisas nivTierebis  

         Seqmnis fragmenti: grafiti (a); naxSiri (b). 

 

naxSirbadis C3  molekulis SreSi ganlagebis xasiaTi mocemulia nax. 

37.2ze. naxSirbadis SreSi aseTi wyoba xasiaTdeba potencialuri energiis 

minimumiT, kompaqturobis koeficientis maqsimaluri sididiT da 

struqtura Seicavs 12 axlo myof naxSirbadis atoms. maT Soris 

kovalenturi bma ganisazRvreba gacvliTi urTierTmoqmedebiT, anu σ-  bmiT, 

11,5 ev ionizaciis energiiT. aseTi TvisebebiT xasiaTdeba almasi.  

                            

              nax.37.2. almasis SreSi C3 molekulis mdebareoba  

                          dipol-dipoluri urTierTqmedebisas 

 

didi xnis ganmavlobaSi iTvleboda, rom bunebaSi arsebobda naxSirbadis 

sami alotropiuli forma: karbini, grafiti da almasi.  gasuli  saukunis  

bolos  aRmoCenili  iqna unikaluri Tvisesbebis mqone, e. w.  

ConCxediseburi naxSirbadis  struqtura,  romelic warmoadgens 
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naxSirbadiseul Sekrul Rru sferul garss  (nax.37.3.). is hgavs fexburTis 

burTs da Sedgeba naxSirbadis 60 atomisagan. misi aRmoCena iyo TiTqmis 

SemTxveviTi, is aRmoCnda varskvlavTSoriso sivrcis Seswavlisas. 

Seiswavleboda sinaTlis STanTqma varskvlavTSoriso arsebuli mtveriT, 

anu iq arsebuli mcire nawilakebiT. cnobilia, rom  varskvlavebis 

sinaTlis intensioba  kosmosuri sivrcis gavlis Semdeg mcirdeba. esaa 

optikuri STanTqma da xdeba varskvlavebidan dedamiwisken wamosuli 

sxivis STanTqmiT da gabneviT mis gzaze arsebuli mtveris nawilakebis 

mier. es STamTqma Seiswavleba intensiobis gazomviT mosuli sinaTlis 

sxvadasxva talRis sigrZeze, anu sxvadasxva ferze.  

             

                                                

                nax.37.3. C60 fulerenis molekulis struqtura 

 

am  STanTqmas xsnidnen varskvlavTSoriso areSi arsebul hipoTeTikurad 

mcire grafitis nawilakebze gabneviT, romelsac astonomTa Soris 

Cveulebriv movlenad iyo miRebuli da  hqonda saerTo aRiareba. 

d. hafmani da v. kratCmeri am axsniT ver dakmayofildnen da ganagrZes 

ufro dawvrilebiT STanTqmis sakiTxis Seswavla. laboratoriul 

pirobebSi, or naxSiris eleqtrods Soris rkaluri ganmuxtviT, heliumis 

atmosferoSi, daafines kvarcis minaze Wvartlis mcire nawilakebi. mas 

swavlobdnen sxvadasxva optikuri meTodebiT. marTlac aRmoaCines 

grafitis cnobili speqtruli xazebi ultraiisfer (ui) dioapazonSi, 

magram infrawiTel (iw) diapazonSi miiRes oTxi damatebiTi xazebi, 

romelTa warmoSoba ar ukavSirdeboda grafits.  

file:///E:/src/photos/Pict_ 1_27_1.jpg
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qimikos-Teoretikosebis mier 60 atomisagan Semdgari naxSirbadi, 

formuliT C60, ramdenime wlis winaT iyo cnobili, magram misi arseboba 

eqsperimentulad ar iyo damtkicebuli. am molekulis bevri Tviseba 

gamoTvlili iyo Teoriulad, maT Soris iwinaswarmetyveles iw-diapazonis 

STanTqmis saxec.  hafmanis da kratCmeris mier aRmoCenili oTxi STanTqmis 

xazi kargad eTanadeboda Teoriulad winaswarmetyvelur C60 molekulis am 

diapazonSi STanTqmis speqtrs. maSasadame, mkvlevarebma miiRes 60 atomiani, 

sferos formis naxSirbadis molekulis arsebobis myari damtkiceba. es 

gaakeTa jgufma, romelSic Sedioda h. kroto, r. kerli da r. smoli, 

romlebic 1996 wels dajildovdnen nobelis premiiT. 

fulerenebs uwodeben naxSirbadis atomebisgan Semdgar  molekulaTa 

klass, romlebic qmnian 12 xuTkuTxedebisa da or an ufro met 

eqvskuTxedebisagan Caketil garss. fulerinSi naxSirbadis yoveli atomi 

esazRvreba sam mezobel atoms da atomebis saerTo ricxvi yovelTvis 

luwia. yoveli fulereni Seicavs naxSirbadis 2(10+n) atoms, sadac n _ 

eqvskuTxedebis ricxvia da yovelTvis metia erTze. 

  C60 molekulis arqiteqtura Seqmna riCard fulerenma da mis 

sapativmcemlod mas fulereni uwodes. is warmoadgens Rru sferos 

formas, romelic Sedgeba 20 eqvskuTxa da 12 xuTkuTxa simetriulad 

ganlagebuli waxnagebisgan, sadac xuTkuTxedebi erTmaneTs ar  

esazRvrebian  (nax.37.3).  yoveli  eqvskuTxedi  esazRvreba  sam eqvskuTxeds 

da sam xuTkuTxeds, xolo yoveli xuTkuTxedi _ mxolod sam eqvskuTxeds. 

sferos Semmqmneli naxSirbadis atomebi erTmaneTs ukavSirdebian Zlieri 

kovalenturi bmebiT. sferos garsis sisqea _ 0,1 nm, C60 molekulis radiusi 

_ 0,357 nm.  dResdReobiT fulereni yvelaze ufro gavrcelebuli terminia 

samecniero wreebSi: is astronomebma aRmoaCines kosmosSi da meteoritebSi, 

biologebma SeamCnies misi msgavseba cocxali samyaros biologiur 

struqturasTan, geologebma naxes sabadoebSi, masalaTmcodneebma mis 

bazaze Seqmnes unikaluri Tvisebebis mqone masalebi da a. S.  

riT gansxvavdeba fulereni ufro gavrcelebul da cnobil 

naxSirbadis sxva alotropiuli formis naxSirbadebisagan? marTlac, 

grafiti _ rbili, gaumWirvale masalaa, kargad atarebs eleqtrul dens, 

xolo gamWirvale almasi _ yvelaze mkvrivi mineralia da dieleqtrikia. 

grafitis atomuri struqtura Sedgeba naxSirbadis atomebis 
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sustkavSirebiani heqsagonaluri badis Sreebisagan, xolo almass aqvs 

kuburi meseri. SedarebiT kargad Seswavlili C60-is molekula  sferoidia, 

eqvivalenturi zedapiriT 0,7nm-is diametriT. misi yvela atomi esazRvreba 

sam uaxloes atoms, romelic masTan dakavSirebulia σ-bmiT. atomebis aseTi 

ganlageba fulerenSi mas xdis ufro Warb reaqciul Tvisebebis mqoneds.  

bunebaSi C60–is garda kidev arseboben maRalsimetriuli 

endofulerenebi, giperfulerenebi (giganturi fulerenebi), romlebic 

warmoadgenen erTmaneTSi Cadgmul garsebs, romelic ase aRiniSneba 

C60@C240@C540  da a.S. dResdReobiT maTi eleqtrofizikuri da qimiuri 

Tvisebebi bolomde araa Seswavlili. yuradRebas ipyrobs SeerTebis kidev 

erTi klasi, e. w. heterofuleroni, romlis struqtura Sekrulia da 

naxSirbadis atomebze nawilobriv Canacvlebulia sxva atomebi. magaliTad, 

C59B, C58N, C57B3, C58BN , C59M, sadac M metalia da a. S. fulerenis ujredSi 

moTavsebuli atomi, praqtikulad kargavs Tavis individualur qimiur 

Tvisebebs. sainteresoa, agreTve maTi legireba tutemiwaTa metalebiT, 

romlebic advilad gascemen eleqtronebs. vakuumSi 4000C temperaturaze 

SesaZlebelia C60-is kaliumiT legireba. K jdeba tetraedrSi, fulerenis 

ujredSi, is gascems eleqtrons, miiReba C60
n-

 , sadac eleqtronebi sustad 

arian damagrebulebi da mcire Zabvazec atareben dens, anu fulereni xdeba 

gamtari.  

rig fuleridebSi M3C60–Si SeimCna zegamtaroba, roca maTSi 

Canacvlebul iyo tutemiwaTa metalebi (K, Na, Rb, Cs) romelTa 

zegamtarobaSi gadasvlis temperatura Tc≥18 K. aseve zegamtar CsRuC60-is 

zegamtarobaSi gadasvlis temperatura _ Tc=33 K.K  

fulereni, garda varskvlavTSoriso sivrcisa, mcire raodenobiT 

aRmoCenil iqna bunebriv mineralebSi (Sungitebis sabadoSi) da  

meteoritebSi. saxelwodeba `Sungitebi~ ewoda dasaxleba Sungis gamo, 

sadac pirvelad aRmoaCines es minerali. Sungitebis sabadoSi naxSiris 

Semcveloba meryeobs 1-dan 70% -mde, xolo masSi fulereni 10-3%-ia.  

dedamiwis pirobebSi fulereni ozonisa da ui-gamosxivebis moqmedebiT 

ganicdis degradacias, magram Tu daculia raime garsacavi feniT is 

didxans inarCunebs Tavis saxes. fulereni gvxvdeba vulkanis 

amonafrqvevSi, mexis dacemis adgilSi. Zalian mcire raodenobiT fulerens 
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Seicavs navTis lamfis da buxris Wvartli. meteoritul fulerenebSi 

aRmoCenil iqna gazi 3He, romelsac aqvs kosmosuri warmoSoba. amiT 

meteorit alendes wlovaneba Sefasda 4,6 miliardi wliT, romelic bevrad 

metia dedamiwis wlovanebaze. mTvaris gruntSi fulereni ar iqna 

aRmoCenili. 

kidev ufro sxvadasxva Tvisebebi aqvs C70 molekulas, romlis forma 

mogvagonebs nesvs an regbis burTs da romelic gamosaxulia nax.37.4-ze. 

SeiZleba maTi modificireba C70-is garsis SigniT an gareT sxva atomis an 

molekulis mierTebiT.  

                 

                       nax.37.4. C70 fulerenis struqturis agebis sqema. 

 

hidrostatikuri wnevis moqmedebiT, fotoqimiuri aRgznebiT da sxva 

gare faqtorebis moqmedebiT fulerenebis molekulebi urTierT qmnian 

kovalentur bmebs da polimerdebian. cnobilia dimerebi (C60)2, (C70)2, C60. C70, 

trimerebi (C60)3, jaWvuri da garsuli C60 da C70 –is polimerebi.  

fulerenismsgavsi nivTiereba araorganuli naerTia sxvadasxva  

molekulebisgan Sekruli sferuli an sxva formiT. iaponelma mkvlevarebma 

daadgines, rom naxSirbadisgan gansxvavebiT, siliciumis atomebs ar 

SeuZliaT Seqmnan Sekruli struqtura. isini mxolod volframis garSemo 

akeTeben heqsagonalur Sekrul struqturas. aseTi struqturebi 

potencialurad gamosayenebelia kvantur kompiuterebSi da axali tipis 

zegamtarebSi. Teoriulad nawinaswarmetyvelia azotis molekulebisgan 

Semdgari Caketili N20 stabiluri struqturis arseboba da Tanamedrove 



97 

 

etapze yvelaze ufro energomoculobiT feTqebad nivTierebaze TiTqmis 

samjer ufro  Zlier feTqebadi nivTiereba. 

 

 

38.naxSirbadis nanomilakebi. hiraloba. 

sferoidul naxSirbadian struqturebTan erTad formirdeba aseve 

cilindruli, wagrZelebuli struqturac, e. w. nanomilaki, romelic 

gamoirCeva fiziko-qimiuri Tvisebebis mravalferovnebiT. es pirvelad 

miiRo 1991 wels s. ijimim. misi arseboba da zogierTi Tvisebebi 

aRmoCenamde Teoriulad iyo nawinaswarmetyveluri. is SeiZleba 

warmovidginoT, rogorc cilindrad Sexveuli grafitis furceli, anu 

grafeni _ eqvskuTxedis wveroebSi moTavsebuli naxSiris atomebiT. 

erTSrian nanomilaks aqvs 2 nm sididis diametri da 100 mkm-mde sigrZe, 

romelic kvazierTganzomilebiania da kargi nanomavTulia. nanomilis 

boloebi SeiZleba iyos Ria an daxuruli. nanomilakis erT-erTi 

ganzomilebiTi parametria `hiraloba~, romelic miuTiTebs im eqvskuTxedis 

koordinatebs, romelic grafenis milad daxvevisas unda daemTxves sawyis 

eqvskuTxeds. termini `hiraloba~ SemoiRo 1884 wels ingliselma fizikosma 

uliam tomsonma (lordi kelvini), magram am terminis gavrceleba moxda 

1966 wels Sveicarieli qimikosis vladimir prelogis mier.  

nanomili warmodgeba wyvili mTeli ricxvebiT (n,m), romelTa jami 

diametrze, wrewiris gaswvriv eqvskuTxedebis raodenobis tolia. grafenis 

orientaciis kuTxe milis RerZis mimarT gansazRvravs nanomilis 

gamtareblobis xasiaTs _ metaluria Tu naxevargamtaruli. 

naxevargamtaruli milakis akrZaluli zonis sigane damokidebulia 

hiralobaze (Sexvevis kuTxe da milis diametri). meores mxriv, milis 

diametri da Sexvevis kuTxe, an Sexvevis biji, organzomilebiani grafenis 

kristalografiuli elementaluri ujredis analogiaa. misi translaciiT 

milis gaswvriv miiReba nanomili (nax.38.1).  

    `Sexvevis anu hiraluri veqtori~ C=na1+ma2, sadac a1 da a2 

heqsagonaluri ujredis bazisuri veqtorebia. Sexveva ise unda moxdes, rom 

C veqtoris bolo da saTave erTmaneTs unda daemTxves. Tu grafenis fenis 
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Sexvevisas hiraluri veqtoris boloebze eqvskuTxedebis wyvili nanomilis 

RerZis mimarT θ kuTxiTaa, romelic icvleba 0-dan 900-mde, maSin aseT 

erTSrian nanomils ewodeba hiraluri. Tu yoveli eqvskuTxedis ori mxare 

milis RerZis paraleluria, aseT nanomils ewodeba ahiraluri `zigzagis~ 

tipis. ahiraluri `savarZelis~ tipis nanomils yoveli eqvskuTxedis ori 

mxare milis RerZis marTobad aqvs mimarTuli. ahiralur `zigzagis~ 

mimarTulebaze Sexvevevisas m=0 an n=0, xolo `savarZelze~ _ n=m da 

hiraluri mimarTulebiT Sexvevisas m≠n, rac Cans nax.38.1-dan. T _ 

translaciis veqtori mimarTulia milis gaswvriv da C veqtoris marTobia. 

T da C Soris Sexvevis farTobi eTanadeba nanomilakis erTeulovan ubans, 

romlis mravaljeradi translaciiT miiReba nanomili.  

 

                             

nax.38.1. grafenis heqsagonaluri badis cilindrad sxvadasxva 

hiralurad SexveviT nanomilakis formirebis modeli: 

a1 da a2 _ organzomilebiani elementaluri ujredis ba- 

zisuri veqtorebi; T – milakis gaswvrivi RerZi; H –gra- 

fenis simetriis RerZi; φ –kuTxe maT Soris; θ –hiralu- 

ri kuTxe. 
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hiraluri indeqsebi (n, m) gansazRvraven nanomilis D diametrs, 

romelic ase moicema: D=0,36(m
2
+n

2
+mn)

1/2
, razedac damokidebulia 

nanomilakis eleqtro, meqanikuri da sxva Tvisebebi. 

    grafenis Sexveva SesaZlebelia misi sxvadasxva RerZis garSemo, riTac 

miiReba sxvadasxva tipis nanomilaki sxvadasxva maxasiaTeblebiT. nax.38.2-ze 

gamosaxulia aseTi tipis sami SesaZlo varianti. nanomilis zrdis 

meqanizmi aqamde araa cnobili. radganac erTkedliani milis zrdisaTvis 

aucilebelia  nikelis  an  kobaltis   katalizatori.    

 

                                             

 nax.38.2. grafenis Sexvevis meTodze damokidebuli naxSirbadis 

nanomilakis ramdenime SesaZlo struqtura: savarZeli 

(a), zigzagi (b) da hiraluri (g). 

 

idealuri (udefeqto) mravalSriani naxSirbadis nanomilakebi (mnnm) 

Sedgebian urTirTCadgmuli, sxvadasxva diametrebis mqone koaqsialuri 

cilindrebisgan, an arian sxvadasxva saxis xvieebi, aqvT xaxviseburi 

struqtura. yvela SemTxvevaSi, orSriani naxSirbadis nanomilakebSi (onnm) 

Sreebs Soris manZili (van-der-vaalsis RreCo) axlosaa grafitis meseris 

mudmivasTan (0,34 nm). sxvadasxva formis nanomilakebi amJRavneben sruliad 

gansxvavebul eleqtrul, magnitur, optikur Tvisebebs. grafinis furclis 

konkretuli sqemiT Sexvevisgan damokidebulebiT nanomilaki SeiZleba iyos 

metali, an naxevargamtari. ase magaliTad, Tu |m-n| sxvaobna jeradia 3-is, 
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aseTi nanomilakebi amJRavneben metalur Tvisebebs. metalebia yvela 

`savarZlis~ saxis ahiraluri nanomilakebi.   fulereni da nanomilaki 

urTierT reagireben da formirdeba axali unikaluri saxis struqtura _ 

nanomilakebi, romelTa SigniT imyofeba fulereni. aseT axal nanomilakebs 

uwodes naxSirbaduli pipodebi (np) da aRiniSneba C60@nm (C60 fulereni 

nanomilis SigniT).  

pipodebis Seqmnis meqanizmi dRemde ucnobia. varaudoben, magaliTad, 

rom fulereni nanomilakis SigniT difundirebs misi gaxsnili bolodan an 

gadis misi kedlis defeqtidan, xolo Semdeg van-der-vaalsis ZaliT 

ukavSirdeba Sida kedels. gamoTvlebma aCvenes, rom difuzia SesaZlebelia, 

radgan is ar moiTxobs aqtivaciis did energias. magram pipodebis miReba 

ufro albaTiania kedlis defeqtSi fulerenis gasvliT. 

pipodebi araCveulebrivebi arian ara mxolod TavianTi formiT, aramed 

TvisebebiTac. gaxurebisas isini axdenen araCveulebriv gardaqmnebs. 

magaliTad, 8000C temperaturamde gaxurebisas C60@nm struqtura ar 

icvleba, ufro maRla gaxurebisas ori mezobeli fulereni erTmaneTs 

ekvris, miiReba dimeri, trimeri da Semdeg gadaizrdeba nanomilakidan 

wagrZelebul nanoulvaSad da bolos cilindruli formis fragmentad. 

12000C temperaturis Semdeg, calkeuli C60 fulerenebi  prqtikulad 

mTlianad qrebian.  

unda aRiniSos, rom pipodebSi fulerenis gardaqmnebi xdeba mxolod 

milakis SigniT, romelic warmoadgens unikalur nanoreaqtors. sruliad 

SesaZlebelia pipodebSi am procesebis Semdgomma kvlevebma Seqmnan maTi 

gamoyenebis farTo perspeqtivebi. magaliTad, damzaddes koaqsialuri 

nanosadeni _ izolirebuli garsis SigniT gamtari. aseTi garsi SeiZleba 

iyos boris nitridi BN, romelic kargi izolatoria. masSi Sevides 

fulereni, e.i. Seiqmnas struqtura C60@BN, Semdeg gavaxuroT. Sedagad 

Seiqmneba izolator BN-is milSi gaizrdeba meore _ naxSirbadis gamtari 

mili. 

pipodebi perspeqtiuli masalebi arian mikro- da nanoteqnikaSi: 

nanodiodebis, tranzistorebis, maxsovrobis elementebis, logikuri 

sqemebis, wyalbadis akumuliatorebis da sxva xelsawyoTa dasamzadeblad. 

miRebis pirobebis optimizaciam SesaZlebeli gaxada nanomilze 

miRebul yofiliyo fulereni simkvrive 1 fulereni/nm-ze meti. fulerenebi 
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ekvrian nanomilaks Zalian myarad: ar wainacvleben eleqtromikroskopis 

nemsis da eleqronuli konis moqmedebiT, ar scildebian 70000C 

temperaturamde gaxurebisas da ar ixsnebian organul gamxsnelebSi, rac 

miuTiTebs nanomilakTan maT kovalentur kavSirze. maT samjer naklebi 

Zabvisas aqvs aTjer meti emisiuri denebi, vidre sworzedapirian erTfenian 

nanomilaks.  

2004 wels mecnierebma Seqmnes naxSirbadis kidev erTi axali forma _ 

foriani myari masa, Zalian msubuqi da magnitis mier kargad mimzidveli. es 

nivTiereba miRebul iqmna naxSirbadis samiznis lazeriT bombardirebis 

meTodiT. miRebuli masalis struqturas ewoda nanoqafi da mas Tvlian 

naxSirbadis mexuTe formad _ grafitis, almasis, fulerenebisa da 

nanomilakebis Semdeg. nanoqafi hgavs Wvartls da aqvs Zalian mcire 

simkvrive. 

nanoqafis erTerTi gansakuTrebuli Tvisebaa _ magnitis mier mizidva, 

roca naxSirbadi aramagnituri masalaa. es Tviseba da is, rom kargad 

STanTqavs infrawiTel sxivebs, nanoqafs xdis farTod gamoyenebad 

nivTierebas medicinaSi, kerZod, avTvisebiani simsivnis samkurnalod.  

sakontrolo kiTxvebi: 

1. rogori bmebia grafitis, naxSiris da almasis molekulebs Soris? 

2. ra aris naxSirbadis fulereni da rogor aRmoaCines? 

3. rogoria fulerenis zogadi struqtura da misi saxesxvaoba? 

     4. ra aris hilaroba da rogori saxis nanomilebi formirdebian? 

     5. sxvadasxva hiralobiT rogori gamtareblobis nanomilakebi miiReba? 

 

 

39. fulerenis da nanomilakis miReba grafitis lazeruli 

aorTqlebiT. 

nanoteqnologiis erT-erTi mTavari mimarTuleba da amocanaa 

naxSirbadis nanomilakebis sinTezi, maTi Tvisebebis kvleva da praqtikuli 

gamoyeneba. maTdami interesi mimarTulia ori mxriv: pirveli fundameturi 

aspeqtiT, rom miniaturuli zomebis nanomilakebs aqvT unikaluri fiziko-

qimiuri Tvisebebi da meore, am Tvisebebis gamo aqvT farTo gamoyenebiTi 
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SesaZleblobebi axali tipis masalebSi da mowyobilobebSi. nanomilakebis 

eleqtruli Tvisebebi, rogoricaa matareblebis koncentracia da Zvradoba, 

akrZaluli zonis sigane, gamtarebloba da a. S., ganisazRvreba misi 

geometriiT, romlis ZiriTadi parametria hiraloba, anu grafinis 

furclis kuTxis orientacia nanomilakis RerZis mimarT. maSasadame, 

nanomilaki warmoadgens miniaturuli obieqtebis gansakuTrebul klass, 

eleqtruli Tvisebebis varirebis farTo diapazoniT da ganixilebian 

nanoeleqtronikis momaval elementebad. 

Tanamedrove etapze SemuSavebulia sxvadasxva Tvisebebis mqone 

fulerenebis da naxSirbadis nanomilakebis miRebis mravali meTodi, magram 

yvela maT aqvT saerTo is, rom fulereni da nanomilakebi miiRebian 

naxSirbadis Semcveli qimiuri agregatebisgan maRali temperaturis 

pirobebSi. iTvleba, rom fulerenebis miReba grafitis orTqlidan xdeba 

maTTan naxSiris orTqlis fragmentebis TandaTanobiTi mierTebiT, 

risTvisac saWiroa maRali temperatura.  

  naxSirbadis sxvadasxva alotropiuli mdgomareobis miRebisas 

naxSirbadis gazur garemoSi, maRali temperaturisa da sawyisi 

produqtebis didi koncentraciis pirobebSi, reaqcia mimdinareobs sakmaod 

intensiurad. naxSirbadis atomebis maRali koncentracia SesaZlebelia 

iqnas miRebuli grafitis sublimaciiT masze mZlavri siTburi an plazmuri 

nakadis, mzis sxivis an lazeris moqmedebiT. grafitis fenebs Soris bmis 

energia 0,29 ev-s Seadgens da mis gasawyvetad saWiroa ~3500K temperature. 

grafitis maRaltemperaturaze gaxurebisas ar unda xdebodes am garemos 

ionizacia, anu temperaturis wyaros garemo ar unda arTmevdes damatebiT 

energias. aseT garemod aRebulia heliumi, romelsac aqvs maRali 

ionizaciis energia da maRal temperaturaze ar ionizirdeba. grafitis 

gasaxureblad gamoiyeneba lazeri, energiis nakadiT 1012 vt/m2 da 1,6mm 

fokusirebuli sxivis diametriT, romelic iZleva 30000K temperaturas. am 

dros gamosavlianoba 90%-ia. aseTi danadgaris sqema mocemulia nax.39.1-ze, 

romelic pirvelad Seqmna r. smolim. 

maRalenergetikuli da didi intensiobis lazeris sxiviT xdeba 

grafitis aorTqleba, gazuri heliumis nakadi waritacebs aorTqlebuli 

naxSirbadis mcire nawilakebs mcire naxvretian  areSi,  sadac  heliumi  

farTovdeba,  civdeba  nakadTan  erTad da kondensirdeba mcireatomian 
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klasterebad. Semdeg nakadi gadis kalorimetriT mass-speqtrometrSi, 

sadac izomeba molekulis an klasteris masa. kondensirebuli fena, 

grafitis  nanonawilakebTan  erTad,  Seicavs  fulerensa da  nanomilaks. 

          

 

                         nax.39.1. metalis zedapiridan lazeruli aorTqlebiT 

                     nanonawilakis miRebis danadgaris sqema.   

    nax.39.2-ze gamosaxulia mass-speqtri, zemoTaRniSnuli eqsperimentiT 

miRebuli naxSirbadis sxvadasxva atomTa raodenobis klasterebisaTvis.  

                                 

             nax.39.2. grafitis lazeruli aorTqlebiT miRebuli  

                   naxSirbadis klasteris mass-speqtri. 

lazeruli meTodis dadebiT mxared unda CaiTvalos, agreTve is rom, 

sinTezirebuli nanomilakis maxasiaTeblebi mgrZnobiareni arian lazeruli 

gamosxivebis  parametrebis mimarT. kerZod, miRebuli nanomilakis diametri 

lazeruli gamosxivebis simZlavris pirdapirproporciulia.  



104 

 

40. fulerenis da nanomilakis Tvisebebi da gamoyeneba. 

nanosistemebis bevri unikaluri Tvisebebi ganisazRvreba, erTi 

mimarTulebiT mainc, maTi zomiTi SezRudvebiT. sxvadasxva TvisebebisaTvis 

(eleqtruli, meqanikuri, magnituri, kvanturi, qimiuri da sxva) kritikuli 

zomebi SeiZleba iyos sxvadasxva, rac ganisazRvreba am masalis 

geometriul zomasa da masSi Tavisufali ganarbenis saSualo manZilis 

TanafardobiT.  

   

             nax.40.1. erTeleqtroniani tranzistori 

grafenis gamoyenebis erT-erTi saintereso ubania misi gamoyeneba 

erTeleqtronian tranzistorSi (nax.40.1), sadac Ggamomdeni, arxi da Camdeni 

warmoadgens grafens.  

naxSirbadis nanomilakebis erT-erTi saintereso Tvisebaa, rom misi 

diametrisa da hiralobisgan damokidebulebiT, is SeiZleba iyos metali an 

naxevargamtari. nanomilakis sinTezis procesSi SesaZlebelia milakSi 

Sereva, raRac nawili iyos naxevargamtaruli Tvisebebis, xolo danarCeni _ 

metaluris. Cveulebriv, metaluri Tvisebebi axasiaTebT savarZlian 

struqturebs. naxSirbadis nanomilakis eleqtruli Tvisebebis Sesaswavlad 

iyeneben maskanirebel gvirabul mikroskops (mgm) lokaluri eleqtronul 

speqtroskopiis reJimSi. diferencaialuri gamtareblobis Zabvaze 

damokidebulebiT dadginda, rom metaluri gamtareblobisas sruldeba 

omis kanoni, xolo naxevargamtarulisas _ ganisazRvra akrZaluli zonis 

sigane, romelic Seadgenda 0,7 ev-s. dadginda, rom akrZaluli zonis sigane 

milakis diametris ukuproporciulia da diametris gadidebiT miiswrafis 

nulisaken. empiriulad mocemulia: Eg=0,9/d, sadac  Eg akrZaluli zonis 

siganea ev-Si da d molos diametri nm-Si. iTvleba, rom Eg icvleba 0,4 _ 1,0 

ev intervalSi. naxSirbadis metalur nanomolaks aqvs Zalin didi 
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eleqtruli gamtarebloba.  dadgenilia, rom mas SeuZlia gaateros 

kvadratul santimetrze miliardi amperi deni. Sesabamis pirobebSi 

spilenZis sadeni dneba gamoyofili siTbos xarjze. naxSirbadis 

nanomilakis aseTi didi gamtarebloba aixsneba maTSi Zalian mcire 

defeqtebis arsebobiT, razedac  TiTqmis araa gabneva, anu eleqtronebi 

arian balistikuri. amitom didi deni nanomilaks ar axurebs, rogorc es 

xdeba spilenZSi. amave mizeziT isini arian kargi siTbogamtarebic. 

nanomilaki TiTqmis orjer metad siTbogamtaria, vidre almasi. yovelive 

es iZleva saSualebas, rom naxSirbadis nanomilakebi gamoyenebuli iyos 

sqemeSi elementTaSoris mimyvanebad. naxevargamtareblobis tipis erTSrian 

naxSirbadis nanomilakebSi denis matareblebis Zvradoba aRwavs 15000 

sm2/v.wm mniSvnelobas, rac miuRwavelia Cveulebriv naxevargamtarebSi.  

pirvelive cdebma aCvena, rom nanomilaki xasiaTdeba unikaluri 

meqanikuri TvisebebiT. nanomilis gaswvriv drekadobis modulis 

mniSvneloba mdebareobs 1,28 _ 1,8 tpa intervalSi. SedarebisaTvis unda 

aRiniSnos, rom foladisaTvis iungis moduli 0.21 tpa-ia, rac niSnavs, rom 

naxSirbadis nanomilakis iungis moduli aTjer metia, vidre foladisa. es 

niSnavs, rom naxSirbadis nanomili Znelad unda iRunebodes, magram radgan 

mili Zalian wvrilia da udefeqto advilad iRuneba da ar tydeba. amis 

mizezi isicaa, rom naxSirbadis milis kedlebi Sedgeba eqvskuTxedebisagan, 

gaRunvisas is icvlis Tavis formas, magram ar irRveva. meqanikuri 

maxasiaTeblebiT mravalSriani naxSirbadis nanomilakebic ukeTesia 

foladze.  

naxSirbadis nanomilakis RerZis gaswvriv mcire Zabvis modebisas xdeba 

misgan eleqtronebis intensiuri emisia, rasac ewodeba veliTi emisia. es 

efeqti advilad daimzireba, roca or paralelur firfitas Soris, sadac 

erT-erTi nanomilakia, modebulia mcire Zabva. am efeqtis gamoyeneba 

SeiZleba Txeli sibrtyuli displeis gasaumjobeseblad da emisiuri 

kaTodebis Sesaqmnelad.  

naxSirbadis nanomilakebi SeiZleba gamoyenebul iqnan liTiumiT 

muxtis gadamtanian batareieebSi. gamoTvlebiT dadgenilia, rom milakSi 

naxSirbadis yovel eqvs atomze SesaZlebelia liTiumis erTi atomis 

moTavseba. erT-erTi saintereso SesaZleblobaa naxSirbadis nanomilakis 

gamoyeneba wyalbadis Sesanaxad, Tboelementebis konstruirebisas momavali 
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avtomobilebis warmoebaSi eleqtro energiis wyarod (akumuliatorad). 

miRebuli maqsimaluri tevadoba Seadgens 1200 mla•sT/kg. efeqturi 

gamoyeneba hpoves naxSirbadis nanomilakebma superkondensatorebSi, 

romelic warmoadgens eleqtrolitSi CaSvebul da erTmaneTisgan membrana-

separatoriT gamoyofili ori eleqtrodis sistemas. maTSi gamoiyeneba 

ormagi eleqtruli Sris efeqti. naxSiris nanomilakebian 

superkondensatorebSi eleqtrodebs Soris manZili mcirdeba mikronidan 

nanometramde.                

Seqmnilia oTaxis temperaturaze momuSave velis tranzistori, sadac 

Camketad gamoyenebulia naxSirbadis nanomili. masze Zabvis mcire 

cvlileba iwvevs nanomilis gamtareblobis 106 - jer da ufro metad 

cvlilebas, rac ukeTesia, vidre siliciumian velis tranzistorebisTvis. 

aseTi tranzistoris gadarTvis dro Seadgens terahercebs, romelic 1000-

jer ufro swrafia zemoT aRniSnulTan SedarebiT. 

      naxSirbadis nanomilakebis gamoyeneba SesaZlebelia biologiur da 

samedicino teqnologiebis integraciisaTvis. nanomilakis da 

biomolekulis modificirebis biologiuri SeTavsebis sakiTxi, romelic 

sawyis stadiaSia, swrafad viTardeba. modifikacia SesaZlebelia gaxsnili 

milakis SigniT, RruSi dezoqsiribonukleinis mJavis (dnm) SeyvaniT, 

romelsac SeuZlia C citoqromis eleqtronis gadatana. modificirebis 

sakiTxis gadawyvetis Semdeg SesaZlebeli iqneba ama Tu im organos 

ujredTan naxSirbadis nanomilakiT wamlis saSualebis mitana, ise, rom ar 

daziandeba janmrTeli ujredi.                               

mrewvelobis erT-erTi dargi, sadac warmatebiT gamoiyeneba naxSiris 

nanomilakebi, aris _ mSenebloba. am mimarTulebiT yuradReba gadatanilia 

axali, ufro gamZle, msubuq da iaf samSeneblo masalis ASeqmnaze. rogorc 

am Tematikaze sxvadasxva publikaciis analizi aCvenebs, didi miRwevabi 

ukve saxezea. kargi meqanikuri Tvisebebis mqone naxSiris nanomilis 

moculobiT 5%-is SeyvaniT aluminSi, misi simtkice izrdeba orjer, 10%-is 

SeyvaniT _ eqvsjer, xolo foladis simtkice izrdeba Svidjer masSi 

nanomilakis _ 30% -is Seyvanisas. agreTve, Seqmnilia antimikrobuli 

Tvisebis mqone saRebavi, romelic usafrTxoa janmrTelobisaTvis, gamZlea 

gare faqtorebis moqmedebis mimarT da antikoroziulia.  
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naxSirbadis nanomilakebs aqvT unikaluri fiziko-qimiuri, optikuri, 

meqanikuri da siTburi Tvisebebi. bevri maTgani bolomde araa Seswavlili, 

bolomde araa cnobili maTi zrdis meqanizmi. SesaZlebelia bevri sxva 

Tvisebebic araa aRmoCenili. 

sakontrolo kiTxvebi 

1. aRwereT grafitis lazeruli aorTqlebis meTodi; 

2. daaxasiaTeT fulerenis miRebis xerxebi; 

3. CamoTvaleT fulerenis da nanomilakis ZiraTadi Tvisebebi da 

gamoyenebis sfero; 

4. CamoTvaleT fulerenis bunebrivi wyaroebi.  

 

 

 

 

 

41.eleqtronuli mikroskopiis gazomvis arsi და მეთოდები 

mikro- da nanozomis obieqtebis SeqmnisaTvis, cxadia unda iyos 

SesaZlebloba masalebis atomuri Sedgenilobis, formis da struqturis 

nanodoneze gansazRvra. farTod gavrcelebuli optikuri mikroskopiis 

SesaZleblobebi SezRudulia, misi dabali garCevisunarianobis gamo, 

romelic ganisazRvreba xiluli sinaTlis talRis sigrZiT. amitom, masTan 

SedarebiT,  eleqtronuli nakadi ufro efeqturia da garCevisunarianoba 

bevrad meti. nanonawilakisaTvis `mikroskopiis~ terminis gamoyeneba 

procesis arss srulad ar asaxavs, ufro moxerxebuli iqneboda termini 

`nanoskopia~. 

Tanamedrove etapze arsebobs nanostruqturebis analizisa da 

diagnostikis mravali meTodebi. es meTodebi unda iyos nimuSisaTvis 

aradamrRvevi da atomuri da eleqtronuli struqturis didi sizustiT 

gamsazRvreli. es meTodebia: difraqciuli (rentgenosruqturuli, 

eleqtronografiuli); speqtroskopiuli (oJe_eleqtronuli speqtroskopia, 

iw-speqtroskopia, meoradi eleqtronebis mas-speqtroskopia) da 

rezonansuli (eleqtronuli paramagnituri, birTvuli magnituri, 
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birTvuli gama-rezonansuli). am meTodebiT SesaZlebelia ganisazRvros 

nawilakTa struqturuli darRvevebis xarisxi, zedapiruli CanarTebis 

arseboba, eleqtronebis simkvriveTa ganawileba da a.S. 

yvela mikroskopiis amocanaa – damkvirebels misces mcire obieqtebis 

gadidebuli gamosaxuleba im zomamde, rom SesaZlebeli iyos ganasvaos am 

detalebis fizikuri maxasiaTeblebi. ase magaliTad, optikuri mikroskopi 

iyenebs sinaTlis nakads da obieqtis sxvadasxva ubnebs Soris STanTqmis, 

arekvlis da gardatexis koeficientebs Soris sxvaobas. misi garCevis 

unarianoba, relies optikuri teqnikis safuZvelze, ganisazRvreba sinaTlis 

talRis sigrZis naxevriT. amitom, garCevisunarianoba praqtikulad 

SemosazRvrulia 200nm-iT. Seqmnili situaciidan gamosavalia is, rom 

Seiqmnas xelsawyo, sadac gamoyenebul iqneba talRuri gamosxiveba ufro 

mokle talRis sigrZiT, anu gamosxiveba aratalRuri bunebiT. 

zemoT aRniSnuli iyo, rom eleqtrons aqvs dualizmis buneba, anu is 

nawilakTan erTad aris talRa da SeiZleba misi marTva eleqtruli da 

magnituri linzebiT, ise rogorc geometriul optikaSi sinaTlis marTva 

optikuri linzebiT. am safuZvlebs eyrdnoba eleqtronuli mikroskopiis 

ZiriTadi principebi. aq sinaTlis nacvlad gamoiyeneba eleqtronebi, 

romlebsac aqvT bevrad mokle talRis sigrZeebi da garCevisunarianobac 

bevrad gazrdilia. eleqtronebis gabneva yovelTvis moxdeba, amitom 

eleqtrul mikroskopSi unda iyos maRali vakuumi eleqtronebis mTel 

gzaze. 

maskanirebeli zonduri mikroskopia (mzm) _ zedapiris lokaluri 

Tvisebebisa da morfologiis Seswavlis yvelaze Tanamedrove meTodia, 

romelic gamoirCeva didi garCevisunarianobiT. Seqmnilia maskanirebeli 

zomderi mikroskopis mTeli seria _ xelsawyoebi, romlebSic gamosakvlevi 

zedapiris skanireba xdeba specialuri nems-zondiT (mTel zedapirze namsis 

gadaadgilebiT gansazRvruli bijiT), Sedegad registrirdeba gvirabuli 

deni (gvirabuli mikroskopi). zonduri mikroskopebi arian ara marto 

gamzomi xelsawyoebi, aramed arian instrumentebi, romelTa daxmarebiT 

SeiZleba formirdes da Seqmnas nanosruqturebi.  
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42. maskanirebeli gvirabuli mikroskopi. 

maskanirebeli gvirabuli mikroskopi (mgm) Seqmnes binigma da riorerma, 

risTvisac 1986 wels mieniWaT nobelis premia. am xelsawyos muSaoba 

emyareba metalur nemssa da masTan axlos myof gamtar nimuSs Soris 

gvirabuli denis aRricxvis princips. nemssa da zedapirs Soris manZili 

regulirdeba piezoelementiT.        

Tu es manZili ~ 1nm-ia, maSin zondsa da nimuSs Soris aRiZvreba 

gvirabuli deni, romelic mkacradaa damokidebuli am manZilze. am 

manZilze xdeba nemsis boloze myof eleqtronis da nimuSis eleqtronis 

talRuri funqciebi urTerT gadfarva da zondze mcire (0,01 . . . 10 v) 

Zabvis modebiosas aRiZvreba gvirabuli deni (1 . . .103 pa). cxadia, rom mgm-is 

muSaoba unda xdebodes maRali vibroizolaciisa da maRali vakuumis 

pirobebSi, radgan vibracia da haeris erTi molekulac ki gaakeTebs mokle 

CarTvas da deni ar gaizomeba.  

gamoiyeneba mgm-is ori saxe: skanirebis mudmivi simaRliT, anu z = Const, 

rac mocemulia nax.42.1 a)-ze da gvirabuli mudmivi deniT, anu  Igv = Const, 

romelic gamosaxulia  nax.42.1 b)-ze. ganvixiloT maTi muSaobis principi. 

           

                  a)                             b) 

nax.42.1. maskanirebeli gvirabuli mikroskopis ori saxe: 

       skanirebis mudmivi simaRliT (a) da gvirabuli  

                    mudmivi deniT (b). 
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 skanirebis mudmivi simaRlis mikroskopSi ZiriTadi signalia 

gvirabuli Igv denis sididis dafiqsireba. is damokidebulia zedapiris 

topografiaze – Mmasze arsebuli aweulebebis, Caweulebebis, nakawrebis, 

safexurebebis (maT Soris erTatomianis), adsorbirebuli atomebis da 

vakansiebis raodenobaze. zedapirze arsebuli atomi, romelzedac gadadis 

zondi, gansazRvravs gvirabuli denis sidides. radganac Igv damokidebulia 

∆z–ze, amitom zondidan signali Zlierdeba da Caiwereba Igv-s cvlileba 

zedapiris cvlilebis mixedviT. 

am meTodis dadebiTi mxare isaa, rom skanirebis siCqarea didi, rac 

iZleva saSualebas daukvirdeT gamosakvlevi zedapiris cvlilebis 

dinamikas. uaryofiT mxared iTvleba is, rom Igv dafiqsirebisaTvis 

zondidan zedapiramde manZili unda iyos mcire, anu zedapiri unda iyos 

rac SeiZleba mkacrad paraleluri. 

am meTodis alternativuri meTodia, rodesac zondis varirebiT 

zedapiris mimarT (∆z yovelTvis mudmivia) SenarCunebulia gvirabuli Igv 

denis sididis mudmivoba. varireba xorcieldeba ukukavSiris wrediT da 

Sesabamisi meqanikuri meqanizmiT (piezoaktuatori). radgan saWiroa 

signalis damuSaveba ukukavSiris eleqtronikiT, gaZliereba da gadacema 

meqanikur meqanizmze, amitom unda moxdes ukukavSiris awyoba yovel 

gadaadgilebaze. es amcirebs skanirebis siCqares, magram iZleva saSualebas 

zustad davicvaT manZili zondsa da zedapirs Soris da SeviswavloT 

sxvadasxva topologiis zedapirebi.  

arsebobs mgm-is ramdenime modificirebuli meTodi, erT-erTi aseTia 

lokaluri speqtroskopia. zedapiris erT romelime wartilze zondis 

gaCerebisas, masSi Zabvis varirebiT SeiZleba gadaRebul iqnas 

gadasasvlelis volt-amperuli maxasiaTebeli (vam). es iZleva sakvlevi 

nimuSis zedapiris ubanSi  eleqtronis energetikuli speqtris dadgenas. 

maskanirebeli gvirabuli mikroskopis mniSvnelovani naklia is, rom 

gamokvlevisaTvis gamodgeba mxolod eleqtrogamtari masalebi, radganac 

zondsa da sakvlev zedapirs Soris unda gaiaros denma. amitom, is 

gamoiyeneba metalebis, nadnobebis, zegamtarebis da naxevargamtarebis 

zedapirebis SeswavlisaTvis. 
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43. atomur-Zaluri mikroskopia. 

atomur-Zaluri mikroskopia (aZm) Seqmna biningma, TanaavtorebTan 

erTad, gvirabuli mikroskopiis Seqmnidan ramdenime xanSi. yvela saxis aZm-

is muSaobis principi mdgomareobs zondis da zedapiris mcire manZilze 

urTierTmoqmedi e. w. dispersiuli Zalis gazomvaSi. es Zala 

TviTaRgznebadi, fluqtuaciuri Zalaa, romelic myisierad warmoiqmneba 

dipoluri momentebis SeqmniT. Seqmnili dipoli axdens mezobeli atomebis 

eleqtronuli garsis polarizacias da mcire manZilze maTSi qmnis 

lokalur dipolur moments. inducirebuli momentebis moqmedeba mcire 

manZilze iwvevs atomebis mizidvas, romelic kidev ufro miaxloebisas 

icvleba ganzidviT, romelic gamowveulia eleqtruli garsebis moqmedebiT. 

aseTi TviTaRgznebis Zalebis Seqmnis meqanizmi daamuSava gasuli saukunis 

30-ian wlebSi ingliselma fizikosmz londonma da ewoda dispersiuli 

urTierTqmedeba. 

    rogorc wesi, zondi Tavsdeba drekadi firfitis erT boloze, 

romlis meore bolo xistadaa damagrebuli (nax. 43.1.). or molekuls Soris 

moqmedebis  Zala  mkveTradaa damokidebuli maT Siris  manZilze. 

urTierTmoqmedi sxeulebia zondi (nax.43.1-ze1) da sakvlevi zedapiri 

(nax.43.1-ze3). maTi daaxloeba saWiro manZilamde da skanireba xorcieldeba 

piezoeleqtruli transliatoriT (nax.43.1-ze6). Zalebis aRZvrisas (mizidva 

an ganzidva) Seicvleba manZili zondsa da zedapirs Soris, rac 

dafiqsirdeba an fotodiodiT (nax.43.1-ze5) an gvirabuli zondiT (nax.43.1-ze 

8). zondad SeiZleba iqnas gamoyenebuli 5÷50 nm-is diametris siliciumis 

monokristali an volframi. 

 ukukavSiris meqanizmi reagirebs optikuri sxivis svlis cvlilebasda 

moqmedebs piezoeleqtrul gardamqmnelze, romelic aregulirebs 

zedapiridan zondamde manZils. aZm-Si sakvlevi zedapiris skanireba xdeba 

`zedapirze mudmivi ZaliT~ (rogorc mgm-Si `mudmivi deniT~). preciziuli 

marTvis principi, romelic damyarebulia ukukavSirze da sakvlevi 

zedapiris reliefis nanoskopuri gazomva aZm da mgm-s aqvT erTnairi.  

aZm SeiZleba gamoyenebul iqnas nebismieri masalis (gamtaris, 

dieleqtrikis da naxevargamtaris) zedapiris reliefis nanodoneze 

gansazRvisaTvis.  misi  saSualebiT  daimzireba  struqturuli  lokaluri 
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                                  g 

nax.43.1. atomur-Zaliri mikroskopis muSaobis principi, signalis  

       fotodiodiT (a), gvirabuli zondiT (b) da saerTo (g)  

                 fiqsaciiT: 1–zondi (nemsi); 2-drekadi firfita; 3-sakvlevi 

           zedapiri;4-sarke;5-fotodiodi; 6-piezoeleqtruli  

           transliatori; 7-lazeris sxivi da 8-gvirabuli zondi. 

        

defeqtebi, minarevebi, sxvadasxva CarTvebis sazRvrebi, biologiuri 

obieqtebi da sxva fundametaluri Tu gamoyenebiTi xasiaTis amocanebi.  
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44. maskanirebeli siTburi mikroskopia. 

maskanirebeli siTburi mikroskopi (msm) aregistrirebs siTbos 

ganawilebas nimuSis zedapirze. misi mgrZnobiarobaa 50 nm, radganac ufro 

mcire manZilze iseTi makroskopuli sidide, rogorc temperaturaa 

SeuZlebelia. msm-is zondi aris, albaT, msoflioSi yvelaze mcire 

Termometri: mas SeuZlia gazomos zedapiris temperaturis cvlileba 

gradusisi 10-4 nawilis sizustiT, ramdenime aTeul nm manZilze. zondi 

warmoadgens 30 nm diametris monikelebul volframis mavTuls. W – Ni 

muSaobs, rogorc Termowyvili. roca gamTbari zondis wvero miuaxlovdeba 

sakvlev (myar) nimuSs, romelic siTos ufro kargi gamtaria, vidre haeri, 

wveros siTbodanakargebi gaizrdeba. is gacivdeba da Termowyvilis Termo 

eleqtromamoZravebeli Zala (TemZ) Semcirdeba RreCos zomis Secvlis 

proporciulad. da piriqiT, zondis zedapiridan dacilebisas TemZ 

izrdeba. maSasadame, siTbos cvlileba adgens zedapiris topologias, ise 

rogorc gvirabul mikroskopSi _ denis cvlileba. msm ufro xSirad 

gamoiyeneba cocxal ujredSi temperaturis kartografirebisas. 

sakontrolo kiTxvebi: 

1. ra principze muSaobs maskanirebeli gviravuli mikroskopi? 

2. ra dadebiTi da uaryofiTi mxareebi aqvs maskanirebel gviravul 

mikroskops? 

3. ra principze muSaobs atomur-Zaluri mikroskopi? 

4. ra principze muSaobs maskanirebeli siTburi mikroskopi? 
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sakiTxavi masala  

45. kavSiri talRur da kvantur movlenebs Soris 

gamosxivebis Teoriidan mivediT im daskvnamde, rom eleqtroni 

nawilakic da talRacaa, anu aqvs dualizmi. maSin, eleqtromagnituri 

talRis gavrceleba da interferencia SeiZleba aRiweros maqsvelis 

talRuri TeoriiT. meores mxriv, am energiis nivTierebaze 

moqmedebaSeiZleba aRiweros sinaTlis kvantebis moqmedebiT, anu 

nawilakTa moqmedebiT. radganac fotonebi vrceldebian sinaTlis 

siCqariT, maTi masa, energia da impulsi unda ganisazRvron 

relativisturi meqanikiT. 

ainStainis fardobiTobis Teoriie Tanaxmad   siCqariT moZravi 

nawilqkis masa: 

                     
22

0

/1 cv

m
m


                                                                        (45.1) 

gavamravloT es efeqturi masa 2c -ze da mniSvneli gavSaloT mwkrivad, 

maSin: 

                    ....
8

3

2

1
2

4

0

2

0

2

0

2 
c

mmcmmc


                                                            (45.2) 

da CamovayaliboT Semdegnairad:
 0m uZraobis masis mqone nawilaki 

ukavSirdeba 
2

0cm energias. niutonis meqanikis Tanaxmad,  « c siCqariT 

moZrav nawilaks aqvs 
2

0
2

1
m

kinetikuri energia. fotonisTvis, romelsac 

ara aqvs uZraobis masa, samarTliania (2.9)-is mxolod marcxena mxare. 

fotonis energia: 

                                               E h = 2mc ,                                                                              (45.3) 

aqedan fotonis masa:
 

                                                       
2c

E
m  h / 2c =7,36·10-51 ,    კგ                                    (45.4) 

xolo impulsi 

                                                            mcP  h / c =h/λ                                                      (45.5) 
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(45.3) da (45.5) gantolebebis Tanaxmad sinaTle SeiZleba ganvixiloT an 

korpuskularuli midgomiT – fotonis energiiT da impulsiT, an 

aRviqvaT, rogorc talRa – sixSiriT da talRis sigrZiT. de broilma 

gaakeTa postulireba dualizmis Sesaxeb, rom kvanturi toloba energiasa 

da impulss Soris universaluria da aseTia: 

                                               E h                                                        

                                          mvP  h/λ                                                                        (45.6) 

de broilis am gantolebiT nebismieri nawilakis moZraoba SeiZleba 

ganvixiloT, rogorc talRuri movlena. nawilakis moZraoba aRiwereba 

statistikuri movleniT da misi ganawileba ganisazRvreba talRuri 

suraTiT. 

aseTi mniSvnelovani debulaba damtkicda cdiT, roca daimzira 

eleqtronebis difraqcia nikelis meserze devisonis da jermeris mier. 

gamoTvlebma aCvena, rom gabneuli eleqtronebis talRis sigrZe unda 

yofiliyi: 

                                      λ=h/ mv h/ P                                                                               (45.7) 

Tanaxmad de broilis gamonaTqvamisa. 

nebismieri mZime nawilakebic amJRavneben dualizms, magram maTi mokle 

talRebis gamo talRuri bunebis demonstracia Znelia. eleqtromagnituri 

talRebi Seicaven mravali fotonis statistikur informacias. amitom 

gamosxivebis intensioba, gamoxatuli poitingis veqtoriT, fotonebis 

saSualo ricxvia, gamavali farTis erTeulSi, drois erTeulSi, anu 

fotonebis nakadis simkvrive gamravlebuli kvantis energiaze: 

                                       NS   h ,    ვტ/მ2                                                                  (45.8) 

Tu N  Zalian mcire ricxvia, adgili aqvs mniSvnelovan statistikur 

fluqtuacias da eleqtromagnituri Teoria azrs kargavs. meore mxriv, de 

broilis talRa dakavSirebulia calkeuli nawilakis lokalizaciasTan. 

iq, sadac talRa Zlieria, albaTuria, rom imyofebodes nawilaki, sadac 

sustia – nawilaki araa. sivrcis nebismier wertilSi de broilis talRis 
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intensioba axasiaTebs mocemul wertilSi nawilakis arsebobis 

albaTobas.  

niutonis meqanika iZleoda, rom Tu mocemuli iyo sawyisi pirobebi, 

drois nebismier momentSi SeiZleboda zustad gagvensazRvra nawilakis 

mdebareoba da impulsi. axla aRmoCnda, rom es piroba ekuTvnis mxolod 

makroskopul samyaros. rogorc geometriuli optika icvleba talRuri 

optikiT, aseve niutonis meqanika icvleba axali talRuri meqanikiT. es 

ukanaskneli efuZneba de broilis gantolebas, roca talRis sigrZe 

uTanaddeba mocemuli amocanis maxasiaTebel raRac sigrZes. 

rodesac gazomvisas saqme gvaqvs metrebTan, kilogramebTan da 

wamebTan, de broilis talRis sigrZe umniSvneloa. Tu 1kg-is mqone masa 

moZraobs 1m/wm siCqariT, maSin (45.7)-is Tanaxmad talRis sigrZe: 

 

                                   λ=h/1·1=6,623·10-34, მ                                                             (45.9) 

meors mxriv, eleqtronis mcire mas gvaiZulebs gamoviyenoT talRuri 

(kvanturi) meqanika. eleqtronis aseTi kvanturi warmodgena kargad xsnis 

rezerfordis atomis stacionalur mdgomareobebs. Tu mbrunavi 

eleqtronis mdebareoba aRiwereba talRuri albaTobiT, is arsebobs 

mxolod im orbitaze, sadac adgili aqvs mdgar talRas da ar ispoba de 

broilis talRis interferenciisas. Sesabamisad, moTxovna imisa, rom 

wyalbadis atomis wriuli orbitis perimetri unda iyos talRis sigrZis 

mTeli ricxvi, gvaZlevs stabilurobis pirobas: 

                               nr 2 ,    სადაც  ,1n  2, 3, .  .  .                                      (45.10) 

Tu talRis sigrZis nacvlad SemovitanT de broilis gantolebiT 

impulss, maSin (45.10) uSualod gadava boris rotatoris dakvantvis 

pirobad: 

                                                    Pr= nP                                                                 945.11) 

es Sedegi damakmayofilebelia, magram nawilobriv ewinaaRmdegeba 

kvantur meqanikis kanonebs. kerZod, Semdeg dadginda, rom haizenbergis 

ganuzRvrelobis principiT ar SeiZleba erTdroulad ganvsazRvroT 

impulsi da koordinati, romlebic Sedian (45.11) formulaSi, boris 
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Teoria xarisxobrivia Tavisi aRweriT. raodenobrivi aRwerisTvis, rom 

gamoviyenoT talRuri koncefcia saWiroa amovxsnaT ZiriTadi talRuri 

gantoleba. es amocana pirvelad ganixila da amoxsna Sredingerma. 

fizikis zogadi kursidan cnobilia eleqtromagnituri velisTvis 

talRuri gantolebebi. + x  mimarTulebiT aramilevadi eleqtruli da 

magnituri brtyeli talRa aseTi saxiT gamoisaxeba: 
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                                                       (45.12)        

romelic miiReba Semdegi diferencialuri gantolebebis amoxsniT:                                   
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                                                           (45.13) 

analogiurad, + x  mimarTulebiT gavrcelebuli de broilis 

talRisTvis SeiZleba daiweros funqcia: 

                                    







 xtA





2
exp ,                                                        (45.14) 

romelic cxadia, Semdegi talRuri gantolebis amonaxsnia: 

                                               0
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                                                        (45.15) 

am talRis sixSire de broilis gantolebis Tanaxmad, ganisazRvreba 

nawilakis sruli energiiT: 

                                                           hE  ,                                                                (45.16) 

im dros, roca talRis sigrZe moicema impulsiT an misi kinetikuri 

energiiT 
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                               (45.17) 

nawilakis kinetikuri energia sxvaobaa misi sruli da potencialuri 

energiebisa, anu  

                                                    UEW  ,                                                       (45.18) 

amitom (45.17)-dan miiReba 
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(45.15) gantolebaSi (45.19) gamosaxulebis Setanis Semdeg miiReba: 
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Tu nawilaki Tavisuflad moZraobs yvela mimarTulebiT (da ara marto x  

mimarTulebiT), maSin 
22 / x  unda Seicvalos laplasis operatoriT da 

miiReba Sredingeris cnobili gantoleba: 

                                           0)(
2

2

2   UE
m


.                                                  (45.21) 

Sredingeris gantolebis amonaxsni iZleva  talRuri funqciis sivrceSi 

ganawilebis suraTs. misi absoluturi sididis kvadrati, anu  -s namravli 

mis SeuRlebulze  sivrcis dV elementSi, rogorc bornma aCvena, 

aRniSnavs am elementSi nawilakis yofnis albaTobas. integrali, talRuri 

albaTobis intensiobidan mTel sivrceSi, unda iyos erTis toli: 

                                                 1dV  ,                                                         (45.22) 

radganac, nawilaki aucileblad imyofeba sadRac sivrceSi. es toloba 

iwodeba de broilis talRis normirebis pirobad. is iTxovs, rom  funqcia 

da koordinatiT misi meore warmoebuli iyvnen sasrulni da uwyvetni. es 
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talRuri meqanikis mniSvnelovani Semofargvlaa. gamyof sazRvarze myofi 

wertilisTvis es moTxovna cnobilia, rogorc sasazRvro piroba. 

talRur movlenebs Tu ganvixilavT droze damokidebulebiT, maSin 

Sesabamisi Sesworebebi unda SevitanoT Sredingeris gantolebaSi. (45.14)-dan:  

                                                 







t
                                                               ( 45.23) 

da de broilis Tanaxmad 

                                                         


E
                                                                     (45.24) 

wina formulas CasmiT miiReba: 
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(45.25)-is (45.21)-Si Casmis Semdeg miiReba Sredingeris talRuri gantoleba: 
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maqsvelis gantoleba sxvadasxva pirobebSi zustad ixsneba. Sredingerma 

didi warmatebiT gamioyena Tavisi gantoleba wyalbadis atomisTvs, wrfivi 

oscilatorisTvis da sxva problemebisTvis. cxadia, nawilakis talRuri 

buneba, rogorc zemoT aRiniSna, bunebis kanonia da Sredingeris 

gantolebaze dafuZnebulma kvanturma meqanikam mogvces molekuluri 

samyaros raodenobrivi aRwera. eleqtromagnituri velis gantolebisgan 

gansxvavebiT, Sredingeris gantoleba zustad SeiZleba amoixsnas zogierT 

SemTxvevaSi. 

ZiriTadi gansxvaveba isaa, rom fotonebi ZiriTadSi erTmaneTze ar 

moqmedeben, roca sxva nawilakebi erTmaneTze moqmedeben didi ZalebiT. ase 

magaliTad, sxva damuxtuli nawilakiT Seqmnil kulonur velSi moZravi 

eleqtroni inarCunebs Tavis srul energias da de broilis talRis 

sixSires. magram, misi kinetikuri energia da Sesabamisad, eleqtronis 

talRis sigrZe icvleba sivrceSi wertilidan wertilamde. optokaSi saqme 

gvaqvs erTgvarovan dieleqtrikebTan. de broils talRebi gadian gabneul 
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areebSi, sadac gardatexis koeficientebi icvlebian wertilidan wertilSi. 

erTdroulad vxedavT klasikuri meqanikis Zvel siZneleebs: ori sxeulis 

problema SeiZleba zustad gadaiWras, xolo mravali sxeulisa nawilobriv.  

sakontrolo kiTxvebi: 

1. ra kavSiria eleqtronis moZraobasa da misi yofnis albaTobas Soris? 

2. aCveneT kavSiri talRur da kvantur movlenebs Soris;  

 

 

 

 

46. kondos efeqti 
 

klasikuri warmodgenis Tanaxmad, metalebis eleqtruli winaRoba 

mcirdeba temperaturis SemcirebasTan erTad, radganac eleqtronebi sul 

ufro mcired da mcired gaibnevian kristaluri meseris siTbur rxevebze. 

magram, dabali temperaturis areSi temperaturis SemcirebiT SeimCneva 

winaaRmdegobis sami saxiT svla, romelic mocemulia nax.46.1-ze. 

                      

            

   nax.46.1. metalebis winaaRmdegobis cvlilebis tipebi (0_10)K 

                  temperaturis intervalSi: zegamtari (1), gajerebul 

         gamtariani (2) da kondos efeqtiani gamtari (3). 

 

zogierTi metalebis (magaliTad, Pb, Nb) winaaRmdegoba, temperaturis Tz 

temperaturamde Semcirebisas, mcirdeba da Semdeg ecema nulamde, anu xdeba 

zegamtari (nax.46.1-is 1), xolo bevri sufTa metalebis (magaliTad, Cu, Au, 

Al) winaaRmdegoba mcirdeba _ raRac narCen sididemde (nax.46.1-is 2). magram, 
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mcire magnituri SenaerTebis, rogoricaa Fe, Co, Ni, mqone metalebis 

winaaRmdegoba Zalian mcire temperaturaze izrdeba (nax.46.1-is 3), rasac 

ewodeba kondos efeqti (Kondo effect) da es dakavSirebulia nimuSSi yvela 

eleqtronebis sruli spinis aranulovan mniSvnelobasTan. es efeqti 

daimzireba ara marto magnitur minarevebian metalebSi, aramed kvantur 

wertilebSic. Tk temperaturas, romlis Semdeg winaaRmdegoba kvlav 

izrdeba, ewodeba kondos temperatura. 

46.1. magnitur minarevebian metalebSi kondos efeqti. kondos efeqti 

magnitur minarevebian metalebSi SeiZleba aixsnas andersonis modeliT, 

romlis energetikuli ilustracia mocemulia nax.46.2-ze. aramagnitur 

metalSi magnituri minarevis atomi warmoadgens kvantur Was, romelsac 

matriculi metalis E0 fermis donis dabla aqvs mxolod erTi 

energetikuli done. es done dakavebulia erTi eleqtroniT, 

individualuri spiniT, magaliTad, eleqtronis spini mimarTulia maRla, 

rogorc es diagramaze isriTaa naCvenebi (nax.46.2-is a). minarevuli atomi 

garSemortymulia matriculi metalis atomebis mravali eleqtronebiT, 

romelTaTvis fermis dones qvemoT yvela energetikuli mdgomareobebi 

dakavebulia, xolo maRla _ carielia. roca nimuSze edeba eleqtruli 

wanacvleba, maSin eleqtrul RrubelSi dakavebuli doneebi advilad 

wainacvleben Wis orive mxares.  

ormoSi, romelic xasiaTdeba U energiis jebiriT, kidev erTi 

eleqtronis damateba  kulonuri  urTierTqmedebiT  akrZalulia.  

minarevis  atomidan  erTi eleqtronis  moSorebisaTvis saWiroa  sistemi – 

      

 

nax.46.2. metalSi magnituri minarevis arsebobisas, nimuSze eleqtruli 



122 

 

   wanacvlebisas kondos efeqtis axsnis andersoniseuli modeli: 

   sawyisi (a), virtualuri (b) da saboloo (g) mdgomareobebi; (d) _  

   energiis simkvrive. 

 

 

saTvis sul mcire E0 energiis damateba (nax.46.2-is a). magram, haizenbergis 

ganuzRvrelobis principis Tanaxmad,  eleqtrons SeuZlia datovos ormoSi 

done mcire droiT rigiT h/E0, gavides gvirabulad da daikavos ormos 

gareT aradidixniT, klasikurad akrZaluli virtualuri mdgomareoba 

(nax.46.2-is b) da Semdeg mis adgilze ormoSi Cajdes metalis matricis 

mravali eleqtronebidan erT-erTi (nax.46.2-is g). axlad mosul eleqtrons 

SeiZleba hqondes sawinaaRmdego mimarTulebis spini, rac Secvlis 

minarevis spinis jamur mimarTulebas. amis Sedegad nimuSis am adgilze 

gaCndeba minarevis spinis sawyis da saboloo mimarTulebebs Soris 

gansxvaveba. 

spinebiT gacvla xarisxobrivad cvlis sistemis mdgomareobaTa 

simkvrivis energetikul maxasiaTebels. erTad mimdinare mraval aseT 

procesebs ewodebaT kondo-rezonansuli procesebi. aseTi rezonansi qmnis 

axal eleqtronul mdgomareobas, rasac ewodeba kondo mdgomareoba 

fermis energiis toli energiiT. es mdgomareoba yovelTvis `rezonansSia~ 

fermis donesTan. radganac, kondo-mdgomareoba iqmneba minarevuli 

magnituri atomTan axlos lokalizirebul da metal-matriculi 

Tavisufal eleqtronTa Soris gacvliTi procesebiT, amitom kondo efeqti 

warmoadgens mravali sxeulis tipiur efeqts. eleqtronebi, romlebmac 

imoqmedes magnitur minarevTan da moaxdines mis axlos lokalizacia, 

qmnian kondo-Rrubels. amaTgan yoveli eleqtroni minarevis da urTierT 

mimarT flobs informacias. ase, rom RrubelSi eleqtronebi urTierT 

kavSirSia.  

dabaltemperaturul diapazonSi temperaturis SemcirebiT winaRobis 

zrdis faqti aris kondo-mdgomareobis arsebobis damadasturebeli. es 

mdgomareoba zrdis fermis donesTan axlo myof eleqtronTa gabnevas. 

dabal temperaturaze, gamtareblobis eleqtronebis hibridizacia metalSi 

magnituri minarevis atomis lokalizirebul eleqtronebis spinebTan 
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iwvevs xvedriTi winaRobis zrdas. sruli xvedriTi winaRoba, rogorc 

temperaturis funqcia ase gamoisaxeba:  

             ρ=AT
5
 – BlnT + C                                                                           (46.1) 

sadac A, B, C – mudmivebi damokidebulia magnituri ionebis koncentraciaze, 

gacvliT energiaze da gabnevis Zalaze.  

kondos temperatura:     Tk = √ΔE/2 expπE0(E0 + Ư)/ ΔE                           (46.2) 

sadac ΔE – minarevis energetikuli donis sifarTea, gadidebuli 

eleqtronuli gvirabgasvliT (nax.46.2-is d). 

kondo-sistemisaTvis fardoba mis aqtiur R winaRobasa da absolutur 

nul temperaturaze R0  winaRobas Soris damokidebulia mxolod 

temperaturebze, rogorc R/R0 = ƒ(T/Tk). yvela masala, romelic Seicavs 

minarevs spinebiT 1/2, SeiZleba aRiweros imave temperaturuli 

damokidebulebiT _ funqciiT ƒ(T/Tk). sistema SeiZleba mTlianad 

davaxasiaToT kondos temperaturiT, masSi Semavali ΔE,  E0  da  Ư 

parametrebiT. 

        46.2. kvantur wertilebSi kondos efeqti. kvanturi wertili (kw) 

sistemaTa meore klasia, sadac informaciis gadatanis transportis 

Tvisebaze damzerili iqnas kondos efeqti. am SemTxvevaSi sistemis 

parametrebze kontroli ufro maRal donezea SesaZlebeli, vidre es iyo 

magnitur minarevebian moculobiT metalSi. kvanturi wertili Seicavs 

mkacrad gansazRuli raodenobis eleqtronebs da SeiZleba imoqmedon, 

rogorc magnituri minarevi. luwi raodenobis eleqtronebisaTvis sruli 

spini SeiZleba iyos nuli an mTeli ricxvi da kenti raodenobisaTvis _ 

mTelis naxevari. bolo SemTxveva kondos efeqtis klasikuri magaliTia. 

yvelaze maRali energiis mqone, erTi eleqtronis garda SeiZleba sxva 

eleqtronebi ugulvebelvyoT, anu es SemTxveva eqvivalenturia erTi 

eleqtronis arsebobisa spiniT s=1/2. 

Camketiani kvanturi wertili SeiZleba eleqtrulad gadaerTos `kondo-

sistemis~ mdgomareobidan `ara kondo-sistemis~ mdgomareobaSi, maTSi 

eleqtronebis  kenti  ricxvis  raodenobis  _  luwis SecvliT (nax.46.3 a).  
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a)                                         b) 

nax.46.3. mmarTvadi kw (a) da misi gamtareblobis cvlileba ZabviT (b): 

                        T= ___ 0,25K da _ _ _ 1K. 

  kvanturi  wertili  SeerTebulia or eleqtronebis gvirabgamsvlel 

arxTan, romelTagan eleqtronebis gaSvebis SesaZlebloba imarTeba 

Sesaval da gamosaval Camketebze Zabvis cvlilebiT. kw-is kavSiri 

eleqtronebis gamomdenTan da CamdenTan gansazRvravs kw-is mdgomareobis 

ΔE energias. kw-Si eleqtronebis ricxvi da maTi energiis done 

regulirdeba centralur Camketze modebuli ZabviT. kondos temperatura 

SeiZleba Seicvalos Camketze Zabvis cvlilebiT, radganac 

erTeleqtroniani mdgomareobis energia uaxlovdeba fermis dones.  

erT-erTi mTavari gansxvaveba kvantur wertilsa da magnitur 

minarevebian moculobiT metals Soris mdgomareobs maTSi eleqtronul 

mdgomareobaTa bunebis saxesxvaobaSi. metalSi eleqtronuli mdgomareoba 

_ brtyeli talRebia. minarevul atomebze maTi gabneva iwvevs eleqtruli 

talRebis Serevas nimuSis sxvadasxva areebTan, rac masalis winaRobis 

gazrdis mizezia.  

kw-Si yvela eleqtroni unda movides mxolod erTi wertilis gavliT, 

radgan mis garSemo sxva eleqtruli gza ar arsebobs. eleqtrodebze 

sawinaaRmdego Zabvebisas kondo-rezonansi aadvilebs mdgomareobisaTvis 

Serevis xarisxs, rac zrdis gamtareblobas, anu winaRoba mcirdeba. 

maSasadame, kw-Si kondos efeqts aqvs sawinaaRmdego saxe, vidre moculobiT 

metalSi. nax.46.3-is b)–ze mocemulia kw-is gamtareblobis cvlileba, 

sxvadasxva temperaturaze, Camketze Zabvis cvlilebisas, romliTac 

regulirdeba wertilSi eleqtronTa ricxvi. rodesac kvantur wertilSi 

moTavsebulia eleqtronTa wyvili raodenoba, misi gamtarebloba izrdeba 
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temperaturis SemcirebiT. es miuTiTebs imaze, rom am SemTxvevaSi kondo 

efeqts adgili ara aqvs. kvantur wertilSi eleqtronTa kenti 

raodenobisas _ daimzireba gamtareblobis temperaturaze sawinaaRmdego 

damokidebuleba, rac gamosaxavs kondo efeqtis arsebobas.  

kondo-reJimSi masiuri nimuSis winaRobis msgavsad, kvanturi wertilis 

gamtareblobac damokidebulia mxolod temperaturaTa fardobaze T/Tk. 

umdables temperaturaze gamtarebloba uaxlovdeba gamtareblobis 

kvantur zRvars 2e
2
/h. is faqti, rom gamtareblobam miaRwia am mniSvnelobas, 

niSnavs, rom eleqtronebma gaiares wertili srulad da kondo efeqtma 

wertili gaxada eleqtronebisaTvis mTlianad gamWirvaled.  

kondos efeqti SeiZleba damzeril iqnas kvantur wertilSi 

eleqtronebis luwi ricxvis raodenobis SemTxvevaSic, magram amisaTvis 

nimuSi unda moTavsdes magnitur velSi, eleqtruli mdgomareobebis 

spinebis mixedviT gaxleCisaTvis da Sesabamisi energetikuli doneebis 

SevsebisaTvis. 

47. memristori da misi muSaobis principi 

gardamavali metalis oqsidebma didi gamoyeneba hpoves e.w. 

memristoris SeqmnaSi. memristori SeiZleba ganixilebodes, rogorc 

eleqtruli wredis pasiuri elementi, romlis winaaRmdegoba raRac saxiT 

damokidebulia masSi gamaval muxtis sidideze. wredSi Zabvis gamorTvis 

Semdeg memristori ar icvlis Tavis mdgomareobas, anu inarCunebs 

winaaRmdegobis bolo mniSvnelobas da swored aqedan warmosdgeba misi 

dasaxeleba – (memori resistir) maxsovrobiTi rezistori. 

eleqtroobaSi oTxi ZiriTadi sididea: muxti (Q), deni (denis Zala, I), 

Zabva (potencialTa sxvaoba, U) da magnituri nakadi (Ф). yvela es 

sidideebi wyvil-wyvilad ukavSirdebian erTmaneTs. ase magaliTad, deni 

drois erTeulSi muxtis nakadia, Zabva da deni erTmaneTs ukavSirdeba 

omis kanoniT da a.S. agreTve arsebobs sami materialuri obieqti, e.w. 

wredis pasiuri elementebi, sadac realizdeba am sami sidideebs Soris 

Tanafardoba: rezistori – akavSirebs denis Zalas da Zabvas, 

kondensatori – Zabvas da muxts, induqtioba – magnitur nakads da denis 

Zalas. nebismieri sirTulis eleqtruli wredi da misi eqvivalenturi 
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sqema SeiZleba aigos am pasiuri elementebis da aqtiuri (tranzistorebi) 

elementebis kombinaciiT.  

gasuli saukunis 70-ian wlebSi amerikelma fizikosma leon Cuam 

gamoTqva hipoTeza, romlis Tanaxmad unda arsebobdes eleqtro sqemis 

meoTxe bazuri elementi, romelic aRwerda kavSirs magnitur nakadsa da 

muxts Soris. aseTi elementi ar SeiZleboda Semdgariyo ukve cnobili, 

sxva danarCen sam pasiur elementTa raime kombinaciiT. man am elements 

uwoda memristori, anu `damamaxsovrebeli~  rezostori (nax. 47.1). misi 

winaRoba   damokidebulia  masSi  gamaval muxtis  sidideze,  anu  masSi 

            

             nax.47.1. eleqtruli sqemis bazuri elementebi 

gamaval denis xangrZliobaze. memristoris maxasiTebelia M 

memristoroba (rogorc rezistorisTvis R winaaRmdegoba), romlis 

sididea magnituri nakadis cvlilebis fardoba muxtis cvlilebasTan. 

Cua gamovida im mosazrebidan, rom eleqtruli wredis oTxi ZiriTadi 

sidide (I,V,Q da Ф) erTmaneTs unda ukavSirdebodnen eqvsi TanafardobiT 

da cnobili iyo mxolod xuTi: dV=RdI; dQ=Idt; dQ=CdV; dФ=LdI da dФ=Vdt. 

aklia kavSiri magnitur nakadsa da muxts Soris. amitom SemoiRo dФ=MdQ 

(nax.47.1). Tu gaviTvaliswinebT bolo formulas da mxedveloobaSi 

miviRebT wina me-2 da me-5-s, maSin gamova, rom:  

               V=M(Q)I                                                                       (47.1) 

Tu M=Const, maSin (47.1) omis kanonia wredis ubnisTvis. zogadad M

Const da damokidebulia misi mdgomareobis winaistoriaze, Tu masSi ra 

raodenobis muxti gadioda. 
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         nax.47.2. kavSiri eleqtruli wredis oTx sidides Soris                      

ramdenime wlis win amerikel eqsperimentatorTa jgufma stenli 

viliamsis xelmZRvanelobiT Seqmnes memristori. is warmoadgens platinis 

eleqtrodebs Soris moTavsebul nanosisqis (<70nm) titanis sruli (TiO2) 

da arasruli (TiO) oqsiduri fenebis erTobliobas. 

memristoris Tviseba SeiZleba ganxilul iqnas Semdegi modeliT.  misi 

sruli winaRoba Sedgeba ori cvladi rezistoris winaRobaTa 

mimdevrobiT SeerTebisgan (nax.47.3). erT-erTi rezistori (TiO2-iT) dabali 

winaRobiTaa, anu Riaa (RR=R1), xolo meore – didi winaRobiT Caketilia 

(TiO-Ti), anu (RC=R2).  

TiO2-is mxridan eleqtrodze dadebiTi Zabvis modebisas icvleba misi 

kristaluri struqtura. Jangbadis dadebiTi ionebi miemerTebian TiO-Si, 

moxdeba winaRobaTa gadanawileba maT Soris da sazRvari TiO2- TiO 

gadaiwevs,  romlis  sidide da  siCqare  damokidebulia  muxtis  gavlis 
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nax.47.3. mermistoris muSaobis modeli 

xangrZliobaze. am dros Zabvasa da dens Soris Tanafardoba ase 

gamoisaxeba: 

             )(1)( 21 tI
D

W
R

D

W
RtV 
















                              (47.2) 

sadac, W - didi gamtareblobis fenis sisqea, D - eleqtrodebs Soris 

manZili, anu orive sisqeTa fenebis jami. am dros didi gamtareblobis 

mxridan sazRvari wainacvlebs kanoniT: 

                          )(
)( 1 tI

D

R

dt

tdW
                                (47.3) 

sadac,  - ionebis Zvradobaa. (46.3)-is integrebiT miiReba: 

                            )()( 1 tQ
D

R
tW                               (47.4) 

(47.4) formulis CasmiT (47.2) formulaSi,  (47.1)-is gaTvaliswinebiT da 

rom 1R « 2R , miiReba: 

                        )(1)(
2

1
2 tQ

D

R
RQM 











                          (47.5) 
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(47.5) formulidan Cans: 1) memristoroba damokidebulia muxtze, anu 

masSi gamavali sruli muxtis funqciaa; 2) memristoroba mkveTrad 

izrdeba nanofenebis sisqeebis SemcirebiT; 3) memristoroba 

damokidebulia, erTi da igive sisqeebis SemTxvevaSi, gardamavali 

metalis oqsidebis gvarobaze ( 21;RR ) da 4) memristoroba damokidebulia 

ionebis Zvradobaze. 

 tradiciuli bazuri pasiuri elementebis ZiriTadi parametrebi (R,C,L) 

mudmivebia da arian damokidebulni masalis gvarobaze, sisufTaveze, 

zomaze, temperaturaze da a.S. memristorisTvis sidide M, misi 

ganmartebis Tanaxmad, muxtis funqciaa, rac moicema (47.5) formuliT. 

aqedan Cans, rom roca deni nulia, maSin M mudmivia, magram TviT am 

mudmivis mniSvneloba damokidebulia imaze, Tu ramden xans gadioda deni 

masSi, anu mis elementSi muxtis raodenoba. imisda mixedviT, Tu rogor 

reJimSi muSaobs memristori miiReba an rezistori: 

                                                                   (47.6) 

 

an kondensatori:                                           

                                            (47.7) 

 

an induqtioba:                           

                                                                      (47.8) 

 

 viliamsma memristori Seadara wylis mils, romelic icvlis diametrs 

masSi wylis Wavlis gasvlis mimarTulebis mixedviT. Tu erTi mxriv 

wylis dinebisas mili mudmivad viwrovdeba, maSin meore mxridan 

moZraobisas – farTovdeba. Tu Wavli gaCerda raRac momentSi, milis 

diametric SenarCundeba im sididis, rogoric iyo wylis Wavlis 

gaCerebisas. raRac drois Semdeg Wavlis CarTvisas milis diametric 

myisve, inerciis gareSe daiwyebs cvlilebas.  

 nax.47.4-ze gamosaxulia memristorze denis damokidebuleba cvlad 

Zabvaze. zeda kuTxeSi mocemulia memristoris sqematuri aRniSvna. 

  grafikidan Cans, rom sixSiris gazrdiT mcirdeba histerezisis 

efeqti da zRvarSi miiReba daxrili wrfe: memristori gadavida 

Cveulebriv rezistorSi. 
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            nax.47.4. memristorze denis damokidebulebacvlad Zabvaze 

es fizikurad gasagebia, radgan winaaRmdegobis cvlileba damokidebulia 

gavlil muxtze da sixSiris gazrdiT, erT naxevarperiodSi gaivlis 

muxti da meoreSi veRar moaswrebs gavlas. mili ver aswrebs 

gafarToebas, rom is ukve viwrovdeba da Sesabamisad muxti naklebi 

gaivlis da bolos gajerdeba. rezistoris winaaRmdegoba ganisazRvreba 

denis Zabvaze damokidebulebis grafikis daxrilobidan. nax.47.4-dan Cans, 

rom denis da Zabvis nul mniSvnelobaze, dabal 1f  sixSirisas, ikveTeba 

ori mrudi – aRmavali didi daxriT (mcire winaRoba) da daRmavali 

SedarebiT mcire daxriT (didi winaRoba). es niSnavs, rom uZraobaSi 

memristoris winaRoba sxvadasxvaa da damokidebulia winaistoriaze. 

 

48. ionistori (superkondensatori) da misi muSaobis principi 

Tanamedrove etapze msoflio mecnierebis, ekonomikis da cxovrebis 

donis ganuxreli amaRleba moiTxovs energiis moxmarebis zrdas, 

romelic Semofarglulia energoresursebis raodenobrivi maragis 

sasrulobiT. amitom mecnierebis winaSe dgas aratrivialuri amocana – 

moiZebnos axali, alternatiuli energiis wyaroebi da SemuSavdes axali 

energogadamuSavebis teqnologiebi. energoresursebiT uzrunvelyofis 

erT-erTi meTodia moxmarebuli energiis utilizacia. magram zogierTi 

energiis, magaliTad siTburisa, mouxerxebelia da garda amisa, zogjer  



131 

 

moiTxoveba mciregabaritiani energiis wyaroebi. rac gamoixateba imaSi, 

rom Tanamedrove mikroeleqtronuli xelsawyoebis da mowyobilobebis 

proeqtirebisas xSirad dgas maTi saTadarigo an avtonomiuri kvebis 

sakiTxi. amitom, maTi eleqtroenergiis moTxovnis xasiaTisa da amocanis 

Sesrulebis mixedviT gamoiyeneba eleqtrolituri kondensatorebi, 

akumukiatorebi an kvebis batareieebi. magram, zemoTCamoTvlili 

mowyobilobebi an maTi kombinaciebi, maTi specifikis gamo, xSirad 

gamousadegaria dasmuli amocanebis gadasawyvetad.  

ionistorSi, anu superkondensatorSi (sk) formirdeba ormagi 

eleqtruli Sre (oeS), romlebic gamoyofilni arian Txieri 

eleqtrolitiT, xolo muxti grovdeba heterogadasasvlelze 

eleqtroliti/eleqtrodi, anu sxvadasxva niSnis muxti sivrculad 

gancalkevebulia. oeS-is erT-erT eleqtrodze grovdeba Warbi 

eleqtronebi da izidaven eleqtrolitidan kaTionebs, xolo meoreze - 

grovdeba eleqtrolitis anionebi. orive oeS mimdevrobiTaa SeerTebuli 

eleqtrolitiT da masSi koncentrirdeba muxti, Zabva da energia.    

amerikelma qimikosma robert raitmaerma 1962 wels misca sapatentoSi 

ganacxadi, sadac dawvrilebiT iyo aRwerili “ormagi eleqtruli Sris” 

kondensatorSi eleqtruli energiis Senaxvis procesi. nax.48.1-ze 

gamosaxulia sami kondensatoruli konstruqciuli sqemis Sedareba. Tu 

Cveulebriv kondensatorebSi aluminis Semonafenebi izolirebulia, 

tradiciulad, dieleqtrikis feniT, man aqcenti gaakeTa uSualod 

Semonafenebis masalaze – eleqtrodebs unda hqondeT sxvadasxva 

gamtarebloba: erTi eleqtrodi unda iyos ionuri gamtareblobis, xolo 

meore – eleqtronuli. maSasadame, kondensatoris damuxtvisas unda iyos        
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  nax.48.1. sami kondensatoruli konstruqciuli sqemis Sedareba:  

     ა)–eleqtrostatikuri; ბ)–eleqtrolituri da გ)-ionistori 

eleqtronul gamtarSi unda xdebodes eleqtronebis da dadebiTi 

centrebis gancalkeveba da kaTionebis da anionebis _ ionur gamtarSi. 

eleqtronuli gamtari sasurvelia damzaddes foriani naxSirisgan, xolo 

ionuri gamtari – gogirdmJavas wyalxsnarisgan. am SemTxvevaSi muxti 

(ormagi fenis saxiT) inaxeba aseTi gamtarebis gamyof sazRvarze, 

romelTagan erTi siTxea. sistemis zedapiruli energiis  minimumis gamo 

xdeba gamyofi fazis zedapirze nawilakebis ise orientireba, rom fazis  

sakontaqto areSi warmoiqmneba niSniT sawinaaRmdego da sididiT toli 

muxtebi, rac qmnis oeS-is Seqmnas. misi Seqmnis ZiriTadi meqanizmi 

SeiZleba iyos: 1) fazis SreSi erT-erTi niSnis ionebis upiratesi 

adsorbcia an 2) zedapirul SreSi poliaronuli molekulebis iseTnairi 

orientacia, rom poliaroni ar iSleba, anu ar xdeba muxtiTi gacvla. am 

dros zedapiruli muxtis gansazRvrisTvis gamoiyeneba wesi, romlis 

Tanaxmad SexebaSi myofi ori fazidan dadebiTad imuxteba is, romelsac 

aqvs meti dieleqtrikuli mudmiva.  

rogoorc aRniSnuli iyo, dadebiTi da uaryofiTi muxtebi eleqtrodis 

zedapirze formirdebian, qmnian maTze muxtian oeS-s. gamyofi sazRvari 

iqneba oeS (nax.48.2 a)). es ubani da muxti izrdeba maRali Zabvis modebisas 

(nax.48.2 b)). am dros oeS-is sisqe Zalian mcirea da molekulis rigisaa, 

anu ~5÷10nm. xSirad, eleqtrodebad gamoiyeneba aqtivirebuli naxSiri 

(wvrildispersirebuli fraqciiT), damzadebuli specialuri 

teqnologiiT da organuli eleqtroliti. eleqtroliti aRwevs naxSiris 

 

          nax.48.2. ionistorSi ormagieleqtruli Sris aRZvra (a) da Zabvis   

                                        modebisas muxtis zrda 
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nawilakebs Soris da amiT eleqtrodi “gaJRenTilia” eleqtrolitiT. 

SeiZleba warmovidginoT, rom ionistoris saerTo tevadobaa didi 

raodenobis mcire tevadobebis naerTiა, sadac aqtivirebuli naxSiris  

yoveli Taviseburi eleqtrodi, aRmZvreliა oeS–is. SeiZleba iTqvas, rom 

ultrakondensatoris eleqtrodebi CaSvebulia Txier eleqtrolitSi da 

gancalkevebulebia  separatoriT (nax.48.3).  Zabvis modebisas  

eleqtrolitis Tavisufali ionebi gadaadgildebian sawinaaRmdego  niSnis 

 

            

                  nax.48.3. ionistoris (ultrakondensatoris) struqtura 

eleqtrodis mxares. ionebi masSi ver Sedian da ar moqmedeben 

eleqtrodis zedapirTan dafaruli naxSiris eleqtroqimiuri 

neitralobis gamo. Sedegad Seqmnili oeS warmoadgens Senaxuli energiis 

wyaros. aqtiuri eleqtrodebi Sedian eleqtrolitTan Jangva-aRdgeniT 

reaqciaSi da saerTod, ionistorSi energiis dagroveba xdeba rogorc 

oeS-iT, aseve Seqcevadi qimiuri reaqciiT. am procesebSi aqtiurad 

monawileoben patara nawilakis yvela kondensatorebi. amitom, 

ionistorisTvis SeiZleba gamoyenebul iqnas eqvivalenturi sqema,  

romelic  gamosaxulia naxaz 48.4 - ze.  aqtivirebuli naxSiris 

nawilaki/eleqtrolit agebul yvela patara kondensators oeS-iT eqneba 

tevadoba Cn da arakompensirebuli ionebis winaRoba RIn SeiZleba 

Seicvalos ionebis siCqariT, eleqtrodebs Soris manZiliT da a.S. 

ionistori Sedgeba ori eleqtrodisgan, gamoyofili eleqtrolitiT 

masSi moTavsebuli ion gamtari membraniT  (separatori)  da  eleqtruli  
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                  nax.48.4. ionistoris aqtiuri Sris aqtivirebuli naxSiri/ 
               eleqtroliti struqturis sqematuri gamosaxva 

 

CarTviT. energiis akumulacia xdeba orive eleqtrodis ormagiSriT, 

rogorc orSriani tevadobebis erToblioba.  

ionistoris eqvivalenturi sqema winaRobaTa da mcire kondensatorebis 

 

              

            nax.48.5. ionistoris eqvivalenturi sqema (a) da masSi eleqtrodebis  

                        da separatoris gaTvaliswinebiT (b) 

 

paraleluri SeerTebiT mocemulia nax.48.5.a-ze. R1, R2 da Rn– aqtiuri 

naxSiris nawilakTa Siga winaaRmdegobaa, C1, C2 da Cn – oeS tevadobebia 

Sesabamisi winaaRmdegobebisTvis. nax.48.5 b-ze mocemul eqvivalentur 

sqemaze, romelic iTvaliswnebs eleqtrodebis da separatoris 

winaRobebs, VZabvis modebis Semdeg damuxtvis deni )(i aRiwereba: 

                           
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aRsaniSnavia, rom damuxtvis denis sididis SemcirebiT, damuxtvis dro 

izrdeba. rac Seexeba akumuliatorebs, isini inaxaven did energias, magram 

damuxtva/ganmuxtvis procesi sakmaod didia. superkondensatorebisTvis es 

dro ramdenime wamia, magram maTTvis eleqtro energiis maragi Zalian 

mcirea, rac aferxebs mis farTo gamoyenebas.  

kondensatoris tevadoba ganisazRvreba formuliT:     

                         
d

S
C 0                                  (48.2) 

sadac, C - kondensatoris tevaodbaa,  -dieleqtrikis dieleqtrikuli 

mudmiva, 0 -vakuumis dieleqtrikuli mudmiva, S eleqtrodebis farTi da 

d -eleqtrodebs Soris manZili.  

(48.2)-dan Cans, rom Cveulebriv kondensatorebSi  tevadobis gazrda 

SesaZlebelia   -is an S is gazrdiT, an d -s SemcirebiT.  

bolo dros, eleqtruli akumuliatorebis nacvlad gamoiyeneba 

kondensatorebis gansakuTrebuli saxe – superkindensatorebi 

(ionistorebi). ionistorebi – eleqtruli mowyobilobebia, romlebsac 

aqvT rogorc akumuliatorebis maxasiaTeblebi – eleqtrulienergiis 

didi maragi, aseve eleqtrulienergiis didi tevadoba, ise, rogorc 

kondensatorebs – damuxtva/ganmuxtvis mcire dro. mis dadebiT mxareebad 

SeiZleba CaiTvalos: 

 mcire xvedriTi energia, vidre akuliatorebs; 

 mokle CarTvisas Siga kontaqtebis uvnebelyofa; 

 TviTdamuxtvis meti sidide vidre akuliatorebs; 

 damuxtvisa da ganmuxtvis denis didi mniSvneloba; 

 eleqtrolitis mcire degradacia; 

 muSaobis didi dro; 

 komponentebis arateqsikuroba.               

oeS-s aqvs iseTi agebuleba, rogorc brtyel kondensators. 

gansxvavebiT idealurisgan, realurad oeS-s aqvs difuziuri 

(ganrTxmuli) agebuleba. Tanamedrove TeoriiT, oeS Sedgeba ori fenisgan: 

1) helmgolcis fena, anu adsorbirebuli fena, romelic uSualod ekvris 

fazaTaSoris zedapirs  sisqiT (nax.48.6) da 2) difuziuri Sre, 
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romelSicaa mopirdapire ionebi   sisqiT (nax.48.6), romelic 

damokidebulia sistemis Tvisebebze.  

                                              

  nax.48.6. ionistorSi ormagi eleqtruli Sris potencialis agebuleba 
 

oeS-is eleqtruli maxasiaTebelia  potenciali, romelic Sedgeba 

ramdenime Semadgenlisgan: 1) 0 - uSualod fazaTa gamyof zedapirze; 2)

 - difuziuri Sris potenciali, romelicaa adsorbciuli da 

difuziuris sazRvarze, 3) eleqtrokinetikuri potenciali, amu Zeta-

potenciali, romelic srialis zedapirs da romelicaa difuziuri Sris 

potencialis nawili. srialis zedapiri warmoiqmneba imis Sedegad, rom 

dispersiuli nawilakebis moZraobisas difuziur SreSi ufro Sors 

dacilebulni ver monawileoben difuziur moZraobaSi da arian 

gaCerebulni. amitom, Cndeba nawilakTa arakompensirebuli zedapiruli 

muxti da xdeba SesaZlo eleqtrokinetikuri movlena da 4)  x  

potenciali, e -jer (2,7) naklebi, vidre  da difuziuri Sris sisqis 

maxasiaTebeli.  

simetriul ionistorSi potenciali mcirdeba simetriulad orive 

ormag SreSi eleqtrodebisa da eleqtrolitis mixedviT (nax.48.7a). 

asimtriulSi, rogorc kondensatorebis hibridSi, eleqtrodebs Soris 

Zabvis vardna asimetriulia. masSi maqsimaluri Zabva SemosazRvrulia 

eleqtrolitis ionuri  daSlis  maqsimaluri  deniT. am  dros gaJonvis  
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     nax.48.7. simetriul ionistorSi Zabvis ganawileba da misi  

                       eqvivalenturi sqema 

denebi ufro didia (nax.48.7b).  

ionistoris fiziko-qimiuri muSaobis principi. cnobilia, rom 

Cveulebriv kondensatorebs Semonafenebs Soris aqvT mravalSriani an 

monoliTuri dieleqtrikebi. magaliTad, aluminian eleqtroliTur 

kondensatorebs dieleqtrikad aqvT Al2O3, tantalurebs – Ta2O5. 

ionistorebs ar aqvT dieleqtrikuli Sreebi, masSi gamoiyeneba oeS-is 

Seqmnis meqanizmi, romelic muSaobs, rogorc damuxtuli dieleqtriki. 

damuxtva/ganmuxtvis procesi mimdinareobs dadebiTi da uaryofiTi 

eleqtrodebis zedapirze formurilebuli ionebis SreSi, magaliTad, 

aqtivirebuli naxSiris eleqtrodebze (nax.48.8). modebuli ZabviT anionebi 

da kaTionebi moZraoben Sesabamis eleqtrodebisken, grovdebian maT 

zedapirze da qmnian oeS-s, romelic gadamwyvetia ionistoris 

muSaobisTvis. 

ionistorSi gamoiyenebian, ZiriTad eleqtrolitebis ori tipi – 

wyliani (wyalxsnariani) da oranuli (arawyalxsnariani). arawylianebi 

gamosadegarni arian ionistoris ujredze 3v-mde Zabvis modebaze, rac 2-
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jer metia wyalxsnarianeTan SedarebiT da mudmivi Zabvis modebisas ar 

aqvT gaJonvis deni. gansazRvruli polarobis Zabvis konkretul doneze,  

 

              

                    nax.48.8. ionistoris dadebiT da uaryofiT eleqtrodebze 

                   ormagi eleqtruli Sris Seqmna 

 

eleqtroqimiuri procesis gamo gaivlis deni. am Zabvis sidides ewodeba 

“daSlis Zabva”. Zabvis Semdgomi zrda iwvevs eleqtrolitis ufro 

intensiurad daSlas, Cndeba damatebiTi deni da ionistori gamodis 

mwyobridan. damuxtvisas ionistorze modebuli Zabva ar unda 

aRematebodes daSlis Zabvas. amitom damuxtvisas ionistorebs rTaven 

mimdevrobiT. 

ionistoris eleqtruli da saeqspluataciuri parametrebi.  

tevadoba. rogorc iyo aRniSnuli, ionistori warmodgenilia 

sxvadasxva winaaRmdegobis mqone mcire kondensatorebisgan Semdgari 

eqvivalenturi sqemis saxiT (nax.48.5). Tu sawyisi muxtiTi Zabva naklebia 

sruli muxtis Zabvaze (V0), maSin tevadobis gazomvisas ionistorze Zabva 

daecema dabla. es dakavSirebulia imasTan, rom didi Siga winaaRmdegobis 

mcire kondensatorebi ar arian bolmde damuxtulni. magram, damuxtvis 

drois gazrdiT es mcire kondensatorebi daimuxtebian bolomde da 

gaizrdeba tevadoba. ionistoris tevadoba ganisazRvreba: 

                      
21 VV

tI
C




                               (48.3) 

sadac C - eleqtruli tevadobaa (f), I - testirebis deni (a), 21 VV  - Zabvis 

testuri diapazoni (v) da t -dro (wm). Tu ganmuxtvis deni didia an 

kondensatori ganimuxta didi drois ganmavlobaSi, maSin 
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marezultirebeli tevadoba iqneba mcire, da piriqiT. amitom, saWiro 

gazomebisTvis unda iyos ganmuxtvis deni 1ma/f. 

Siga winaaRmdegoba ionistorisTvis, SedarebiT eleqtroliturebTan, 

didia, radgan is Sedgeba mravali sxvadasxva Siga winaaRmdegobis, mcire 

kondensatorebisgan. winaaRmdegobebis gazomvebi, rogorc wesi, moicema 

mudmiv Zabvaze da zusti gazomvebisTvis unda gamoviyenoT kompleqsuri  

winaaRmdegoba (Z , magaliTad 1khc). radganac, Zalian Znelia ionistorSi 

gaJonvis denebis gansazRvra, amitom xSirad mas dokumentaciaSi ar 

uTiTeben.  

muxtis maxasiaTebeli. ionistoris es parametri ramdenime martivi 

daSvebiT SeiZleba ase warmovadginoT: 

                RCtVV /exp10                                (48.4) 

nax.48.9a-ze gamosaxulia ionistoris damuxtvis Zabvis damokidebuleba 

droze sxvadasxva winaaRmdegobisas. winaaRmdegobis gazrdiT damuxtvis  

 

      

   nax.48.9. ionistoris damuxtvisa (a) da ganmuxtvis (b) Zabvis droze  
            damokidebuleba sxvadasxva winaaRmdegobisa da  
                               drois damuxtvisas 

    droc izrdeba. mudmivi datvirTvis winaaRmdegobisa da denis dros  

ganmuxtvis dro ase warmoidgineba: 

                 
 

I

VVC
t 10 
                                    (48.5) 

                  01 /ln VVRCt                                (48.6) 
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sadac, t droa, C tevadoba, 0V Siga daZabuloba, 1V ( t wm)-is Semdeg 

Zabva, I datvirTvis deni da R datvirTvis winaRoba. 

nax.48.9 b-ze moyvanilia ionistoris ganmuxtvis Zabvaze damokidebuleba 

sxvadasxva drois damuxtvisas. Cans, rom magaliTad, damuxtvis procesis 

erTi saaTidan 100 saaTamde cvlilebisas, Zabva faqtiurad icvleva 2,5-dan 

2,8 voltamde da ase, rom ionistoris damuxtva SeiZleba iyos swrafi. 

ganmuxtvisa da TviTganmuxtvis maxasiaTebeli. ionisoris ganmuxtvis 

maxasiaTebeli (47.3)-is gaTvaliswinebiT ase SeiZleba warmodgindes: 

               
I

VV
Ct 21                                          (48.7) 

TviTganmuxvis maxasiaTebeli ki: 

                






 


CR

t
VV

L

exp0                                     (48.8) 

sadac, LR izolaciis winaaRmdegobaa. 

SesamCnevi gansxvaveba daimzireba statikur kondensatorisa da 

ionistoris volt-amperuli maxasiaTebelze, romelic gamosaxulia naxaz 

48.10-ze. 

                        

                nax.48.10. ionistoris cikluri volt-amperuli maxasiaTebeli:             
                1 – statikuri da 2 - fsevdotevadoba   

   

 

ionistorebi, gamoyenebuli eleqtrolitis masalebis mixedviT, iyofian 

Semdeg jgufebad: 1) Txevadi, 2) myarsxeulovani, 3) polimeruli da 4) 

organuli.  

myarsxeulovani eleqtrolitebi – gansakuTrebuli tipis ionuri 

kristalebia, romlebic gamoirCevian maRali gamtareblobiT. aseT 
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masalebSi gamtarebloba xorcieldeba ara eleqtronebis moZraobiT, 

rogorc sxva struqturis kristalrbSi, aramed sxvadasxva niSnis 

ionebiT, Txieri eleqtrolitebis msgavsad. amitom asset ionur 

krastalebs uwodeben myar dieleqtrikebs an superionur gamtarebs. 

superionur gamtarebad SeiZleba gamoyenebul iqnas isetebi rogoricaa, 

magaliTad AgI, Ag4RbI5, LiI da a.S. maTSi ionuri transportis procesebi 

aRiwereba gadinebis (perkolaciis) TeoriiT. am TeoriaSi mniSvnelovania 

“gadinebis albaTobis” arsi, romelic ganisazRvreba rogorc albaToba 

imisa, rom aris nebismier wertilSi inJeqtirebuli siTxe miaRwevs am 

wertilidan usasrulod daSorebul wertils. cxadia, rom gadinebis 

Teoriisas siTxis gavrcelebis procesi Semofargluli iqneba foriani 

aris raRac sasrulo ubanSi, anu forian areSi es Teorias miaxloebiTia.  

aseve perkolaciis arsi SeiZleba gadavitanoT nebismier garemoze, 

romelSic xdeba meoris romeliRac nivTierebis gadatana, romelTac  

ewodebaT perkolaciuri garemoebi. am garemoebisTvis saWiroa 

ganisazRvros gadinebis wyaro, sxvadasxva mdgomareobaSi myofi gadinebis 

elementebi, erTi aragadinebadia (pirveladi), meore gadinebadi, aseve 

gadinebis meTodi. aseve mniSvnelovania zRbruli gadineba – 

perkolaciuri aris gamtari komponentis minimaluri koncentracia.  

Cveulebriv, ionuri transporti gulisxmobs ionebis SemTxveviT 

gadaadgilebas vakansiuri meqanizmiT, amitom perkolaciis procesi ar 

SeiZleba ganxorcieldes regularul kristalSi. aqedan gamomdinare, 

superionuri gamtarebi Seqmnili arian kompoziciuri masalebisgan. 

ukanasknel xans intensiurad iswavleba vercxlis iodidi, rogorc 

mcire dispersiuli kristalilebis superionuri gamtari. aseve is 

gamoiyeneba nanomavTulebis saxiT. superionuri gamtari AgI mzaddeba 

aluminis anoduri oqsidis safuZvelze, romelSic legirebulia 

nanomavTuli. mimdinareobs samuSaoebi AgI-Si Secvalon dieleqtrikuli 

mudmiva da Siga winaaRmdegoba masSi titanisa da bismutis ionebis 

SereviT. 

sakontrolo kiTxvebi: 

1. ra principze muSaobs memristori? 

2. miiReT mermistorobis muxtis sidideze damokidebuleba; 

3. ra fiziko-qimiur principze muSaobs ionistori? 
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sakiTxebi Tanamedrove nanoteqnologiebSi 

 

1. nanoteqnologiis arsi, amocanebi da terminologia  

2. sakuTari naxevargamtari da misi energetikuli speqtri  

3. n-tipis naxevargamtari da misi energetikuli speqtri  

4. p-tipis naxevargamtari da misi energetikuli speqtri  

5. denis matarebelTa Zvradoba  

6. naxevargamtaris zedapirze dieleqtrikuli firis miReba  

7. fotolitografia: fotorezisti da misi saxeebi, fotoSabloni 

da misi kontroli, fotolitografia SiO2-is magaliTze  

8. naxevargamtarSi minarevis difuzia da legirebis procesebi  

9. epitaqsiis procesebiT Txeli firebis miReba  

10. sqemis topologiis Seqmna da modelireba  

11. sqemis Seqmna velis tranzistoris magaliTze  

12. integraluri sqemebi da maTi klasifikacia  

13. fotolitografiis alternatiuli meTodebi   

14. eleqtro-sxivuri litografia  

15. feTqebadi litografia  

16. maskanirebeli zonduri mikroskopia  

17. nanolitografia  

18. talRuri funqciis arsi  

19. erTeleqtroniani atomis orbitalebi  

20. kvanturi ricxvebis arsi  

21. mravaleleqtroniani atomis orbitalebi  

22. molekulis aRnagoba  

23. elementTa qimiuri bma  

24. homeopolaruli (kovalenturi) bma  

25. heteropolaruli (ionuri) bma  

26. metaluri bma 

27. molekuluri (van-der-vaalsis) bma 

28. wyalbadiseburi bma  

29. nanostruqturebSi Sinagani da garegani zedapirebis roli  

30. individualuri nanonawilakebi da nanosistemebi   

31. nanonawilakis geometriuli sistema  
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32. magiuri ricxvi  

33. nanonawilakis eleqtruli struqtura  

34. metaluri nanonawilakebi  

35. nanoSezRudvebi: nanofirfitis, nanomavTulis da kvanturi 

wertilis cnebebis arsi  

36. kristalis agebuleba  

37. fulereni  

38. naxSirbadis nanomilakebi. hiraloba  

39. fulerenis da nanomilakis miReba grafitis lazeruli 

                      aorTqlebiT  

40. fulerenis da nanomilakis Tvisebebi da gamoyeneba  

41. eleqtronuli mikroskopiis gazomvis arsi da meTodebi  

42. maskanirebeli gvirabuli mikroskopi  

43. atomur-Zaluri mikroskopi  

44. maskanirebeli siTburi mikroskopi  

 

 


