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BCTYII

HanoTtexHosorii 10cuTh MIBUAKO YBIHIILIM B HAYKOBHIA CBIT
1 3aBASIKA CBOIM YHIKQJIbHUM BJIACTUBOCTSIM HaOyJHM 3acCTOCY-
BaHHS Maike B yCiX rajy3sX BUPOOHMIITBA 1 MPOMHUCIOBOCTI,
MMOYMHAIOYH BiJl BIICBKOBHX MOTped (MaTepianu, o0 poOsITh
JTaKd HEBHJIMMHUMU ISl PAI0JIOKAIlil; OPOHEKUIIETH Ta 1H.),
€JeKTPOHIKK (TABUIIEHHS IHTErpaIii €JIEKTPOHHUX KOMIIO-
HEHT; HOBI MaTepiald 3 NiABHIICHUMH XapaKTepUCTHKAMU
CTIMKOCTI 10 TemmepaTypH, 30€peKeHHS CBOiX CTPYKTYpPHHX,
TeNEeKTPUYHHX, eIeKTPO(DI3HUHNX 1 MATHITHUX BIACTHBOCTEHH;
PO3pOOIIeHHSI HOBUX JIaTUMKIB: ra3y, TUCKY, BUIIPOMIHIOBAaHHS
(3 MMPOKUM Jiama30HOM XBHJIb) HA OCHOBI MEeMOpaH 3 aroma-
PHOIO TOBIIMHOIO), MAaIIMHOOYAYBaHHS (3HOCOCTIIKI, aHTUKO-
pO3iiiHi, 3aXuCHI MaTepianu), OyniBHUITBA (TIOJNETIIEHI KOHC-
TPYKIii Oy/iBenb, MOKpallieHi 6eToHOCyMillli), COHSYHO1, KOC-
MIYHO1, METUYHOI Tay3ei Ta 3aKiHYyIO4Yd MOOYTOM (HAaHOBO-
KPUTTSA 17151 30€peKeHHsI YUCTOTH BIKOH, aKkBapiyMiB; He3a0py-
JTHIOBAIHHUH Ta BOJOHEITPOHUKHUHN OJISIT).

HaBuanbHuii NociOHUK, MPU3HAYEHU AJISl CTY/ICHTIB CIelli-
anbHOCTI «ENEKTpOHHI MpUIagu 1 MPUCTPOI», CKIATAETHCS 3
I’SITU PO3JIUTIB, IO MICTATH 3arajbHy iH(QOPMALi0 PO HAHO-
TEXHOJIOTI1 1 HAaHOMaTepiain, IX 0COOJIMBI BIACTUBOCT1, METOIN
OTpPUMaHHS Ta rajy3i 3acTocyBaHHs. JleTanbHa yBara mpujiie-
Ha MPWJIAJOBUM €JIEMEHTaM Ha OCHOBI TOHKHUX IUIIBOK, MYJIb-
TUIIAPIB, TPaHYJIbOBAHMX CIUIABIB, CHiH-BEHTHIBHUX CTPYK-
TYp, K€pYBaHHS SIKUMHU BiAOYBa€ThCs 3a JAOMOMOIOI0 30BHIII-
HBOTO MAarHiTHOTO MoJisi. BuBuaroThes anoTpornHi Moaudikamii
kapOony (rpaden, ¢ynepenu, HAHOTPYOKH Ta 1H.), IO CTAHOB-
JATh 3HAYHUNA 1HTEpeC 13 TOUKM 30py SK MaTepialo3HaBCTBa,
TaK 1 €JIEKTPOHIKH 3 METOI0 PO3pOOJIEHHS HOBHMX (PYHKIIIOHA-
JBHUX MpHUCTpOiB. HaBeseHi cydacHi JOCATHEHHS y chepi Mik-
pO- 1 HAHOEJIEKTPOMEXaHIYHUX CHCTEM, HAaHOO10ETEKTPOHIKH,
MEIUIMHU Ta 1H.



PO31JI 1. BATAJIBHA XAPAKTEPUCTHUKA
HAHOTEXHOJIOI'T I HAHOMATEPIAJIIB

1.1. IcTopisi po3BuTKy [1-2]

Po3BuTOK HaHOTEXHOJIOTIH MOYMHAETHCS 13 1931 poky, KoH
HimenbKi ¢izukn Makc Knomt 1 DpHer Pycka cTBopuim enexT-
POHHUI MIKPOCKOII, SKHH YyIepIie I03BOJHUB IOCHIKYBaTH
HaHooO extu. Ili3Hime B 1959 poui amepukancekuii ¢izuk Pi-
yapn @eiitnman (HoOemiBChkMii Jaypeat i3 ¢izuku, 1965 p.)
yrepIie ormy0JIiKyBaB a0, B K OMIHIOBAINACS TEPCIICKTH-
BU MiHiaTopu3anii mig Ha3Bow «TaM BHU3Y - MOpe MicCLsy.
Bin 3asBuB: «Iloku MH BUMYIIIEHI KOPUCTYBATUCS AaTOMAPHUMU
CTPYKTYpaMH, sIKi IPOIIOHY€E HaM NPUPOAA... Ale B NPUHLIMIIL
¢i3uk Mir Ou cuHTe3yBaTH OyIb-IKy PEUYOBHHY 3a 3aJaHOIO
ximiyHoto Gopmynoro». Toai Horo crnoBa 3gaBanucs (aHTac-
THUKOIO, OCKIJIBKM HE ICHYBaJO TEXHOJOTiH, IO J03BONUIH O
orepyBaTH OKpEMHMMH aTOMaMHU Ha aTOMapHOMY X piBHI (Ma-
€THCSI HA YBa3l MOXKJIUBICTh MI3HATH OKPEMHI aTOM, Y3sITH Ho-
ro 1 IOCTaBUTH Ha iHIIe Micue). PeliHMaH MpU3HAYMB HAropo-
ay $1000 Tomy, XTO BIepIiie 3MOKe MOMICTUTH TEKCT CTOPIHKU
3 KHUTY Ha IIMWIBKOBIN TOJIOBIIi, 3 METOI0 CTUMYJIIOBaHHS 1H-
Tepecy 1o 1iei chddepu (g momis cranacs B 1964 p.).

VY 1974 poui sanoncbkuii pizuk Hopio Tanirydi BBiB TepMiH
«HAHOTEXHOJIOTisT», 3aIPOIIOHYBABIIM OMUCYBAaTH MeEXaHi3MHU
PO3MipOM, MEHIIIUM OJTHOTO MiKpOHa.

Himenpkumu ¢izuxkamu I'epnom binnirom 1 ['enpixom Po-
pepoMm OyB CTBOpEHUI CKaHYBaJIbHUN TYHEIbHUH MIKPOCKOM
(CTM), 110 103BOJIMB MaHIMy/IIOBaTH PEYOBHHOIO Ha aromap-
HoMy piBHI (1981 p.), mi3Hime BoHu orpumanu HobemiBcbKy
npemito. CkanyBajabHUI aToMHO-cuioBui (ACM) Mikpockon
PO3LIUPUB THIH AOCHIKyBaHUX MaTtepianiB (1986 p.).

VY 1985 porti Pobept Kepn, Xaponsa Kporo, Piuapn Cmorti
BIIKpMJIM HOBUH Ki1ac crionyk — ¢ynepenu (HoGeniBcbka npemis,



1996 pik).

VY 1988 porii He3aIeKHO OAMH BiJ OJHOTO (DpaHIY3bKHN Ta
HimMenpkuii BYeHi AnpOep Pept 1 Ilerep I'pronGepr BiakpriH
edekT riranrcekoro Maraitoonopy (I'MO) (y 2007 p. npucymke-
HO HoGemniBchKy mpemiro 3 (i3uKu), MicIst 40ro MarHiTHI HaHOII-
JIBKY 1 HAHOJAPOTH TOYAId BUKOPUCTOBYBATHCS Il CTBOPEHHS
npucTpoiB MarHiTHOTO 3amucy. Bigkpurts MO crano ocHOBOO
JUI PO3BUTKY CIIHTPOHIKK. 3 1997 poky kommanis IBM y mpo-
MHCJIOBHX MaclTabax movaua BUTOTOBIISITH CIIHTPOHHI PHIIaIH
- TOJIIBKU JJIs 3UUTYBaHHS MarHitHOi iHpopmariii Ha ocHoBi MO
posmipamu 10-100 HM.

1991 pik o3HaMeHyBaBCsl BIAKPUTTSAM BYIJICLIEBUX HAHOTPY-
00K smoHChKUM JociiankoM Cymio [imkumoro.

VY 1998 pori Oyno Brepiiie CTBOPEHO TPAH3UCTOP HA OCHOBI
HaHoTpyOok Cizom JlekkepoMm (TOJUTaHACHKUH (i3uK). Ay
2004 poui BiH 3’e€qHaB ByriieueBy HaHOTPYyOKy i3 JIHK, ymep-
[I€ OTPUMABIIM €IWHUN HAHOMEXaHi3M, BIJKPUBIIH JOPOTY
PO3BUTKY 010HAHOTEXHOJIOTISIM.

2004 pik - BiAKpUTTA TpadeHy, 3a JTOCIIHKEHHs Horo Biac-
tuBocted A. K. I'eiimy ta K. C. HoBocronoBy y 2010 p. npu-
cymkeHa HoGeniBebka npemist 3 ¢isuku. Binomi ¢pipmu IBM,
Samsung (iHaHCYIOTH HAYKOBI MPOEKTH 3 METOIO PO3POOIICHHS
HOBHX €JIEKTPOHHUX MPHUCTPOIB, IO 3MOTIIN O 3aMiHUTH KpEeM-
Hi€BI TEXHOJIOT].

1.2 3arajgbHa XapaKTepHUCTHKA HAHOTEXHOJIOTIH
Ta HAHOMAaTepiaJiB

Hanorexnouorii (HT) (rpempke cioBo «nannos» o3Ha4yae
«KapIIMK») - 1€ CYKYIHICTh METOJiB MaHIMY/IIOBaHHS PEYOBH-
HOI0 Ha aTOMHOMY a00 MOJIEKYJSIPHOMY piBHI 3 METOIO OTpH-
MaHHsI Hanepe 3aJaHuX BIACTUBOCTEH.

1 nanomerp (um) —10” merpa.

Jlo HAaHOTEXHOJOT1H BiTHOCITH TEXHOJOTII, MO 3abe3meuy-



I0Th MOXKJIMBICTh KOHTPOJILOBAaHHMM YMHOM CTBOPIOBATH 1 MO-
nudiKyBaTH HaHOMATEpiaJid, a TaKOX 3IIMCHIOBATH X IHTET-
paiio B MOBHOIIHHO (DYHKIIIOHYIOYI CHCTEMHU OUIBIIOrO Mac-
mTaby. HaHoTexHOJOrii BMINIYIOIOTh: aTOMHE CIOJIYYCHHS
MOJIEKYJI, JIOKAIbHY CTUMYJISIIIO XIMIYHUX peakiiii Ha MoJe-
KyJIsipHOMY piBHI Ta iH. [Iporec HAaHOTEXHOJIOTIT MiJIATAIOTh
3aKOHaM KBaHTOBOI MEXaHIKH.

Ha cporoani ocHOBHUMU rajly3sMd HaHOTEXHOJIOTIH €: Ha-
HOMAaTepiany, HAaHOIHCTPYMEHTH, HAHOEIEKTPOHIKa, MiKpoee-
KTpOMEXaHIYH1 CUCTEMH 1 HaHOO10TEXHOJIOT11.

3asananna HT:

— OTpHMaHHs HaHOMAaTepiajiB 13 3aJaHOI0 CTPYKTYPOIO 1 Bia-
CTHUBOCTSIMH;

— 3aCTOCYBaHHsS HaHOMATepialiB 3a MEBHUM IPU3HAYEHHSIM 13
ypaxyBaHHSIM iX CTPYKTYPH 1 BIaCTUBOCTEH;

— KOHTPOJb (JOCTI/PKEHHS) CTPYKTYPH 1 BIAaCTUBOCTE HAaHOMa-
TEepialliB SK Y X071 iX OTPUMaHHS, TaK 1 B IIEPioJ1 iX 3aCTOCYBAHHSI.

IcHye nBa OCHOBHUX MiAXOJU 10 HAHOBUPOOHULITBA: 3rOPH
BHHU3 Ta 3HU3Y Bropy. TeXHOJIOTisI 3rOpy BHU3 TOJISTAE Y TIOA-
piOHEeHHI MaTepiaiy, 10 Ma€ BEIUKI po3Mipu (MacUBHUN Ma-
Tepiajl), 10 HAHOPO3MIPHUX 4YacTUHOK. [Ipm minxoni 3HHUBY
BrOpy MNpPOAYKTH HAHOBHPOOHMIITBA CTBOPIOIOTHCS IIISXOM
BHUPOILIYBaHHs (CTBOPEHHS) iX 3 aTOMHOIO 1 MOJIEKYJISIPHOTO
MaciTaoiB.

BupoOHHLITBO HAa HAHOPIBHI BiJJOME SIK HAHOBUPOOHHUIITBO —
nepeadavae MacmTaOHI 3ax0AM, HAIIMHOTO Ta E€KOHOMIYHO
e(eKTHBHOIO BUPOOHMIITBA HAHOPO3MIPHUX MaTepialliB, KOHC-
TPYKIii, MPUCTPOIB 1 cucteM. BoHOo mependayae mocipKeHHs,
pO3po0JIeHHsT Ta THTETrpaIlif0 TEXHOJOTIA 3ropu BHHU3 1 OUIBII
CKJIaJHY - 3HU3Y Bropy abo mpoliecu caMoopraHizarii.

Hanomarepiaaun (HM) — e aucnepcHi abo MacuBHI mMaTe-
pianu (CTpYKTYpHI €1eMEHTH - 3€pHa, KPUCTaNITH, OJIOKH, KJla-
CTepu), TEOMETPUYHI pO3MIpH SKHX X0oua O B OJHOMY BHMIpi
He nepeBunnytoTh 100 HM 1 Taki, 110 MarOTh SIKICHO HOBI1 BIac-



THUBOCTI, (DYHKIIIOHANBHI ¥ eKCIUTyaTalliiiHl XapaKTepUCTHKH,
SIK1 TIPOSIBJISIIOTHCSI BHACITIIOK HAHOMACIITAOHUX PO3MIpiB.

VYci pedoBUHY y MOYAaTKOBOMY CTaHi abo MiCiIst IEBHOTO 00-
pobisieHHs (TMoApiOHEHHS) MAlOTh PI3HUHM CTYMHiHb AUCIEPCHOC-
Ti, pO3MIp CKJIQJIOBUX YAaCTUHOK MOXHA HE M0OAYUTH HEO30po-
€HUM OKOM (Tabm. 1.1).

0O06’exTH 13 po3mipamu B Mexax 1-100 HM mpuiHATO BBaXKa-
TH HAH000’€KTaMH, ajie TaKki OOMEKXEHHS € JOCUTh YMOBHUMU.
[Tpu nboMy AaHi pO3MIpH MOXYTh CTOCYBATHCS SIK YChOTO 3pa-
3Ka (HaHOOO’€KTOM € BECh 3pa3oK), TaK 1 MOro CTPYKTYypHHUX
eJIEMEHTIB (HaHOOO €KTOM € HOro CTpykTypa). ['eomerpuuni
pO3MipH JeSIKHX PEYOBUH HaBeAeHI B Ta0u. 1.2 Ta Ha puc. 1.1.

OcHoBHI TiepeBary HaHOOO €KxTiB i HM mossirarots y ToMy, 110
4yepe3 Mali po3Mipy B HUX TPOSIBIISFOTHECS HOB1 OCOOJIHMBI BIIACTH-
BOCTI, HE XapaKTEPHi I[MM PEUYOBUHAM Y MACUBHOMY CTaHi.

Tabnuys 1.1
Knacudikaunis peyoBuHH 3a71€5KHO Bil CTyneHs
AUCHEPCHOCTI [ 1]

. Yucno
. . Crymisb quc- .
[MonpiOHeHicTh ) aTOMIB y
CraH pe4yoBUHU MIEPCHOCTI, .
pEUOBHHU 1 YaCTHHIII,
cM
IIT.
0 102 18
.. | I'pybonucniepcua 10°-10 >10
MakpockoniyHun -
3acib crocTepekeHHsI: HE030pOEHE OKO
) ) . | TonkomucmepchHa 10%-10° >10°
MIiKpOCKOIIYHHH : —
3acib crocrepekeHHsI: ONTUYHUI MIKPOCKOII
VYneTpaaucnepcHa 10°-10’ 10°-10
Komoingmii 3acib crioctepe)xeHHs: ONTUYHUH yIBTpaMiKpo-
CKOII, €JICKTPOHHUI Ta CKaHYBAJIbHUI 30HI0BUI
. MounexyisipHa 2
MonekynspHui, YIpHa, >10’ <10
L. aTOMHA Ta i0HHA
aTOMHHH Ta 10H- . - .
i 3acib crioctepexeHHs: MIKPOCKOII 13 BUCOKOIO
o3111bHOI0 31aTHICTIO (< 0,1 HM) 1 CKaHyBaJlbHHAN
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BrnactuBocTi HaHomarepiasiB BH3HAYAIOTHCS X CTPYKTY-
poto, IS SKOI XapaKTepHA BeJMKa KUIBKICTh MEXK MOALTY (Me-
K1 3epeH 1 MOTPIMHUX CTUKIB - JiHIl CTHKaHHS TPHOX 3€PEH).
BuBueHHs1 CTPYKTypU € OJHUM 13 HAWBaXJIMBILIUX 3aBAAaHb
HAHOCTPYKTYPHOTO Marepiaso3HaBcTBa. OCHOBHHUUM €JIEMEHT
CTPYKTYPH — 3€pHO a00 KPHUCTAJIIT.

Kaacugikauisi 3a po3mipom. 3a po3mMipHOIO 03HAKOIO Ha-
HOOO €KTH MOAUISIIOTh HA TpU TUIK: HyIbBUMIpHI (0D), omHO-
BuMipHi (1D), nBoBuMipHi (2D).

Hanoo0’exktn HyabBumipni (0D) — 1e HaHOYaCTHUHKH
(kmacrepu, KOJIOIIH, HAHOKPUCTAIU 1 QyJIepeHu), M0 MiCTATh
BiJl IEKUIBKOX JIECATKIB JO JAEKUIBKOX THUCAY aTOMIB, 3TPYIO-
BaHUX B 3B’513KH a00 ancambOii y popmi KIiTUHU. Y 1IbOMY BH-
MajKy 4acTHHKA Ma€ HAaHOMETPOBI PO3MIpU B YCiX TPbOX Ha-
npsivMkax (puc. 1.2 a, 0).

HanouacTuHka — 11 HyIbBUMIpHUN HAaHOOO €KT, Y SIKOTO BCi
XapakTepHi JiHiiHI PO3MIPH MAIOTh OJUH TOPSIOK BEIUYHHU
(1o 100 HM). SIk mpaBUIIO, HAHOYACTMHKHM MalOTh CHEpUUHY
(dbopMy 1, SIKIIIO BOHU MAIOTh SICKPABO BUPAKEHE YIOPSIIKOBAHE
PO3MIIIeHHs aTOMIB (4YH 10HIB), TO X Ha3WBaIOTh HAHOKPHUCTA-
nmitamu. HaHOYaCTHHKM 3 BUPAXKEHOK JNUCKPETHICTIO €HEepre-
TUYHUX PIBHIB YaCTO Ha3UBAIOTh «KBAHTOBHMHU TOYKaMM» abo
«IITYYHHUMH aTOMaMH», HaiyacTime BOHM MAalOTh CKJIal

Tabnuys 1.2
ITopiBHSIHHS reOMeTPHYHUX PO3MIpiB MaTepiajiB
I'eomerprunnii
[Ipukian .
po3Mip
Hanocsit ATOM BOJIHIO 0,18 am
ITepepi3z monexynu JIHK 2 HM
JIOBXXKMHA BHIMMOT'O CBITJIa 400-700 am
Mikpocsit | Ilun 800 HM
Eputponur (niamerp) 7,2 MKM
Makpocsit | ToBmpHa KOMIAKT-IHACKA 1,2 MM
Komaxu 4-10 ™
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—
% 1,000 L
p % 1,000
JHE

Bbaxrepin Kpanna goury
maMerp 2,5 UM OOBKHHA 2.5 MEM  diaMerp 2.5 MM

Hanorpyoka (OBH)  Bonocuna bymanok
miamerp 1 1M miamerp 100 MM mHpHHa 10 M

"\l.\
—_—
x 1,000,000 L
)
% 1,000,000
HanouactHnka Mypamka ABTOIPOM
oiametp 4 um NOBKHAHA 4 MM miametp 4 kM

Puc. 1.1. [Ipukiax 00’ €KTiB i3 HAHO-, MIKPO- 1 MAKPOCBITIB
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TUTIOBUX HAIBIPOBIAHUKOBUX MaTepiaib.

Hanoo06’extu oqHomipHi (1D) — ByriiernieBi HaHOTPyOKH 1 Ha-
HOBOJIOKHA, HAHOCTEpP)KHI, HAHOIPOTH, TOOTO LMIIHIPUYHI
00’€KTH 3 OJIHUM BHMIpPOM B JIEKLJIbKa MIKPOH 1 JJBOMa HaHOMET-
pOBUMU. Y JaHOMY BUITAIKY OIMH XapaKTEPHUI po3Mip 00’ €KTa,
MIPUHAWMHI Ha TIOPSIJIOK MepeBHIye ABa iHm (puc. 1.2 B, T).

Hano06’exTu 1BoBuMipHi (2D) — nokpurtst a0o TUTiIBKU TOB-
IIMHOKO JICKUTbKa HAHOMETPIB Ha IMOBEPXHI MACHBHOTO MaTepiaty
(mimknami). Y 1poMy BHIMAKY JIMIIE OMH BUMIp — TOBIIMHA Ma€
HAHOMETPOBI PO3MIPH, JIBA IHIINX € MAKPOCKOIIUHUMH.

1.3 Oco0.1uBi BJIaCTUBOCTI HAHOMATepiaIiB

VY makpomacmitabdi XiMiyHi ¥ (i3uyHI BIaCTUBOCTI MaTepia-
JIB HE 3aJIeKATh BiJl pO3MIpy, alie MIPH NEPEXo/Ii 0 HAHOMACIII-
Tady BCE 3MIHIOETHbCS, BKJIIOYAIOYHM KOJIp MaTepiany, TOUYKY
TUTABJICHHSI M XIMIYHI BIACTUBOCTI. Y HAHOKPHUCTAJIYHUX MaTe-
piajax iCTOTHO 3MIHIOIOTHCSI MEXaHIYHI BIACTHUBOCTI. 32 MEBHUX
YMOB LI MaTepiajid MOKYTb OyTH HaJTBEpPIUMH a00 HAAMIACTH-
YHUMH. TBepiCTh HAHOKPUCTATIYHOTO HIKENIO NMPH MEepexoi
JI0 HAHOPO3MIPHHUX PO3MIpIB 30UIbIIYETHCS Y JeKUIbKa pa3iB, a
MIIHICTh Ha pO3TATYBaHHA 3pocTae y 5 pasziB. Temmeparypa

Puc. 1.2. Hanouactuuku ZrO,
ta Co (a, 6), HaHopoTH ZnO
(B) Ta OJHOCTIHHA BYTJIElEBa
HaHOTpYOKa (T) [2-5]
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raBneHHsa kiacrepiB (6imbme 1000 aTomiB) 301m0Ta cTae Ta-
KOO CaMolo SIK 1 Juis 00’eMHOro 30i0Ta. JlomaBaHHsS HaHOCT-
PYKTYpPOBaHOTO aJIOMiHII0O B pPaKeTHE MaJIMBO JyKE 3MiHIOE
HOro mIBUIKICTH 3ropsHHS. TeraonpoBiHICTh MOTOPHOTO Ma-
CTHJIA ICTOTHO 3pPOCTA€ MPH JI0JIaBaHHI OaraTonIapoBUX BYTJe-
LIEBUX HAHOTPYOOK.

Tak, y HAHOKpHCTAIIYHUX 1 HAHOMOPUCTUX MaTepiaiax pi3-
KO 30UIBIIYETHCS MTUTOMA MTOBEPXHS, TOOTO YacTKa aToMiB, 110
3HAXOMATHCSA B TOHKOMY (~ 1 HM) mpunoBepxHeBomy mmapi. Lle
MPUBOJIUTH /IO MiJBUILIEHHS PEaKliifHOl 37aTHOCTI HAHOKpHC-
TaJiB, OCKUIBKH aTOMH, III0 3HAXOJSATHCS HA TOBEPXHI, MAIOTh
HEHACHYEHI 3B’S3KM Ha BIAMIHY BiJ THX, IO 3HAXOAATHCA B
00’eMi, sIKi TIOB’s13aHi 13 CyCiTHIMU aTOMaMH.

ExcniepumeHTanbHI AaHi, OTpUMaHi B Pi3HHUX J1aO0OpaTOPisX
JUIST HAHOTIOPOIIKIB, 3aCBIAYYIOTh, IO B OUIBIIOCTI BHIIAJIKIB
YYTJIMBICTh 10 3aliMaHHS BiJl €IEKTPUYHOI ICKpH, 3IIITOBXY-
BaHHS a00 MEXaHIYHOTO TePTS Ta IHTCHCUBHICTH TOPIHHS 3POC-
TAIOTh MPHU 3MEHILIEHHI pO3Mipy YacCTHHOK Yy MWIOBIH xMmapi (i
BIJIMOBITHO TIPH 30UIBIIIEHH] ITUTOMOT TOBEPXHI).

SIKio MeTaneBi YaCTHHKU MalOTh PO3MIPH MOPSIKY MKM -
HM, TO iX MiHIMaJIbHa eHepris 3aiimanns (ME3) 3nauHO 3MeH-
IIYETHCS 1 CTAHOBUTH MeHIe HiXK 1 M/[k (11e HIDKHS Mexa dy-
TIMBOCTI amapara, SIKUi 3a3BUYail BUKOPUCTOBYETHCS TSI BU-
miptoBanHd ME3). ABropamu [6] Oyna BHBUEHa 3aJEKHICTb
pO3MipiB YaCTMHOK Al, MoJieTUIeHy Ta ONTHYHOTO BiOLIIOBA-
ya Big ME3 (puc. 1.3). Pe3ynpTat CTOCOBHO BOrHEHeOe3Meu-
HocTi Al HaBeneHi B Tabm. 1.3. 3rigHO 3 OTPUMAHUMH JAHUMHU,
MaKCUMaJIbHUN THCK BUOYXY P 3pOCTae IpU MEpexojii B

Tabnuya 1.3
Borneneoe3neunictb yactTunok Al [1]
Po3mip gactuHOK | P ., 6ap | MK3, /M’ ME3, mIx
40 MxM 5,9 35 60
100 M 12,5 50 <1
35 M 7,3 40 <1
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10% /./ MaJbHOI  eHeprii  3aliMaHHs
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HaHOJiana3oH, MiHIMaJlbHa KOHIeHTpamis 3aimanHs (MK3)
icTOTHO He 3MiHIOEThCs, @ ME3 pi3ko 3MEHIIYeThCS SIK MiHi-
MyM, y 60 pasis [7].

Po3mipHa 3aexHICTh OBEPXHEBOI €HEPTii HAHOKPHCTAIIB
3YMOBJIIOE€ BIJIOBIJIHY 3aJI€XKHICTh TeMIIEpaTypH IJIaBJICHHS,
sIKa JUIsl HAHOKPUCTAIIB CTa€ MEHIION, HIXK JUIsl MAaKpOKPHUCTa-
7iB. B mizioMy B HaHOKpHUCTaJaX CIIOCTEPIraeThCsl MOMITHA 3Mi-
Ha TEIUIOBHX BJIACTHUBOCTEH, IO TMOB’S3aHO 13 3MIHOIO Xapak-
Tepy TEIUIOBUX KOJMBaHb aTOMIB. ¥ (epOMarHiTHUX HaHo4Yac-
TUHKaX MPH 3MEHIICHHI PO3MIpY HIDKYE JESIKOTO KPUTHYHOTO
3HA4YeHHs JUISl CHCTEMH CTa€ E€HEpreTWYHO HEBUTITHUM CTaH
po30UTTST Ha JAOMEHH. Y pe3yiabTaTi HAHOYACTUHKHU TIEPETBO-
PIOIOTBCS 3 MOJIAOMEHHUX B OJHOJOMEHHI, MPH IOMY OTpH-
MYIOYH OCOOJIMBI MarHiTH1 BJIaCTUBOCTI.

1.4. I'any3i Hayku, nos’sizani 3 HT

MiXIUCUUIUTIHAPHICTD — 11€ XapaKTepUCTUKA Tady3l 3HAaHb
Y1 HAYKOBOi MpoOjeMH, Jie YCHIIIHUM pe3yibTaT Moxke OyTu
JNOCATHYTUHN JHIIe Ipu 00’€IHaHHI 3yCHJIb OKpeMHX Hayk. [H-
Terpauis 3HaHb OKPEMHUX HaYKOBHUX Trajly3eil mpuBOJIUTH 0 CHU-
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HEpri3My - OTpUMaHHA SKICHO HOBUX 3HaHb [8].
HM, 3aBasiku CBOIM yHIKaJIbHUM BJIACTHUBOCTSIM, HaOyJIH 3a-
CTOCYBaHHS B 0aratbox ramxyssx 3HaHb (puc. 1.4).
HaHoesiekTpoHika — rajry3b €JICKTPOHIKH, SKa 3aMa€eThCs
pO3po0ACHHAM (PI3UYHUX 1 TEXHOJOTIYHUX OCHOB CTBOPEHHS
IHTErpaJIbHUX E€JEKTPOHHUX CXEM 13 XapaKTepHUMHM TOIOJIOTi-
YHUMHU PO3MipaMH elleMeHTiB, MeHIuX 3a 100 HM, Ta 6a3yeTh-
Csl Ha BUKOPUCTAHHI KBAaHTOBUX €(DEKTIB B HAHOCTPYKTYpax.
CninTpoHika — HampsM rajry3b Cy4acHOi eNEeKTPOHIKH, SKa
0a3yeTbcsd Ha BUKOPUCTAHHI CIIHOBUX €(EKTIB Ta KBAHTOBHX
BJIACTUBOCTEH CIiHY €JIEKTPOHIB, IO XapaKTEPU3YIOTHCS IBO-
Ma KBAaHTOBMMHU CTaHaMu (CHIiH Yropy Ta CHiH YHH3). 3MiHa
opieHTanii crHiHiB BiZOyBaeThCS 3a PaxyHOK BIUIMBY BHCOKOI
T'YCTHHHU CTPYMY, ILI0 IPOXOAUTH Yepe3 HaATOHKI (epoMarHiT-
Hi cTpyKTypu (cenaBiui). OpieHTamis CHiHIB 3aJIMINAETHCS He-
3MIHHOIO, SIKIO JKEPENo IMOJSPU30BAHOTO CTPyMY BUMHKA-
€TBCS, TOMY CIIHTPOHHI MPUCTPOI AYKE IMUPOKO BHKOPHCTO-
BYIOTbCS SIK TOJIOBKM 3UMTYBaHHS, IPUCTPOI MaM’sTi Ha SBUIII
I'MO 1 tynenbHomy MO, reHepatopu 3MiHHOI HallpyTr'y, KOHT-
POJIBOBaHI 32 CTPYMOM, TPAH3UCTOPU Ha e(heKTi MO TOILO.
HamnoOiosioriss — ramy3p Olojorii, NpuUCBSYE€HA BUBYEHHIO
CTPYKTYPHHX, 0610JI0TTYHUX, 610()I3NYHUX MPOLECIB Y MPUPOTHUX
010JIOTIUHUX CTPYKTYpax abo iXx HaHOO10JIOTTYHHX aHaJIorax.

Hanoenexrponika CninTponika HanoGiounoris

~ 1

: ] MosexyiasapHa
Hanomexanika |«— Hanorexnosuorii > 2P
/ \ CJIEKTPOHIKA
Hanoonrtuka Hanocencopuka

Puc. 1.4. l'anmy3i Hayku, nos’s3ani 3 HT
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3aKOHIB, SIKUM MiAMOPSIKOBaHI 010J0Ti4HI CHCTEMH, CTBOPEH
[lisHaHHS Ha 11l OCHOBI MIFOYMX HAHOMOJEIEH Ol0JIOTTYHUX
CTPYKTYp ChOTOJIHI CTAaHOBJSATH OCHOBY HaHoOioorii. Jocsr-
HEHHsI HayKH HaHOO10JIOTii CKJIaJla€ OCHOBY PO3BHUTKY TaKHX
HaNpsSMKIiB HAaHOHAYKH, sIK OloopraHiuHa HaHOXiMis, HaHO(ap-
Mallisi, HAHOCEHCOPHKA, HAHOMEIUIMHA TOLIO.

MousekyasipHa eJIeKTPOHIKA TOCIIKYe €IeKTPOHHI HaHO-
CHCTEMH, 1110 MICTSTh SIK CKJIA/JI0OB1 YACTUHU MOOJUHOKI MOJIEKY-
71 a00 MOJEKYISIpHI KOMIUIEKCH, a TAKOXK TEXHOJIOT1i BUTOTOB-
JICHHS TaKUX HaHOCUCTEM, 0a3yroThCsl Ha BUKOPUCTaHHI Ipolie-
CiB CaMOCKJIQJIaHHsI, BKJIIOYAIOUH IPOIECH MaHIITyJTIOBAaHHS SIK
MOOJMHOKUMH MOJIEKYJIaMH, TaK 1 MOJIEKYJISIPHUMU KOMILIEK-
camu.

HaHoceHcopuka — rajiy3b HayKd IpPO CEHCOPHI HaHOCHC-
TEMH, JIisl AKX TPYHTYETHCSI Ha CEJIEKTUBHOMY CHPUNHSATTI CH-
THaJIB pi3HOI mpupou: O10NOTIYHUX, XIMIYHUX, TeMIepaTyp-
HUX 1 T. I, Ta X MEPETBOPEHHI B €JIEKTPUIHI (O10HAHOCEHCO-
pH, sIKI MOKYThb HE JIMILIE BIJICTEKYBAaTH CTaH OpraHizmy, aie i
aBTOMATUYHO BUKOHYBATH JI€sK1 HEOOX1H1 1ii).

HanoonTuka — rany3b Haykd, NMPUCBsiY€HA ONTUYHUM Ha-
HOCHCTEMaM, 110 BUKOHYIOTh (YHKIIi 1HQOpMaIiitHOro Kepy-
BaHHs, 37icCHIOIOYN 00poOKy, 30epiranHs 1 mepenady iHdop-
Malii y BUIJIAAlI ONTUYHUX CUTHANIB. [lepcnekTuBHUM pO31i-
JIOM HAHOONTHKHU € HaHO(OTOHIKa, 11 eneMeHTHY 0a3y ckiaja-
10Th (DOTOHHI KpUCTaIH, 10 €(PEKTUBHO BUKOPUCTOBYIOTHCS B
IpUCTPOsIX 00pOoOKH, 30epiranHs 1 nepenadi iHpopmarii.

Hanomexanika (HaHOpOOOTOTEXHIKA) — Tajly3b TEXHIKH,
110 3aiMAEThCS CTBOPEHHSIM HaHOPOOOTIB, 3/JaTHUX BUKOHYBa-
TH MI€BHI MEUYHI Omepallii B TUII MalieHTa (HaHOKaTeTepH, K1
JI03BOJISIIOTH €()EKTUBHO 3/1MCHIOBATH JIIarHOCTUKY H Teparlito
B KPOBOHOCHHUX CYJHMHAX 1 KHIIKOBOMY TPaKTi, a TAKOXK JI03Y-
BaJIbHI 1 PO3MOIIbHI HAHOIPUCTPOI, 110 3a0€3MeUyI0Th J0CTa-
BKY JIKiB, MOTpiOHUX marmieHtam). KpiM Toro, maini po3mipu
MIKPOKOMIIOHEHTIB pOOJIATh X iA€adbHUMHU I MaHIMyIio-
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BaHH: 010JIOTIYHUMU 3pa3KaMH Ha MIKPOCKOIIIYHOMY PiBHI.
1.5. I'any3i 3actocyBannsa HT [9-23]

HT naOyBaroTh 3aCTOCYBaHHS 1 MOXYTh BUKOPHCTOBYBATH-
Csl B yCIX IMPOMMCIOBUX Trally3siX, 30KpeMa B €JIEKTPOHilli, COo-
HSYHIN POMUCIIOBOCTI, €HEePreTulli, OyIiBHUIITBI, aBTO-, aBia-
OyayBaHHI, €KOJIOTI{, MEIUIIMHI Ta 1H.

EsexTponika. PO3BUTOK TEXHOJIOTIYHOTO MPOLECY MPH BU-
TOTOBJICHHI TPaH3UCTOPIB y KOMITFOTEpHIA TexHill (MiKpo-
IIPOLIECOPH) MOCTYIOBO 3MeHIIyeTbes 3 90 10 32 HM, 110 HE €
Mexero (rutanyerbest 1o 2018 poky #oro 3meHmuTH g0 14-
10 am). Takum 9MHOM, Ha OJTHOMY JIOiMIi Oyzie pO3MIIyBaTH-
Csl MUTBSIP, TPAH3UCTOPIB.

3aBISIKM PO3BUTKY MATEPiaIO3HABCTBA 1 MIKPOCICKTPOHIKH
BiIOYBa€ThCS 3MEHILEHHS €J1eMEHTapHOiI KOMIPKU 3amam’siTo-
BaJIbHUX TPUCTPoiB. Ha chOromHi MepcreKTHBHUMHU CTalOTh
MaTepiajli Ha OCHOBI HAaJArpaTok, JiaMarHeTHKiB, (hepomarHe-
THKIB, B IKUX p€ai30BYEThCS €(PEKT rraHTChKOIO MarHiTHOTO
OTopy, NEPHEHIUKYISAPHOTO YHIOPSIKYBAaHHS Ta aH130TPOMii.

Cepen HamiBIPOBIIHUKOBUX TEXHOJIOTIN BIJ3HAYMMO Jiase-
pH, 110 MpAaIfolTh MPHU HU3BKIH TeMIleparypi, MalOTh MaJHi
nopir reHepauii (1o 15 MkA), ki HaOyQyTh IIUPOKOTO BHUKO-
pHUCTaHHS, HaPUKJIa/, B KBAHTOBIH Kpunrorpadgii.

[ToenHaHHs OTpUMaHMX HOBITHIX PE3yNbTATIB 13 chepu Ma-
TepiaJO3HAaBCTBA Ta EJEKTPOHIKU JO3BOJISIE CTBOPIOBATHU IPHU-
CTpoi 3 YHIKQIFHUMH THYYKHMH, BOJIOTO- Ta yIAPOMIITHUMHU
BIIACTHBOCTSIMU, 1110 MAIOTh BUCOKHI KO€(]IIiEHT KOPUCHOT il
Ta TPUBAIMM TEPMIH CIYyKOH. 3aCTOCYBAaHHSI HOBUX MaTepiaiiB
JI03BOJISIE CTBOPIOBAaTH BHCOKOe(heKTHBHE (oTonpHiiMaibHe
oOjafHaHHA Ui BUAMMOTO Ta 1H(GPauyepBOHOTO BUIIPOMIHIO-
BaHHS, BUKOPHUCTAHHS SKOTO MiABUIIUTH €(EKTUBHICTH MOHI-
TOPUHTY JIIHIA eNeKTpOMEepeX, TPyOONpOBOJIIB, OXOPOHHUX
CHCTEM.
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Enepreruxa. Iluranns eHepro3ade3neyeHHs 3aBXIU € aK-
TyaJbHUMH, BOHHM IlepealdadaroTh J1Ba OCHOBHUX 3aBJaHHS —
CTBOPEHHSI MpPHUJIAJIIB 3 C€KOHOMHHMM CIIOKHBaHHAM EJEKTPO-
€Heprii Ta BUTOTOBJIEHHS 3apsAHUX IPUCTPOIB Ha OCHOBI HO-
BUX TEXHOJIOTiH 13 MOKpalIeHUMMHU MOKa3HWKaMu. OCBITIIOBa-
JIbHAa TEXHIKa MOJICPHI3YETHCS, PO3IKAPIOBAIBHI JIAMIIU 3aMi-
HUIOTHCS Ha SICKPaBi CBITJIONIOAM Ta MAaTPHUIIl HA iX OCHOBI.

3HayHa yBara NpUAUIAETHCS aJbTEPHATUBHUM BHJIAM €HEp-
rii. Tak aBTopamu npari [13] po3poGieHO COHSAYHI €TEeMEHTH,
110 TOTJIMHAIOTH CHEPrito B iH(payepBOHIM YaCTHHI CIEKTpA.
Ile BimOyBaeThCS 3aBASKU TEXHOJIOTII, 1[0 BUKOPUCTOBYE CIIe-
LiaJbHUN BUPOOHWYMH MPOLIEC HAHECEHHS METAJIEBUX HaHOAH-
TeH (KpUXITHUX KBaIpaTHUX CHIpalboOK) HA IIACTMACOBY IIiJI-
kinaaky. Taka KoHCTpykuis no3Boisisie orpumyBatu 10 80 %
€Heprii COHAYHOIO CBITJIA, TOAI AK ICHYIOYi COHSYHiI OaTtapei
MOXyTh BUKOpucTOBYBaTH suiie 20 %. CoHlle BUIPOMIHIOE
0araTo TEIUIOBOI €HEPrii, YaCTHHA 3 SKOi MOTJIMHAETHCS 3EM-
JIEI0 Ta IHIIMMH 00’ €KTaMH 1 BUIPOMIHIOETHCS YIIPOJIOBXK Oa-
raTbOX TOJMH IICIS HOTO 3aXOAy; HAHOAHTEHHU «BIIOBIIOIOTH)
1Ie TEIJIOBE BUIPOMIHIOBAHHS 3 BUIIOI €(PEKTUBHICTIO, HIXK
3BUYAiTHI COHsYHI Oarapei.

CTBOpEeHHsSI aKyMyJIITOPIB Ha OCHOBI HaHOBOJIOKOH KpeM-
HIIO, IKI MICTSTh 10HU JITIIO 3aMICTh BYTJICIIO, TIPUBEIE 0
30UIBIIEHHS €MHOCT] 3apsAAHUX MPHUCTPOIB Ta PO3IMIMPEHHS M-
ama3oHy BHUKOPHCTaHHS. [OHHA MPOBITHICTP HAHOKOMITO3UTIB
TBEPJIOTO €JEKTPOJIITY 301IbIIYETHCS HA JIEKIIbKa MOPSIKIB, 3a
pPaxyHOK 4OTO Ha Or0 OCHOB1 MOKHA BUTOTOBJISITH MiHIaTIOpHI
THy4Ki OaTapei.

Meauuuna. HaHocTpykTypH3alis NpPU3BOAUTH O 3MEH-
HIEHHS PO3MIpY MITyJKd 1 MiJBUIIEHHS BMICTY JIKyBaJIbHOI
pedoBuHHU Yy KpoBi. Lle myxe BaxxiIMBO, TOMY 110, HAHOYACTHH-
KU B MailOyTHhOMY OYAYyTh OJHUM 13 3aCO0IB JOCTABKH JIIKIB B
ypaxeHy IUISHKY (HaHopoOotu). Hanouwactunku cpibia 3a-
BJSIKK CBOIM OaKTEpUIIMIHUM BJIACTUBOCTSAM BUKOPUCTOBY-
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IOTHCS TIPH JIIKYBaHHI PI3HOMAaHITHHX paH 13 METOI0 3He3apa-
KeHHsA. TunoBuil po3mip HAHOYACTHHOK cpibia 5-50 HM, ix
JO0JAr0Th 10O MUHHHX 3ac001B, 3yOHHX HacT, BOJIOTHX CEPBETOK,
HaHOCSATh Ha TOBEPXHI KOHIUIIIOHEPIB, IMOKPUBAIOTH CTOJIOBI
npujaay, ABEpHI pydkd (B MicLsX, /€ BeJHKa HeOe3rmeka Io-
mupeHHs 1HQEKIii) 1 HaBiTh KIaBIaTypH 1 «MHUIIKH» IS
KoM 'totepiB. HaHowacTHHKM 3070Ta pa3oM i3 aHTHUTIIAMHU
MOXXYTb 3HU3UTH IIKIUIMBUN €(EKT BiJ OMPOMIHECHHS MpHU JIi-
KyBaHHI ITyXJIUH.

CydacHe oOmagHaHHS JTO3BOJIE «i3 CEpPEAMHU MOOAYUTH
KUTTS» )KUBUX KIIITHH, BAKOHYBATH MaHIMYJIAIIT 3 MOJICKYyJIa-
MU Ta Ja€ MOXJIHMBICTh BUPOIIYBaTH a00 KJIOHYBAaTH YaCTUHU
opraniB. [loennanHs 0i0JOTIYHUX Ta MEIUYHUX 3HAHD PAa30M i3
3100yTKaMu €NeKTPOHIKH O3BOJIAIOTH CTBOPIOBATH MIKpO-
€JIEKTPOHHI MPUCTPOT (WilK) 1T KOHTPOIIIO 30POB’S JIIOIMHA
a00 TBapHHU.

IInTanns 118 camonepeBipku

1. o Ha3uBaIOTh HAHOTEXHOJIOTIIMHU 1 HAHOMaTepiagamu?

2. lllo o3Ha4yar0Th METOM OTPUMAHHSI HAHOMATEpialliB «3ropu
BHU3» Ta «3HU3Y Bropy»?

3. SIxa icHye knacudikaiis HaHOMaTepiaais?

4. B yoMy BIIMIHHICTh HAaHOMATEpialliB BiI MACUBHUX MaTepi-
aniB?

5. SIki HOBI HayKOBI rajy3i BUHMKJIU 3aBJASKH PO3BUTKY HaHO-
TEXHOJIOT1H?

6. Ianmy3izacTocyBaHHS HAHOTEXHOJIOTIH.
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PO31JI 2. METOAN OTPUMAHHSA
HAHOMATEPIAJIIB

VY BuximHomy ctani HM MOXyTh SIBJISTH COOOIO TTOPOIIIOK 13
HAaHOYACTUHOK, TOHKI IUTIBKH/TIOKPUTTS 3 KPUCTAJIIYHOIO YH
aMop(HOIO CTPYKTYporo Ta (hOpMEH1 MaTepialii 3 MOPYyBaTOO
a00 MIUTFHOIO CTPYKTYPOIO, IO CKIATAOTHCS 13 APIOHOTUCTIE-
pcHux 3epeH. B ocHoBy MeroxaiB oTpumanHs HM mnokianeHi
¢bi3nyHi 200 XIMIYHI MpOIecH, SKi OAUIA0Th Ha[1]:

— MOPOIIKOBI METO/IH;

— METOAM OTPUMAHHS TOHKUX TUTiIBOK/TIOKPUTTIB;

— KpHCTati3aliro aMop(HUX CIUIABIB;

— METOJY IHTEHCUBHOI IIaCTHYHOT 1edopmalii,

— KOMIUIEKCHI METOJIM — BUKOPUCTAHHS JAEKUTHKOX TiIXO/IiB.

2.1. OTpuMaHHA HAHONIOPOWIKIB [1-4]

MeToau OTprMaHHS HAHOMOPOIIKIB MOBHHHI BiJIMOBIAATH

TaKUM 3arajJbHUM BUMoram (puc. 2.1):

— BHUCOKIM MIBUAKOCTI YTBOPEHHS IIEHTPIB 3apOJKEHHS yac-
THUHOK;

— TOBUTBHOMY POCTY YaCTHHOK;

— MOXJIMBOCTI KOHTPOJIIO pO3Mipy YaCTHHOK;

— HaOLIBIIOMY pO3MIPYy YAaCTHMHOK, IO HE MEpEeBUIIYyE
100 =HM;

— MaJHM 3Ha4Ye€HHAM Jucnepcii, cTablIbHOCTI OTPUMAaHHS Ya-
CTHUHOK 33JIaHOT'O PO3MIPHOTO JIiana3oHy;

— TOBTOPIOBAHOCTI XIMIYHOTO 1 ()a30BOT0 CKJIQAY YACTHHOK;

— KOHTPOJILOBAHOCTI MapaMeTPiB MPOLIECY OTPUMAHHSI.

®@izuyHi metoau. Ocamkenns 3 razoBoi ¢gasu. Lli metoau
OTpUMaHHS HAaHOIIOPOIIKIB B1JIOMi BXk€E AaBHO, a TOMY 3Ha0yiH
Hail0inbIoro nomupeHHs. Lle moB’s13aHo 3 THM, 10 TEXHOJIOT{
BUIIAPOBYBAaHHS PEYOBMHHU 3a JIONOMOIOI0 PI3HUX BHCOKOIH-
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Posnuiienns [Ipouecu
pO3ILIaBy BiTHOBJICHHS
y Y
MexaHiuHe O piOHEHHS Poskiananns Hecrabi-
JBHHUX CIIOJIYK

A

BI/ICOKOGHepreTI/I‘lHI/Iﬁ CHHTC3

Puc. 2.1. MeTtoaun oTpuMaHHs HAHOOPOUIKIB [2]

TEHCHBHHX JDKEPEJI €Heprii Ta MoAajbIIoro OCaKeHHS ii 3 Ia-
poBoi (haszu € TOCUTH BiNPAIlbOBAHUMH, JIETKO KOHTPOJIIOIOTHCS
1 320€3Me4Yyt0Th BUCOKI BUMOTHU IOJI0 YUCTOTH TOPOIIKY, OJIe-
PIKY€EThCA TAaKUM YMHOM, OCOOJIMBO NMPH BUKOPUCTAHHI Kamep i3
KOHTPOJIbOBAHOIO aTMOC(eporo (BakyyMH1 KaMepu abo KaMepu
3allOBHEHI 1HEpTHUMHU Ta3aMHU — TellieM, aproHOM abo KCEeHOo-
HOM).

VY 3a5eXHOCTI BiJl THUILy METOJLy 1 TEXHOJOTIYHUX MapaMer-
piB pO3MIp YAaCTHHOK MOPOIIKY MOE CTAaHOBUTH Bif 5 IO
100 uM, kimacudikaliss TUCIEPCHUX MaTepialiB HaBeleHa Ha
puc. 2.2.

3MIHIOIOUM 1HEPTHUH Ta3 y KaMepi BiJ reqiio O KCEHOHY
MIPH MATPUMII OJTHAKOBOT'O 3HAYEHHS THCKY (3MIHIOETHCS TyC-
THHA Ta3y), po3Mip YaCTMHOK MOXX€ 3MIHIOBaTHCS B JEKIUIbKa
pasiB. 3a OJIHAKOBMX YMOB BHUIIApPOBYBaHHS YaCTHHKH, OTPH-
MaHi 13 TYromjiaBKuxX MeTaliB, Oy1yTb MaTH MEHIIUH po3Mip.

Jlo MeTo/iB OCa/PKeHHS 13 Ta30BO1 (ha3u BITHOCSTH:

— TepMiuHE BUIIAPOOBYBAHHS;
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Puc. 2.2. Knacudikaiiis AUCIEpCHUX MaTepialliB 3a po3Mi-
pom mucnepcHoi ¢asu [3]

— BHUOYXOBE BUIApyBaHHS;
— BUNAPYBAaHHSA B TMOTOII I1HEPTHOrO Ta3zy (JeBiTamiiHO-

CTPYMEHEBHIl METON).

Tepmiune BunapoByBaHHsi. MacuBHUI MaTepian po3irpi-

Ba€ThCA (PE3UCTHBHUM, BHCOKOYACTOTHO-IHAYKIIITHUM, €JIEKT-
POHHO-IIPOMEHEBUM, €JIEKTPOYrOBUM, IJIa3MOBUM abo Jiazep-
HUM METOJIaMHu ).
@dopMyBaHHsS HAHOMOPOIIKY BiTOYBA€ThCS 3a TaKOIO CXEMOIO:
MiJIBEJICHHS TEIJIOBOI €Heprii 10 maTepiany, SKUd He0OX1THO
PO3NMMINTH —> MEpeBeleHHs Horo B Tra3oBy (¢a3zy —> KOH-
JICHCAIlisl Ha OXOJIO/DKEHY MiTKIaIKy —> 3YHIIEHHS TTOPOIIKY B
€MHICTh 111 30epiranHs. [Ipukian ycTaHOBKM HaBEIEHO Ha
puc. 2.3. YacTUHKHU MOPOUIKY MatoTh chepryHy abo orpaHoBa-
HY GopMy 1 MOXKYTb OyTH METaleBUMH, IHTEPMETAIITHUMHU Ta
HemeTaneBUMU. [lepeBaroro MeTony € OTpUMaHHS YUCTUX MO-
POILIKIB 13 BY3bKUM PO3IOJUIOM YAaCTUHOK 32 PO3MIPOM, a HEJ0-
JIKOM — HHU3bKa MpPOIYKTHBHICTH TPOIECY, Yepe3 BIJCYTHICTh
YCTaHOBOK BEJMKUX PO3MIpIB /i BUKOPUCTAHHS B TIPOMHCIIO-
BOMY BUPOOHUIITBI.

BulGyxoBe BHNIapOBYBaHHfl TIOJSTaE y BUAUICHHI TyXKe
BEJIMKOi KUIBKOCTI eHeprii 3a Mamuii mpomikok uacy. Ilpu
LbOMY MaTepiaa BUIIAPOBYETHCS, 1 TOTIM 32 PaXyHOK IIBUIKO-
ro 30inbIIeHHS 00’€eMy OXOJOKYETbCS 3 (hOpMyBaHHS

24



W J0 HAaCoCy

Puc. 2.3. Cxema oTpuMaHHS HAHOIMOPOMIKIB HUISXOM KOH-
JeHcalli matepiainy 3 nmapoBoi ¢azu: 1 — TUTens 3 MaTepianom;
2 — ckpeOOK JUIsl 3UMIIEHHS HAHOMOPOIIKY; 3 — CTPYXKEHb (T1i/1-
KJIaJKa), 0 OXOJODKYEThCS; 4 — KOHTEWHEp JJIsl HaHOIOpO-
uky [2]

4acTUHOK Manux po3mipiB (5—10 um). Hegomikamu metony €
3HAYH1 BUTPATH €Heprii, Kl IPUBOJATH O BUCOKOi coOiBapTO-
CTi MOPOIIKY, HEPIBHOMIPHICTh PO3Mipy YaCTHHOK, BHACIII0K
4Oro BUHHMKA€E HEOOX1THICTh X COpTyBaHHA. Uepes Te, 110 yac-
THHA MaTepialy MOXK€ He BCTUTHYTH NEpelTu B ra3oBy ¢asy,
B1J10yBa€eThCs POPMYBaHHS PILAKUX Kpameslb MIKPOHHUX PO3Mi-
piB.

Po3nuiienns po3miaBy. Lls rpyna meroxiB 0azyeThcs Ha
HIBUJIKOMY PO3IUJICHHI Ta OXOJIO/PKEHHI PO3IUIaBy MOYaTKOBO-
ro Matepiamy. Lls TexXHONOTiS I03BOJISIE OTPUMATH TOPOIIOK
po3mipom 10-500 aM.

BukopucToByroun MeTOJIM YAApHOTO YU €JIEeKTPOTiApOIu-
HaMIYHOTO PO3MIJICHHS PO3IUIABY YaCTUHKH MOPOIIKY CTaHOB-
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116 10-50 MKkM 3 amopdHOI0 200 HAHOKPHUCTAIIYHOIO CTPYK-
TYpOIO, MICIIA YOro 3IHCHIOIOTH iX MOAPIOHEHHS BUKOPHCTO-
BYIOUM MEXaHiuHi METOJH, [0 € OCHOBHUM HEJOJIKOM PO3ITH-
JIEHHS 3 po3IIaBy (puc. 2.4).

BunapoByBaHHsi B noToui inepTHoro rasy (JiesiraiiiiHo-
CcTpyMuHHUI Meron). IIpu 1boMy MeTOJ1 BUIIApOBYBaHHS Me-
TaJly MPOBOJUTHCS B IMOTOI 1HEPTHOTO ra3y, HampuKiIan i3
Kparuii po3IjIaBy Ha KiHII JAPOTHHH, IIIO PO3IrPIBAETHCS BHUCO-
KOYaCTOTHUM Mar"iTHuM mojiem (puc. 2.5). Po3mip chopmoBa-
HUX YaCTHHOK 3aJIeKHUTh Bl MIBUAKOCTI MOTOKY razy — 3i 30i-
JBIICHHSM MIBUAKOCTI BIH MOKe 3MeHIuryBaTucs Bim 500 1o
10 HM™.

MexaniuHe moApiOHeHHsI BUKOPUCTOBYETHCS JUISl po3Me-
TMIOBaHHA (MOApiOHEHHS) MaTepiady Ha YaCTMHKH MaluX pPO3-
MipiB (5-200 HM), i3 BUKOPUCTaHHAM >KOpeH. Po3Mip 4acTHHOK
3aJIe)KUTh BiJl TEMIIEPATypH IUIABJICHHS METally 1 4yacy mojapio-
HeHHs (BiJ JACKUIBKOX TOJWH JO JEKUIbKOX 1i0). Uum BuUIIa
TeMIeparypa IJIaBIeHHsI MeTaly 1 OUIbIINI Yyac po3MetoBaH-
HS, THM MEHIIUH PO3MIp YaCTUHOK MOXE OyTH OTpUMaHUM.
Hanpuknan, 3a oAHaKOBUX YMOB MOJPIOHEHHSI MiHIMaTbHHMA
PO3Mip YaCTHHOK amioMiHifo (Temmeparypa miasienus 660 'C)
cranoBuB 20 HM, a Boib(ppaMy (TemmepaTypa IUIaBICHHS
3395 °C) — 6 uM.

OcHOBHUI HENOJNIK MeToLy — 3a0pyAHEHHS MOPOIIKY BHa-
CIIIJIOK 3HOIIEHHS! pOOOYMX YaCTHUH YCTATKyBaHHS.

Metoau XiMiYHOTO OcaaKeHHs 3 mapoBoi ¢asu. L1 rpyna
TEXHOJIOTIN TPYHTYETHCSI HAa BUKOPUCTAHHI XIMIYHUX peakIiit
CIOJIYK METaJiB, 10 3HaXOAAThCs B ra3oBiil ¢asi. B peakrtus-
HIH Kamepl BiIOYBa€ThCS TEpPMIUHE PO3KIAJaHHS CIOJIYK 13
YTBOPEHHSM TBEPAOT0 OCaay Yy BUIJISAI HAaHOMOPOIIKY 1 ra3o-
MOAI0HUX PEYOBHH, IIPU LOMY MPOLECH BITHOBJIEHHS 1 PO3K-
JaJlaHHd MOXKYTh BimOyBaTHCs JeKinbka pasiB. [loyaTkoBoro
CHUPOBHHOIO BUCTYIAIOTh TaJOTeHIIN (XJIOPUIN) METallB, ajKi-
JbHI  CHONYKH,  KapOOHLIM,  OKCHUXJIOpuaAW.  Posmip
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Puc. 2.4. llpuHnumnoBa cxema OTpUMaHHS HAHOMOPOIIKY 3
PO3IUIaBY: yIapHe (a) Ta eNeKTPOTiIPOIUHAMITHE PO3ITHICHHS
Martepiany [2]

I]]m]mm] Puc. 2.5. VYcranoBka

JUIE OTPUMAaHHS HAHOIIO-
5 Eg pouiky B atmocdepi iHep-
sy A THOTO Ta3y: | — KOHTelHep

e Al JUIsl HaHONOPOILIKY; 2 —
€EMHICTh 11 (PUIBTPYBaH-
HSl YaCTHHOK 3a PO3MIpOM;
3 — wmerasieBa mapa; 4 —
IHAYKIIHHWI HarpiBay; 5 —
MEeXaHI3M JIJIs TIoJ1a4i Ipo-

= ]10 HACOCY THHU, 6 — KpaIis po3ILia-
BJIEHOTO MeTany [2]
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OTPUMYBAHHUX YACTUHOK MOXKE PETYJIOBATHCS TEMIIEPATYPOIO
1 IBUJKICTIO OCAJIKCHHSI.

VY npaniil Tpymi TEXHOJOTIH MOXKHA BUIUIMTH JBa OCHOBHI
METO/M: TIEPEHECEHHs Yepe3 Ta30By a3y i BiIHOBJICHHS 3 IO-
JAIBIIUM po3kiagaHasM. [IpukiIazoM meporo METoIy MOXKe
OyTH TpoIleC 3aCHOBAaHWUU Ha TOCIIJIOBHOCTI PSAY XIMIYHHX
peaxiiii 3a y4acTIO XJIOPUIiB METAIIIB, SIKi TOBTOPIOIOTHCS:

NH,C1 — NH; + HCI;

Me' + 2HCI — Me'Cl, + Hy;

Me'O + + 2HCI + C < Me'Cl, + CO + Hy;
MeIClz + Mel > Me! + MeHClz;

Me"Cl, + H, — Me" + HCL.

[Tpukian apyroro MeToay — peakiii CHHTE3y 1 oA bIIOro
pO3KIIagaHHs KapOOHLTIB:

xMe +yCO = Me,(CO),,
Me(CO), — xMe + yCO,

ne Me — Merain, 110 BIAHOBIIIOETHCS B MPOIECT XIMIYHOI peak-
i

IIpouecu BigHoBaeHHsA. Haii01ab1 BitoMUM 13 L€l Tpynu
€ METOJ] BOJHEBOT'O BiTHOBJICHHS CHOJYK METaJiB (T1IPOOKCH-
1M, XJOPUAU, HITpATHU, KapOOHATH METaJliB), 10 BCTYHAIOTh Y
peaKIlio BiTHOBJIEHHS B MOTOL BOAHIO MPHU TEMIIepaTypi NpHu-
om3Ho 500 K. Tlpukiman THIIOBOT peaxirii:

MeCl, + H, < Me + 2HCI.

BukopucroByroun neil MeTol, BIAEThCA OTPUMYBATH IIO-
POLIKK METaliB 13 HU3bKUM BMICTOM JIOMIIIOK 1 Mai)ke OJiHa-
KOBUMH PO3MipaMH YaCTHHOK.
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OcamxkenHs 3 po3unHiB. J[o po3unHIB cojeil MeTaniB A0a-
I0Tb PEYOBHHY OCAQ/KyBad, 3a pPaxyHOK YOro BiIOyBaeTbCs
OCa/DKCHHSI METaJICBUX OKCHUIHHMX MOPOIIKIB 13 BIIUICHHSM
TIPOOKCUIIHOTO Ocaly. YMOBHU OCAQ/KEHHS PEryjrol0Th IILIs-
XoM 3minu pH, Temmnieparypu, nogaBanHs O0yhepHUX PO3UYUHIB.
Sk ocajKyBau HaifyacTillle BAKOPUCTOBYIOTh PO3YMHH amiaky,
BYTJICKUCIIMI aMOHIH, IIaBIEBY KHUCIOTY, OKCallaT aMOHi0. Y
pe3yiabTaTi OTPUMYIOTh HAHOMOPOIIKH OKCHUIIB (Kp1OXiMIUYHUHN
Ta 30J1b-T€JIb-METOU, XIMIYHOTO OCAJKEHHA 1 TiApoTepMaib-
HOro cuHTe3y). OCHOBHUM HEJONIKOM METOJIy € BUKOPUCTAHHS
BEIMKUX 00’ €MiB, 3HAYHUI BMICT JIOMIIIIOK y IMTOPOIIKY 1 BEIH-
KU PO3KHUJ] YACTHHOK 32 PO3MIpaMH.

Mertoa po3k/aay HecTaOlJILHUX CHOJIYK Iependavae B ce-
0e TepMiUHMIA 1 pagialiiiHuil po3Kiiaj, B pe3yabTaTi IKOTO yac-
TUHKHU MTOpOIKy MaroTh po3mipu 20-300 am. ['onoBHOIO miepe-
Barol 1bOr0 METOIY € MOXJIHUBICTb OTPUMAHHS YUCTUX (Ha-
BiTh XiMiYHO iHepTHHX) eneMeHTiB (Pd, Cd).

BucokoeHepreruyHuii CHHTE3 3aCHOBAHMN HAa BUKOpHC-
TaHHI peakiii, M0 MPOXOJATh 3 BUCOKOIO IIBHJKICTIO B yMO-
BaX, JAJEKHX BiJ PIBHOBAXKHMX, IiJ{ BIJIMBOM BHCOKOEHEpre-
TH4HOI 1ii. [l oTpuMaHHS HAaHOIOPOIIKIB BUKOPHUCTOBYIOTh
JNETOHAIINHAH 1 MIa3MOXIMIYHAN METOIH.

[Ipu neronaniiHOMYy CHMHTE31 Ha CyMill ITOYaTKOBUX peare-
HTIB JIi€ yJapHOI XBWJISI 3 TUCKOM /0 Aekinbka aecstkiB [Tla.
[Ipu fioro BUKOPUCTaHHI OTPUMYIOTh aJIMa3HUII HAHOTIOPOLIOK
3 cepelHIM PO3MipOM YaCTHHOK 4 HM, HaHOIOPOILIKU OKCHJIIB
Al, Mg, Zr, Zn.

[Tna3mMoxiMiyHMI CHHTE3 3IMCHIOETHCS 3 BHUKOPHCTAHHAIM
HU3BKOTEMIIEPATYpHOI IUIa3MH, JAYTOBOro abo TJII0YOro pos3-
psmiB. 3a paxyHOK BHCOKOi TemmepaTypy miasmu (1o 10°K) i
BUCOKHX UIBUAKOCTEH B3aeMOJIi 3abe3nmedyeThesl Mepexif
MPAKTUYHO YCiX MOYaTKOBUX PEYOBMH (METalld, raJIOTeHiIn) B
ra3onomiOHMN cTaH 3 IX IOJANBIIOK B3a€MOIICI0 Ta KOHIEH-
calli€l0 TPOJIYKTIB y BHUIJIAAI HAHOMOPOUIKY 3 YaCTHMHKAMHU
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npaBUiIbHOI (popmu, mo MaioTh po3mipu Big 10 mo 200 HM.
[Ipu BuKOpHCTaHHI aKTUBHUX cepenoBuill, 1o mictath C, N, B
a6o O, OTpUMYIOTh HAHOIIOPOWIKH KapOiaiB, HITpUAY, OOpumy
Ta OKCHJIIB PI3HUX EJEMEHTIB, a TaKOX 0araTOKOMITOHEHTHI
CIOJIYK.

2.2. MeToam oTpUMAaHHSI TOHKHUX IJIIBOK/TIOKPUTTIB

TexHOJIOT1YHI METOIM OTPUMAaHHS TOHKHMX TUTIBOK 1 IIOKPHT-
TiB YMOBHO MOYXHa PO3IUTUTH Ha METOJH, 3aB TOHOBaHi Ha ¢i-
3UYHHX 1 XIMIYHUX MpoIiecax.

Jlo mepioi rpymnu BigHOCATE:

— ocamxkeHHs 13 razoBoi ¢aszu (PVD — Physical Vapour
Deposition): TepMmiuyHe BHUIApyBaHHS, KaTOJIHE Ta MarHeT-
POHHE PO3MIJICHHS, 10HHA IMIUIAHTAITis;

— raszorepMiuHe (T1a3MOBE) HAITUJICHHS;

— Ja3epHi METOJAM: JeryBaHHS abo IMIUIaHTaIis, amopdizais
MOBEPXHI 3 BUKOPUCTAHHSAM JIa3€PHOTO BUIPOMIHIOBAHHS.
Henomnikamu 1i€i rpynu METOIB € CKIIAIHICTh PO3POOIIEHHS

TEXHOJIOTIYHOTO PEXHUMY 11 KOHKPETHOTO BUIAKy OTPUMAaH-

HS TIOKPUTTS, OCOOIMBO AJIsl OJIEp>KaHHS MOKPUTTIB 13 CHOJYK,

ne HeoOXiHa BHCOKA TOYHICTh XIMIYHOTO CKJIaay; HEOoOXil-

HICTb CTICIIAIBHOI MIATOTOBKH TTOKPHUTTS TTOBEPXOHb.
Tepmiune BunapoByBanHs. [Iporec TepmiuHoro Bunapo-

BYBAHHS 3/fICHIOIOTh Y BaKyyMi NMpH THCKy mopsiaky 107—

107 Ia. TTpu TakoMy THCKY JOBXKHHA BIILHOTO MPOOIry aTOMiB

ab0 MOJIeKyJl CTAHOBUTH MOPAAKY JAEKIIbKOX MeTpiB. OTpuma-

Ha B pe3yabTaTi po3irpiBaHHs mapoBa ¢aza peuyOBHHHU BUIBHO

OCAQDKYETHCS HAa MIAKIAAKY, IO Mae TeMIlepaTypy Habarato

HIDKYY, HIK TeMrepaTtypa napoBoi ¢azu. binenricts 13 1ux Me-

TO/IIB pO3pax0oBaHO Ha BUIIAPOBYBAHHS METAJIEBUX MaTepialiB.
Jlo mepeBar MeTo/ly TEPMIYHOI'O BUIIAPOBYBAHHS HAJICKUTh

BiTHOCHA MPOCTOTa OOJIAHAHHS Ta KOHTPOIIO IPOIECY, a 10

HEJOJIKIB — HU3bKa a/ire3isi MOKPUTTS BHACIIIOK MaJoi eHeprii
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aTOMIB 200 MOJIEKYII, IO OCAKYIOThCS Ha IMiAKIIAIKY, 1 BUCO-
Ka YYTJIUBICTh JO HASBHOCTI Ha TMOBEPXHI IMJKIAJIKH CTOPOH-
HIX TUTIBOK 1 3a0pynHEeHb. BIJIMB 1UX HEAOMIKIB MOXHA JEII0
3HU3UTH 33 PaXyHOK BUKOPUCTAHHS CIHEIialbHUX METOJIB IiJI-
TOTOBKH MOBEPXHI (YJIbTPa3BYKOBE OUMIICHHS MOBEPXHI, XiMi-
yHa abo0 EJIEKTPOXiMiYyHA OYHMCTKA Ta/ab0 TpaBJICHHS, 10HHE
TPaBJICHH).

MeTo TepMIYHOTO BUIIAPOBYBAHHS JIOCUTH IIUPOKO BUKO-
PHUCTOBYETHCS ITiJl YaC BUPOOHMIITBA KOPCTKUX MATHITHUX JIH-
CKiB g Komm torepiB. [linKkmankor € aaroMiHIEBUH AHMCK 13
mopeTKicTio MeHmre 20 HM i3 HaHeCEHHM aMOp(HUM HiKeJb-
dbochopHUM MiAMIAPOM TOBIIMHOIO TOPAAKY 20 MKM (A mo-
JNIIeHHS aare3ii 1 KoMmeHcaril BiIMIHHOCTeH Koe]illieHTIB
TEPMIYHOTO PO3IIUPEHHS MiAKIAIKA Ta MOKPUTTS). CHoYaTKy
HAIWTIOETHCS IPOMIKHUN MeTalieBuid miap, Hanpukian Ni-Fe,
toBmKHOKO 500—1000 HM, a BXKE MOTIM — OCHOBHHUH IIIap 3 Ma-
THITHOTO MaTepiaiy, HalpHuKiIaj ciiaBy Ha ocHoBi Co abo Co-
Cr, ToBmnHor 100-500 HM. IloBEpX BCHOrO MOKPUTTS HaHO-
CUTHCSI 3HOCOCTIMKUI 3aXMCHUN BYIJCIEBHI 1Iap TOBIIMHOIO
30-50 uM. Takox TepMmiuHE HANWJICHHS BUKOPUCTOBYIOTH 1
npu BUpoOHUNTBI CD-auckiB. Ha nuck 3 miaactmMacu HaHOCSTH
QJIIOMIHIEBE OCHOBHE MOKPUTTIB 3 TOBIIMHOK HAaHOMETPOBOI'O
niama3oHy. B 060x Bumaakax jajs 3a0e3nedyeHHs] BUCOKOI YHC-
TOTH MarepiaiiB TUCK y BaKyyMHIH Kamepi CTaHOBUTh HE Me-
wure 107 ITa.

Jlo TeXHOJIOT1H Ha OCHOBI XIMIYHUX MPOIIECIB HAJIEXKATh:

— ximiyHe ocamxkeHHs 13 ra3oBoi ¢asu (CVD — Chemical

Vapor Deposition);

— 0CaPKEHHS 3 BUKOPUCTAHHSIM TUIa3MH TJIIFOUOTO PO3PSIIY;
— CBITJIOBA Ta €JIEKTPOHHA JiTOrpadis;

— OCa/KEHHS 13 PO3UHHIB;

— XIMIYHE Ta eJeKTPOXIMIYHEe OKUCHEHHS (aHOTyBaHHS).

Is rpyna metoaiB 6a3yeTbcs Ha OCapKEHHI IUTIBOK Ha IO-
BEpPXHIO HATPITUX JETAJIEH, e B ra30Moai0HOMY CTaHi mepedy-

31



BaIOTh CIIOJIYKM MeTatiB. HalOuIbll onTUManbHEe MPOXOIKEH-
HS XIMIYHUX peakIliii BifOyBaeTbCcs HaWUacCTIIE MPU TEMITepa-
typax 500—1500 °C. OcamkeHHsi, SIK TPABHIO, MPOBOISTEH Y
creniaibHii KaMepi Mpu 3HWKEHOMY THCKY 33 TIOTIOMOTOIO BH-
KOPUCTaHHA XIMIYHHMX pEaKIiil BiIHOBIEHHS, MipOJi3y, IHC-
MPONOPIIIOHYBaHHS. Y Psiii BUMIAJIKIB MOXYTh BUKOPUCTOBYBa-
THUCSl PEaKIlil B3a€EMOJIT OCHOBHOTO Ta30IM0IiI0HOTO PEareHry 3
I0aTKOBUM. HaifOinbln 9acTo BHKOPHCTOBYIOTH CIOJIYKH Ka-
pOOHIIIIB, TATOTE€HIIiB, METAIOOPTaHIUHI CIIOIYKH.

2.3. Kpucraaizanis amopguux ciiiasis [1]

AMop(Hi MeTaneBi CIIaBU XapaKTePU3YIOThCS BiJICYTHICTIO
JAbHBOIO TOPSIKY aTOMIB, IO JOCSATA€THCS HAALIBUAKUM
(> 10° K/c) OXOTO/KEHHSM MiAKIaKH, HA AKY CIPSMOBYETHCS
MaTepian B ra3onoaiOHOMY, PiIKOMY YU 10HI30BaHOMY CTaHi.
MOXIIMBICTh OTPUMaHHA aMOP(HOTO CTaHy BHU3HAYAETHCS Xi-
MIYHHUM CKJIaJIOM 1 IIBUAKICTIO OXOJIOJUKEeHHs. [[1s cTBOpeHHs
HAaHOKPHUCTAJIIYHOI CTPYKTYpU B aMOp(pHOMY CIIaBi BiH M-
rae creniaipHii Tepmooopooui. IIpu 1poMy mpoiec BUKOHY-
€THCS TAKUM YHHOM, 1100 BUHUKAJIA BEJIMKA KUIBKICTh IICHTPIB
KpHUCTaii3alii, ajle MBUAKICTb POCTY KPUCTAIITIB Oyla HU3b-
KOIO.

2.4. MeTroam iHTeHCUBHOI IJIacTHYHOI Kedopmaunii [1-2]

BukopucTtoByroun 11eif METOJI, MO’KHA OTPUMATH KOMIIAKTHI,
IIUTBHI IpiOHO3EpHUCTI MaTepiaiu i3 CEepeaHiM PO3MipoM 3e-
per 30-500 am. CyTh IBOTO METOJY MOJSTae y MPOBEICHHI
m1acTUYHOI nedopMallii, BHACIII0K YOr0 CTPYKTypa MaTepiany
CHJIBHO (DparMEHTYETbCA 1 CTae HEYNMOPSAKOBAaHOO, ajie MpHU
IbOMY 30epira€e 3aJIMIIKOBI O3HAKHW PEKPHUCTAII30BAaHOTO aMO-
pdHOro crany. BukopuctoByroTh aedopmarliii KpydyeHHs Mif
TIPOCTaTUYHUM THCKOM, PIBHOKaHAJIbHE KYTOBE MpPECyBaHHS,
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MpOKaTyBaHHs, BCceOiUHE KyBaHHS, 32 PaxXyHOK SIKUX BigOyBa-
€ThCS CUIIbHE MOAPIOHEHHSI MIKPOCTPYKTYPH B MeTaJlax 1 CIuia-
Bax JI0 HAHOPO3MIpPHOTO Jiana3ony. [Ipu BUKOpHCTaHHI L[HOTO
MeToAy HeoOXimHo, mo0 nedopmarlis BijgOyBaizacs 1Mo BCbOMY
3pasKy AJis 3a0e3MeueHHs] CTa0iIbHOCTI BIACTUBOCTEH Marepi-
aiy, ajie OyJIM BiJICYTHI MEXaHI4HI MTOIIKO/KCHHS ¥ TPILUHHU.
L5 rpyna MeTo/IiB JO3BOJISIE OTpUMYBATH 00’ €MHI Oe3mopu-

CTi MeTajieBl HaHOMaTepiaau, aje 3 HepiBHOMIPHOIO CTPYKTY-
poro.

IIuranus 1A camonepeBipku

1. Meroau as1st OTpUMaHHS HAHOMATEpialiB Ta BUMOTH JI0 HUX.
2. TloscHicTh 0COOMUBICTH (DI3UYHUX 1 XIMIYHHX METO/IIB
OTpHMaHHS HAaHOMAaTepiaiB?

3. Meronu OTPUMAaHHS HaHOIOPOILIKIB 3 Haii-
MEHIIUM/HAOUTBIIINM PO3MipOM YacTHHOK, TepeBaru i Hemlo-
JKU.

4. OnuuIiTh METO/ OTPUMaHHS HAaHOIMIOPOIIKY 3 ra3oBoi (asu.
5. SIki ¢akTOpH BIIIMBAIOTH HA TUCIIEPCHICTH MaTepialiB?

6. SIki  iCHYIOTb  METOAM  OTPUMaHHS  TOHKHUX  IUIi-
BOK/TIOKPUTTIB?

7. SIkuM UMHOM MOXHa OTpUMaTu amop¢Hui crias?

8. IlepeBaru 1 HEAONIKM METOJly IHTEHCHUBHOI IJIACTUYHOI Je-
dhopmartii.

Cnucok Jiteparypu
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PO311J1 3. TPUJIALOBI EJJEMEHTHU HA OCHOBI
HAHOMATEPIAJIIB

3.1. [IpunaaoBi eJieMeHTH HA OCHOBI HAaHOMAaTepiaJiB

JlocmikeHHsT TUTIBKOBUX MaTepialiB Ha OCHOBI MeTajiB
CIpSIMOBAaHI Ha BCTaHOBJIECHHS OCOOIMBOCTEH CTPYKTYpHO-
¢bazoBoro ckiany Ta iX Kopeysuii 3 eJeKTPUYHUMHU 1 rajabBa-
HOMAarHiTHUMH BJIACTUBOCTSIMH 3 TOYKH 30pY MPAKTHUYHOTO 3a-
CTOCYBAaHHSl TaKUX CHUCTEM Y Taly3sX Cy4yacHOI MarHiTo-
€JIEKTPOHIKHU, CIIIHTPOHIKH 1 CEHCOpHOI TexHiKu. {1 cTBOpeH-
HS HOBHMX MAarHiTOHEOJHOPIJHUX IUTIBKOBUX HaHOMAaTEepiasliB
BUKOPHCTOBYIOTh 0OaraTomapoBi IUIIBKOBI CHCTEMH 3 IPOBiJ-
HUMH a00 JieIeKTpUYHUMH HEMarHiTHUMHU IIapaMu; IBO- Ta
TPUKOMIIOHEHTHI ITUTIBKOBI CIUIaBH; T'PaHyJbOBaHI IUTIBKH Ha
OCHOBI1 (epoMarHiTHUX MeTadiB [1—-2] Ta Marepianu i3 nepme-
HAMKYJISIPHOIO MarHiTHOIO aHizotpomieto (IIMA), ski € mepc-
NEKTUBHUMHU Ui (DOPMYBAHHS €JIIEMEHTIB CIIIHTPOHIKU Ta HO-
ciiB 1H(opmalii 13 BACOKOIIUIBHUM MarHiTHUM 3anucom |3, 4].

ITix aicro 30BHIMIHEOTO MAr”HiTHOrO IOJA B IUIIBKOBUX Ma-
TepiajaXx BUHUKAIOTh TajbBAaHOMArHiTHI €()EeKTH, 10 AKUX BiJI-
HocAThes  MarHitoonmip (MO), TiraHTCBKUH MAarHiTOOMIp
(I'MO), epext Xoma, aHI30TpONTHUE MarHitoonip, epextu ET-
TiHrcraysena, Hepucra ta Piri — Jlenroka.

HoBi ¢yHKIIOHaIbHI MarHiTHI Marepiajy 3 MOKpaIleHUMU
MarHiTHUMHM, €JNeKTPOQI3MYHUMHU Ta BHCOKOCTAOIIBHMUMHU (]i-
3UYHAMH XapaKTePUCTUKAMU BUKOPUCTOBYIOTH JUIS TIiJBH-
IIEHHS IIJIBHOCTI 3anucy iHdopMariii (Ha CbOTOAHIIIHINA JIeHb
MaKCUMaJbHUN 00cCAT mam’siTi KOPCTKUX JAMCKIB CTaHOBUTH
600 T6iT/01.%) Ta CTBOPEHHS UyTIMBHX €IEMEHTIB GaraTodyH-
KI[IOHAJIBHHUX CEHCOPIB (TeMIlepaTypH, MarHiTHOTO MOJIs, TUCKY
TOIIIO).

CxeMa pO3BUTKY TEXHOJIOT1 BHTOTOBJICHHS MarHITHHUX
HociiB [5] HaBeneHa Ha puc. 3.1. OcHOBHa yBara JOCIIJIHUKIB
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MarHiTHUX BJIACTUBOCTEH (YHKLIOHAJIHHUX MaTepiajiB mpui-
nseTbes camoBniopsinkoBanuM cuctemam (FePd, FePt, CoPd, Ta
iH.), B sikux peanizyerbes [IMA [6, 7] 1 MOXKIIMBE 3MEHIIICHHS
PO3MIpiB eJIeMeHTapHOI KOMIpKH, 3 TOUYKH 30py 1X 3aCTOCYBaH-
Hs SIK 3aaM’ATOBYBaJIbHUX IPUCTPOIB [8].

AHI30TpOIis — BIIMIHHICTh BJIACTHBOCTEH CepeloBHUINA Yy
pi3HUX HampsiMKax. BigmoBiqHO B MarHiTHHX CepeloBHILNAX
ICHYIOTB OCI JIETKOTO 1 BA)KKOTO HaMarHidyyBaHHSI.

[Tix wac po3poOieHHs: MPUCTPOiB Ha 6a3i TakKMX MaTepia-
JiB HEOOX1THO BPaxOBYBATH, IO 3MEHIICHHS TOBIIUHH OKpE-
MUX MIapiB MYJIbTUIIAPY NPHUBOJUTH O AKTUBHUX IPOIECIB
YTBOPEHHS T. p. Ol iHTepdeiCiB 1 MOXKIMBOTO YaCTKOBOTO
nepexony o-Fe y memarnitny dasy. IIpobiemy cyneprapama-
THITHOI M€XI1 — 3MIHM MAardiTHUX BJIACTUBOCTEMN IIiJI BIUIMBOM
TEPMIYHOTO Jipeiipy Ta BUCOKOTO 3HAYCHHS KOCPIUTHBHOI CH-
JI — MOKHA BHPIIIUTH BUKOPUCTOBYIOUM MaTepialiu, 10 CKJia-
JarThCs MIapiB epoOMarHeTuKy, pPO3JUICHUX TOHKUM HeMar-

o

g 10000 T === s=—=c—=== e e e e e e e e
< o.0 CynepnapamarHiTHa Meka Camoymopsa-.
Eo1000k=-3 Cucremu Ha KOBaHI MarHiTHI
? : - 2 - OCHOBI A(Dl\ﬁ\ gl
E 100 A -6 : _ - TynenbHuit
o _ romsm‘.‘_ MarH. e(exT
5 10 MO ronisku, ‘d. [epneHauKyIIpHHIHA
E -_IUHKont_I_C_OBI HOCII MATHITHHH 3aIHc
= iHpopmauii .;" CriiH-BeHTHIIbHI
1 124 CHCTEMH
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* [To3nos:kHii 3amuc iHGpopmauil
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PO3BUTOK TEXHOIOTH, Pik

Puc. 3.1. Tenneumis 30UIbIIEHHS IIUIBHOCTI MarHiTHUX

HociiB iH(popmMarlii. CBiToBi ¢ipmu-BupobHuku: 1 — Hitachi; 2
—IBM; 3 — Seagate; 4 — Toshiba; 5 — Fujitsu; 6 — Samsung [§]
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HITHUM 13 TIpomrapkoM [9], 3MiHa TOBIIUHH SKOTO MPUBOJIUTH
no ocumsAminHol 3anexHocti MO. Bumesaznauenuii edexr
CIIOCTEPITa€ThCSl Y MYJBTHILAPAX, IO CKIAJAIOTHCS 13 MoYep-
roBo HaHeceHux ¢epomarHiTHoro (Co, Fe, Ni) i HeMarHiTHoro
mapiB (Cu, Cr, Ag), ne Mae micuie aHTU(pEpOMarHiTHa B3aEMO-
nist, o nposiBisieTsess y TMO [10-11].

3.2. Marnitope3ucTuBHuii eQexkT

[Tig miexo 30BHINIHKOIO MArHiTHOTO ITOJISI TPAEKTOPIs eie-
KTPOHIB MPOBIJTHOCTI 3MiHIOETHCSL BHACIIIOK Aii cuin JlopeHna.
Y BUNAAKY TOHKOILUTIBKOBHX MarepiaiiB BiIOyBaeTbcs 3MiHA
CepeHbOi JOBXKHUHU BUTBHOrO mpodiry enekrponiB (CIBII),
Koe(ili€HTIB A3€PKAITBHOCTI, BIIOUTTSI, TPOXOKCHHS MEXI 3€-
pHa Ta iHTepdeiicy. Sk Hachimok, Ha BemmuuHy MO 1 MO
BIUIMBAIOTH MOBEPXHEBE Ta 3€PHOMEKOBE PO3CIIOBAHHS ENEKT-
POHIB, TTOBEIIHKA SKUX BiIPI3HIETHCA BiJ] €IEKTPOHIB 32 BIACYT-
HOCTI 30BHIIIHBOTO MarHiTHOTO TOJSL.

Asuie 'MO-edekTy nomnsirae y 3MiH1 €JIEKTPUIHOTO OTIOPY
BHACIIIJIOK TepeopieHTalii MarHiTHUX MOMEHTIB (epOMarHiT-
HUX IIapiB MiJ J1€10 30BHIIIHBOTO MarHiTHOTo nos (puc. 3.2),
HE 3aJIeXKHUTh BiJ HANPsIMY MPUKIAJEHOI0 MarHiTHOrO MOJjs, a
B1JI0YBA€THCS MPU 3MiHI HAIPSIMY HaMarHiy€HOCTI B MarHiTHUX
11apax BijJ aHTHIAPAJIeNbHOro (aHTU(EPOMAarHiTHa B3a€EMOJIIs)
710 TlapayienbHOTO ((PepoMarHiTHa B3a€MOJIis) MiJT T1€H0 30BHI-
HIHBOTO MarHiTHoro nousis. SBume 'MO cnoctepiraeTbcst He
JIIE B MYJBTUIIAPAX, a ¥ y TPaHyJIbOBAaHUX CIUIaBaX, y T. U.
TUTIBKOBUX.

EnexTpoHHa 30HHA CTPYKTypa, WMOBIPHO, HAaWOUIbII BaX-
TUBA 1 BU3HAYAE CHIH-3AIEKHY MPOBIIHICT, a TAKOX BiJIMOBI-
nae 3a 'MO-edekt y OaraTomapoBux CTPYKTypax 13 MarHit-
HUM YIOPSIIKYBaHHSM.
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Fe(30)/Cr(12),.

Fe(30)/Cr(9),,

1ail
[

04 02 0 02 04 HAM
Puc. 3.2. Ebext I'MO, mo peanizyeTbcsi B IUIIBKOBIM cuc-
temi Fe(30 A)/Cr(x)/Il: x=9, 12 A

®i3uynuii MexanisM ['MO 10B’si3aHUil 13 CITIH-3aJI€KHUM
pPO3CIIOBaHHSM €JICKTPOHIB Ha JoMilikax, Hampukian, Cr Ha
Mexax moairy B cuctemi Fe/Cr. PoscitoBaHHS 3aleKHTh Bij
Opl€HTAIll] CIIHY €JeKTPOHA II0J0 MAarHITHUX MOMEHTIB aTo-
MiB. 3BHYATHO Tiepea0avaeThCs, M0 €IEKTPOHU IMPOBITHOCTI
MiHIMAaJbHO B3a€MOIIIOTH 3 aTOMaMH, YUH MAarHiTHUHA MOMEHT
Mae napajieJIbHUI HallpsIMOK B1JIHOCHO X CIIHY, 1 MAaKCUMaJlb-
HO, SIKIII0 BOHU aHTHUIapaenbHi. Bzaemoist Takox Oynie cuib-
HOIO B IapaMarHiTHOMY CTaHl, B SKOMY MAarHiTHI MOMEHTH
aTOMIB CHPSMOBaHI XaOTUYHO, 0€3 BUALIIEHOTO HANpSMKY Ha-
MardiyeHocti. JIJis XOpommMX MpOBIHUKIB TaKUX K 30JI0TO
a0o Mizib, piBeHb PepMi 3HAXOAUTHCS BCEpPEIUHI T10pUIN30Ba-
HOI Sp-30HH, a d-30Ha MOBHICTIO 3aloBHEHa. Y (epomarHeTu-
KaxX CIIOCTEepIraeThCsl 1HIIA CUTYAIlisl, Y HUX 30HHA CTPYKTypa
SIBJISIE COOO0I0 §- 1 d-30HHU, IO TEPEKPHUBAIOTHCS TPH C€HEprii,
gka fopiBHIO€e eHeprii @epmi. B pesynbTari 0OMIHHOI B3aEMO-
nii y epomarHiTHUX MeTajax d-30Ha JUIsl €EeKTPOHIB 13 MpPo-
THUJICKHO CIPSIMOBAHUMHU CITIHAMHU PO3MICTUTIOETHCS, BHACIIOK
[IbOTO MIUTBHICTh CTaHIB /IS CHIHIB CHPSIMOBAaHUX BHU3, OyIe
BIJIPI3HATHUCS BiJ IIUIBHOCTI CTaHIB JJIs CITiHIB, CIIPSIMOBAHUX
Bropy, sIK 1€ CXeMaTUYHO MoKa3aHo Ha puc. 3.3. PiBenp @epmi
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JUIE OCHOBHOTO HAIPSIMKY CIiHY 3HAaXOAMTHCS BCEPEAMHI Sp-
30HH Ta PyX €JIEKTPOHIB y (pepoMarHeTuky NmoaiOHHIA 10 pyxXy
B HeMar"iTHoMy metani. CriH-3aJexHe po3CitoBaHHS Y (epo-
MarHeTuKax BiIOyBA€ThCS MPHU MEpPexoaax €ICKTPOHIB MPOBIJI-
HOCTI MIX Hepo3IIeIuIeHoo 4s 1 posmemnieHoi 3d 3onamu. Jis
HEOCHOBHOTO HAIPSIMKY CITIHIB €JIEKTPOHIB Sp- 1 d-30HHU € Ti0-
pUIM30BaHUMHU, a piBeHb Depmi JEKHUTH ycepenuHi d-30HHU.
I'opunuzoBana spd-30Ha (EepOMArHETUKIB XapaKTEPHU3YETHCS
BHCOKOIO INIJIBHICTIO CTaHiB, IO NMPUBOIUTH J0 3MCHIICHHS
C/IBII enexTpoHiB i3 HEOCHOBHUM HaMpPSIMKOM CITiHY MOpPiBHS-
HO 3 OCHOBHUM [12].

CTIiH BHM3 | CITiH Bropy

Puc. 3.3. CxemarnuyHe 300pa)k€HHsI IILJIBHOCTI €JIEKTPOHIB
craniB Fe npu pi3Hiil opieHTallil CITiHIB

B3aemna opieHTallis MarHiTHUX MOMEHTIB JABOX CYCIIHIX
MarHiTHHUX IIapiB 3aJIEKUTh BiJl TOBIIMHU NPOMI)KHOTO HEMar-
HITHOTO IIapy 1 KOJMBA€ETHCS Bij MapajenbHoi (hepoMarHeTHK)
70 aHTUHapasenbHol (aHTudepomarHeTHk) sIK (YHKIIS TOB-
IIMHU HEMArHiTHOTO 1iapy. Lle sBuIe Ha3UBa€THCS OCIHIIIOIO-
YOI OOMIHHOIO B3a€MOJII€I0. Y pe3ynbTaTi Takoro 3B’ a3ky MO
KOJIMBAEThCS TPU 3MiHI TOBIIMHM HEMar”iTHoro mapy. Edekt
I'MO mae Micrie aumie i THX 3HaY€Hb TOBIIWHN HEMAardiTHO-
ro mapy, s sIKHX oOMiHHA B3a€MOJIisl 3 MMPOMDKHUM IIapOM
JIOCTATHS JIJIsl TIEpEeOpieHTAIlli MArHITHUX MOMEHTIB MarHiTHUX
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mapiB y aHTUNapalelbHUN cTaH. 31 30UIBIICHHSIM BEJIMYUHU
MarHiTHoro mojst MO noctynoBo 3MeHmyeThes. Lle moB’si3ano
3 THM, II0 MarHiTHE TOJe, K€ Ma€ TCHICHIII0 BUPIBHIOBATH
MarHiTHI MOMEHTH ()€pPOMAarHiTHUX IIapiB, TOBUHHO IMOJ0JATH
OOMIHHY B3a€MOJIiI0, CIIPSIMOBAHY Ha aHTHUIApalieIbHEe PO3Mi-
IIEHHST MOMEHTIB ([UIsI TaHO1 TOBIIMHM HEMArHiTHOTO IIapy).
IToBHa OpieHTaIlisl MarHITHUX MOMEHTIB B OJJHOMY HAIPSIMKY
IOCATAETHCA JuIle B o0JacTl 1oyl HacuyeHHA. B ta0aumi 3.1
HaBeJeHi 3HaueHHs BenuunHu [ MO-edexTy, 10 BitOyBaeThCs B
MYJIBTHILIAPAX HA OCHOBI PI3HUX METANIB.

Ha puc. 3.4 npoinrocTpoBaHO MeXaHi3M 30UIBIICHHS OMOpPY
TPHUIIAPOBOI IJTIBKOBOT CUCTEMHU IIPH 3MiH1 Opl€HTAIlli BEKTOPiB
HaMarHi4eHOCTi B MarHiTHUX mapax. ¥ pasi mapaieiabHOi opi-
€HTAIlli BEKTOPIB HAMarHidyeHOCTI MarHiTHUX mapiB (puc. 3.4
a) IpU TPOXOKEHHI CTPYMY €JIEKTPOHH 13 CIIHAMH, OPIEHTO-
BaHMMH TapajnelbHO BEKTOPY HAMAarHi4eHOCTi, He OyayTh 3a-
3HABATH 3HAYHOTO PO3CIIOBAHHS MIPH MPOXOKCHHI iHTEpecy
Ta 00’eMy mIapiB, a OyAYTh PO3CIIOBATUCH EIEKTPOHH 13 CITiHA-
MH, CIIPSIMOBAaHMMH aHTHITAPAJIEIIEHO BEKTOPY HAMAarHiY€HOCTi.
IIpu anTHMDapanenbHi opieHTallll BEKTOPIB HaMarHi4eHOCTI
Mar"iTHux mapiB (puc. 3.4 0) po3citoBaHHs OyIyTh 3a3HaBaTH
BCl €JIEKTPOHHU, TOMY OMIp IUIIBKH 3017IbIIUTHCS MOPIBHSIHO 3
MOTEePEAHIM BUIAIKOM.

Tabnuys 3.1
3agnexnicre 'MO Big maTepiajiB ni1iBKoBoi cucremu [13]

3pa3ok Ap/prt, (%)
Fe/Cr 108
Co/Cu 115
NiFe/Cu/Co 50
FeCo/Cu 80
NiFeCo/Cu 35
Ni/Ag 26
Co/Au 18
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Puc. 3.4. Cnin-3anexHe po3CifoBaHHS B TPUIIAPOBIN TLTiB-
KOBIH CHCTeMI IpHU mapajenbHiid opieHTallli BEKTOPiB HaMarHi-
YEHOCTI MarHiTHUX mapiB (a) Ta aHTUnapanenbHid (0). ® —
(dhepomarniTHui MaTepia; HM — HemarniTHuii MaTepia

=<le

ToBuMHy mapis, K NpaBUI0, BUOMPAIOTh BUXOASYH 3 TOTO,
mo0 y KOXKHOMY IIapi BiJicTaHb, Ha SIKid €JIEKTpoH 30epirae
MIEBHY OpPI€HTALIIO CITiHY, Oyia HabaraTo OLIBIIOI0 32 TOBUIMHY
uporo mapy. Taka ymoBa 3BHYailHO 1OOpEe BUKOHYETHCS NPHU
TOBIIMHAX MeHIIUX 10 HM 1 BU3HAYA€THCS E€KCIIEPUMEHTAIIb-
HUM IUIXOM. EJIEKTpOH TOBHHEH MPOWTH Yepe3 KijbKa IUTiB-
KOBUX INApiB, MepIl HDK Opi€eHTAlliss HOro CHiHy 3MIHHUTBCS.
KoxHa MarsiTHa Mexa MojuTy MoXe JISITH K (IIbTp AJs CIi-
Hy 1 uuM OyJe Oiblla KUTBKICTh MEX MOJUTY, Ha SKHX €JIeKT-
poHU OyAyTh PO3CIIOBATHCS, TUM CUJIBHIINIE BiI0YBAaTUMETHCSA
epexT QinpTpyBaHHA. 3a paxyHOK LIBOTO 1 BiJIOyBaeTbcs 30i-
apiieHHs epexty I'MO npu 30UIbLIEHH] KITBKOCTI PO3ALISIO-
YMX IIapiB y MyJbTHILAPI, 10 MPOUTIOCTPOBAHO HA puc. 3.5.

Crin-3a1€XHe PO3CIIOBaHHS €JIEKTPOHIB Ha MEX1 TMOJLTY
O00OyMOBJIEHE TaKOX HEY3TO/DKEHICTIO IPAaTOK KOHTAKTYIOUHMX
MaTepiajiB, a KpIM LbOTO 3aJIeKUTh Bl CTYNEHS y3TOJKEHOCTI
piBHIB depMmi Ta 30H MPOBITHOCTI HAa IUX Mexax. Ha puc. 3.6
MpUBE/IeHA 3AICKHICTh BeTundrnHU MO Bijl TOBIIMHU HEMarHiT-
Horo mpomapky Cr Tta Cu g MyJIbTHLIApiB
Cr(5)/[Cr(dcy)/Fe(2)]o/Cr(10)/Si(111) ta [Fe(1,5)/Cu(dcy)]eo/11,
3 SIKOro 6aunMMo, 110 MpY 30UTBIIEHHI HEMArHiTHOTO MPOIIAPKY
oOMiHHAa B3a€EMOJIA MDK IIapaMu  3ajli3a TOCTYIOBO

41



I'MO, %

30F

20

10

0

0 50 100

150 n

Puc. 3.5. 3anexuicte ['MO edekTy Bia KUIbKOCTI (parMeH-
TiB (1), mo moBToprotoThcsi B MynbTHIApi [Co(1l)/Cu(l)],,

otpumana npu 7'=4,2 K [14]
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Puc. 3.6. Ocuuito-
104Ya 3aJIEKHICTh BEIIU-
yra MO BiJ TOBIIWHUA
Cr (a) ta Cu (6) mus
3pa3KiB:
Cr(5)/[Cr(dcr)/Fe(2)],/C
r(10)/Si(111)  orpuma-
HuX 1ipu v, m - 40°C (n
=30), 0 — 125 °C (n =
20) [15], Ta
[Fe(1,5)/Cu(dcy)]eo/I1
npu T=4,2 K [16], Bin-
MOBIAHO (B AYXKax TO-
BIIIHA B HM)



3MEHIIYETHCS, a CaMa 3aJICKHICTh MA€ 3aracalbHU OCHIMJISIIIIA-
HUM XapakTep.

Otpumani pe3ynpTaTH aBropamu [17], sKi JOCTIKyBaln
miiBkoBy cuctemy [Fe(x)/Pd(0,3 HM)]i00, CBIAYAaTh TAKOXK MPO
OCIWISALINHY 3aJIeKHICTh HAMAarHiu€HOCTI BiJ| TOBIIMHH IIapy
Fe: nmpu 3nauennsax x = 0,124 1 0,193 amM cnocTepiramucs Mak-
cuMyMu HamarsideHocti; mpu x=0,9; 1,4—1,7 ta 2, 3 M —
MIHIMYMH, SKI TOSICHIOIOTHCS KBAaHTOBUMH PO3MIPHUMH edeK-
TaMH B €JIEKTPOHHIN CTPYKTYpi MyJIbTHINAPY. BeTnKux 3HaAYCHD
I'MO-edexTy He Oyno OTpUMaHO, ajie Ha BIAMIHY BiJ] MOMEpei-
HIX CHCTEM, B yCiX 3pa3Kax JBOKOMITIOHEHTHOI IUTiIBKOBOI CHC-
TEMHU ]I JII€}0 TeMIIepaTypH Ta 3MiHM KOHIIEHTpAIlil BiAMOBII-
HO JI0 cTexiomeTpudHoro ckiany [18] cmocrepiramacs [IMA
B3J/IOBXK OCI JIETKOrO HamarHiuyyBaHHs ¢ y ¢asi L1y [19, 20].

Benmunny I'MO npuiiHSTO BUMIpIOBAaTH y BIJICOTKAX 1 PO3-
paxoByBaTH 3a GOpPMYIIOL0:

'MO= R(H) - R(0) 260 TMO= M ’
RO) )

ne R(H) ta R(0) — omip 3pa3ka y 30BHIIIHBOMY MarHiTHOMY IOJI1
Ta IpH HOro BIACYTHOCTI; Rt Ta Rt — eNeKTpUYHU OIip ITiB-
KOBOI CCTEMH, KOJIM MarHiTHI MOMEHTH ()epOMArHiTHUX IapiB €
aHTHUIApaTIeIbHO HAMarHIYeHUMH Ta OPIEHTOBAHUMU B3JIOBXK Ma-
THITHOT'O IIOJISI BIAIIOBIAHO.

BumiproBanast MO mpoBoauThCs 3a ABO- 800 YOTUPUTOUKO-
BOIO CXEMOIO, OCTaHHS JI03BOJISIE YHUKHYTH JIOIATKOBOTO OIIO-
py npoBiaHUKIB (puc. 3.7).

MO moxHa BUMIpIOBaTH B JABOX I'€OMETPIsiX, KOIH EJIEeKT-
PUYHUI CTPYM MPOXOIUTH y IUIONIMHI 3pa3Ka MapajesibHo Ia-
pam (CIIBII a6o CIP (anr:n.)) Ta nepneHAUKYIsIpHO A0 IUTIBKO-
Boi cuctemu (CIIIT a6o CPP (anrn.)) (puc. 3.8). YV mimiBKOBUX
CUCTEMAax 13 MEePIEHIUKYIISIPHOIO TEOMETPIEI0 CITOCTEPIra€ThCs
oimpmmit  epexkt MO (I'MO) 3aBAsIKM YCYHEHHIO CTpyMY
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Puc. 3.7. Cxematuune 300pa)K€HHsI CTOJMKY JJIsI BUMIpIO-
BanHa MO (a) Ta cxema BBiMKHeHHS (0) BignoBigHo: 1 — MigHa
IJIaCTHHA, 110 3a0e3redye TEeIUIOBIABEACHHS; 2 — MPHUTHUCKHI

IBUHTH, 3 — FHydYKa TEKCTOJIITOBA ILJIaCTHHA; 4 — I030JI0YCHI
KOHTAaKTH; 5 — 3pa30K
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Puc. 3.9. Temneparypna 3anexnictb MO wmynbTHIIapy

[Fe(3)/Cr(1)]100 mns pizHux reomerpiii BumiptoBanus: CIIBII
(1) Ta CIIII (2) [15]. (V¥ myxKax TOBLIMHA B HM)
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LIYHTYBaHHSI, 110 TPOXOJUTH Ye€pe3 HEMArHiTHI mapH, sKi po3-
JUII0Th (hepOMarHiTHi. Y 1bOMY BHMAJAKY BCi HOCIT BigdyBa-
I0Th CHIiH-3aJIE)KHE PO3CIIOBaHHS NpPU NEPEeTHHAHHI KOXHOT
MEXI1 Moy OaratomapoBoi ctpykTypu. Ha puc. 3.9 HaBeneHa
3anexHicTh BenmuunHu MO anst pisHHX TeoMeTpiil BUMipro-
BaHHS Ta 3MIHU TeMIIepaTypH HABKOJIUIIHHOTO CEPEIOBHIIIA.

Edexr 'MO e piznoBugom MO, nopsiz i3 HUIM iCHYIOTh Ta-
ko aHizotponHuii (AMO), TyHensHuit (TMO), KomocabHUI
(KMO) marniToomip.

[Toxioaum no I'MO € TMO, 1m0 crocTepiraeThcs B MarHiT-
HUX TYHEIIbHUX Tepexojax, B SKUX (pepoMarHiTHI MeTayieBi
mapyu pO3JUICHI TOHKUM 130JIIOIOYMM IIApOM, HAIPUKIIAL
Al,O3. EnexkTpornpoBigHIiCTh iCHye BHACIIZOK KBaHTOBOTO TY-
HEJTIOBaHHS 4epe3 i30yaTop. BenuunHa TyHENBHOTO CTpyMy
MK JIBOMa MarHiTHUMU [IapaMH MOJYJIOE€THCS KyTOM MiX Be-
KTOpaMH HaMarHiuyBaHHS y JBOX IapiB. Maruirope3sucTuBHa
3anexHicTh s cuctemu Fe/Al,Os/Fe naBenena na puc. 3.10.
Ha Bennuuny Bcix MO-e(ekTiB ICTOTHO BIUIMBA€E 3HAYCHHS
TeMmreparypu, B Tabi. 3.2 HaBeIeHI €KCIEpUMEHTAJIbHI JaHi
BennunHu TMO npu Husbkux (4,2 K) kimuataux (300 K) tem-
nepaTypax.

Edexr KMO Moxe cTaHOBUTH Jy)K€ BENHKI BEIMYWHH, BHA-
CJIIJIOK YOTO B1I0YBA€THCS 3MiHA OMOPY Ha KijibKa mopsiakis. Lle

TMO, %

20 F
Puc. 3.10. 3anexHicTh

T™O BIX CUCTEMH
i Fe/Al,Os/Fe npu
T=42K][15]

10 |

-100  -50 0 50 100 B, MTn
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Tabnuysa 3.2
By temneparypu Ha TMO muiiBkoBux cucreMm [15]

Cucrema MO, %
T=42K | T=300K
CoFeB/MgO/CoFeB 1010 500
COzCI‘o,5F€0,4/MgO/C050F€50 317 109
Co,FeAlsSios/MgO/ Co,FeAlysSips | 390 220
Co2MnGe/MgO/ CosoFes 376 160

SIBUIIE CIIOCTEPITAETHCS Y CIONYKAX 13 CTPYKTYPOIO MEPOBCKHU-
Ty Re;xMexMnOs, ne Re — tpuBanentHi ionu La, Pr, Y, Nd Ta
iH., a Me — gBoBasieHTHI ioHM Pb, Sr, Ca, Ba Ta in. B ocHOBI
KMO nexuts mepexij MeTal-AieJeKTPUK B MeKaxX TemIiepa-
Typu Kropi, npu 11bOMy MarHiTHi1 HOJSI CTAHOBIATH 10 JEKLTb-
Kox Tecya. OcTaHHS BJIACTHBICTH POOHTH 3aCTOCYBAaHHS MaTe-
pianiB KMO nocutb 0OMEXEHHM.

3.3. CniH-BeHTWIBHI CTPYKTYPH

ChiHTpOHIKa — cydacHa rajiy3b €JIeKTPOHIKH, SIka BUBYAE
TEOpil0 1 MPAKTUKY CTBOPEHHs NPWIAJiB, NPUHIMI Jii SAKUX
noOynoBanuit Ha edexti MO 1 MarHiTHOMy TyHEIIOBaHHI.
OcHOBHUI (yHKIIIOHAJIBHUM €JIEMEHT CIIHTPOHIKH — IIJIIBKOBA
CHIH-KJIallaHHA CTPYKTYpa, 3MiHA CTaHIB €JIEKTPOHHUX eJeMe-
HTIB SIKO1 BiIOyBa€ThCs 32 PaXyHOK 3MiHHM MPOBITHOCTI Mif Ji-
€10 30BHIIIHHOI'O0 MAarHiTHOTO MOJISI.

CrpykTypH, B sikux cnoctepiraetbcsi [ MO-edexT, ABISIOTh
co0010 MarHiTH1 0araTomapoBi CUCTEMHU Ta MYyJbTUIIAPH, TICE-
BJIO CIIIH-BEHTUJIbHI CTPYKTYpH, CIIIHOB1 BEHTUJII Ta FPaHyJIbO-
BaHI1 TOHKI TUTIBKH (puc. 3.11).

MynbTHIIap CKIIQAAETHCS 3 MOYEPrOBO HAHECEHUX TOHKHX
mapiB (pepoMarHiTHOro marepiaiy, po3AUIEHUX HEMarHiTHUM
1apoM. 3a BiJICYTHOCTI 30BHIIIHBOTO MarHiTHOTO IOJI MarHi-
THI MOMEHTH (PepOMAarHiTHUX LIapiB OPIEHTYIOTHCS aHTUIApa-
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JeNBHO, K MOKa3aHO MYHKTUPHUMH 1 CYyLHITBHUMHU CTPUIKaMHU
(puc. 3.11 a). [Ipu neBHIN BeTWYMHI MarHiTHOTO TOJISI BOHHU
OPIEHTYIOTHCS TAPAJICTBHO B3I0BXK MMOJIA (CYIUIbHI CTPLIKH).

[IceBmocmiH-BeHTHIIb (HOTO I1I€ HA3WBAIOTH CITIH-BEHTHIIb 13
HE3aKPIIJICHUM IIIapoM) — II€ CaHJIBIY 13 MAarHiTOXOPCTKUX 1
Mar”iTom’sikux MarHiTHuX mapiB (puc. 3.11 0). 3a paxyHOK
TOT0, IO 1X 3HAYCHHS KOSPIUTUBHOI CHIIM MAIOTh Pi3HY BEIHU-
YUHY, TO W TepeMHKaHHs (TiepeMarHiueHHs (epoMarHiTHUX
1apiB) BiIOYBAETHCS PU PI3HUX MArHITHUX MOJISX.

Cnin-Bentuib (puc. 3.11 B, 3.12 a) sBnsie co000 MIIIBKOBY
CUCTEMY, Yy SIKOI MarHiTHUA MOMEHT BEPXHBOTO (200 HIIKHBO-
ro) (epomarHiTHOro ImApy 3aKpilUIeHUN aHTU(]EepoMarHeTu-
koM (FeMn, IrMn, NiO, PtMn). Moro nist He mommpioeThest Ha
HIDKHIN (BepXHIN) map, BHACTIIOK YOr0 HOro Ha3MBAIOTh BijIb-
HuM. Tunosi criiH-BeHTWIBHI 3anexxHocTi MOKE ta maraiToo-
nopy HaBezieHi Ha puc. 3.12 (6, B). CiH-BEHTHIIbHI CTPYKTYpPH
13 HE3aKpiIIEHUM BEPXHIM IIaPOM BHUKOPUCTOBYIOTHCS SIK KY-
TOB1 JATYUKU.

@ - marujro-
JKOPCTKHI
HM

@, - marHiTo-
M SIKHH

AD
@ - 3aKpiruTeHui

HM

@ - BinbHUI

IMigxnagka
[igknaaka

_

IMigknanka Q0 o QO

—

[linknanoka
— _/__‘-____ —

Puc. 3.11. I1niBkoBi cuctemMu B IKUX criocTepiraerbess ' MO
edexT: MynbTHIap (a), MceBA0CIH-BEHTHH (0), CIIIH-BEeHTHIIb
(B) i rpanynpoBaHi cruiaBu (T) (i3 mpaii [21])
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6 CTpyKTypa (a) Ta THIOBI
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I'MO-edexry (B) mpocto-

IO CIiH-BeHTHIIA [23]

B, MTn

IIpu ¢dopMyBaHHI MarHiTHUX METaJeBUX TIpaHyl B Hemar-
HITHIH MaTpull BiIOyBaeTbCcs YTBOPEHHS TIPaHyJIbOBAHUX
TUTIBOK. 3a BIJICYTHOCTI 30BHIIIHBOTO TOJISi MArHITHI MOMEHTH
rpaHyJl OpIEHTOBaH1 BUIIAAKOBUM YMHOM (puc. 3.11 1), mpu #o-
'O MOSIBl BOHU OPIEHTYIOThCS B MIEBHOMY HanpsmMKy. Haitbinb
nociimkenumu € cuctemu Fe-Ag, Co-Cu ta Co-Ag (puc. 3.13).
VY rpaHyJIbOBaHMX MAarHiTHUX HaHOIUTIBKax MexaHisMm I'MO
OB’ SI3aHUN 31 CHIH-3QJIEKHUM PO3CIIOBAaHHSIM EJIEKTPOHIB Ha
MarHiTHUX HAHOKJAcTepax, pO3MIIlEHUX y HEMarHiTHiil mart-
pui. Ix crpykrypa sBnsie coboro giamarmitay (Cu, Bi, Ag, Au,
Pb) a6o mapamarnitay (Pt, Pd, Re, Al) maTpuiito, 1o MicTUTh
BKIIOUeHHS (pepomarHiTHOrO Matepiany (Co, Fe, Ni).
HaHorutiBKM Ha OCHOBI I'paHy/IbOBAaHHUX CIUIABIB SIBIAIOTH CO-
0010 11iKaBi 00’eKkTH uepe3 HasBHICTh y HUX [ MO-edekry, a Ta-
KOXX 4epe3 MaJui piBeHb LIYMiB, BIICYTHICTh JIOMEHHHUX CTiHOK,
MOPIBHSHO 3 (PepOMarHiTHUMHU CIJIaBaMH.
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30 Puc. 3.13. 3anexHicTb

I'MO edexTy Bix KOHIIEH-
tpauii Co y mIiBKOBOMY
ciaBi  CoxAgioox, M€
X1234 = 26, 41, 52 Ta 82

20

L ar.% BiAIIOBIigHO,
(T=10K) [22]

0

-900 =300 0 300 900 mTn

VY3aranpHIOBAJIBHI JJaHI CTOCOBHO BEJIMYMHH MarHiTOpE3HcC-
TUBHOTO €(eKTy Ta NMPHUKIAJEHOIO 30BHIIIHBOTO MAarHiTHOIO
MOJISI, TIPU SIKOMY CITIH-BEHTHJIbHA CTPYKTYpa MOBHICTIO Iepe-
MarHiuyeTbcs, HaBeeHi B Ta0u. 3.3.

YcmimHo 3aCTOCOBYIOTHCS ITIBKOBI CIIH-BEHTUJIbHI CTPYK-
Typu JUIsl CTBOPEHHS CEHCOpIB KyTa IOBOPOTY, LIBHJKOCTI
o0epTaHHs 1 aMIUTITYIH KOJUBaHb 00’ €kTiB. [lo Takux 00’ €KTiB
JOCTaTHBO 3aKPIMUTU JOCUTh MIHIaTIOPHUN MOCTIHHUMA MarHir,
o Oyzne 3MIHIOBaTH HaMarHiYeHICTh BEPXHBOI'O MArHITHOTO
1Iapy CHIiH-BEHTHJIBHOI CTPYKTYPH JaTyMKa, pO3MIILEHOr0 Mij
HuM. Cursan, 34UTyBaHUN 3 JaTuMka, Oy/e 3MIHIOBAaTUCS 3a-
JISKHO BiJl HAPsSMy MAarHiTHOIO MOMEHTY BEPXHbOI'O MarHiT-
Horo mapy. [T1iBKOBI CTpyKTypH, B gkux peanizyerbcst MO

Tabnuys 3.3
ITopiBHSIHHA MAarHiTOPe3MCTUBHUX 3AJI€KHOCTEH Pi3HUX
I'MO crpykryp [15]

I'MO crpykrypa Bemnuuna | Ilosie HacuuyenHs By,
I'MO, % MTn
MynpTHuiap 10-70 10-500
IIceBno cniH-BEHTHID 8-20 2-8
CriH-BeHTHJIb 4-14 1-4
I'panynpoBaHMii criaB 8-40 20-1000
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e(eKT, BUKOPUCTOBYIOThCS TAKOX SIK JATYMKHA MArHITHOTO TO-
751, 10 eEeKTUBHO MOYKHA 3aCTOCOBYBATH B HU3bKO- Ta BUCO-
KOYaCTOTHOMY Jliara3oHax MpH KIMHATHIHM Temmeparypi.

VY KOMIT'IOTepHIN TEXHII[l HA OCHOBI CHiH-BEHTUJILHOI CTPY-
KTypH Oynu po3po0IieHi TOJOBKH s 3aIIMCY/3YUTYBaHHS Mar-
HiTHOI iH(opmMarii. Hag3BuvaiiHa iX 4yTJIMBICTH TIPU 3MEHIIIE-
HUX pO3Mipax JO03BOJHIA 3MEHIIUTH (i3UdHUN po3mip Oita
iHdopmarlii npu BxKe iICHYIOUHNX TEXHOJIOTISIX CTBOPEHHS (DYHK-
L[IOHAJBHOTO MOKPHUTTS JKOPCTKUX JAHUCKIB.

Komnaniero Motorola 6ynu po3po6iieHi KOMipKH OllepaTHB-
HOI mam’sATi, BOHU SIBIISIIOTH COOOI0 CIIH-BEHTHIBHI ILIIBKOBI
CTPYKTYpH, 110 MOTPeOYIOTh MIHIMAIBHUX €Hepro3arpar ajs
3amucy Ta 30epiranHs iHdopmarrii.

Ha cporonHimHii JAeHh KpPiM MPOCTOrO CHIiH-KJIAllaHa, 10
MoOke OyTH aHajIorom OyIb-sSKOTO JIOJHOTO €JIEMEeHTa, pO3po-
OJleH1, HallPUKIIa/l, 130JI0I04l CTPYKTYpH a00 Taki OibIl CKia-
TIH1 aKTHBHI €JIEMEHTH, SIK CIIIHOBUH TpaH3uCcTOp (po3po0lIaeHi B
1990 poui C. Hatroro i b. lacom [23]) uu ciiHOB1 €MHICHI Ha-
kornuyBadi [24]. KpiM TOro, IMOCSTHEHHSI CIIHTPOHIKK HaO0y-
BalOTh 0araTo 1HIIWX 3aCTOCYBaHb, HAITPHUKIIA] P BUPOOHUII-
TB1 NEPCOHAIBHUX B1I€OPEKOJEPIB (TIOHEPIB Ui 3aXOIJICHHS
BIJICOCUTHAJIy 3 aHAJOrOBUX NPWIAJiB), amaparypu Teneda-
yeHHs1 BUcokoi yitkocTi (HDTV), DVD-npuBoaiB 3 inrepde-
peHitiero B 6mmxaboMy o (NFR).

IInTanus 118 camonepeBipku

1. Slka TeHIeHIIisl pO3BUTKY MarHiTHUX HOCIIB iHpopMarii?

2. Y yomy pizauug mix MO 1 'MO?

3. IIlo Ha3MBA€THCS CIIH-3ANEKHUM PO3CIIOBAaHHSIM EJIEKTPO-
HiB? Yu MOKe BOHO CIIOCTEPITaTUCS B OJHOIMIAPOBIH TUTIBITI?

4. 3a paxyHOK 4YOro BUHUKAE OCHMIIIOI0YA 3aekHICTh MO?

5. THoscuicts asuma AMO, TMO, KMO.

6. 11lo Ha3uBa€THCA CMIH-BEHTHIIBHUMHU CTPYKTYpaMu?
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7. SIki ¢akropu BIUMBarOTh Ha BenuunHy ['O edexry?
8. OOacTi 3acTOCYBaHHS MPHUCTPOIB, IO KEPYIOTHCS 30BHIII-
HIM MarHiTHUM IOJIEM.
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PO3/ILT 4. AJTOTPOITHI MOJU®PIKAIIII KAPBOHY

Kap6on (C)? abo Byrienps — XiMiyHHA eIeMeHT 4-1 rpymnu
TOJIOBHOI MIATPYIHU 2-TO MEpioAy MepioguvHoi cucTeMu MeH-
JiesieeBa, MOPsIAKOBUM HOMep 6, aTomHa maca — 12 a. o. M. Ka-
pOOH € OJHUM 13 TOIMIMPEHUX EJIEMEHTIB 3€MHOI KOpH, CKJIa-
naroun Omamu3pKko 0,1 % i1 Mmacu. Criosyku BYTJICIIO € OCHOBOIO
BCIX KUBHUX OpraHi3MiB.

[IpocToi peuoBHHU MiJ HA3BOIO BYIJICLb HE ICHYE, aie BiH
Mae€ JIeKiJIbKa aJoTPOIHUX MOAudiKaliid y 3aJeXHOCTI BiJ TH-
ny ribpuausaii (sp°, sp’, sp), AKi y CBOIO Uepry, MaioTh CBOI
BJIacHI Ha3BH (Tabu. 4.1).

AnotpornHi Moaudikarii kapOoOHY 3a CBOIMH BIIaCTHBOCTSI-
MU HaWOLIBII PaJUKAIBHO BIAPI3HSIOTHCS OJMH BiJl OJHOTO,
BiJI M’SIKOTO JI0 TBEPJOr0, HEMPO30pPOro 10 Mpo30poro, adpa-
3UBHOTO O MAaCTHJILHOTO, HEIOPOTOTO /10 I0POroro.

l'iopuausanis op6iraseii — cymepros3uilis pi3HUX, ane Oau-
3bKHMX 3a €Hepriero opOiTajei bOro aroma, 3 BUHUKHEHHSM
Ti€l camoi KUTBKOCTI YKClia HOBUX T1OpUIHUX opOiTase, ojiHa-
KOBHUX 3a eHeprieto. I'iOpuansanis aroMHux opOiTtaneil BigOy-
BA€THCS NPU BUHUKHEHHI KOBAJICHTHUX 3B A3KIB MK aTOMaMH.

Tabnuys 4.1
AJioTponHi Mo pikanii kapOoHy 3aJ1esKHO Bix THIY Ti-
opuau3sauii
KapOon
sp> sp” sp sp/sp”
Anma3z (KyO1uHHMif), I'padir, Kap6in | Amop¢uuit
JOHCAEUMIT  (Tekca- | rpadeH, BYTJIELb
TrOHaJIbHUM anma3s) ¢bynepenu,
acTpaJieHH,
HaHOTPYOKH,
HaHOBOJIOKHA,
CKJIOBYTJICITh
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Puc. 4.1. Buau ribpuausanii eIeKTpOHHUX OOOJOHOK: a —
sp’; 6 —sp’; B—sp

sp’-ribpuau3anis BiIOyBaeThCA IPH 3MilTyBaHHI OHI€T s- i
TppOX p-opOitaneii (puc. 4.1. a). BuHHUKae 4OTUPH OJHAKOBI
opOiTaiti, po3MIIICHHS OJIHA 100 1HIIOT IMiJT KyTaMu TeTpac/-
piB 109°28°. IIpukiagom sp3-riOpuau3aili € KpucTajliyHa I1pat-
Ka THITY ajMasy.

spz—ri6p1/1;u/13auiﬂ B1/I0yBa€ThCS MPU 3MILTYBaHHI OJHIET s- 1
nBox p-opOitaneir (puc. 4.1. 6). YTBOpIOETbCS TpH TiOpUAHI
opOitami 3 OCsMH, PO3TAIlIOBAaHUMHU B OJIHIN IJIOLIMHI ¥ crips-
MOBAHMMH JI0 BEpIIHH TpUKyTHHKA mix kyrom 120°. HeriGpn-
JIHa p-aTOMHA OpOiTallb MEPIEeHAUKYIIpHa A0 IUIOMIMHY 1, K
npaBwio, Oepe ydacTb B YTBOPEHHI m-3B’s3KiB. Ilpuknanom
sp>-ribpuaun3artii € rpagir.

sp-ridpuausanis BiiOyBaeTbcs MpU 3MIIIYBaHHI OAHIET §- 1
oniHi€l p-opOiTanelt (puc. 4.1. B). YTBOPIOIOTHCS BI PIBHOILIIHHI
sp-atoMHi opGitami, posmimeni mimiitHo mix kyrom 180° i
CIpsIMOBaHI B pi3HI OOKHM Bix Aapa aToMa. J[Bi iHII HETiOpUAHI
p-opOiTani po3MileH1 y B3aEMHO MEPHEHIUKYISIPHUX TIOIIH-
Hax. [Ipuxmnanom sp-ribpuausanii € kapOiH abo HacHYeHi Io-
JTIMEpH.

L{i ocHOBHI TunM TiOpuaM3alii € auine HaOIMKEHUM sKic-
HUM YsBJICHHAM. J[711 KOHKPETHOI MOJIEKYJIH Y KOHKPETHOTO
KpHUCTajJa CIIBBIAHOIIEHHS MDK aTOMHMMHU OpOiTalsiMH B
CKJIa/ll MOJIEKYJSIpHUX opOiTajiel Ta KyTH MDK XIMIYHUMHU
3B’3KaMHM BU3HAYAIOTHCS KOHKPETHUMH KBaHTOBO-XIMIUHUMH
PO3paxyHKaMH Ta CUMETPI€I0 XIMIYHUX CTPYKTYP.
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AJIoTpomisi — iCHYBaHHS OJJHOTO ¥ TOTO CaMOTr0 XIMIYHOTO
eJIeMEeHTa y BHUIJISA/I JBOX 1 OUIbIIE MPOCTUX PEUYOBHH, PI3HUX
3a OyIOBOIO 1 BIACTHBOCTSIMH, — TaK 3BaHHMX aJOTPONIYHUX
(asmoTportanx) Mopaudikamii ado dopm. SBumie amoTporii
00yMOBIIEHO 200 PiI3HUM CKJIJI0M MOJIEKYJ IPOCTOI PEYOBHHHU
(asmoTporist ckiamy), abo crocoboM po3MIIEHHS aTOMIB YH
MOJIEKYJT Y KpUCTANIIYHIH Ipatii (anoTporist popmn).

Posrnsinemo anmorpomnHi Moaudikaiii kapOoHy, 10 CTaHOB-
JSATh 3HAYHUN 1HTEPEC 3 TOYKU 30pYy iX 3aCTOCYBAHHS B €JIEKT-
POHIIIi.

4.1. Aamas

AnMa3 — KpUcTajiuHa peyoBUHA, MPO30pa, CHIBLHO Iepelo-
MITIOE TIPOMEHI CBiTJa, TyXe TBepJa, He IPOBOJUTH €IEKTPHUY-
HOTO CTpyMy, [OraHO MpPOBOAMTH TEIUIO, p =3,5 r/em’;
Tun. = 3730 °C; Tiun=4830 °C. Y cTpyKTYpi anmasy KO>KHUH
aTOM BYIJIELIO 3HAXOJUTHCS B CTaHI Sp -riOpuan3aii i Mae yo-
TUPBOX CYCIJIIB, SIKI PO3TAIllOBaH1 y BEpIIMHAX MPAaBUILHOTO
TeTpaespa, BECh KpUCTaJ SBJIse COO0I0 TPUBUMIPHUI Kapkac, 3
UM TIOB’s3aHAa BUCOKa TBEPAICTh ajiMa3y, HaWBHINA cepen
NPUPOJHUX peuoBHH. KpucramizyeTbcst y BUIIISAL ABOX MOJi-
MoppHUX MoaMdikamiii — KyOI4yHOi 1 rekcaroHajabHOi (pucC.
4.2). Anma3 — HalTBep/illa 3 BIJOMHUX y IPUPO/Il PEUOBHH.

EnemeHTapHa KoMipka HMpPOCTOPOBOI KPUCTAIIYHOI I'PaTKH
ajMa3y € TPaHEUEeHTPOBaHUU KyO 3 4 NOJAaTKOBUMH aTOMAaMH,
PO3TaIIOBaHUMHM BCepenHI KyOa, Ha 1/4 BeIMKUX JiaroHasneil.
Po3mip pebpa enementapHoi KoMmipku aop= 0,357 HM (mpu
T'=250°C i P=1 arm). HaiikopoTima BifcTaHh MiX JIBOMa
cycigHiMu atomamu ¢ = 0,154 HM. ATOMHU BYTJIELIO B CTPYKTY-
pl anmMasy yTBOPIOIOTH MIllHI KOBAJI€HTHI 3B’S3KH 3 YOTHpMa
CycCiiHiMU aToMamu, CIpsIMOBaHUMH mmijg KyroM 109°28° oqun
BIZTHOCHO OJIHOTO.

TennonpoBiaHicTs uncTOi Miai cTaHoBUTH 380-390 B1/(Mm-K),
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)109‘28"

a
Puc. 4.2. Kpucraniyna rpatka KyOi4HOTO (2) Ta reKcaroHa-
npHOTO anmasy (0) [1]

a aHaJOTYHMUA TMOKa3HUK s anma3zy — Bim 1000 1o
2600 B1/(M'K), 3aJ1€5KHO BiJI YUCTOTH KPUCTATIIB.

BunstkoBa TBepIicTh anMasy (alIMa3HHUI MOPOIIOK SK Bif-
Xix mpu 0O6poOIIi IPUPOAHOTO aiMa3zy, Tak 1 OTPUMAHHUN ITYY-
HO) HaOyBa€ 3aCTOCYBAaHHS y IPOMHCIIOBOCTI: HOro BUKOpUC-
TOBYIOTH SIK a0pa3uB, /Uil BUTOTOBJICHHS HOXIB, CBEpJAEH, Pi3-
iB, TOYUJIBHUX JUCKIB 1 TOMY MOJIOHMX BHUPOOIB, TOMY IO
BOHHU PIXKYTh MIBHAIIE 1 CIYKaTh JoBIIe. Jlesiki 3aCTOCYBaHHS
aJIMa3HUX MaTepiaiB HaBe/AeH1 y Ta0um. 4.2.

ANMa3u BHKOPHUCTOBYIOTH ISl CTBOPEHHSI IOKPHTTIB, 3a-
CTOCOBYBaHMX Yy PEAKTHBHHUX JIITaKaX 1 KOCMIYHUX KOpaOisX,
BKJTIOYAIO4M cTaHiiio Pioneer, 3amymeny B 1978 porii 3 MeTor0
BUBYEeHHs BeHepu, sika moBHHHa Oyna BUTPUMYBaTH €KCTpe-
MaJibH1 TEMIIEPaTypH 1 YMOBH.

[lepcnekTUBHE BUKOPUCTAHHS alMa3y B eleMEHTax MiKpoe-
JIEKTPOHIKH, OCOOJIMBO y MPUCTPOSX 13 MOTYKHUMHU CTPyMaMH
1 BUCOKOBOJIbTHIHM €JIEKTPOHILll Yepe3 BUCOKI 3HAUEHHs MpoOu-
BHO1 Halpyru 1 TeraonpoBigHocTi. [Ipy BUrOTOBJIEHH] HamiB-
MPOBIHUKOBUX MPHJIAIIB HA OCHOBI alIMa3y BUKOPUCTOBYIOTh-
csl JIeroBaHUN OOpOM ajiMa3, M0 Ma€ p-THUI MPOBITHOCTI, abo
dochopom — n-tumn. Yepes BeTUKy MUPHUHY 3a00POHEHOT 30HU
aJMa3Hi CBITJIOMIOU TMPAIIOIOTh B yIbTpadioneToBi obmacTi
CIIEKTpa.
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Tabnuysa 4.2

3acTocyBaHHs aJIMa3HUX MaTepiaiB [2]
TexHiuHe Twum annMa3HoOTO Imrman-
3aCTOCYBAHHSI Marepiany Taist
3HOCOCTIMiKI HOK- | AaMa3Hi abo aiMasoroniOHi
PUTTS TUTIBKU
) MoHOKpHUCTaIH, TOJIKPUCTA-
TeroBiaBO M .
JIM, TUTIBKU
Hionu, Tpan3ucto- | CHHTCTUYHHA ajaMma3s, eIiTak- N
pu CiliHI IUTIBKH
JlaBuHHO- Kpucranu igeanbHoi CTPYKTY- n
MIPOJIBOTHI J10]11 pu
JleTexkTopu 4YacTu- .. .
) [Ipupomuuii 1 CHHTETUYHHI
HOK U KBaHTIB, JI0- ) +
ajnMa3s, INTIBKU
3UMETPH
VieTpadioneToni ..
p (1) . MoHOKpHUCTaH 1 ILUTIBKA +
BUIIPOMIHIOBAY1
IndpauepBoni BHU- . .
(l)p. P . Bci Bunm anmasiB +
MIPOMIHIOBaY1
. MOHOKpHCTAIN MalluX PO3Mi-
TepmicTopu pis p p +

Kpim TOTO, 10 BUCOKOTEXHOJIOTIYHUX Taly3el 3aCTOCYBaH-
HS TEXHIYHMX aJMa3iB BIJHOCATh MpPEUU3IHHYy MeXaHIuHYy
00poOKy 3 MamMMHU JOIMYCKaMHU KepaMidHUX JeTajeu 1y ae-
POKOCMIUHOI MPOMHUCIOBOCTI, PaaiaToOpiB U €JIEKTPOHHUX
JIAHITIOTIB, JIIH3 JUIsl YCTaTKyBaHHSI JIA3€pPHOTO BUIIPOMIHIOBAH-
Hsl; TIOJIIPYBAHHS KPEMHI€BUX TUIACTHH 1 TUCKOBOJIB; PAJ OIle-
paiiii B KOMII'IOTEpHIH MHPOMHCIOBOCTI. AJIMa3u, OTpUMaHi
MetogoM CVD, MokHa 3aCTOCOBYBATH JJIsl BUTOTOBJIEHHS J1y-
&Ke MOTYXHHUX Jia3epiB. AlIMa3H1 KOMIT IOTE€pHI YilH OUIbII J10-
BIOBIYHI, TOMY 1110 BOHM MOXYTb IPALIOBaTH MPU TEMIIepaTypi
1o 1000 °C, y Toil yac siIk KpeMHI€B1 KOMIT IOTEpHI Uil BUXO-
1Tk 13 naxy npubmmusHo npu 150 °C. Le o3Havae, mo anMasHi
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KOMIT'FOTEpHI 4ilu, WMOBIpHO, 3MOXYTh MpPALIOBATH Ha OLb-
Il TaKTOBIM YacTOTi 200 MIBUIKOCTI 1 3MOXKYTh MepeOyBaTH y
HaBKOJIMIIIHBOMY CEPEIOBHIL 3 BUCOKOIO TEMIIEPATYPOIO.

4.2. Kap0in

IIpo kap06iH Ta HOro BIACTHUBOCTI BiZOMO HebaraTo, B
MpUPOJIl Horo cimiau Oyiau 3adikCoBaHI B JESKHX METCOPUTAX
Ta XMapax MDK30PSIHOTO MHITY, a B JIa0OPaTOPHUX YMOBAxX Bia-
JIOCS CUHTE3yBaTH JIAHLIOTM KapOiHy 3 MaKCHMAaJbHOIO JIOB-
x*uHOIO 44 atomu. KapOin mpexacraBisie cobor0 OUTHH MOpo-
IIOK, [0 CKJIAJA€ThCs 3 JAHLIOTIB 3’ €IHAHUX aTOMIB BYTJIELIO
MOJBIHHUM ab0 YepryBaHHSAM TIOTPIHHOTO Ta OIMHAPHOTO
3B’s13KkiB. ['pyna BueHux Ha yvomi 3 Minrmpki Jlyi BctaHoBHIA,
10 MOJIEKYJIH KapOiHy Mailke He PO3TATYIOTHCS, € THYYKHUMH,
MIIHUMHA 6,0—7,5'107 H-m/kr, mo maii>ke BABiul OiJblIe 3a
rpader (4,7-5,5-10" H-M/kr), Ta XiMi4HO CTIHKHME. YCTaHOB-
JIEHO, 1110 TP BUTMHAHHI JIAHIfOra KapOiHy, BHACHIIOK MOSIBH
JOJATKOBUX HANpyXeHb MK aTOMaMH BYTJIELIO, 3MiHIOETbCS
LIMpYHA 3a00POHEHOT 30HH, 1 B HbOMY NPOSIBIISIFOTHCS HAIMIBII-
POBIJTHMKOBI BJacTUBOCTI. BukopucToByroun Taky o0cobiu-
BICTh JaHUW MaTepiad MOKEe 3aCTOCOBYBATHCS MPU BUTOTOB-
JICHHI PI3HUX MIKpPOEJIEKTPOMEXaHIYHUX CHCTEM, HaIlpHUKIIA]
JaT4iKa TOJOXKEeHHA. MOXHa CTBOPUTH €(PEKTHBHI CXOBHIIA
JUISL BOJHIO, CHHTE3yI0OUM aTOMHM Kaublito 3 kapoiHoM. [ToniGHO
1o rpadeHy KapOiH Ma€ BEIHMKY MUTOMY MOBEPXHIO, OCKUTBKH
HOro TOBIIMHA CTAHOBUTH OJMH aTOM BYIJIELIO, BHACIIIOK
IILOTO BiH MOYE BHKOPHCTOBYBATHCS B MIPHUCTPOSIX 30€pEKESHHS
eJIEKTPUYHOI eHeprii — aKyMyJIsTOpHHX Oarapeiikax, cymep-
KOHJIEHCaTopax Tomio [3, 4].
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4.3. I'padir

I'padit — M’sika pedoBUHA CipOro KOJBOPY 31 CIaOKUM Me-
TaJeBUM OJMCKOM, JOOpE MPOBOJWUTH CIEKTPUYHUN CTPYM 1
TEII0, Mae rycTuny p = 2,09-2,23 r/cm’.

Ak 1 B anMaszi, y rpadiTi KOXKEH aToM BYIJICHIO YTBOPIOE
OJIMH 3 OJHUM YOTHPH 3B’ s3Ku. OJHAK I1i 3B’SI3KH HE OJIHAKOBI.
Tpu 3 HUX € G-3B’sI3KaMU, YTBOPEHUMU B Pe3yJIbTaTl MEepeKpu-
BaHHS sp2-0p6iTaneI71 aTOMIB BYTJICHIO. Y Cl BOHH PO3MIIYIOTh-
csl B OJIHIM TuionuHi mifg kyrom 120°, yTBoproroun Oe3nepeps-
HY IUIOCKY CITKY, IIIO CKJIAAA€THCS 3 MPABUIBHUX MIECTUKYTHH-
KiB, y KyTax SIKHX 3HaXOJATbCA aTOMH ByrJjei. YeTBepTuil -
3B’SI30K YTBOPIOETHCS 32 PAXYHOK MEPEKPUBAHHS MEIIOCTKIB p-
opOitanell BHIE 1 HWKYE BiJ IUIOUIMHHU, Y SKIM pO3TalIOBaHi
aToMu ByTIemo (puc. 4.3). m-3B’430K yTBOPIOE CYLIIbHY €NeK-
TPOHHY XMapy 10 BCbOMY LIapy aTOMiB BYIJICLIO, SIK 1 y BUIIa-
JIKy METalleBOro 3B’si3Ky. Byrnenesi mapu rpadiTy noB’s3aHi
Jy’Ke CIIA0KUMU CHJIaMU M1XKMOJIEKYJsipHOT B3aemoii. Li oco-
6muBocTi OynoBU rpadiTy i 00yMOBIIOIOTH Taki HOro BIACTH-
BOCTI, SIK €JIEKTPOIPOBIAHICTb, IIAPYBATICTH TOILIO.

I'padiT € cuIpHO aHI30TPONMHMM TBEPAUM TiJOM. MiXILIO-
IIMHHA BIICTaHb MK IIapaMu cTaHOBUTH 0,335 HM TOpPIBHSIHO
3 BigcTaHHIO MK aToMamHu 0,142 HM.

VY neprneHauKyISIpHOMY HalpsSMKY 10 MOHOIIAPIB BYTJICIIIO

2%99C9 9%y rpagiT Ma€  HamiBOPOBIAHHUKOBI
@e@gege99 BJIACTHUBOCTi, MPOBIJHICTh  SIKOTO
Q‘Q Qo Q@ e ] Q "

BU3HAYAECTHCA IMO3UTHBHO 3apAIKe-

3 C? 3 C? 3 : g ° HUMHU JipkaMd. Y 3B’S3Ky 3 LUM
Qe@g@g9 ENIEKTPOIIPOBIAHICTD IpadiTy B Ma-
Joule WLSls auts 3 pajleTbHOMY HamnpsSMKYy BiJIHOCHO
Qe 0099y ; - -
g g 30 S mapiB NpUOIU3HO HA J1BA — TPU 110

PSIKH TIEPEBUILLY€E TPOBIAHICTD, HIXK
y TepHeHAUKYIIpHOMY. Y MOHO-
KpUcTaii rpagiTy TemIio mepeHo-

Puc. 4.3. Kpucraniuna
rpatka Tpadity
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CUTHCSI, TOJIOBHUM YHHOM, Y3JIOBXK IIAPiB aTOMIB BYTJIEIIO, IO
MPUBOJUTH 10 aHI30TPOIii TEIIoNnpoBigHOCTI. EnekTpornposi-
JTHICTH 1 TEIJIONPOBIAHICT TpadiTy MarOTh PI3HY NPHUPONY.
OcTtaHHSl BU3HAYA€ETHCS TEIUIOBUMH KOJMBAHHSMH I'DATOK MO-
HOKpHCTaJa.

I'padiT mIpoKo BUKOPUCTOBYETHCS Yy PaMiOTEXHIYHIN MPO-
MUCIIOBOCTI MIPU BUTOTOBJICHHI IUTIBKOBHX 1 00’€MHHUX pe3uc-
TOpiB, B OCHOBY SIKMX IOKJIaJICHHI BUCOKHWA THTOMHIA OIIip
rpadiry. Lleli TN pe3uCTOpiB YCIINTHO 3aCTOCOBYETHCS B IIU-
POKOMY CHEKTpi MPOMHUCIOBOI 1 MTOOYTOBOI E€NEKTPOHIKH, MO-
YMHAIOYH BiJl JPKEPEes )KUBJICHHS 1 3aKiHUYIOUH MpodeciitHnMu
MiJCHIIIOBAYaMU 1 TEJIEKOMYHIKAIIHHUM 00JIaTHAHHSIM.

3 rpadiTy BUTOTOBJISIFOTH TUTJIi, YOBHUKH JJI1 BUPOOHHUIITBA
HaJTBEPAUX CIUIaBiB. BiH Ha MOTHK CIM3bKUN (KMpHHIA) 1 3a-
BJISIKM TaKiii BIIACTUBOCTI BiH BUKOPHUCTOBYETHCS K CyXa 3Ma-
IIyBaJIbHA PEYOBUHA, KA MOKpAIIye aHTHU(PPUKIINAHI BIAaCTH-
BOCTI 1 I0 TOTO X Ma€ TapHi eJIEKTPONPOBITHI BIACTHBOCTI [5].

4.4. I'paden

I'paden — npexacrapinsie cob0r0 ABOBUMIPHY IMeKCaroHajIbHY
KpUCTAIIYHy PEUIiTKY TOBIIMHOKO B 1 aToM, TOOTO Iie miap
aTOMIB BYIJIELIO Yy CTpYyKTypi rpadity (puc. 4.4). bes onmopu
rpadeH Mae TEHJAEHLII0 3ropTa-
TUCS, aje Mo)ke OyTH CTIMKUM
Ha migknaami. A. K. Teiimy i
K. C. HoBocromnory y 2010 porri
Oyna npucymkena HobemniBcbka
npemist 3 (QI3UKH 3a «IepeoBi
JOCTIIM 3 JBOBHUMIpDHHM Ma-
TepiaioM — rpapeHoM», SKUN
Puc. 4.4. CxemaTnusne 30- 6yB BigkpuTuii y 2004 poui.
Opaxenns rpapeny [lpu orpumanui rpadeny

BUHUKAIOTh TPYAHOILI y TOMY,
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00 OTpUMATH caMe OJMH IIap aTOMiB BYIJICHIO. Y JTIOMAIIHIX
yYMOBax TakKuUP EKCIIEPUMEHT TaK0o)X MOXKHa IPOBECTH, MAJIs
poro Tpeda Kieika crpiuka (ckoTd) i rpadit (cTepKeHb 3BU-
YaifHOTO OJIIBIIA).

[TpuksneiBmm CKOTY 10 MOBEPXHI rpadiTy, BU OTpUMAETE HA
HBbOMY CipHil BiIOMTOK, y SKOMYCh MicIli Oy/e MOHOIIAp aTo-
MiB ByTJIeIio, To0To rpaden. Lleit meron otpumanus rpadeny
HA3MBAETHCA METOJIOM JIMIKOI CTPIUKM a00 MIKPOMEXaHIYHOTO
po3lIapyBaHHs, aje A MPOMHCIOBOIO BUPOOHMIITBA TaKUi
cnoci6 He migxoauTh. OUH 13 METOAIB OTPUMaHHS — TePMidHE
po3kianannsa kap6Oixy kpemHiro (SiC) mpu temmneparypax Ou-
3pk0 3070 K, mo poOuTh cam mporec eHepro3arpaTHUM 1 BH-
Marae OcOOJMBHX TEPMOCTIHKMX MaTepiamiB. Takox MOXHa
BUKOPHUCTOBYBaTH METOJ] PaZio4acTOTHOrO IJIa3MOXIMIYHOIO
0CaJKEHHs 3 Ta30Boi (a3u abo 0CaPKEHHS IIPU BUCOKOMY TH-
CKy U TemmepaTypi (IUisi OTpUMaHHS IUTIBOK BEIHMKOI TUIONI).
3a paxyHOK TOro, o rpadeH JIETKO BiJIIIapOBYETHCS, CTBO-
peHHs Ha ioro 6a3i koMl t0TepiB OyJie, MOKINBO, MOII0HE 10
JIpYKy JOKYMEHTIB Ha CTpyMeHHOMY mnpuHTepi. Came Takuii
HiAX17 10 CTBOPEHHS Ipa)eHOBHX CXEM 3alpONOHYBAIU JIOC-
nigaukn 3 KemOpumkcepkoro yHiBepeutery (BenukoOputaHist).
AJe MOIYKH 11€aIbHOTO TEXHOJIOTIYHOTO MPOLECY BUTOTOB-
JIEHHS rpadeHy 1€ TPUBAIOTh.

3aBIAKH CBOIM YHIKQJIbHUM BIIACTMBOCTSM IpadeH MOXe
HaOyTH IMPOKOTO BUKOPUCTAHHS NPU CTBOPEHHI HOBHX MaTe-
piaJiiB IHHOBAIII{HOI €JIEKTPOHIKH, TOMY 110 BiH — HAUTOHIINI
00’€eKT, IKUW OyB KOJNHM-HEOYIh OTPUMaHUM, Ma€ BUCOKY Mill-
HICTb, MPYXKHICTh 1 TEIUIONPOBIAHICTb, ONTUYHY MPO30PICTh,
n00pe TPOBOIUTH ENEKTPUIHHN CTPYM, a HOCISIMH 3apsiay B
HbOMY € Oe3macoBi depmionu [ipaka [6]. I'paden y 30BciM
HeJalleKoMy MailOyTHBOMY IIUIKOM MOXKE CTaTh 06a3010 HaHOe-
JIEKTPOHIKH, sIKa MpUiie Ha 3MIHY KPEMHI€BIM eNeKTpOHill —
MOTEHIIAN 711 3pOCTaHHS «IIPOAYKTUBHOCTI» KPEMHIIO BKE
BUYEPIYIOTHCS, TOMY 3MiHa MOKOJIIHb, MOXIJIUBO, BXK€ HE 3a
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ropamMu. BukopucraHHs rpadeHy SK KIOYOBOTO Marepiany
TPAH3HUCTOPIB Ta IHIIMX HAMIBIPOBIIHUKOBUX MPUJIAIIB Mae
BEJTMYE3HUI MOTEHIliaN JJIsl TOTO, 110 O Horo MoxHa 0yio po3-
IUISIIATH 5K TiAHY 3aMiHy KpeMHIEBUM TexHoJorisam. Came e
MOTEHIliaNl 1 MepCIeKTUBU NMPHUBEPTAIOTh yBary Takux BHUPOO-
HUKIB HaIiBIOPOBIIHUKOBOI mpoxaykiii, sk IBM, Samsung,
Texas Instruments i Intel.

Hamnpuknan, komnanis Samsung Electronics mpoBoauTh po-
3poOKH 31 CTBOpPEHHSI Ha HOTO OCHOBI THYYKHX €KpaHiB (Tpa-
(eH 3aMiHUTH OKCHAM IHJIIIO Ta 0JIoBa). Takui eKpaH 3MOXKE
3MHUHATHCS NPAKTUYHO HEOOMEXEHY KUTBKICTh pa3iB, HE BTpa-
YarOUYH CBOIX BJIACTUBOCTEH.

OnHak HAWMNEpCIEeKTUBHIMIMKA HANPSIMOK BUKOPUCTAHHS
rpadeHy — CTBOPCHHS HAAMIBUAKHX Ipad)eHOBUX TPAH3UCTOPIB
1 mporecopiB Ha iX OCHOBI.

HoBwii monboBHii TpaH3ucTop OyB pO3pOOJICHHI HA OCHOBI
rpadeHy KOMaH0I0 BUYEHUX MaHUECTepChKOTO YHIBEPCHTETY,
Ky OYOJIOIOTH JlaypeaTH HOOeNiBChbKOI mpemii mpodecopu
A.Teitm 1 K. HoBocwkosioB (puc. 4.5). Bin ckiamaeTscs 3 ABOX
1apiB rpadeny, o po3aUIeHI HIapoM JieeKTPUYHOTO MaTepi-
any (HiTpua 6opy abo aucynbdin monidaeny). Buiimos kepo-
BaHUI TyHENbHUH JI0JI, Y SKOMY €JIeKTPOHH BiJl OJHOTO LIapy
rpadeHy MpoxXoJaTh Kpi3b IIap JieleKTpUKa Ha 1HIIUHN 1map 3a
JONOMOrot0  TyHenbHOro edekrty. Ilpu mnpuxiageHsi 1o

Puc. 4.5. Cxematuune 3o0-
OpaxxeHHs BEPTUKAJIBHOTO
MOJILOBOTO TPAH3UCTOPY Ha OC-
HOBI rpadeny: 1 — mapu rpa-
¢beny; 2 — cTik; 3 — KepyBab-
HUMA eNeKTpoj; 4 — BUTIK; 5 —
BIJIOKPEMITIOBAJILHUN Imap ie-
nextpuka (BN a6o MoS,). I3
pobotu [7]
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MOBEPXHI Irpad)eHOBOI TUIBKH €JIEKTPUYHOTO MOTEHI[iay IeB-
HO1 BEJTMYMHU BiIOYBAIOTHCS CHIIBHI 3MIHM BEJIMYUHH CHEpre-
TUYHOTO Oap’epa TyHENIOBAaHHS €JIEKTPOHIB. Y pe3yibTaTi do-
ro BUMIIOB BEPTUKAJIbHUN MOJIbOBUIM TPAH3UCTOP, L0 MPALOE
Ipu KIMHaTHUX TeMIIeparypax, o B MaiOyTHHOMY 3MOKeE ITi-
JBUIIMTH CTYIIHb 1HTErpaiii eaekTpoHHoi TexHiku [7]. Bigo-
MOCTI 1HIINX BYEHHX CBiI4YaTh PO CTBOpPEHI rpadeHoBi TpaH-
3UCTOpH, SKI 3[aTHI TpaioBaTd Ha dvactotax Bim 100 mo
300ITu, 3 pyxamBICTIO HOCIIB 3apsmy Ounblne  HIX
10° cM?/(B-¢) pu HU3BKUX Temmneparypax [6].

[TpoGemoro po3poldiieHnX TpadeHOBUX TPAH3UCTOPIB € Te,
10 BOHH MPONYCKAIOTh BUCOKI 3HAUEHHSX €JIEKTPUYHUX CTPY-
MiB, TOMYy HE MOXXYTh MOHTYBaTHCS Ha KPHCTaJIH CY4aCHUX
KOMIT'IOTEPHUX MIKPOCXEM, Yepe3 Te 10 KPUCTAIH YiIliB pO3I-
JABJISITHCSI MGHII HIXK 32 | cekyHay. [HIIOI MepemKoI0r0 st
BUKOPUCTaHHA rpadeHy SK albTepPHATUBU KPEMHIEBIH €NeKT-
POHILIIi € BIACYTHICTh €HEPreTHYHOI IIUIMHU MK 30HOIO MPOBi-
JTHOCT1 1 BaJIGHTHOIO 30HaMHU, 110 PO3CIIOBAaHHS MOTYXKHOCTI y
BHUMKHEHOMY cTaHi [§].

Byrieup He mae piBHUX c001 SIK IPOBIAHOTO Matepiany i3
HACTUIBKH TOHKOIO 1 JKOPCTKOIO CTPYKTYPOIO, 0COOIHBO Y ¢do-
pMi rpadeHy Ta AeSKMX THUMIB HaHOTpyOok. IloenHaHHs ABOX
BUJIIB JaCTh BEJIMUYE3HUH MOTEHIIIaJl TAKAM €JIEKTPOHHUM KOM-
MIOHEHTaM, K CYNEpPKOHJIEHCATOPH, OCKIJIbKU 3aBISIKH MacHB-
HI{ TJIOILII TMOBEPXHI BIH MOXKE 30epiraTv BeIMYe3HI OOCSTH
eHeprii y HeBelnMukoMy 00’ emi. ABTopamu [9] Oynau BUpOIIEH1
HaHOTPYOKHM Ha 1mapi rpadeny (puc. 4.6), KpIIUIEHHS SIKUX BiJl-
OyBaeTbCsl 3a PaxXyHOK KiNelb 13 CEMU aTOMiB, TAKUM YHHOM
OyJ10 CTBOpPEHO HOBHH TriOpuaAHKUNA MaTepian — O0e31oBHUM Hpo-
BigHUK. Lleii ribpua Moxe Oyt HalKpamuM MOKJIMBUM MaTe-
pianom ans 6araThoX MpuUIIajiiB 30€pekeHHsl eHeprii Ta eleKT-
POHIKHU (ENIEKTPO/IIB /Ul aKyMYJIITOPIB Ta MPUJIaiB).

Bupomienuii nic HaHOTpYOOK MOke cTaHOBUTH 10 120 MKM
y BHCOTY, 32 PaxyHOK YOTrO JyK€ 3pOCTa€ 3arajibHa IUIOIIA
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Puc. 4.6. Cxematnune (a) Ta €IEKTPOHHO-MIKPOCKOIIYHE
(0) 300paskeHHsI HAaHOTPYOOK BUPOIICHUX Ha mapi rpadeny 3
BHKOPHUCTAHHIM O€3II0BHOT TEXHOJIOT1 [9]

noBepxHi (puc. 4.6 0).

Takox rpadeH Mo>kHa BUKOPHCTOBYBATH SIK MIAKIAAKU MIPH
MPOBEACHHI O10JIOTIYHUX JOCHTI/DKEHb 3a JIOMOMOTOIO IMPOCBI-
Y0901 MIKPOCKOTTii.

Ha ocHoBi rpadgeny orpumani HOBI Mmatepianu — rpadas i
(dmoporpadeH, B AKX YIOPSAKOBAHO PO3MIMIYIOTHCS aTOMH
BOJIHIO Ta (Topy. Benmka minbpHICT aTOMIB BOAHIO Y TpadaHi,
K1 3HAXOJAThCS 3 000X CTOPIH rpad)eHOBOI MJIOLIMHU, MPHU
bOMY Sp3—ri6pI/I,I[I/I3OBaHi aTOMH BYTJICIIO 3MIIIYIOThCS B
IUIOUIMHI Bropy Ta BHU3 (puc. 4.7 a), mpUBepTae yBary BU€HUX
3 METOI0 pOo3p0o0JIeHHs 3ac001B aMst 30epiranHs BoaHo [10].

ABtopamu poOotu [11] Oynu mpoBeneHi TOCTIKEHHS Tpa-
¢baHy 3 npueIHAHUMU aTOMaMH JIiTiI0, HATpito 1 Kajiito. OTpu-
MaHO, 10 Ha aTOMax METaJiB MOXe aacopOyBaTUCS MOJIEKYIIsi-
puuii  Bogenbp (puc. 4.7 ©6). IlpobGrema arperyBaHHS
(3B’s13yBaHHs) aTOMIB METaliB y KjacTepu Ha rpadani BiaCyT-
HS, OCKUIBKHM KOXKEH aTOM BYTJICLIO 3B’S3aHUI 3 BOJHEM, IIO
o0MexXye pyX MeTaiy Mo MoBepxHi rpadany.

Byno mokasaHo, 110 Taka CTpYKTypa MOXeE YTPUMYBaTd 10
6,1 BaroBoro BiJicOTKa BOJHIO, 110 cTaHOBUTH (0,074 kisorpamu
MOJIEKYJISIPHOTO BOAHIO Ha 1 miTp.

65



Puc. 4.7. CxemaTnane 300pakeHHS] KPUCTATIYHOI CTPYKTYPH
rpadany (a) Ta mopucTUN MaTepian Ha OCHOBI rpadany 3 npu-
€THAHUMU aTOMaMH JY)KHUX MeTaliB: | — aroMu BOJHIO;
2 — aromu metany; 3 — Byruens (0). I3 po6it [10] ta [11] Bin-
MTOBITHO

4.5. BnactuBocTi (pyJiepeHiB, iX 3aCTOCYyBaHHSI Ta MeTOAU
OTPUMAHHA

VY 1985 poui rpyna nocnigaukiB — PobGept Kepn, Xapona
Kpoto, Piuapan Cmomni, Xic 1 O’bpaiien (y 1996 p. npucymxe-
Ha HoGeniBcbka npemist 3 Ximil) — AOCHIPKYyBaJId Mac-CIIEKTPU
napiB rpadity, OTpUMaHUX HpPU JA3€pPHOMY OIPOMiHEHHI (a0-
Js11T) TBEPAOro 3pa3ka, 1 BUSBWIN MIKU 3 MAKCUMAJIbHOIO aM-
IUTITYAO0, 110 BiAmoBinanu kiactepam 3 60 1 70 aToMiB Byriie-
0. BoHn mpunyctuiy, mo 1l mKy BiMOBIJAI0Th MOJICKYJIaM
Ceo 1 C70 1 BUCyHYNH rinotesy, mo Mosekyina Cgy Mae Gpopmy
3pizaHoro ikocaenpa cumetpii Iy (puc. 4.8). dns monexymu Cq
OyJ1a 3arponoHOBaHa CTPYKTypa 3 OLIbII BUTATHYTOIO €JICOoi-
nanpHOO dopmoro cumetpii Dsy. Taki 3’eqHanHHS OTpUManu
Ha3By (ynepeHiB, a HalOUIbII nompeHa Monekyna Ceyp — Oa-
KMiHCTepdyIepeHy, Ha 1M’sl aMepuKaHChKoro apxirekropa Pi-
yapna bakmincrepa ®dynepa, sikuii 3aCTOCOBYBaB JUIsl CIIOPY-
JOKEHHS KYTIONIB CBOiX OyJiBENb I’ ITU- 1 HIECTUKYTHUKH, 5Kl €

66



oy
\W 0 B

Puc. 4.8. [Ipo3opwii ikocaeap (a), ikocaeap i3 JiHIAMH BiJ-
cikanHs BepiuH (0) Ta gynepen (B) [12]

OCHOBHMMH CTPYKTYPHHUMH €IEMEHTaMH MOJICKYJSIPHUX Kap-
KaciB ycix QynepeHis.

dysepenn (0axkmincTepdysiepenn, 6akidooan, (pyrodoJie-
HH) — II€ MOJICKYJISIPHI CIIOJIYKH, SIKi HaJeXKaTh J10 KJacy ajloT-
pornHuX (HOpM BYTJIEIIO 1 MPEACTABISAIOTh COOOK0 OMyKIi 3a-
MKHYTi 0araTOKyTHHKH, IIO CKJIAJAlOThCs 3 TApHOrO YHCia
TPHOXKOOPJMHOBAHUX aTOMiB ByTJelo (puc. 4.9).

Puc 4.9. 3oBuimmnii Burnsan QymnepeniB: a — Cg, 6 — Coo,
B — Co

VY monekynax (ynepeHiB aTOMHU BYTJICIIO PO3TAIIOBaHI y
BEpIIMHAX MPABUIBHUX IIECTH- 1 " ITUKYTHHKIB, 3 SIKUX CKJIa-
JAEThCs TOBepxHs cepu abo emincoina. Camuii CHMETPUIHUI
1 HalOTBII TOBHO BUBYEHHI MPEICTABHUK CiMeicTBa Qymepe-
HiB — ¢ynepeH Cep, B IKOMY BYTJICLIEB] aTOMU YTBOPIOIOTH 3pi-
3aHUH 1KOcaesp, 10 3 CKIAAaeThes 13 20 MIECTUKYTHUKIB 1 12
II’AITUKYTHUKIB (TOOTO KOkeH atoM Byrienro ¢ynepeny Ceo
HAJICKUTh OJHOYACHO IBOM ILECTH- 1 OJHOMY I ITUKYTHHUKY) 1
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Haranye ¢pyroonbHul M’sia. CIONyKH, IO CKJIaIaloThes i3 Me-
Hie HK 60 aToMiB ByTJeIo € HecTiikuMu. Paiyc Monekynu
Ceo = 0,3512 am. YV monekyni Cg aTomMu BYTJICHIO 3B’s3aHi
MK COOOI0 KOBaJEHTHMM 3B’SI3KOM, 1 MalOTh JBa THUIIM: I10-
neiitanii (C = C) — cTOpoHa MK JABOMa IIECTUKYTHHKaMHU
(0,144 £ 0,001 am) Ta omunapuuii (C-C) — crTopoHa MK
I'SITUKYTHUKOM 1 mecTukyTHUKOM (0,139 + 0,001 um).
[I’ATUKYTHUKH MK COOOI0 HE 3 €HYIOTHCS, & MECTUKYTHUKH
JeIO0 BiPI3HIIOTHCA BiJl IPaBHIIbHUX.

Oynepen Cgp Ma€ YOpHUHM KOJip, B IHEPTHOMY CEPEIOBU-
mi crifiknit 1o 1200 K, rycruna 1,69 r/em’ (11 mopiBHAHHS
y rpadiry — 2,3 r/eM’, anmaszy — 3,5 r/cM?), mHpuHa 3a60po-
HeHoi 30HU 1,5 eB, Mae HU3bKY TEIUIONPOBIIHICTh Ta HEPO3-
yuHHUNA y BoAl. Cgp micias oOpoOKM BHCOKHM THUCKOM Mae
BHCOKI 3HAYEHHS TBEPAOCTi, Y JeKiIbKa pa3iB OUIBIIY TBEP-
JIOCT1 anMmasy.

Hactynmaum 3a nommpenictio € gynepen Cyo, IO BiApi3HA-
eTbest Bill Pynepeny Cgp BcTaBkoro 3 10 aTOMiB ByTJeIO B €K-
BaropianbHy obnacte Cgp, B pe3yibTaTi yoro mosiekyna Cy
BUSIBIISIETBCS BUTATHYTOIO 1 Harajlye CBO€ (GOPMOI0 M Y IS
rpu B per0i abo aunio. Ckiagaerbes 13 25 MECTUKYTHUKIB 1 12
I’ ITUKYTHUKIB.

@dyrnepeHn MaJOpPO3UMHHI Yy BOJII 1 PO3UUHSAIOTHCS B PAJil Op-
TaHIYHUX PO3YMHHUKIB. YcTaHOBIEHO, o ¢ynepeHu Ceoi Cro
MOTaHO PO3YMHSIOTHCS B TMOJSIPHUX PO3UYMHHHKAX (THITY CITUP-
TiB), B alleTOHi 1 T. M., OJJHAK MalOTh BHUCOKHI MOKAa3HUK PO3-
YUHHOCTI B TOJYOJIi, TETPAXJOPETaHl Ta B IHIIUX PO3UYUHHU-
Kax. I3 migBUIIEHHSM TeMmIepaTypu pPO3YMHHICTH (yrepeHiB
3HWKYeThCs [13].

Tak 3Bani BUII (ynepeHu, O MICTATh OUIBIIY KiIbKICTH
atomiB Byriemio (mo 400), yTBOPIOIOTHCS B 3HAYHO MEHIIIMX
KUTBKOCTSX 1 YaCTO MalOTh JOCUTbH CKJIaJHUI 130MEpHHUI CKIIaJ.
Cepen HailOUIbII BUBYEHUX BUIIUX (PyJIEepeHIB MOXKHA BUILITH-

™ C,, n =74, 76, 78, 80, 82, 84, 90, 94 1 96.
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Ceo Tpu KpucTamizallii i3 po3unHy abo ra3oBoi ¢a3u yTBO-
PIOIOTH MOJIEKYJISIPHUN KpHCTal MiJ Ha3Bowo ¢yJjeput (Mae
moaudikarii — I'IIK 3 @ = 1,417 uwMm, rekcaronansny, OLIK i
IIK (puc. 4.10)).

Kpucraniuna rparka M’sika i Moke moaiOHO 10 rpadiry,
cTUCKAaTHCSI. MK MoJiekynamMu (ynepeHy B KpHUCTall ICHYE
ClTa0Kkuii BaH-AEP-BAaAIbCIBCHKUN 3B’ 30K, OOYMOBIICHUN THM,
0 B €JIEKTPUYHO-HEUTpaIbHIA MOJIEKYJIl HETaTUBHHUM 3apsi
SJIEKTPOHIB 1 MO3UTUBHUI 3aps[ sSpa po3HECeH1 B MPOCTOpi. Y
pe3yNbTaTi, MOJIEKYJIH MOXYTh MOJISIPU3YBAaTH OJIHA OJHY, TOO-
TO MPHUBOAMTH JI0 3MIIIEHb Y MPOCTOPi LEHTPH MO3UTHBHOTO i
HEraTUBHOTO 3apsAiB, [0 0OYMOBIIIOE iX B3a€MO/IIIO.

[Tpu kimaaTHUX Temmneparypax kpuctai Ceo mae I'LIK permri-
TKy (cTana rpatku a; = 1,415 uM), a Ipu 3HWKEHHI TemIiepaTy-
pu BinOyBaeTbcs (aszoBuit mepexiy mnepmoro pony (T =
260 K) 1 xpucran Cgp 3MIHIOE CBOIO CTPYKTYPY Ha IPOCTY KY-
Oiuny (a» = 1,411 um) [14]. Ilpu temnepatypi I'> Ty, = 260 K
MoJieKyiH Cgp XaOTUYHO 00EPTAIOTHCS HABKOJIO CBOTO ILIEHTPY
piBrOBaru 3 wacrororo 10 ¢! [15], a mpwu 1i 3HIDKeHH] 10 KpH-
TUYHOT JB1 0ci 00epTaHHs 3aMOpoXKytoThesl. [loBHE 3aMOpoXKy-
BaHHA oOepraHb BinOyBaeTbca mpu 165 K. Ilpu 7=86 K

Puc. 4.10. Kpucraniyna rpatka ¢yjiaepuTy: a — cXemaru-
4yHe 300pakeHHs; 0 — 00’ eMHMI BUTIISIT
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B pe3yJbTaTi (a30BOro Mepexoay KPUCTall CTae CKIOMOAIOHUM.

Kpucraniuna 6ynoBa C7y npu Temneparypax MopsaKy Kim-
HaTHOT Mae OLIK-rpaTKy 3 HEBEIMKOIO JTOMIIIKOIO T'eKCcaroHa-
neHOI (asm [16].

TBepauii ¢ynepur € HamiBIPOBIIHUKOBUM MaTepiajioM 3
UpPUHOI 3a00poHeHoi 30HU 1,5 eB 1 Moke BUKOpHCTOBYBa-
THCSI B ONTOEJEKTPOHHUX MpPUJIaaX, OCKUJIBKH pearye HaBiTh
Ha BUAMME CBITIIO.

@dynepeHu XiMiYHO-HEHTpabHI, 1 MOXKYTb JIMILIE BCTYIATH B
peakuii npuenHanus. B cepenuny monekynu Cgp MOXYTbH IO-
Mmictutucs nesiki aromu meranis (La, Gd, Be, Ca) Ta inepTHUX
rasiB (He, Ne, Ar, Kr, X¢), Taki MOJICKYJIM Ha3HBalOTLCS €H-
nogyJiepeHaMu (€HIOCHApPAIbHE 3’€IHAHHS, €HIOCHApPAN) —
ue ¢ynepeH, Mo MICTUTh B cepeAnHi cede onuH abo KijbKa
atomiB ab6o monekyn [17]. Cuare3oBani eHI0]yIepeHn MalTh
CErHETOCJICKTPUYHI, TTapaMarHiTHi, 1 AlaMardiTHI BJACTUBOCTI,
3aBJISIKA YOMY BOHHU 3aCTOCOBYIOTBCS B €JICKTPOHIIIi.

[Toennanus ¢ynepeHiB 13 MeTalaMH Ha3UBA€ThCs (yJepH-
aamu (nosHauvarotbest M@Cqgo). B pesynbrati B3aemonaii Mera-
7y 13 BYIJIELIEBUM KapKacoM, MeTaj Ma€ MO3UTUBHUH 3apsija Ta
3MIIIEHHUH BIIHOCHO LIEHTpY ¢ynepeny. JykHi MeTtanu yTBo-
prototb MCgp, M3Cgo, 1€ M — aTOM J1y’)KHOTO MeTally, pu BU-
cokux Tuckax Gopmyrotbest MyCoo 1 MCop, 13 mepedyaoBoro
KpUcTaniuHoi cTpykTypu. ¥ 1991 p. Oyno BCTaHOBIIEHO, 11O
neryBaHHsl TBepAOro Cgp HEBEJIMKOIO KIJIBKICTIO JIY’)KHOTO Me-
Taly NpPU3BOJUTH /10 YTBOPEHHS Martepialy i3 MeTalidyHOIo
MPOBIIHICTIO, SKHI MPU HU3BKHAX TEMIIepaTypax MepexoanTh B
HAAMpPOBITHUK. JleryBaHHA NpPOBOIATH MapamMM MeETalliB MpU
BHCOKHX TEMIepaTypax, IpHh IbOMY (OPMYETBCS CTPYKTypa
tuny M3;Ce. Ilepmum takum Metaniom 6yB K, mepexin croiny-
ku K3Cgo y HammpoBigHUil cTaH BiI0YBA€THCS IPU TEMIEpATypi
19 K, e pekopaHe 3HAYCHHS 7S MOJICKYJISIPHUX HAIIpPOBiI-
HukiB. CtpykTypa RbCs,Ce cTae Haanposianoi Bxe npu 33 K,
a crmaB RbTICgo — mpu 42,5 K [15]. Ane Taki pynepunu gyxe
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YyTJIMBI 10 BIUIUBY aTMOC(HEPHOTO MOBITPS Ta Mapy BOJIH.

[Tpueananns no Cgp pagukaiiB, SKi MICTATh METAIH TIJIATH-
HOBOI I'PyIH, T03BOJISIE OTPUMATH (pepoMarHiTHI MaTepiain Ha
OCHOBI (QyJIepeHy.

linepdyaepenn — BucokocumerpuuHi Qynepenn Coay,
Cs40, Coeo, K1 MICTATH BCcEpenuHi cebe O1abIn ApiOHI PynepeHu
Ce0, C70, Ta iHmi. Taki CHONYKH HA3UBAKOTh «MAaTPHOIIKa,
«uubynuHa», a Takok «ek3o(dynepen». Ilo3HauaroTbes
Coo@Cr40.

UyaoBi MOXJIMBOCTI HaJalOTh rigpodysaepenu (pi3Hi TUIH
CTONYK (yJepeHy 3 BOIHEM). 3aB/sIKM KOMITAKTHOMY 1 Oe3re-
YHOMY 30€piraHHIO BOJHIO B I[UX MaTepiajiaX CTa€ MOXJIUBUM
Mepexij] 0 eMOXH COHSIYHO-BOJHEBOI eHepreTuku. ['igpodyme-
PEHH 1al0Th MOXIIMBICTH 0€3MOCEPEAHBOI0 MEPETBOPEHHSI CO-
HSYHOT €Heprii Ta 3aCTOCYBaHHS BOJHIO SK €KOJIOTIYHO YHCTO-
ro NajuBa Ta EHEProHOCIS.

Teopernuno ¢ynepen moxxkHa Harinpusysatu 1o 7,7 mac.%
H,. Ha nmpakrtuii orpumytots 3’eqHanis CeoHoug, 110 MICTATH
0,28-6,25 mac.% H,. I'iapodynepenu CeoHo.26 — 11€ KOpUUHE-
Buii nopomok 3 I'LIK-rpatkoro, 301IbIIEHHS KIJIBKOCTI BOJHIO
npuBoauTh 10 (opmyBanHs OLK-rpatku, mo sBisie coboro
O1mmi mopomok [ 18].

4.6. MeTonu otpumanHsi pyJiepeHiB

[Ipu dopmyBanni Cgy BBakasid, 11O BiAipBaHi BiJ IIApy
rpadiTy npu abiAwLii IIOCK] MAapH 13 MIECTUKYTHOIO CTPYKTY-
POIO 3rOpPTAIOTHCS B YalIEUKH — MOJIOBUHKH Gynepeny Cego, K1
3’€IHYIOTbCS 3 MEHIIMMHU (hparmMeHTamMu rpadity B minui ¢y-
JIEpEeH.

[IpoBeneHi ekcriepuMeHTH Moka3anu, oTpuManHs Cep 3a 30-
BCIM pI3HUX yMOB (3TOpsSiHHSA O€H30.Iy, aOJsIlisl IMOJIiMeEpiB,
BUIIIUX OKcUaiB Byriemo Ta C,H;) cBimyath mpo HasIBHICTH
1HIMX 1UIsxiB cuHTe3y Ceo. BupimansHum cTaB eKCriepuMeHT
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. |Bunapy3ami§[| Bymenesa YTBOpeHH: ﬂﬁ;ﬁﬂﬂ’
I'padit napa KJ1acTepiB - cbynepeﬁu
["apTyBanHs
* Y
s ['apryBanus
MoHouMKI4HI Ty »1 Dynepenn
JIAHLIOTH

Puc. 4.11. Cxema orpumanHs ¢ynepeHis i3 rpadity [19]

13 JIOKAJILHUM YIIPOBaPKEHHSAM amopdHoro i3oromy C3 y rpa-
(bITOBI €NEKTPOAH, B Pe3yibTarTi sIKOro OYyJI0 OTPUMAHO OJIHO-
piiHe mepeMilryBaHHS 130TOIMIB BYIJICII0O B HOBOYTBOPEHHUX
¢bynepenax. Lle cBiquuTh nMpo yTBOpeHHS (ylepeHiB 3 aTOMiB
Ta 10HiB, JO0Ope NepeMillaHuX y KaHajli AyTu abo B KparenbHii
¢azi [20]. 3aranbHa cxema popmyBaHHs QylIepeHiB MMoJaHa Ha
puc. 4.11.

g orpumanHs (yJaepeHiB HaldacTillle BUKOPUCTOBYIOTh
HACTYMHI METOAM: PO3MUIEHHS (cyOuimManis) rpadiTy Ta po3k-
JaJlaHHs MaTepiaiiB (ra3iB), 0 y CBOEMY CKJIaJl MICTSTh BYT-
Jellb.

Jyig Toro mo6 po3nuiIuTi rpadit, 1oro HEoOX1AHO HATPITH
1o temneparyp Buimux 3a 2000 K, 11t 1b0ro BUKOpUCTOBYIOTh
TaKi METO/IM HarpiBaHHS:

— METOJI eIeKTPUYHOI TyTH (IyroBHii);

— PE3UCTUBHE HAarpiBaHHS;

— HarpiBaHHS 3a JOTIOMOTOIO JIa3epa;

— EIIEKTPOHHO-TIPOMEHEBe OOMOapIyBaHHS;

— IJIa3MOBUM METO/I;

— 1HOYKI[iiHe po3irpiBaHHs (13 BUKOPUCTAHHSM CTPYMIB BH-

COKO{ YacTOTH);

— MarHeTpoOHHE PO3MUJICHHS.
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Haii0inpm edextuBHUil crnoci® oTpumanHA (yrepeHiB
IPYHTYETBCS Ha TEPMIYHOMY pO3KJIanaHHI rpadity. 3a ONTH-
MaJIBHUX YMOB TeHepamii MoJjexkyn (ylepeHiB HarpiBaHHs
rpadiTy mOBUHHE OYTH TIOMIPHHM, y PE3YIbTaTi YOTO MPOIYK-
TH Horo posnany OynyTh CKJIaAaTucs 3 GparMeHTiB, IO € ene-
MEHTaMHU CTPYKTYpH MOJjeKyn ¢yinepeny. IIpu ubomy pyiiny-
IOTHCS 3B SI3KH MK OKPEMHUMH IIapamu rpadirty, ane He BiaOy-
BA€ThCS PO3KIIAJaHHsl BYIJICIIO, 1110 BUIIAPOBYETHCS, HA OKPEMI
aToMH. 3a IIMX YMOB OTpHUMaHi (pparMeHTH BKIIIOYAIOTh B cede
IIECTUKYTHI KOH(Iryparlii aToMiB BYTJIEIIO, 3 IKUX 1 BiIOyBa-
€ThCsl ckitananHsa MoJiekynu Ceo Ta iHmmX Gynepenis [21].

Haii6inpm 3pydHuid 1 HIMPOKO PO3MOBCIOIKEHUI METO]T
eKCTpakuii (QynaepeHiB 3 MPOMYKTIB TEPMIYHOTO PO3KIATaHHS
rpadity (pynepeHoBMICHOI caxi), a TaKOX IMOAANBIIOI Cemna-
parii Ta ounmieHHs QynepeHiB 6a3yeTbcs HA BUKOPUCTaHHI PO-
3YMHHHKIB 1 COPOEHTIB 3 BHUKOPHUCTAHHSM PIIKOI XpOMOTO-
rpadii. Lleit meTon mae kinbka cramiit. Ha meprmiii cranii caxa,
10 MICTUTH (yrnepeHu, oOpoOIIeThCS 3a TOMOMOTOI0 HEMOMs-
PHOTO PO3YMHHHKA, JJISI YOTO BHKOPHUCTOBYETHCS OCH30I, TO-
ayon Ta iHmI pedoBuHM. IIpu npomy ¢ynepeHu, 1mo MaroTh
3HaYHYy PO3UMHHICTIO B 3a3HAYEHUX PO3YMHHHUKAX, BIIOKpPEM-
JIOIOTBCSL BiJl HEPO3YMHHOI (pakiii, BMICT SIKOi CTaHOBHTH
6mu3bpk0 70—-80 %. TunoBe 3HaUE€HHS PO3UMHHOCTI (PyrnepeHiB
y PO3UMHAaX, 110 BUKOPHCTOBYIOTHCS AJS IX CHUHTE3Y, CTaHO-
BUTH JICKUJIbKA IECATHX YaCTOK MOJIBHOTO BiJICOTKA.

BunaproBaHHs OTPUMaHOI'O TaKMM YMHOM PO3YMHY (Y-
JIEPEHIB MPUBOJAUTH J0 YTBOPEHHSI YOPHOTO MOTIKPUCTAIIYHO-
ro MOPOLIKY, L0 sIBJIsI€ cO00I0 CyMill (pysepeHiB pi3HOTO Ta-
TyHKY. TUNoOBU Mac-CreKkTp MOAIOHOTO MPOAYKTY TOKAa3ye,
mo exkcrpakT ¢ynepeniB Ha 80—90 % ckmamaerbes 3 Cqp 1 Ha
10—-15 % — 3 Cy. Kpim Toro, € HeBenuka KUTbKICTh (COTI Bif-
COTKIB) BUIIUX (DyJIepeHiB, BUJIJICHHS SIKUX 3 €KCTPAKTy € J0-
CUTh CKJIAJTHUM TEXHIYHUM 3aBJIaHHIM [21].
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4.7. 3acTocyBaHHs ¢yepeHiB

Benuke maiiOyTHe yekae (ynepeHu sik HOBHH KJac Harli-
BIPOBITHUKOBUX MaTepianiB. JloCTHiPKEHHS B IIbOMY HaIpsiM-
Ky BXe€ J03BOJWIM CTBOpUTH HaamposimHi (52 K) nipkoso-
JIErOBaHI1 CTPYKTYPH, 1110 HaraJlytoTh OJbOBUNA TPAH3UCTOP.

MonexymsipHuii Kprctan QynepeHy € HamiBIPOBITHUKOM
3 MUPUHOIO 3a00poHeHoi 30HU ~ 1,5 eB 1 #oro BimacTuBOCTI
0araTo B 4OMY aHAJIOT14HI BJIACTUBOCTSM IHIIUX HAIiBIIPOBI-
HuKiB. ToMy HM3Ka JociikeHb Oyia MOB’s3aHa 3 MUTAHHSAMU
BUKOPUCTaHHS (YJIEpEeHIB SK HOBOTO MaTepiaiy IUIsl Tpaju-
HIMHKX TIporpaM B EJIEKTPOHII: Ai0J, TpaH3UCTOp, (oToere-
MeHT i T. m. Ix mepeBaroro mopiBHsHO 3 TpamumiitauM Si € Ma-
nuit yac GoToBIATYKY (OAMHUILI HaHOCEKYHN). [IpoTe icToTHUM
HEJIOJIKOM BHUSBHBCS BIUIMB KHCHIO HA TIPOBIIHICTH TUTIBOK
¢dbynepeHiB i, oTKe, BUHUKJIA HEOOXITHICTh y 3aXMCHUX TMOK-
PUTTAX. Y IIbOMY CEHCI OUTBII MEPCIEKTUBHO BUKOPUCTOBYBA-
TH MOJIEKYNy QyJepeHy sK cCaMOCTIMHMI HaHOPO3MIpHUH MpHU-
CTpIH 1, 30KpeMa, SIK MiJICUIIOBaIbHUI €JIEMEHT.

ITin nmietro Bumumoro (> 2 eB), ynbTpadioneroBoro i
OUIBII KOPOTKOXBUJILOBOI'O BUIIPOMIHIOBaHHS (pynepeHu mosi-
MEpPU3YIOTBCS, 1 B TAKOMY BUTJISI/II HE PO3UMHSIOTHCS OpraHiy-
HUMH PO3YMHHUKAMU. [3 BUKOpHCTaHHAM (ynepeHoBOro ¢o-
TOope3ucTa OyJl0 OTPUMAHO CTPYKTYPY 13 CYOMIKPOHHOIO pO3-
JUIBHOI 3/1aTHICTIO 10 20 HM IpU TpaBiIeHHI Si eIEKTPOHHUM
MIyYKOM 4epe3 MacKy 3 nojiMepu3oBaHoi miiBKU Ceo.

Beenenns ¢gynepeHiB B opraHiuyHi CUCTEMH NPHUBOIUTH
710 3MIHU CTPYKTYPHHUX, CIIEKTPaJIbHHUX, (POTONPOBITHUX, Mac-
CTIEKTPOMETPUYHHX Ta HENIHIHHOONTHYHHUX BIIACTHBOCTEH Op-
TaHIYHUX MATPUYHUX MaTrepiaiiB. 3HAXO/KEHHS KOpesuii B
3MiHaxX 3a3HA4Y€HUX BJIACTUBOCTEH /103BOJISIE ICTOTHO PO3IIUPHU-
TH chepu BUKOPUCTAHHS (pysiepeHiB 1 MaTepianiB Ha iX OCHOBI
[13].
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Ha cporoani onepaTuBHA mam’sTh Ma€ 3HauHI rabapuTH
Ta € JIOCUTh €HEepPro3aTpaTHOI0, TOMY JOCIIIHUKU CIIpOOYBaIu
BUPIIIUTH L0 MPoOIeMy NUIIXOM BHKOPHCTAHHS TOJIbOBUX
TPaH3UCTOPIB Ha OCHOBI (pyJIepeHiB, ajie 1 TyT OyJIu MepenKo-
mu. Tlo-niepiue, ¢ynepen npu podoTi B arMochepHOMY MOBITPI
BTpayaB CBOIO CTPYKTYpY 1 OkHCHIOBaBcs. Ilo-apyre, 3pa3ku 3
BHCOKOIO PYXJIUBICTIO €JIEKTPOHIB BAAJIOCS OTPUMATH JIUIIIE
MIPU BUPOIIYBaHHI €MITAKCIMHUX (PYyIEPECHOBUX TPAH3UCTOPIB
npu 520 K. Ane enekTpoHHI KOMIOHEHTH MPU LOMY BUXOIH-
mu He THyuki. Tomy mocmimnuk Elad Mentovich 3 Tenb-
ABiBcpkor0 yHiBepcutery (I3painbp) 3ampornoHyBaB OTOYHTH
monekyau Cgo IApOM MOJEKYJI OKCHJY BYIJIELHO. IX OCHOBHE
3aBJIaHHS — HE JO3BOJUTH aTOMaM KHCHIO JicTatucs A0 ¢yie-
peHoBoro mapy. Takum unHOM, Ha 0CHOBI (ynepeniB Ceo pO3-
po0GJIeHO TpaH3UCTOp, IO 3[AaTHUH BUKOHYBATH (YHKIIi ome-
paTUBHOI MaM’ATi Ta HAKOIMYYBATH €HEPTit0, MOIIOHO A0 KOH-
nencatopa. Lleit MojekynsipHuil TpaH3UCTOP PO3MIPOM KilbKa
HAaHOMETPIB 3/1aTHUH 30epiraTH 1 mepenaBaTH iHPOpMALiO Ha
JIOCUTH BUCOKIN MIBUJKOCTI [22].

Astopamu S. Ami Ta C. Joachim 3 Centre d’Elaboration
des Materiaux et d’Etudes Structurales (Tyny3a, ®@paniiisi) Oy-
Jla 3aIPONIOHOBAHA KOHCTPYKIiS IMOJIBOBOTO TPAH3UCTOPA 3 BU-
KOPDHUCTaHHSAM  CKAaHYIOUOTO0  TYHEIBHOTO  MIKPOCKOIY
(puc. 4.12). Tpan3ucrop mnpezacTaBise coOO0 JBa TOYKOBHX
HaHOKOHTAKTH, 10 PO3MIMIYIOThCS 1O O0kax moiiekynu Ceo Ha
BigcTtani 1-5 HM.

OnuH 3 eNeKTpoAiB € BUTOKOM, 1HIINN —CTOKOM. Tpetiii
KOHTakKT — KaHTWjieBep a00 MaJIEHbKHI II’€30€l1eKTpUYHUI
KpHucTai. BicTps roiku Mikpockona po3MillyroTh Hajx Qynepe-
HOM. 3aBJSKU BIACTUBOCTAM MoJIeKYyIH Cgo Taka KOHGIrypaiis
BUSIBIISIETbCS HAJUYYTJIMBOIO J0 NEpeMillleHHS KaHTHIIEBEpY.
Crouatky, npu HaOJMXKEHHI TOJKUA JI0 MOJEKynu (ynepeny,
CTPYM 3pOCTa€ eKCIOHEHIIIHHO, Yepe3 10 MOCHIIIOETHCS Mepe-
KpUTTS XBWJIbOBUX (yHKLIA. [Ipy OinbmI TICHOMY KOHTAaKTI
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Puc. 4.12. CxematuyHe 300pa’ke€HHS MOJIbOBOIO TPaH3H-
CTOpa 3 BUKOPUCTAHHAM MoOJIeKynu ¢yiaepeHy: | — cTik;
2 — BUTIK; 3 — KaHTWJIEBED, 110 BUKOHYE (yHKIIT 3aTBOpa [23]

Ceo BimuyBae eeKTHBHE CTHCHEHHS, IO MPUBOJHUTH O PO3-
LICMJICHHS eJIEKTPOHHUX CTaHIB 1 10 JOAATKOBOI'O 3POCTaHHS
TYHEIBHOTO CTpyMy. KpiM Toro, yacTuHa miJICHICHHSI BUHUKAE
4yepe3 MO3UTHBHUN 3BOPOTHUM 3B 30K yepe3 rojKy KaHTHIIe-
Bepa. Y pe3ysbTari cxema 3abe3nedye 3poCTaHHS TYHEIbHOTO
CTpyMy Ha JiBa MOPSAJKU NpPU MEpEeMIIIeHH] KaHTUJIEeBEepYy Ha
0,1 M. OuikyBaHi nepeBaru LbOT0O eIeMeHTa — Majl po3MipH,
KOPOTKHH Yac MPOJbOTY E€IEKTPOHIB B TYHETHHOMY PEXHUMI Ta
BHCOKI 3Ha4eHHs IIBUAKOJI] aKTUBHOrO eyleMeHTa. Posrisana-
€THCSI MOJIMBICTB 1HTErpailii, TOOTO CTBOPEHHS OlIbIlle HIX
OJTHOT'O aKTHUBHOTO elleMeHTa Ha MoJekyny Ceo. AJie 1 Ha ChO-
TOJIHI 3aJUIIAIOTHCSA MPOOJIEMHI TUTAHHS CTOCOBHO PO3JILITEHOT
3JITaTHOCT1 HaHOJITOrpadii, MIKPOMaHINyIIOBaHHS MOJEKYyJIaMU
[20].

BinOyBaeTbcsi CTBOpEHHsSI MarepiajiiB 1 MIKpOEIEKTPOHHUX
BHUPOOIB CHEIIaNIbHOTO MPU3HAYEHHS: BUCOKOSKICHI aIMa30Io0-
TiOHI TUTIBKHM, 3HOCOCTIMKI TOHKOIUTIBKOBI 3aXHCHI MOKPHUTTS,
MaTepiajii MIKpOCEHCOpPIB, CyOMIKPOHHI PE3UCTOPH.

@dynepeHr BUKOPHCTOBYIOTH SIK KaTali3aTOpH MPHU BUPOILY-
BaHHI anma3iB. Pa3zoBuil nepexia rpadiT — anMas BiOyBa€eThCs
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IpU Ay)Xe BUCOKHUX TEMIeEpaTypax i THUCKaX, MpPOTe eKCIepH-
MEHTaJIbHI pe3yJabTaTH IOKa3aly, L0 JOAABAHHS HE3HAYHOI
KUTBKOCTI (ynepeHiB 70 rpadirty iCTOTHO 3HHMKY€E IMOKa3HUKU
nepexoy, 1 Ha BUxoai (DIKCyeTbCsl OlabIa KUIBKICTh aiMa3iB
3a KOpOTIIUI MPOMiXKOK 4acy. DynepeHu yTBOPIOIOTh IIEHTPU
KpUCTaJli3allii, Ha AKUX BiOYBA€THCS PICT KPUCTAIIB aaMa3iB,
IIPU [ILOMY JDKEPETIOM BYTJICLIO 3aJUIIAETCS TpadiT [24].

@ynepeHn 3aCTOCOBYIOTh JJIsl CTBOPEHHS HOBUX KOHCTPYK-
HiAHUX MaTepialiB 3 YHIKaIbHUMHU BIACTUBOCTSIMH JJISI BUKO-
pUCTaHHS B OYAIBHUITBI 1IHKEHEPHO-TEXHIYHUX CIOPY[ 1 MPHU
BHUTOTOBJICHHI 3aCO0IB 1HIMBIAYaTbHOTO 3aXUCTY: MaTepiaiu 3
TKaQaHWUHU CHEIiaIbHOTO MPU3HAYCHHS (CTPIYKH, BOJIOKHA, BIT-
pwiIa, KaHaTH, HAIMII[HI HUTKA TOIIO) HA OCHOBI TOJIMEPHUX
MOJIeKY, MOIU(DIKOBaHUX (yrepeHaMu; paaio3axyUcHI Marepi-
alM Ha OCHOBI rpadiTiB, MogudikoBaHux (ynepeHamu; O6eTo-
HOIOJIIMEPHU MiABUIIICHOT MIITHOCTI; HaAMIIHI (BUIIE TBEPIOCTI
ayMa3y) HaCaJKH 1 MOKPHUTTS JJIs CIIEI[iaIbHOTO IHCTPYMEHTY.

[MoninmeHHs eKcITyaTallifHUX XapaKTepPUCTHK TPaHCIOPT-
HUX 3ac001B Ta 1HIIMX CHEIlaJbHUX MEXaHI3MIB: MPUCATKH 10
OJIMB 3MAllleHHs, PI3KO MiABHILYIOTh 3HOCOCTIMKICTH JAeTaneit
TEpTs B MallIMHAX 1 MexaHi3Max. KoMIo3uTn TOpMO3HUX KOJIO-
JIOK IIBUJKICHUX TPaHCIOPTHHUX 3ac00iB Ha3€MHOTO Ta MOBIT-
PSHOrO TPAaHCHOPTY 3 MIABHUILEHOK TEIUIOBIJAAYEI0 1 3HOCO-
criiikicTio. JlymMKa mpo Te, o (yJIepeHH € ijealbHUM TBEpAUM
MacTHJIOM, €KCIIEpUMEHTaNIbHO He miaTBepaunacs. KoedimieH-
TH TepTs MWIiBKU Cgp HA KPEeMHIi BUSBUIINCS JTOCUTh BETUKUMHU
(0,55 — 0,80). Jnst mopiBHAHHS: KoeDImieHT TepTs nyda 006 m1yo
onmu3bkuit 1o 0,4, 3amiza 06 paryns — 0,2 [25].

HonaBanHsl (hyJepeHiB 103BOJISIE OTPUMYBATH HOBI KOMIIO-
3UIIHI MaTepiaiy eJIeKTPOTEXHIYHOIO MPU3HAYCHHS — eJieMe-
HTH HAJAINPOBITHUX KOHCTPYKIIH Ha OCHOBI (DyJIepeHOBHUX iH-
TepKaIATOPiB (00OPOTHE BHPOBAIKEHHSI MOJEKYyN (i0HIB abo
aTOMIB) MK MOJIEKyJlaMu abo rpynaMu (IIapamu) aTOMiB iH-
1IOr0 THITY), ONTHKU 1 paJioeNeKTPOHIKH — MaTepiajid 3axuc-
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HUX €KpaHiB JJs TexHoiorii «CTency, MaTepiaiu po3rairyxy-
BayiB Y BOJIOKOHHO-OIITUYHUX MEPEXkax, MOAYJIATOPH CBITIIA.

MertaneBuii cIuiaB i3 JojaBaHHsAM (ylIepeHiB HeHTpami3ye
J10 yoapHOi XBHWII, BIH MIIHIIIMEK Bix ctaimi y 4 — 5 pasiB Ta
Mae€ Kpall MOKa3HUKH OPOHEKUIICTIB, IPU BUTOTOBIICHHI SIKUX
BHKOPHUCTOBYIOTBCSI KapOiJl KpeMHi0 Ta kap0Oin 6opy. [Ipose-
JIeH1 TOCIIHKeHHS TTOKa3ald, IO i 9ac oOCTpUTIOBaHHS 3pa-
3Ka KyJISIMH, SIK1 JICTUIM 31 MBUAKICTIO 1,5 KM/C, THCK, 110 BH-
HUKa€, CTAHOBHB O/13bK0 250 T/cM’, ane marepian He aedop-
MYBaBCS 1 3aJIMIIKUBCS HEYIIKOHKEHUM [26].

Oynepenn Cg) 3aCTOCOBYIOTH JUISS CTBOPCHHS HAWOIIBII
C€HEPrOEMHUX aKyMYJSATOpPIB, ISl CHHTE3y NPOTUBIPYCHHX 1
MPOTHPAKOBHX TpenapartiB. OgHaK 1X JTOCTiIKEHHS 1 3aCTOCY-
BaHHS CTPUMY€E BHCOKa LiiHA (YJIEpeHiB, y 3B’S3Ky 3 LHUM iX
JOCIIJKYIOTh Ti caMi BU€Hi, IO OTPHUMYIOTb.

Cdepuuna crpykrypa monekynu Cegy y TOEJHAHHI 31 CBOIM
PO3MIpOM MOKE MPOTUCTOSTH BipyCy I'pUIy, BUKOHYIOUH Me-
XaHIYHY NEPEnoHy s NOTPAIITHHS YpaXXeHUX KIITHH JI0 Op-
ra"ismy. [loxigHa Cgo/IOMIBIHUIMTIPONIIOH 3amo0irae pemnpo-
IyKLIi BIpyCy TPHILY BIPOJOBX yChOTO LIUKIY BIpyCy Ta HoOro
MoU(DIKaIisAM.

Mornekyna QynepeHy Mae BUCOKY XIMIUHY aKTUBHICTb 3aB-
ISIKW BEJMKIA KIJBKOCTI BUIBHMX 3B A3KIB, IO 34aTHI
NpUEAHYBAaTH PI3HOMAHITHI pajuWKaad, B TOMY YHCII 1
010JI0T1YHO aKTUBHI. AJle TOYaTKOB1 PyJIEpEeHN PO3UYUHSIOTHCS
JMIIe B HEBEIMKIM KUIBKOCTI OpPraHiYHMX PO3YMHHUKIB, IO
YCKJIa/IHIOE iX BBEJCHHS B )KUBUI OpraHi3m [24].

Ha ocHoBi {ynepeHiB po3poOisitoTh BUCOKOEPEKTHBHI COp-
OeHTH, aHTHOAaKTepiaibHI, aHTUTPUOKOBI Ta MPOTHBIPYCHI 3a-
cobu, mpenapaTu — «IacTKW» JJsl PaJiOHYKIIAIB, 3ac00U s
IIBUJIKOTO BUBEICHHS 3 OPTaHi3My OTPYHHHUX PEUYOBHH. 3aBIs-
KM 3HAuYHIM KOHLIEHTpaLil Byriemo QpynepeHn MOXyTb (QyHK-
L[IOHYBATH SIK CTUMYJIIOBaJIbHI aHTUOKCHIAHTH, 1O MiITPUMY-
I0Th AKTUBHICTb HEWPOHIB T'OJOBHOTO MO3KY, IONOMAararoTh
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IIpU JIIKYBaHHI po3cisHoro ckiepo3y ta B 10—100 pasziB OinbIr
edexTuBHimi 3a Bitamid E [27]. YHikanpHI MeXaHIuHI BJIACTH-
BOCTI BYIJICLIEBUX HAaHOMATEpialiB JIO3BOJISIIOTH Ha TMOPSIOK
30UIBIIMTH TEPMIH BUKOPHCTAHHS MPOTE3iB y TPaBMATOJIOTII,
OpTOTIEii Ta MOMIMIIUTH X 3HOCOCTIUKICTD.

4.8. HanoTpyoxu

TexHomorist OTpUMaHHS BYTJICIIEBUX BOJIOKOH JIIaMETPOM JI0
10 uM Oyna po3pobiseHa B 70-X pokax MUHYJIOTO CTONITTS, aje
cCHCTEeMaTH3allis METONIB OTpuMaHHs BigOynacs mizHime. [lo
BIJIKpUTTS HaHOTPYOOK, Oynu BinkpuTi Qynepenu B 1985 p.
I'. Kporto, P. Cmomi, a 8 1991 p. C. limxnuma BUKOPUCTOBYIOUH
€JIEKTPOHHUM MPOCBIUYIOUUN MIKPOCKOII 13 BUCOKOIO PO3JIiJIh-
HOIO 3/IaTHICTIO BIJKPHB HOBI BYTJICLIEBI HAHOCTPYKTYpPH, SIKi
Oynu MOPOXHI B CepelilHi, Taki YTBOPEHHS OTPUMAIIU Ha3BY
Oararomaposi Byrienesux Tpyook (bBHT). ¥V 1993 p. nBi Ha-
ykoBi rpynu Ha youi i3 C. limxumoro 1 J[. beTtonom mapanens-
HO OTPUMAJIA OJHOIIAPOB1 (OJHOCTIHHI) BYTJIEIIEBI HAHOTPYO-
ku (OBHT).

Baxnusicts Biakpurts OBHT mnonsraza B ix ocoOiauBux
BJIACTUBOCTSX, CTIHKU SIKUX CKJIaJalIuCs 13 OJHOTrO IIapy rpa-
¢ity. IloniGHICTE TaKMX CTPYKTYp 13 QyJepeHaMu MOJIATaEe B
PO3MIILEHH] Ha KiHIIl TPYOKH (yrnepeHonoJiOHNX HamiBcdep.

OBHT - 1e 6e3110BHI HUIIHAPY rpadeny, M0 3aKIHYYIOTh-
csi  ¢ynepeHononioHow miBcheporo. BinMiHHMMHM pucamu
OBHT € npoctoTa ix 0ya0BH, MEHIIIA KUIBKICTh A€(PEKTIB 1, SIK
HACIiZI0K, BUCOKI MEXaHI4HI 1 (I3UKO-TEXHIYHI XapaKTepUCTH-
ku. Pa3om 13 TUM HEOOX1THO 3a3HAYMTH, IO TPAKTUIHE 3aCTO-
CYBaHHS IIMX HAHOCTPYKTYpP OOMEXYETHCS EIEKTPOHIKOIO 1
npwiago0y1yBaHHAM, Jieé TOTpiOHA MOPIBHSHO HEBEIMKA KiJb-
KICTh BYIJICIIEBUX HAHOTPYOOK BHCOKOi sikocTi. OTpumai
HAHOTPYOKH Maiike 3aBXK/IU € KPUBUMH 1 MEPEIUTyTAHUMH OHA
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3 0JIHOI0, POPMYIOUU MPHU IIBOMY MO-PI3HOMY 3aITyTaHi KIyo-
ku (puc. 4.13).

Ineansna BHT sBiisie co6010 3ropHyTY B IIIIIHAP TpadiToBy

IJIONMHY 3  miBchepamu  («IamoykamMu») IO Kpasx
(puc. 4.14 a). I'paditoBa ciTka CKIATAETHCS 13 TEKCATOHATBHIX
KOMIpOK (Ha OlyHIM MOBEpXHI MIIHApaA 1 HOoro miBcdepax) i
MEHTArOHAIBHUX KOMIPOK, IO 3HAXOATHCA 10 KpasM B HaIliB-
chep. Hiamerp 1 nmoexkuna BHT xkommBaroTbcss B Mexax
0,3—5 am Ta 1-500 MM BiamnosigHo [28].
VY 3anexHOoCTI BiJl XIpaJbHOCTI B HHUX MOXYTh IPOSBIATHUCA
MeTaJIeBl a00 HaIiBIIPOBIIHUKOBI BIacTUBOCTI. TepMmiH Xipa-
JBHICTh 03Hauae, 110 J(Ba MPEAMETH 3HAXOAAThCS y BIJIOBIJI-
HOCTI OJIMH J0 OJHOTO SIK JIiBa 1 MpaBa PyKH, TOOTO SIBISIOTH
co0010 J13epKabHe 300paXkeHHs, K1 He 301ratloThCs MPH CHpO-
01 ix cymimenHst y npocropi. Hanpuknan, npaBa pyka He 30i-
raeThesl 31 CBOIM JI3€PKAIIbHUM BiI0Opa)K€HHSM, SIK 1 CTOPIHKA
3 HaJIPyKOBAHUM TEKCTOM, JIITEPH Ha SKil 3aBXKIU JUBISITHCS
«B 1HIIUH Oik». Bynb-sKy reoMeTpuyHy Qirypy, Ky He MOXHa
3’emHATH 3 11 BimOoOpakeHHSIM, HA3UBAIOTh XipaJbHO. Xipalb-
HUMH MOXYTb OYTH MOJIEKYJIU (TPUpPOJHA BHHHA KHCJIOTa
HOOC-CH(OH)-CH(OH)-COOH) abo kpucrajiuHa CTPYKTY-
pa (1BoOKHMC KPEMHIIO — NPUPOTHHAN KBapIl
puc. 4.14 6) [29].

10um

B
Puc. 4.13. EnextponHO-MiKpockomiyHe 300paxenHss BHT
(a) Ta ix «ric HaHOTPYOOK» (O, B) [5]
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a 0
Puc. 4.14. Cxematuune (popMyBaHHS 3aKPUTOI HAHOTPYOKH (a)
[5] Ta 300paskeHHs MPaBoOroO 1 JIIBOTO KpUCTATIB KBapiy [29] (0)

XipanpHICTh HAHOTPYOOK BH3HAYAETHCS HAOOPOM CHMBOIIIB
(n, m), O MO3HAYAIOTh KOOPJMHATH ILECTUKYTHHKA, SKUH Yy
pe3yabTaTi 3rOPTaHHs TUIOIIWHU TIOBUHEH 30iraTHcs 3 IIECTH-
KYTHHUKOM, IO 3HAaXOAMTHCS HA NOYATKy KOOpAMHAT. IHmmi
CToCi0 TIO3HAYEeHHS XipaJbHOCTI MOJSTae y 3a3Ha4eHHi KyTa O
Mk HanpsimoMm 3roptanHs BHT 1 nanpsimom, B ikoMy CyciiHi
IIECTUKYTHUKN MAalOTh CIIIbHY CTOpOHY. Bim 3HaueHHs KyTa
XipalbHOCTI 3aj1exarh (pizuko-xiMiuHi BiactuBocti BHT, 30k-
pema, 1i enexkTpuuHi Xxapaktepuctuku. [lpu 3mini 0° < @ < 30°
enektponpoBigHicTe OBHT 3MiHIO€TBbCS BiJ HaMiBOPOBIIHU-
KoBOi 10 MeTanesoi [30].

basuc rpagitoBoro mapy BU3HAYa€ThCS 32 BEKTOpaMHU a; 1
ay (puc. 4.15), a Bextop xipanpHocTi (C;) MOXXHa MOJATH
CYMOIO:

C,=na + may,

ne n 1 m — 1t yrcia (1HIeKCH X1paabHOCT1).

3B’S130K MIX 1HAEKCaMM XipaJIbHOCTi (n, m) 1 KyroM @ mae
TaKUI BUTIIAL:

3m

2\/}12 +nm + m?

sin® =
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3anexHo BiJ KyTa XipaJbHOCTI PO3PI3HAIOTH TaKi THUITH BYT-

JIENeBUX HAaHOTPYOOK (puc. 4.16):

— axipainbHi 3ur3aronoioui (O = 0°, Cj, = (n, 0));

— axipaybHi KpicionoaioHi (armchair) (@ = 30°, C;, = (n, n));
— xipanbHi (0 < O <30°, C;, = (n, m)).

3 ypaxyBaHHSIM 00MEXeHHs KyTa XipainbHocTi 0° < @ < 30°,
KyT 60° Oyne ekBiBaieHTHHA @ = 0° a1 3ur3aronoaioHoi Ha-
HOTPYOKH Yepe3 HAsIBHICTH ILIOMUHU CUMETIi.

VY BHIIAJKy MOBHOTO ONKUCY I'€OMETpii HaHOTPYOKH HeoO0-
X1IHO 3a3HAYUTH ii giamerp. [HIeKkcH XipallbHOCTI OJHOIIAPO-
BO1 HAHOTPYOKHU (7, m) BU3HAYAIOTH ii giametp D:

_ 34,
T

2 2
D \/n + nm + m”,

ne dy = 0,142 HM — BIiACTaHb MK CYCIIHIMH aTOMaMH BYTJICIIIO
y rpaditosiii mionuHi. liamerp OBHT 3naxoautbkes B niamna-
30H1 0,35 HM.

Paniyc BHT (n, 0) Bu3Hauaetbes piBHAHHAM » = 0,0392 - n,
a pagiyc BHT (n, n) —r =0,0678n (am).

Hlono BenTMYMHU MIHIMAJIBHOTO JiaMeTpa HAaHOTPYOKH He
ICHy€ OJIHO3HAYHMX JaHMX, ajleé OCKIJIbKM BOHA 3aKIHUYEThCS
niBcgeporo Gpyrnepeny, To iX AiaMeTpu MOBUHHI 30iraTucs.

HaiiGinpmr  miHiManeHO-CTiiKUM — QynepeHoM € Cgp 3
d =0,7 uM. HanoTpyOKM MaroTh BJIAaCTUBOCTI HaIliBIPOBIIHUKA
13 3a00pOHEHOI0 30HOIO BiJl KUTBKOX JIECATHX 0 OAUHUIL €B.
[IpyyoMy, yuM MeEHIIMH AiaMeTp HAHOTPYOKH, THM Oiiblia
LIMprHA 3200POHEHOT 30HH.

Bararomaposi ByrieunesBi Hanorpyoku (BBHT) Binpi3-
HSIOTHCS BiJ OJHOIIAPOBUX OUIBII HIMPOKOIO PI3HOMAHITHICTIO
¢dopM 1 KoHDIrypariii, ki MPOSIBIAIOTHCS K Y MO3J0BKHBOMY,
Tak 1 B nonepeuyHoMy HanpsMmky. BBHT, sk npasuino, ckinana-
IOTBCS 3 OJTHOIIAPOBUX HAHOTPYOOK JA1aMETPOM, II0 MOCTYIIOBO
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— 3urzaronoxaioni HT

Kpicnononioni HT

Puc. 4.15. MoxuBi iHAEKCH, BEKTOPH Ta KYyTH XipaJIbHOCTI
OBHT. I3 po6otu [24]

Puc. 4.16. Cxemarnune 300paxenns OBHT tumy xpicio
(12, 12) (a), 3ur3ar (18, 0) (6) Ta xipansHi (20, 3) (B) [31]
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3pocTae, pO3MIIICHUX y BUTIISAI KOHIICHTPUYHUX IHJIIHIPIB, Ta
MICTATh y €001 Big nekinbkox a0 aecsatkiB OBHT, ycraBnenux
KOaKCiaJIbHO OJTHA B OJIHY.

3a cBO€I CTPYKTYpor ix moaursrote Ha BBHT tunmy «wmart-
PBOIIIKaY, MIECTUKYTHA MPU3Ma — CYKYIHICTh BKJIAJICHUX OJIMH
B OJIHOTO KOAaKCladbHHUX MPU3M Ta TUIY «3ropTok» (puc. 4.17).

st BCIX CTPYKTYp BiJICTaHb MiXK CYCIAHIMH TpadiTOBUMH
mapamu 0nu3bka 10 Benmunan 0,344 HM, mojiOHa 10 BEIUYH-
HU MDKIDIONIMHHOI BiZICTaHI KPUCTATIYHOTO rpadiTy, y SKOTO
dny = 0,35-0,365 um. Jlna nepexranx BBHT nsg BiacTans mo-
ke ctanoButH 0,40—0,50 HM.

Bincrans Mik mapamu B 6e3nedextHrnx BBHT 3amexutsb
BiJ] IOYATKOBOI'O JiaMeTpa HaHOTPYOKH (Dyp) 1 3MEHILY€TbCS B
Mipy HOTo 301IBIIICHHS:

D.

d =0,344+0,1-¢ 2,

ne d. — Biacranp Mix mapamu B BBHT.
[TopiBHAHHS EAKUX MEXaHIYHUX BJIACTUBOCTEH OHOIIAPO-
BUX Ta 0araromapoBUX HAaHOTPYOOK HaBezeHi B Ta0. 4.3.
DyHKUIOHATI30BaHI HAHOTPYOKHM YTBOPIOIOTHCSI BHACIHI-
JIOK 3MIHHM CKJaay 1 CTPYKTYpH BHUXIJHMX HaHOTPYOOK 3a J0-
MTOMOTOI0 PI3HUX XIMIYHUX a00 (Ppi3uyHUX MEeTOMIB. BUIIIAIOTH
Tpu ocHOBHI MeTou pyHkuionanizauii BHT (puc. 4.18) [32]:
— YacTKOBE 3aMIIICHHsSI aTOMIB BYIJIEI[I0O HAa aTOMH IHIIOTO
COpTy (JIeryBaHHs) a00 BBEICHHS y CTIHKA HAaHOTPYOOK pi3HUX
nedeKTiB;
— 1HKaICy/IOBaHHS aTOMiB ab0 MOJIEKYN B CE€peluHy HaHOT-
pyOku, B mpocTip Mix cycigHimu crinkamu BBHT a6o B mpo-
MDKKH MIX CYCITHIMH HAaHOTpyOKamu, 1o chOpMyBaId KITy-
00K (ITy4oK);
— MpHUEIHAHHS THOPIIHUX aTOMIB 200 MOJIEKYJ JI0 30BHIIIHIX
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a

4
—

3] B

Puc. 4.17. Tlonepeunuii nepepis BBHT: a — marppomika;
0 — IIECTUKYTHA IPU3Ma; B — 3TOPTOK

Tabnuys 4.3
IHopiBusanusa mexaniyuux BaactuBocreit OBHT ta BBHT
Me>xa MIHOCTI Binocne
Marepian Moznym MIPU PO3TSATYBaH- TTOAOBIKCIHA
IOra, TIla . IIpY PO3pH-
H1, ['Tla o
Bi, %
OBHT " 1-5 13-53 16
Kpiciao
OBHT " 0,94 126,2 23,1
3ursar
OBHT " 0,94 94,5 15,6—-17,5
BBHT® |0,2-0,8-0,95|  11-63-150 -
Hepmaniiona |, 166 0214|  038-1,55 15-50
cTanb
Kesmap 0,06-0,18 3,6-3.,8 ~2

[pumitka: E ExcrieprMeHTaNbHI CIIOCTEPEKESHHS. " Teopernuni na-
Hi. *KeBnap — CHHTETHYHE BOJIOKHO, II[0 Ma€ BHUCOKY
MIlHICTh (y T’STh Pa3iB MIIHIIIE CTaNi, MEKa MIIIHOCTI
oo = 3620 MIla)
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Puc.4.18. ®dyHkuioHanizoBaHi HaHOTPYOku: 1 — iHOpIAHI
aTOMH B MYYKy HAHOTPYOOK; 2 — iHKAmCYJIIOBaHHS YaCTHMHOK
ycepenuny BHT (mimon — ¢ynepenu B HaHOTPYOTIi); 3, 4 — KO-
BasieHTHa (3) Ta HekoBajeHTHaA (4) dyHKIIOHATI3aMid TPYOOK;
5 — aromHo-moaudikoBani HaHoTpyOku (BHT mommudikoBana
atomamu ¢Topy) [32]
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CTIHOK HAaHOTPYOOK, iX KIHIIEBUX aTOMHHX KUICIb Yy BHUIAAKY
BIIKPUTHX a00 10 «IIIAIIOY0K» (3aKPUTHUX ) HAHOTPYOOK.

Oynukmionanizamnis BHT BiakpuBae HOBI MEPCHEKTUBU IS
MOJIaJIbIIOr0 MAaHIMMYJIIOBAaHHS HUMU y BOJHOMY abo opraHiy-
HOMY CEpEJOBMILNAX AJs IX MOAAIBIIONO BUKOpPUCTaHHS [33].
Atomue monudikyBanus BHT no3Bossie oTpuMyBaTH HaHOMA-
Tepialiv 3 YHIKaJIbHUMU BIIACTUBOCTSIMH. Hampukman, Mmoaudi-
koBaHi ¢pTopom BHT BHKOPUCTOBYIOTHCS SIK apMOBaH1 JOMIIII-
KA B KOMITO3UTH, MaTepiaiy JJIsi HAHOJIPOTIB 1 TPAH3UCTOPIB B
€JIEKTPOHHUX MPUCTPOSX, KaTOIHU JIITIEBUX OaTaperok, KOMIIO-
HEHTHU TBEPAMX MACTHJI, HOBUX OlOJIOTIYHO CYMiICHHX Marepia-
JiB, HEOOXITHUX Ui MeIUIMHH. [lepcrnekTMBHUMH MaTepia-
namu 11 30epeskeHHst BogaHio cratoTh BHT mokputi aromamu
TY>KHUX, TyKHO3eMelbHuX a0o d-meranis.

4.9. MexaHi3M pocTy, po3iJIecHHSI Ta OYMILICHHSA
HAHOTPYOOK

BHT yrBOpIOIOTHCSI B pe3yibTaTi XIMIYHOTO MEPETBOPEHHS
BYIJICLIEBOBMICHUX MaTepialiB MpH MiJBUIICHUX TeMIlepary-
pax. IcHye gyxe Oarato Mozened MO0 MEXaHI3My pOCTY
BHT, ockinbku Ha iX (opMyBaHHs BIUIUBAE BEJIHKA KIIbKICTb
(akTOpiB: TeMmIiepaTypa, 3arajlbHUN THCK, JDKEPENIO Ta30BOi
CyMillll BYIJIelb-BOAEHb Ta HOro mapuiaibHUN THCK, MPUPOJA
Kartajizaropa 1 Horo xapakrtepucTuku Ta iH. Haiibupmoro mo-
IIMPEHHS, MPU OTPUMAaHHI HAHOTPYOOK METOJOM XiMI4HOTO
OCaJDKEHHS, 3Haimuia Moaenb audysii-ocapkeHHs, Mo Oyra
3anpononosana beiikepom. Ii cyTs monsrae B nactynaomy. Ha
MIJKIa11 3 BUCOKOIO TeMIepaTyporo GopMyroThCs cepudHi
a0o0 miBcepryHi HAHOYACTUHKH KaTalli3aropa; iX KaramiThuyHa
aKTUBHICTh 30UIBIIYETbCS BHACTIOK POCTY Ta PO3KJIaJaHHS
JETKUX BYIJICLIEBUX CIOIYK; aTOMHU BYTJICIIO IIBUIKO JU(YH-
JTYIOTh Yepe3 MEeTaJeBUN KiIacTep, MICIs HWOTO HAaCHYEHHs, BO-
HU OCiIal0Th Ha ToBepxHI 4acTuHku [34]. SIkmo mgocraBka
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KarajizaTop

R

Puc.4.19. IIpouec hopmyBaHHS HAHOTPYOKH HA KaTalliTHY-
Hiif yacTuHIli [34]

BYTJICII0 HE MPUIHUHAETHCA, TO HA KaTATITUYHIN yacTHHI (o-
pMyeThcsl HaHOTpYOKa (puc. 4.19).

st BuroroBinenHss BHT migxonsars Maiike BCI PEUOBHHH,
10 B CBOEMY CKJIAJIi MICTSITh BYTJIellb, ajleé Hal4acTilIe JpKepe-
JoM Byreno npu xiMiyHoMmy cuHTe31 BHT BukopucroByroTh
METaH, alleTUJIeH, €TUJIOBUM CIUPT, ETHJIEH Ta MOHO OKCH]I BY-
TJIELIO.

Karamizatop — ne XiMiyHa pedyoBHHA, 110 CIPHSE MPUCKO-
PEHHIO peaxliii, ajie MpU LIbOMY HE BXOAMTH JI0 MPOJYKTIB pea-
KIii. Sk karanmizaTopu HaifuacTilie BUCTYMAIOTh MEPEXiIHI Me-
tanu Fe, Co Ta Ni, siIKi HAKOIUYYIOTh BYTJIELb 1 CErperyroTh
rioro y Burisimi BHT a6o HaHOBOJIOKOH, 1110 00YMOBIIEHO Tap-
HOIO PO3YMHHICTIO BYIJIEIo B uX MeTanax [33]. Ix Bmactuso-
CT1 BIUIMBAIOTh Ha (POPMYBaHHS YIOPSAKOBAHOTO BYTJIELIO, 10
00yMOBJIEHO TaKUMH (PaKTOpaMu:

— iX KarajJiTMYHa aKTHUBHICTb Y PO3KJIaJlaHHI HECTaOUIbHUX
BYTJIEILIEBUX CIIOJIYK;

— 3JaTHICTh (POpMyBaHHS MeTAacTabUIbHUX (HECTiMKOi piBHO-
Barv) KapOidiB, M0 HE 3B’s3aH1 OJIMH 3 OJJHUM Ta OCITAI0Th MIXK
aTOMaMM METaJiB;

— MOXJIMBICTH BYIJICIIO IIBUAKO AU(PYHIYBATH Yepe3 METal;
— 37aTHICTh GOopMyBaHHS rpaiTOBUX CTPYKTYp [34].
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OcTaHHIM YacoM psii METalliB KaTali3aTOpiB 3HAYHO DPO3-
mupuBcs — Au, Cu, Ag, Pd, Pt, Mn, Mo, Cr, Sn, Mg, Al, Si,
SiC, Ge, Al,Os, HanowyacTuHKH anmasy [33].

JIst miaABUINEHHS BUXOJy HAHOBYTJICLIEBHX MarepiajiiB pa-
30M 3 KaTalli3aTOpOM BUKOPUCTOBYIOTH IPOMOTHPOBAHI areH-
TH, HampukiIan, cyibdyp, Gopchop Ta iX cnonayku (THodeH,
cipurctuii BoJeHb, Tpudenindocdin) [33].

3HauHy poib npu ctBopeHHi BHT Takox Bimirpae migkia-
Ka. Y pe3yibTari eKCIIePUMEHTAIbHUX JIOCIIIKEeHb OYJI0 BCTa-
HOBJICHO, 1[0 BEJIMKHH cTymiHb ynopsakoBaHocti BHT, mro
BUPOMIYIOTHCS METOJOM XIMIYHOTO OCA/KEHHS, CIIOCTepira-
€TbCS Y BUINAJKY BUKOPHCTAHHS NOPHUCTOI MIAKIAAKH 3 MAKCH-
MaJbHOIO OJHOPIIHICTIO OTBOpiB. [Ipu 1boMy OaxkaHo, 1100
JiaMeTpu YaCTMHOK KaTalli3aTopa i mop 30irajmcs, a caMm MeTa-
JIeBUI TIOPOIIOK MICTHBCS O€3MOCepelHh0 B IMOPOKHUHAX.
SIKmo mopu MaroTh JOCTAaTHIO IJIIMOMHY, a iX IOBEpXHeBa
HIUTBHICTh JIOCTaTHBO BEJIMKA, HAHOTPYOKH DPOCTYTh Maibke
CTPOTO MEPNEHAUKYISIPHO 10 MOBEPXHI MIAKIAAKH 1 XapakTe-
PU3YIOTBCS BHUCOKMM CTyIEHEeM OJHopimHocTi. Llum ymoBam
BIJINIOBIJalOTh HACTYIHI MaTepialu: JIErOBaHI KaTalli3aTopoM
ME30MOPHUCTI MIACTUHU OKCUIy KPEMHII0, MEMOpaHH 13 aHO/10-
BAaHOTO OKCHJly aJIOMiHito, Mikpornopucti kpucraiu AlPOy
[34].

VYci BiIOMI METOAM CHHTE3y OIHOIIAPOBUX, 1 Oararomapo-
BUX HAHOTPYOOK NMPHUBOIATH IO YTBOPEHHS HEOIHOPITHUX Ma-
TepiajiB: HAHOTPYOKM MaroTh Pi3HI JliaMeTpH, 32 paXyHOK BaH-
Jiep-BaalbCiBChKOT B3a€MOAIl 30MpPalOThCsl B MYYKH, MICTATH
BKJIIOYECHHS 1HIIUX aJIOTPONHUX MoaMpikamiii kapOoHy (amop-
¢bHuit Byrneus, Qynepenu, rpadiToBi HAHOYACTUHKU Ta 1H.),
KJIacTepH MeTaily, 10 BUKOPUCTOBYBABCS K KaTaiizarop. Me-
TOAM OYHIIECHHS (YJEpeHiB y BUIMAAKY HAHOTPYOOK HE crpa-
IBOBYIOTb, OCKUIBKHM MPOAYKTH TEPMIYHOTO pO3Kiary rpadity
HE PO3YMHSIOTHCS B OPTaHIYHUX PO3YHMHHUKAX.
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OuniieHHs Ta PO3AUIEHHS HAHOTPYOOK MOXHA TMOAUTUTH HA
JeKisbKa etamis [35]:
— Biuinenas BHT Big MeTaneBUX HAaHOYACTUHOK KaTali3aTo-
Py Ta OKCH/IIB;
— PO3IUIEHHS IMyYKiB HAHOTPYOOK Ha OKpeMi 00’ €KTH;
— BUJAJICHHA BYIJICLIEBUX KOMIIOHEHTIB MIPOAYKTIB CHHTE3Y;
— PO3JALUIEHHS HAHOTPYOOK 32 pO3MipamH.

OCHOBHI TEXHOJIOTI4YHI MPUHOMH, IO BUKOPUCTOBYIOTHCS
JUTsl OuHrIieHHs 1 po3aiienns BHT:
— PO3MOYYBAHHS BHXIJHHUX MaTepialliB y CIEIialIbHUX TTOBEP-
XHEBO-aKTHBHUX PO3UYMHHHKAX;
— YNBTPa3BYKOBE JAUCIIEPTyBaHHs KOJIOITHUX PO3YHHIB;
— ¢inpTpyBaHHs 1 HeHTpUDYTYyBaHHS OTPUMAHUX CYCIICH31H;
— Xpomarorpadis;
— OKHCIICHHS Ha MOBITpi a00 KUCHEBIN KaMmepi;
— 00poONeHHS y KHCIO0TaXx;
— BHCOKOTEMIIEpaTypHE BIANAIIOBAHHS Y BaKyyMI.

I3 Bume3asnauenoro 6auumo, mo posainenHs BHT e no-
CUTH KJIOMITIUBOIO pOOOTOIO, MPHU 1IbOMY KOXEH eTar 00poOKH
BIJIUBA€ Ha SKICTh Ta BJIACTUBOCTI HAHOTpyOok. Tak, uepes
ynbTpa3BykoBe aucnepryBanHs OBHT cratoTh kopoTmmmu,
OCKIUTBKHU U151 po3niieHHs myukiB BHT HeoOxinHO mpukiagatu
BEJIMKY eHepriro. BHacmiok ¢yHKIioHami3amii 3MIHIOIOTHCS
MOYaTKOBI €NIEKTPUYHI Ta OMTUYHI BIACTHBOCTI, BUKOPUCTAHHS
MMOBEPXHEBO-aKTHBHUX PEUOBUH TOTPEOYE PETEIHHOTO BUMHU-
BaHHS, a OTXKe, 1 JOJaTKOBUX MeTO1iB 00podkw [33].

4.10. BractuBocTi HAHOTPYOOK Ta IX 32CTOCYBAHHS
Jlo ocHoBHux BinactuBocTeli BHT BigHOCSATH MOXKIIH-
BICTh 3MIHIOBaTH THUII MPOBITHOCTI — BiJl HAMMBIPOBIIHHKOBOT

70 MeTajieBOl Ta 3JaTHICTb J0 HAJIINPOBIIHOCTI IpPU MEBHUX
YMOBax; BEJHMKY IUJIOUIYy MOBEPXHI; BUCOKY MEXaHIYHy Mill-
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HICTh, Y TOMY YHCJIi Ha CTUCKAHHS 1 HAa PO3PHUB; THYUKICTB; CY-
MICHICTh 3 010JI0TITYHUMH TKaHWHAMH; aHI30TPOIHY TEILIONPO-
BiJIHICTh; TEPMOCTA0UIBHICTh; MOXIHMBICTh HantoBHIOBaTH BHT
pI3HUMU MaTepianamu (JikaMu a00 HAHOYAaCTUHKAMH METaJliB);
3/IaTHICTh BUIPOMIHIOBATH IIITHHUN MOTIK €JIEKTPOHIB 32 AyXKe
HU3BKOI Hanpyru i QuryopeciiroBatu B OJMKHBOMY 1HGpadep-
BOHOMY Jiarna3oHi [36].

[cHYIOTh HAHOTPYOKHU 3 BHCOKOIO €JIEKTPOHHOIO IPOBiJ-
HICTIO, IO NMEPEBUIIYIOTh MOKA3HUKH JUIS BU3HAHUX IPOBiJI-
HuKiB (Cu, Ag), a 3 1HIIOro OOKY OUIBLIICTH 3 HUX - LI€ HaliBII-
POBITHUKH 13 mUpHUHOIO 3a00poneHoi 30uu Bix 0,1 mo 2,0 eB.
Tomy, kepyrouu iX 30HHOT CTPYKTYpOIO, MOYXKHA CTBOPUTH Pi3H1
€JIEKTPOHHI MPHJIA/IN.

ABtopamu pob6otu [37] Oynu BHUTrOTOBIEHI TOIKH 13
BBHT nmns ckanyro4oi 30HI0BOT MIKPOCKOITI 3 BUCOKOI PO3-
JUIBHOIO 3JaTHICTIO: 2—6 HM Yy IUIOUIMHI MOBEPXHI 3pa3ka i
0,2-0,3 am 1mo Beprukani. OTpuMaHi TOJKU 13 JOJaBaHHSIM
BBHT criiiki 10 CUIOBOrO BIUIMBY, HOTEHLIHHO MOMJIMBOIO
IIPU MiJBEACHHI FOJIKHU JI0 3pa3Ka 1 CKaHyBaHHI MOBEPXHI, 1 JIU-
me y 10 % royok cnocrepiranocs MoABOEHE BICTPSI.

Ha ocnoBi BHT moxHa ¢opmyBaTH BUCOKOE(EKTUBHI XO-
JIO/TH1 KaTOJH, TUIOCKI JUCIUIET, OCHOBOIO SIKMX Oy/e MaTpHIIs
13 BHT (po3mip enemenTa 300paxeHHs — | MKM), IpUCTPOT JUis
3anMcy Ta 34UTyBaHHs 1HQOpMalii 3 BUCOKOIO T'ycTHHOM. Cy-
YacHI METOAM JO3BOJISIOTH OTPUMYBATH HE JIUIIIE OKpeMi HaHO-
TpyOKH, ajie i ynopsAKOBaH1 My4KH (CHOIMM), KOJIOHIT 1 TPOCH.
BoHu Bke BUKOPHCTOBYIOTHCS SIK TOJIKU JJIsl @aTOMHO-CUJIOBUX
MIKPOCKOMIB, IKUMH MOXHa MiAXOIUIIOBaTH aTOMHU abo MoJe-
KYJIU 1 IEPEHOCHUTH 1X 13 MICIIS Ha MiCIIE.

HanotpyOku BUSBMIMCH HAaJ3BHYaHO MIIIHUM MaTepiajioM
SK Ha pO3TATaHHs, TaK 1 Ha BUTMHAHHS. SIK MOKa3yl0Th pe3yib-
Tatu excriepuMenTiB, Mmonysb FOura OBHT nocsrae Benmnumau
B nekinpka TIla, mo Ha mopsaok Oinblie, HXK y cTanmi (IuB.
Tabiu. 4.3). | saxmo B MallOyTHROMY BJIACThCSI BUPOIIYBAaTH Ha-
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HOTPYOKH HEOOMEKEHOI NOBXKHHH, TO TAKHH «TPOC» TOBIIU-
HOIO MEHIIIE JIFOJCbKOI BOJIOCHHH, 10 CKJIaJaTUMEThCs 3 JeKi-
JBKOX HAHOTPYOOK, 37aTHUN Oyle BUTPUMYBATH BaHTaXX Ma-
COO COTHI KIJIOTpaM.

SIk y)Xe 3a3Havanocs, 3aBASKH CBOIM YHIKaJbHUM BIIACTH-
BOCTAM HaHOTPYOKM 3HaXOJsATh BCe OUIbIIE 3aCTOCYBaHHS B
MikpoenekTpoHini. Hanpukian, Burnyra HaHOTpyOKa 3a CBOi-
MU €JEKTPUYHUMH BJIACTUBOCTSAMU MOAIOHA 10 aioja. SIKumo y
HAHOTPYOIll 3aMIHUTH OJWH 13 MICCTHKYTHUKIB Ha II STH-
KYTHHUK, a 3 IPOTUJIEKHOTO OOKY BIPOBAJUTH CEMHKYTHHUK, TO
B pe3ynbTaTi Ha i1 KiHIMX Oyne ¢ikcyBaTuCs pi3HUN THI MPO-
BinHOCTI. Hanpukinaz, 3 ogHoro 00Ky, 11040 BUTHUHY MOXe Oy-
TH METaJieBa MPOBIIHICTb, a 3 IHIIOTO — HAIIBIIPOBITHUKOBA. Y
LIbOMY BMIIAJIKy Taka HaHOTpyOKa 31 371aMOM Oyje SBJIATH CO-
0010 CTPYKTYPY THITY «METaJl — HAIBIPOBITHUK» 3 OJHOCTO-
ponHboI0 (5K 1y giona oTTki) nposianicTio (puc. 4.20).
[HIIe, HE MEHII iKaBe 3aCTOCYBaHHS HAHOTPYOOK, — I1€ CTBO-
PEHHS TIOJIHOBUX TPAH3UCTOPIB, B SIKUX BOHU BUKOHYIOTH POJIb
KaHaiy npoBigHocTi (puc. 4.21). IloaboBI HAaHOTPAaH3UCTOPH
MaloTh MEHII1 PO3MIpU MOPIBHSAHO 13 KPEMHIEBUMH, JUISI IKUX
TEOpeTHYHAa MeXa MiHIaTIopHu3alii KOMIIOHEHT CTaHOBUTH 12
HM, 1 BUTOTOBJISIFOTh METOZIOM HAHECEHHS Ha KPEMHIEBY ILIac-
TUHY JIBOX €JIEKTPO/IB (CTIK 1 BUTIK TPAH3UCTOPA), MK SIKUMH
PO3MIIIYIOTh HAHOTPYOKY, IO BUKOHYE poib 3arBopa. [IBua-
KOJ/isl TAaKOTO TPaH3MCTOpa HAbaraTto MepeBHILY€E IMIBHJIKOIIO
KPEMHIEBUX TPAH3UCTOPIB. 3a IEIKUMH OL[IHKaMH, HAHOTpyOKa
Moxke rnpamtoBatd Ha yactoti B 1 TT'1, mo B coTHi pa3iB Oib-
e BiJ MIBUJKOCTI Cy4acHMX KOMII I0TepiB. B maHumii yac Bxke
CTBOPEHI MPHUCTPOI HAa OCHOBI HaHOTPYOOK, IO MPAIIOIOTh HA
gactorax 10 30 I'Th. e nocaraerscs 3a paxyHOK BUCOKOI py-
XJIUBOCTI €JIEKTPOHIB B HAHOTPYOKax (B KpeMHIi 1el mapameTp
cranoButh 1400 cm*/(B-c), a B HaHOTpyOKax - Gmmspko 10°
cM?/(B-c)).

VY Tpan3ucropax Ha ocHoBl BHT Bucoka pyxJinBicTh HOCIIB
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METal  3FMH  HAamiBOPOBIAHHUK

IPOBiIHICTE HAHOTPYOKH

Puc. 4.20. 3mina TUITy IPOBIAHOCTI HAHOTPYOKH BHACIIIOK
il nedopmanii HUISIXOM BIPOBA/PKEHHS B IpadiTOBY CITKY
I’ SITH- 1 CEMUKYTHHKA [ 14]

Puc. 4.21. Cxemarnune 300pa>keHHSI TTOJIHOBOTO TPAH3UCTO-
pa Ha OCHOBI HAaHOTPYOKH, 3 PI3HUM IOJIOKEHHSIM 3aTBOpY (a,
0): 1 — miaknaaka (Si); 2 — i30M000UM ap; 3 — KePyHOUHil
3aTBOp; 4 — CTiK; 5 — HaHOTPYOKa; 6 — BUTIK [38, 39]
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3apsiy, aje i BeJIMKUI TricTepe3uc Ha 3aJIeKHOCTI CTPYM CTOKY
BiJl Hampyru Ha 3aTBOpi. Ll ocoOnmBicTh Oyna BpaxoBaHa aB-
topamu [40], siKi Ha OCHOBI OJIBOBOTO TPAH3UCTOPA CTBOPUIIH
€JIeMEHT TaM’AITi, 10 3aTeH BUuTpuMyBaT Ouibine 10 000 mu-
KJIIB 3amucy/BUAANICHHS 3 9acoM aocTymy 10 100 He.

[Iponiec BupoOHHITBA TpaH3ucTopiB Ha ocHOBI BHT mMosxHa
3HAYHO CIPOCTHTH 3aBISIKM TEXHOJIOTIi JPYKY TPaH3HCTOPIiB
(hapOoro, MmO CKIAZAETHCS 3 BYIJICLIEBMX HAHOTPYOOK. Kpim
TOT0, MOXJIMBHH CHHTE3 Y -MIOJIOHIX HAaHOTPYOOK, SIKi cami 1o
co0l BXXE€ MOXYTb BUKOHYBaTH (YHKIIi TpaH3ucTopa, 0e3
OyIb-SIKUX JTOJIATKOBUX €JICMCHTIB.

IneanbHO0O B TUTaHI reoMeTpii € muIiHaApuYHa Gopma TpaH-
sucropa. OnuH UWITIHAP, BUKOHYE (YHKII KaHATy IPOBiIHOC-
Ti, 00J1acTi CTOKY 1 BUTOKY, SIKHH OTOYEHUH CIiBBICHUM MOPO-
KHUCTUM LWITIHIPOM 3 JICTIEKTPUYHOTO MaTepiany, a 3BEpXy
PO3MIIICHUI III€ OJWH CHiBBICHUH METaJeBUM MHIIIHIp, IO
BUKOHY€E (pyHKIIIT 3aTBOpa. Takum 4MHOM, Y MOJIETI 11€aJIbHOTO
TpaH3HucTOpa nepeadaueHo0 BUKOPUCTAHHS MOEIHAHHS JIIeJIeKT-
pHUKa 3 MeTajeBUM 3aTBOpOM. Ll reomerpiss 103BOJIsIE€ MiHIMI-
3yBaTH CTPYMHU BHUTOKY 1 MOJIIMIIUTH BCl XapaKTEPUCTUKU Tpa-
H3ucTopa [41].

MasninymoBatu okpemumu OBHT nocuth ckiagHo, OCKiiIb-
KM BHUHUKAa€e npoljema iX po3MilleHHsS B MOTPIOHOMY Miclii 3
HEOOXITHOIO Opi€HTaIli€0, i (GaKTOPU CTAIOTh ICTOTHOIO Ie-
PENOHOI0 TP MAaCOBOMY BUIOTOBJIEHHI Npuianais. Ilpote y ne-
SKHMX BUMAJIKaX MO’KHA BUKOPUCTOBYBATHU IMMYYKH HAHOTPYOOK y
BHUTJISIII TOHKOT TUTiBKU. OMHOPITHICTH BIACTUBOCTEH TUTIBKH 3
OBHT nocsraerbcsi IIISXOM CTaTUCTUYHOTO YCEPEIHEHHS
BJIACTMBOCTEH OKpEMHX HAHOTPYOOK 13 Mydka. 3a paxyHOK
IBOTO BiOYBAa€ThCs OLIbIA TOBTOPIOBAHICTh PE3YJIbTATIB MO-
piBHsAHO 3 okpemumu OBHT, BiacTuBOCTI SKMX 3ajiexaTh Bif
ix xipanbHOCTi. BUKOpUCTOBYIOUHM TaKuil MiAX1iJ CTBOPIOIOTHCS
J10]I1, TPAH3UCTOPH, €IEMEHTH JIOTIYHUX CXEM, COHAYHI Oara-
pei, nucrutei Ta iHm natauku [33].
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SINOHCHKUMHY JAOCITITHUKAMH 3alPOTIOHOBAHO IS BiJIBEICH-
Hsl TEIUIA 13 CePeIMHH KPUCTaia MIKPOCXEMH BUKOPUCTOBYBATH
BHT (puc. 4.22), teopeTnyHa TEIJIONPOBIAHICTh SKUX CTaHO-
BuTh Big 3000 no 3500 Br/m-K, o mpubiusHO B 1ecaTh pasiB
Buie, HiX TemmonpoBianicte Cu (400 Br/m'K). Ilpu upomy
koedimienT TerioBoro posmupenas BHT menmmuit, Hik y Cu,
TOMY HaHOTPYOKM OyAyTh CTBOPIOBATH MEHIII MEXaHIYHI Ha-
MPYXEHHS B KpUCTaJi Si BHACIIIOK TETJIOBOTO PO3IIUPEHHS.

Hanotpy0Oka

TepMoBIBIL

Puc. 4.22. BigBenenns Teruia Bif Si KpHCTally 3a JOIOMO-
rOI0 HaHOTPYOOK [42]

AJne eKkcriepuMEeHTaIbHO OTpHUMaH1 3HAYEeHHS TEeIUIONpOBiJI-
HocTi (Ha 2012 p.) HaHOTpYOOK cTaHOBIATH 170-260 Br/M-K
[43]. dns BuponryBanas BHT BuxopucroByBamacs MeToauka
nig Ha3Bowo «STEP», mo no3Bonmna otpumatu rpadeH mpu
BIJIHOCHO HHU3bKIiil TeMIieparypi, a 3a paXyHOK 3MiHU 11 TOKa3-
HUKH 3a CIIELIAIbHOI0 CXEMOIO CTBOPUTU YMOBH JIJIsl 3HUKHEH-
Hs nedekTiB y chopMoBaHii MBI, 1100 Ha BUXOA1 OTpUMATH
rpadeH i3 3alaHUMH BJIaCTUBOCTAMU [44].

HanotpyOku 3 BelIMKOIO MUTOMOIO MOBEPXHEIO BUKOPUCTO-
BYIOTbCS SIK €JIEKTPOJHU Ul €NEKTPOJITUYHUX KOHJIEHCATOPiB
13 BEJIMKOIO TTMTOMOIO TIOTYKHICTIO [21].
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Enextpo¢iznyni napameTpu HAaHOTPYOOK JyKe YyTJIMBI 10 Ha-
SIBHOCT1 pI3HUX Ta3iB. ABTopamu [45] OyB po3po0seHuii Make-
THUH 3pa3ok HaHoceHcopy Ha ocHoBi BBHT sk uyrmuBoro
eJeMeHTa JJis aHami3y O0araTOKOMIIOHEHTHHX Ta30BHUX CyMi-
e, mo Moxe posmizHaBaTu: Hj 3 konnerpamiero 0,001-1 %;
CO - 0,0001-1 %; CO; — 0,0001-1 %; CH4 — 0,001-1 %. Ce-
HCOp sBIsiE cO00K MikpocxeMy po3mipom 10 x 10 mm, 1mo
BKJIIOYA€ B ce0€ YOTUPU MOIYIi: Pe3UCTUBHHIMA, TEPMOPE3IUCTHU-
BHH, EMHICHUH Ta 1oHI3aiiHui. Takui miaxia 103Bosse (ik-
CyBaTH 0/ipa3y YOTHPH eNeKTpodi3ndHi mapameTpu (IesKi Ha-
BeleHl Ha puc. 4.23), 110 MiABUILYE TOYHICTH 1 Yac CIpallio-
BaHHS JaTYHKAa.

3aBasku CBOIH €(PEKTUBHOCTI, EKOHOMIYHOCTI Ta JICIIEBU3HI
HaMIBIPOBITHUKOBI TWIiBKH SnO, 3HAWIIIM MIMPOKE 3aCTOCY-
BaHHS SIK TBEPJAOTUIbHI JaTYUKU Tra3zy. Ix MPUHIIUIT poOoTH Oa-
3YE€ThCS Ha MOAYJISMII OBEPXHEBOI MPOBIAHOCTI MOMIKPUCTA-
JIYHOTO HAIMBIPOBIHKMKA MPU B3aeMOJii 3 razamu. Excrnepu-
MEHTAJIbHI JIOCIIJDKSHHS TIOKa3aJy, M0 JOJaBaHHSI HEBEITHKOL
kinbkocTi (1,72 %) BBHT npuBoauTh 10 mokpamieHHs ra30Boi
qyTIUBOCTI (S = Ra/Rg, N€ Ry, Ry — €NEKTPUYHUI OIIp Ha TOBI-
Tpl Ta IpU HaMyIIEHOMY Tra3i BIANOBIJAHO) JaTYMKIB ra3y Ha
ocHoB1 SnO; (Tabin. 4.4) [46].

HanotpyOky MO’kHa 3allOBHIOBATH PI3HUMHU PEYOBHHAMU,

R, kxOm c, nd
[ 9 1 1800F 3~

8t 4 _ /
; 1200

=

—

- 4
4t soolf’ — 5
[ 1 1 1 1 0 %{ 1 =
%05 1 15 1n%ob. 0 05 1 151 %o6.
a 0

Puc. 4.23. XapakTepucTUKH pe3UCTUBHOTO (@) Ta EMHICHOTO
(6) Mmomyns cencopa Bin KoHmeHTparii ra3iB [35]: 1 — CHy;
2—C02;3—H2;4—CO
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Tabnuys 4.4
BruuB nonaBannss BBHT Ha uyT/MBicTh ra3oBoro grarumka

[36]
. CTAHOJI allcToOH HpOHaHOH
Marepian T.°C S |[1.°%C] s | 1.°C[ S
SnO, 120-400 | 1,55 | 260 | 1.43 | 330 |17
SnO,:BBHT | 330 8 | 360 | 125]| 320 |17

IpHU 1IbOMY BOHA MOke OyTH HOcieM Matepiany abo 130J1bOBa-
HOIO 00O0JIOHKOIO, 3 METOIO 3aro0iraHHs eJIeKTPHYHOT0 KOHTa-
KTy 3 PEUOBMHOIO Ta Ii XiMiUHOI B3aeMOJii 3 OTOUYIOUHMH
00’exktamu. Kaniispai BIacTHBOCTI 30€epiraroTb CBOIO MPHUPOILY
Ta y BUNAJKY TPYOOK 3 MAHOMETPOBUM J[iaMETPOM. 3a paxyHOK
KanusipHOro e(heKTy HAaHOTPYOKM MOKHA 3alIOBHIOBATHU JIETY-
BAJILHUMHM MaTepiajlaMu, JUIsl [bOro HEoOXigHO, 1mo0 oauH ii
KiHelnps OyB «BIAKPUTHID (BUAAIUTH OJHY 3 miBcdep). Posmia-
BJICHUH MeTasl MPU 3MOYYyBaHHI BHYTPILIHBOI MMOBEPXHI JIETKO
IIPOHUKAE B HAHOTPYOKY, HANpHKIal, AlaMeTp HaNWTOHIIOro
JPOTY 31 CBUHIIIO CTAaHOBUTH 1,5 HM [24].

IInTanus 1us camonepeBipku

1. SIki 0cOOIMBI BIACTUBOCTI BYTJIEIIO?

2. Ha3BiTh OCHOBHI ajlOTpOIHI MOAUdIKaIli KapOOHy.

3. 3aBIsKM YOMY BYTJIELb IIUPOKO BUKOPUCTOBYETHCS B €JIEK-
TPOHILi?

Icropist BUHMKHEHHS (DyJIepeHiB Ta iX BIACTHBOCTI.
Kpucraniuna crpykrypa Qysnepuris.

O6nacrti 3acTocyBaHHs (yJIepeHiB.

Mertoau oTpuMaHHs Ta BUJILIEHHS (DyIepeHiB.

OnHomapoBi Ta 6araTomapoBi HAHOTPYOKH.

[ToHATTS XipaJIbHOCTI HAHOTPYOOK.

A i A
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10. 3actocyBanns BHT.
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PO31J1 5. MIKPO- 1 HAHOEJEKTPOMEXAHIYHI
CUCTEMMU

OnHuM 13 HaWOLIBII MEPCHICKTUBHUX HANPSIMKIB Cy4acHOL
MIKpOEJIEKTPOHIKH € TaK 3BaHI MIKpPOEJIEKTPOMEXaHIuHI CUCTe-
mu (MEMC) (anrn.  Microelectromechanical — systems
(MEMS)). MEMC — 1e TeXHOJIOTisl TOYHOTO HMPUCTPOIO, KUK
1HTerpye B co01 MEXaHIuHI €JIEMEHTH, TaTYMKIB, IPUBOIIB €le-
KTPOHIKM Ha KPEMHI€BIM MiJKIAII 332 TOTIOMOTOI0 MIKpOTEX-
HOJIOTiH, TOOTO 1€ TEXHOJIOT11 1 IPUCTPOi, AKi 00’ €THAIN B 001
MIKpPOEJIEKTPOHHI Ta MIKpOMEXaHiuHI KoMrnoHeHTH (puc. 5.1).
Ockinsku MEMC po3BHBarOThCS Ha MeXi pi3HUX Taily3eil Ha-
VKU 1 TEXHIKH, TO JUISI IX po3poO0sIeHHsT HeoOXiHi (axiBii Haii-
PI3HOMAHITHIIIUX Tajdy3edl 3HaHb, sIKi MOrIH O e(hEeKTUBHO
B3a€MOJIISATH. BHACHIZIOK TO€IHAHHS TPHOX Tally3ed HayKu:
ONTHUKH, €NEKTPOHIKM Ta MeXaHIKH (OPMYIOTHCS MIKPOOITO-
enekTpoHHOMexaHiyHi cucremu (MOEMC).

Bing knmacmyHuX MEXaHIYHHX CHCTEM MAaKpOCBITY NPHCTPOL
MEMC Bizpi3HAIOTECS po3MipaMu — MaTepiajii B TAKOMY Mac-
mTadl MOBOMATHCS TPOXH 1HAKIIE, HIX B 00’€MHOMY BHIJISI,
X04a MIKPOCHUCTEMH 1€ MIAKOPSIIOThCSA 3aKOHAM KJIACHYHOI (i-
3MKM, Ha BIAMIHY BiJl HaHocucTeM. THIOBI po3Mipu

Ormro-
€JIEKTPOHIKA

Onto-
MeXaHika

Enekrpo-
ika

MEMC

Puc. 5.1. ®opmyBaHHs HOBHX Tajy3eil BHACTIIOK MOETHAH-
HS ONITUKH, EJICKTPOHIKM Ta MeXaHIKH [1]
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MIKpOMEXaHIYHUX €JIEMEHTIB JIe)KaTh B Jiama3oHi Big 1 10
100 mxMm, Toxi sik po3mipu kpuctata MEMC Mikpocxemu Bxke
MaroTh po3mipu Big 20 MKM 10 ogHOTO MisiMeTpa. OCHOBHUM
3aBJIaHHAM MIKPOEJIEKTPOMEXaHIKU € CTBOPEHHS MIKPOKOHCT-
pyKLii pi3HOTrO npu3HaueHHs. OCHOBOIO CIIY)XKaTh JOCSITHEHHS
Cy4acCHUX MIKPOEJICKTPOHHUX TEXHOJIOT1H [2].

MEMC sBnsitoTh CO00I0 TPUBUMIPHI MIKpOOO’€KTH 1 MiK-
pOMAaIIMHU: MOTOPH, HACOCH, TypOiHH, MIKPOPOOOTH, MIKpO1a-
TYMKH ab0 IUII aHAJNITH4YHI MiKposiaboparopii, BUKOHAHI Ha
KPEeMHI€EBIN T IKIIAIIT. Ix pO3MipH MOXYTh OYTH MEHIIHMH
CIpHUKOBOI TOJIBKH, 1 ToMy BuKoprucTtaHHI MEMC 103BOiHTH
PI3KO 3MEHILIUTH Macy 1 00’eM TpaauLiiHOI eNeKTPOHHOT TeX-
HIKH, 8 TAKOK 3HAYHO 3HU3UTH ii BAPTICTh.

PiznoBumom MEMC € HaHOeneKTpOMEXaHIYHI CHCTEMH
(HEMC) (anrn. Nanoelectromechanical systems (NEMS)). Ix
TPaHWYHI PO3MIPH BapilOIOTHCSA BiJl KUIBKOX COTEHb 10 OJIH-
HUIlb HaHoMeTpiB. HoBi (i3muHi BIacTHUBOCTI, IO 3’ SBHIIUCS
3aBJIIKM MaJMM po3MipaMm, BIAIrpaioTh MPOBIIHY pOJb B OIe-
parisix, 0 BUKOHYIOTBCS [IMMHU MIPUCTPOSIMHU, TOMY JIJIS iX BH-
TOTOBJICHHS MOTPiOHI HOBI Migxoau. B manuii yac MoXkHa BUII-
JIUTH J1B1 OCHOBHI TeHAeHMil y ctBopeHHI HEMC: 3meHmeHHs
po3mipy icayrounx MEMC Tta po3po0ieHHs MpUHIUIIOBO HO-
BUX MOJICKYJISIDHUX JBUTYHIB 1 MOJEKYJSIPHUX €JIeKTpOoMeXa-
HIYHUX TpuUcTpoiB. [lepmmii miaxix nmoB’s3aHUN 3 BEIMKUMHU
TPYAHOIIAMH, OCKITBKH METOJH, III0 BHKOPHCTOBYIOTHCS IS
crBopenHss MEMC (enexktponHa miTorpadisi, i0HHE TpaBJIEHHS
Ta 1H.) MalOTh OOMEXEHY PO3JUIbHY 3AaTHICTh, TOMY iX IpPO-
OJIEMHO BHMKOPHMCTOBYBATH JJIsi CTBOPEHHS HaHOOO €KTiB. Sk
ouikyetbcsi, HEMC 3po0msiTe peBoIIONiI0 B rady3i METPOJIOTi,
0c00JIMBO — MPU BUMIPIOBAaHHI HA/I3BHUYAHO MaJMX CHJI 1 3CY-
BIB Ha MOJIEKYJSIpHOMY piBHI. Bke B naHuii yac Ha OCHOBI
HEMC crtBOpeHi HaHOpe30HATOpH 3 (yHAAMEHTAIBHOIO Yac-
TOTOIO KoJmmBaHb Buie 10 I'T'1, mio me He Tak JaBHO 3/1aBaJIO-
sl HeJJOCSHKHUM. Taki pe30HaTOpH BKe 3HAMIIUINA 3aCTOCYBAaHHS
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SK KaHTUJIEBEPH CKaHYI04O01 30H0BOI MIKPOCKOIIii, HAHOBAT'iB 1
HaHoceHcopiB Oionoriunux mojekyn 1 JJHK. Tamoro odeBua-
Hoto nepeBaroro HEMC € ix Haa3BuuyailHO HU3bKE €HEProcIo-
AKUBAHHS.

Jlo MEMC BiJiHOCSTB:

— MIHIATIOpHI JAeTalli: TiApaBJIiuHI W MHEBMOKJIANAHU, CTPY-
MEHEBI COIJIa IPUHTEPIB, MPYKUHU JJIS MiBICKU TOJIBKU KO-
PCTOKOT'O TUCKY;

— MIKpOIHCTPYMEHTH: CKaJIbIIENl Ta MIHIETH Ui poOoTH 3
00’€KTaMU MIKPOHHHX PO3MIipiB;

— MIKpOMAIIIMHU: MOTOPH, HACOCH, TYpOIHH pO3MipamH 3 To-
POLINHY;

—  MiKpopoboTH;

—  MIKPOJATYUKH i BUKOHABYI IPUCTPOI.

VY naiizaraneHimiin gopmi MEMC cknagaroThCs 3 MeXaHid-
HUX MIKPOCTPYKTYp, MIKPOCEHCOPIB 1 MIKPOEIEKTPOHIKHU 1 BCi
[l KOMITOGHEHTH 1HTErPYIOTHCS Ha OJHOMY KPUCTaJll KPEMHIIO
(puc. 5.2).

SAx npasusio MEMC ninsiTe Ha JBa TUIHN: CEHCOPU — BUMI-
PIOBaNIbHI MPUCTPOI, SIKI NEPEBOJATH Ti UM 1HIN (i3WYHI BIUIU-
BU B €JIEKTPUYHHUM CUTHAI, 1 aKTI0ATOpU (BUKOHABY1 MIPUCTPOI)
— CHCTEMH, 5K 3aifiMaroTbcsd 3BOPOTHUM 3aBJIaHHSIM, TOOTO

Mikpo-
AKTIATOP

Mikpo- Mikpo-
CTPYKTYypa CCHCOP

Mikpo-
CIICKTPOHIKa

Puc. 5.2. Cxnanosi enemeatu MEMC
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MepPEeBEICHHSIM CUTHAJIIB y Ti YM 1HIII il

AKTIOATOP (MIKpO-, HAHOAKTIOATOP) (CKJIaJ0Ba YacTHHA
MEMC) — e npucTpiid, SKUI IEPETBOPIOE SHEPTi0 Y KepoBa-
HUW pyX, X pO3MIpH BiJ ACKUJIBKOX KBaJIpPaTHUX MIKPOMETPIB
710 OJTHOTO KBaJApaTHOTO CaHTUMeTpa. Jliama3oH 3acToCyBaHHS
aKTIOATOPIB HAJI3BUYAMHO IMPOKHH 1 PI3HHM, 1 BIH MOCTIHHO
3poctae. BOHH BHKOpPHCTOBYIOTBCS B POOOTOTEXHilll, B Kepy-
BAJIbHUX TMPHUCTPOSIX, B KOCMIYHIN ranysi, B O10MeIUIIMHI, J10-
3UMETpii, Y BUMIPIOBAIBHUX MPUIAJAX, Y PO3BAKAIBHUX TEX-
HOJIOTisIX, aBTOMOO171e0ylyBaHH1 Ta B IOMAIIHbOMY TOCHOIAp-
CTBI.

OcHOBHI METOIH U1 OTPUMAaHHS aKTUBAIii (pyX, nedopma-
11isl, IPUBEACHHS B [Ii10) B TAKUX MPHUCTPOSX MOXKYTh OyTH 3Be-
JeHl J0 TakKuX: eJNEeKTPOCTaTUYHHUI, MAarHiTHUH, I1°€30-
SJIEKTPUYHHM, TiApaBIivyHUN 1 TerutoBuil. Hai6inpm nepcrek-
TUBHUMHU METOJAMH BBaXKAIOTHCS I1’€30€JIEKTPUYHI Ta TiApaB-
JIIYHI1, X04a ¥ 1HIII MalOTh BaXKJIMBE 3HAUYCHHS.

EsexTpocTaTiyHa aKTHBALlifl 3aCTOCOBY€ETHCSI PUOJIN3HO
B TpETii YaCTHHI aKTIATOPiB, 1, UMOBIPHO, 11€ HaOLIbII 3ara-
JTBHUH 1 00pe po3pobaeHni MEeTo, HOro roJ0BHI HEOJIKU 11e
3HOC 1 3JIMIaHHS.

MarHiTHi aKTI0ATOPH, SK IPAaBUJIO, BUMAralmTh BiJIHOCHO
BEJIMKOT0 EJIEKTPUYHOr0 CTpyMy (ToOTO OaraTo eHeprii), Ta-
KOX Ha MIKPOCKOINIYHOMY PiBHI NPU BUKOPHCTAHHI €IEKTpOC-
TaTUYHUX METOJIB aKTHBAIlli, BUXIJHUN CHUTHAJ, IO OTPUMY-
€TbCS, Ha BIIHOCHY OJMHHMIIIO PO3MIPHOCTI Kpalle, HiX Ipu
BHKOPHUCTAHHI MarHiTHUX METO/IIB, TOOTO MPU OAHOMY 1 TOMY
caMOMy pO3Mipi €JIeKTPOCTaTUUHUN MPUCTPId BHUJAE OLIBII
SIKICHUW BUX1IHUNA CATHAII.

TenJioBi aKkTIATOPHM TEX CIOXHUBAIOTH BITHOCHO BEJHKY
KUIBKICTh €JIEKTPUYHOI €HEeprii, 1 TOJIOBHUH iX HEIONIK B TOMY,
10 3reHepoBaHe TeIulo po3citoeThesa. Ha el wac po3po0O:s-
I0TbCS aKTI0ATOpH, 0 0a3yroThesl Ha edekTi mam’aTi Gpopmu,
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AKI MOXXYTh OyTH MiHIaTIOPU30BaHUMU JI0 CYyOMIKPOHHHUX PO3-
MIpiB.

Axmo st Buenux ctBopenHss HEMC e cknagnum 3aBnaH-
HSIM, PIIIEHHS $KOi, MaOyTh, CTaHE CIPaBOI HANOJIMIKYIOTO
MailOyTHBOTO, IPUPO/IA BXKE BIPOIOBK MIJIIHOHIB POKIB JIETKO
CTBOPIOE pi3HI HAaHOMEXaHI4HI nmpucTpoi. bararo Bimomux 6io-
JIOTIYHUX CHCTEM — BipycH, OakTepii, OAHOKIITUHHI MIKpOOp-
raHi3MHM Ta IHIII — MarTh Pi3HI 3aCO0M TPHCTOCYBAHHS, IO
JIO3BOJISIIOTH iM TEPEMIIyBATUCS 3aJ€KHO Bif MOBEIIHKH Y
JOBK1JIII, B TOMY YHCHI MiJ] AI€I0 IEKTPUYHHX IMITYJIbCIB HEH-
poHiB. ToMy OTHHM i3 aKTyaJIbHUX HAIpPSMKIiB y cepi CTBO-
pennss HEMC € He po3poOka MpUHIIMIIOBO HOBUX, a HACTIAY-
BaHHS BXKE€ BIJIOMHM TNPUPOJHHUM MOJICKYISIPHHUM MOTOpaM.
XiMiYHE KepyBaHHs TaKUMHU HAHOAKTIOATOPaMH 31MCHIOETHCS
3a JOMOMOTOIO 3MiHH CKJIa/ly HaBKOJIMIIHBOTO CEPEOBHINA, ii
KHCIIOTHOCTI Ta iHIMX (pakTopiB. [HOI BUKOPUCTOBYIOTH CBIT-
70, sIK€, BIUIMBAIOYH HA MOJICKYIIH, NMPUBOJUTH AKTIOATOP Yy
pyx. Jlo XiMIYHUX HaHOAKTIATOPIB BIJHOCATH 1 TaK 3BaHIi 010-
JIOT14HI MOJIEKYJISIPHI MOTOPH.

ITpu BurorosienHi ta excruryatanii MEMC cnocrepiraers-
Csl BEJIMKa KUIBKICTh 0COOIMBOCTEH 1 MpobaemM, 00yMOBIECHUX
MaJIUMHU po3MipaMu, — HaNPUKIaJ, MpodiieMa cyXxoro TepTs, 4u
Hebe3neKa MOIKOPKEHHS (BUX1J 3 JIady) 4epe3 CHIIM MOBEpX-
HEBOro TsOKIHHA. TOMy HpPOEKTYBaHHS MIKPOCHUCTEM Ha/I3BH-
YallHO BaXXJIMBUU MPOLIEC.

3 ogHOro 60Ky, cujaa TepTs MPUBOIUTH /10 BTPAT, sIKi € MpU-
YUHOI TOTIPIIEHHS (YHKI[IOHYBaHHS €JIEMEHTIB, 3 I1HIIOrO
00Ky, TepTs NPHUBOJUTH 10 3HOCY JAeTayleil, II0 HEraTUBHO
BIUIUBAa€ Ha (YHKIIOHAJIbHY IMOBEAIHKY 1 BHUKIIMKA€ HIBUIKE
CTapiHHA 1, B KIHIIEBOMY HiJICYMKY CHPUYHHSE MOJOMKY KOM-
MOHEHTIB. TepTs € KiIouoBUM (AKTOPOM, SIKHW BHU3HAYAE HE
TIIBKKM €(eKTUBHICTh, aje 1 JOBrOBIUHICTh, OJHAaK BOHO HE
3aBXKHM CYNPOBOJIKYETHCS 3HONIIYBAHHSM, MOKIJIMBO TaKOX 1
TepTs 0e3 3HOIIyBaHHA. J[1s MIKpOMOTOpIB SIK MiAIIUITHUK
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JaTauku Immi 5% .
KonuBaHHs 2% TomiBKH MPUHTEDIB

PaniouactorHi : 10
MEMC & Cencopu Tucky
4% 13%
MikpocTymeHeBi "‘ Mikpoonn

24% 3%

OnTuuHi MEMC <
10%

MiKPO{'l“C““ei Mikpo6oroMeTpu
2% 3%

[HepuiliHi TaTIUKH
24%

Puc. 5.3. Ilommpenns MEMC npuctpois Ha 2016 pik [3]

KOB3aHHSI BHKOPHCTOBYIOTH IiIIIMITHUKHA CYXOTO TepTs, fKi,
OJTHaK, MOXYTbh OyTH 3a0e3leyeHi MOJIEKYJIIpHUMU 3MallyBa-
JHHUMHU TUTIBKAMH JUUIsI 3MEHIIEHHSI TepPTS 1 3HOCY. Y I[bOMY
BUMAJKY XapaKTepUCTUKM MaCTHJIa 1 KOHTAKTHOI IOBEpXHI
CTalOTh TOJIOBHUMHU YMHHUKaMHU. XapaKTEPUCTHKH MaTepiajiB
JUI MACTUIIBHUX TITIBOK MOJIEKYJISIPHOT TOBIIMHU 3MIHIOIOThCS.
Heob6xinHo 3ayBakuTH, 110 HA CHOTOJIHINIHIA JCHB IIE HE 1C-
HYy€ 3araJlbHONPUHHATUX METOJIB 3aCTOCYBAaHHS MOJEKYJISp-
HUX IJTIBOK TOBIIMHOIO B KUJIbKa HAHOMETPIB. Y I[bOMY BHUIIA]I-
Ky IIOPCTKICTh MOBEPXHI BiAIrpae BaXJIMUBIILY pOJb, HI)K TOB-
[IMHA TUTIBKH, II0 BUKOPUCTOBYETHCS B MIKpOCHCTEMaXx, SKa
Mae€ po3MipH BiJ IEKIJIBKOX JECATKIB A0 NEKUIBKOX COTEHb Ha-
HOMETPIB.

3riiHO 13 CTAaTUCTHYHUMH JaHUMU po3BUTOK MEMC Tex-
Houtoriif Ha 2016 pik Oyzne MaTH HACTYIMHUI BUTJISA puc. 5.3.

5.1. Marepiaau i meroau nuis BuroroBjiaenass MEMC Ta
HEMC npucrpois

[Ipu ctBOpeHHI MikpocucTeM, (AaKTUYHO, BUAUISIIOTH JIBI
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rpyInu Marepiais:

1. KoHcTpyKiifHI (CKJIO, MOHOKPHCTAIIYHUN, TOJIKPHCTA-
JYHUHN, TIOPUCTHIA KPEMHIH, JIOKCH] Ta HITPUA KpEeMHiIo, 10-
Jiamiji, BoJIbpam, HiKeNb, MiJlb, 30JI0TO, aIMA30IMOAIOHHI BY-
rJelb), 10 BUKOPUCTOBYIOTHCS JUIA (DOPMYBAHHS: HECYUHX
KOHCTPYKLIIH, CTPYMOIIPOBO/IIB, MacTHJIA.

2. OyHKIIOHABHI (HIKENb / TUTaH, IePMaJIOi, KBapIl, OKCHUI
LIUHKY, TI’€30KepaMika, Marepianu rpynu AsBs, A4Bg), 1m0 BU-
KOHYIOTh 332 PaXyHOK €JIeKTPOCTATHYHHX, €JIEKTPOMEXaHIYHUX,
II’€30€JIEKTPUYHUX, MArHITHHUX, ONTHYHUX SABHUL] 1 e(QeKTy
nam’ati popMu QYHKIII: JUKepen pyxy; MEeXaHi3MiB mepenadi
PYXY; CEHCOPHUX 1 aKTUBYIOUHMX CEPEIOBHIL.

[Ipu cTBOpEHHI MIKPOCHCTEM PI3HOTO (YHKIIOHAIEHOTO
MPU3HAYCHHS HAa OCHOBI KOMIIO3HMIIM PI3HMX MaTepiasiB I10-
BUHHI BPaXxOBYBAaTUCS HACTYITHI TapaMeTPH:

— KpHUCTAJIOXIMI4YHA CyMiCHICTb;

— TepMOMEXaHiYHa CyMiCHICTb;

— TeIUIOBa CTIMKICTh (AOMyCTHME TEMJIOBE HaBaHTAKEHHS, 1110
BpaxoBye Ttemreparypy [ebas, touky Kropi, a ayis HamiBopo-
BIJTHHMKIB 1 TeMIepaTypy Mepexoy B CTaH, KOJIM KOHIIEHTpaLlis
BJIACHUX HOCIIB 3apsly OJu3bKa A0 TOMIIIKOBOI; 34aTHICTh pe-
YOBMHU BIJUIaBaTH €HEPril0 B JOBKULIA 32 paXyHOK TEIJIONpO-
BIJIHOCTI, a NIpU BUCOKUX TeMIlepaTypax 1 3a paXyHOK TEIUIO-
BUIIPOMIHIOBaHHS);

— eJIEKTpUYHA CTIHKICTB;

— MexaHIYHa CTIHKICTb;

— MexaHiuyHa BTOMa.

CsitoBuii nocsig Burorosienas MEMC 3acHoBanuii Ha
IIMPOKOMY BUKOPUCTAHHI KPEMHII0 — JEHIEBOTO 1 JOCTYITHOTO
Matepiany. OJHaK TEXHOJIOTIM KPEeMHI€BOI MIKpOMEXaHIKH 1
00poOku indopmarii Ha kpemHii (KMOII-cxemn), Hegocrar-
HbO A5 yerimHoro po3BuTky MEMC. Tomy Benrke 3Ha4eHHS
MalOTh CUCTEMH, B AKHX IMOPSAJ 13 KPEMHIEM Ta 1HIIUMH HarliB-
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MPOBIJTHUKOBUMH MaTepiajlaMi BHKOPHCTOBYIOTHCS TOJTIMEPH,
KepaMiKa, METaJIH.

JJis BUTOTOBJIEHHSI MIKPOCHCTEM TOJIOBHUM YHHOM BUKOPH-
CTOBYETBHCS IpyrnoBa TexHousoris. [Ipu BuKoprcTanHi moaioHoT
TEXHOJIOTi1 0JTHOYACHO 00POOIAETHCS BETHMKA KIJIBKICTh eeMe-
HTIB, IPU YOMY Py4YHE BTpYy4YaHHs a0o0 B3arajai He MOTPiOHO,
a0b0 BOHO HE3HAUYHE, HAMPUKIIA], OCA/PKEHHS IUTIBOK, ONTUYHA
nitorpadis, raapBaHika abo TpaBieHHs. BUIBIIICTh 3 IUX TeX-
HOJIOTil OepyTh CBilf PO3BHTOK 3 HAIiBIIPOBITHUKOBOI TE€XHO-
JIorii.

MikpocucTeMn MarTh Majii po3MipH, a TOMY 1 BUTpaTH Ha
Marepiaad HE3HayHi, a II¢ O3Hayvae€, 110 BUPOOHHUYI BUTPATH
HM3bKI, HE3BAXKAIOYN Ha T€, 1[0 HAKJIaJal0ThCs OCOOJIMBI BUMO-
I Ha HEOOXiJIHYy YHCTOTY MaTepialiB. Alie BapTiCTh 3aBOJIB 3
BUPOOHUIITBA BHCOKA, OCKITbKA BUPOOHHMYE OOJIQJHAHHS BU-
Marae Jy’Ke BUCOKOI TOYHOCTI (YHCTE MPUMILICHHS], TOKPUTTS
Ta 1H.), KPiM TOT0, BUCOKI BUTPATH BUMAraroTh 0OCITyrOBYBaH-
HS 1 KOHTPONIO (HAaNpuKIaa, KepyBaHHS BUPOOHUYHMM MpOIIe-
COM, KOHTPOJIb HaJ] HAHECEHHSM TTOKPHTTS).

O06’emna MikpooOpoOka — 1€ BHPOOHHUYMII TpoIllec, M0
MIPOXOJUTH BIJ MOBEPXHI KPEMHIEBOI IJIACTMHU BIJIMO, MpH
SKI XIMIYHUM TPaBJICHHSM IOCITIIOBHO BUAANSIOTHCS HETO-
TP1OHI AUISHKA KPEMHIIO, BHACTIIOK YOTO 3aJIMIIAI0ThCSI HE0O-
X1IH1 AeTani MexaHi3MiB. 3a 10moMOrow GoTOpe3ucTy Ha Iia-
CTHH1 (OPMY€EThCS PUCYHOK, L0 3aXUIIA€ Ti IUISHKHU, K1 He-
00xiHO 30epertu. IToTiM MIIaCTMHM 3aHYPIOIOTHCSA B PiAKUN
MPOTpaBItOBay (T1IAPOKCHU KaJit0), SKUH BUTPABIIOE 3aiiBl [i-
nsHKHA KpeMHito. TexHomoris 00’eMHOI MiKpOOOpOOKH BigHOC-
HO TIPOCTa 1 HeJlopora, 1 100pe MAXOAUTH IS HE Ty)Ke CKIIaJl-
HUX JECTAIICH.

[TpakTHYHO BCi TaTYMKH TUCKY BUTOTOBJISIOTHCS CHOTOHI 3
BUKOPUCTaHHAM 00’ €MHOI MiKpooOpoOku (puc. 5.4). Bonu me-
pEeBEpIIYIOTh TPAAUIIIAHI JaTUMKU TUCKY 32 CBOIMHU TapameT-
pam, i € OUTBII IEIIeBUMHE, HAIHHUMU 3 TAPHOIO BiITBOPIOBA-
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Puc. 5.4. Jlatuuk THCKY Ui OCOOJIMBO HAMIMHWX aBiamiid-
HUX 1 IPOMHUCIIOBUX 3aCTOCYBaHb

HICTIO XapaKTEePUCTHK.

IloBepxHeBa Mikpo0oOpoOKa — 11€ BUPOOHUUNI IIPOLIEC, 1110
CKJIAJJa€ThCS 13 MOCIIIOBHOIO HApOLIyBaHHS ILIApiB MaTepiairy
Ha kpeMHil. 11]o0 cTBOpUTH pyXJUBI, PYHKIIOHYIOUI MEXaH13-
MH, B IIapax 4epryroTh TOHKI IUIIBKM KOHCTPYKLIHHOTO MaTe-
piany (SK mpaBWiIO 1€ KPEMHIN) 1 3all0BHIOBaya, SIKUH Ha3uBa-
I0Th a0JIALIHHUM (KEpTOBHMM) MaTepiaioM (SIK MPaBUIIO, 1BO-
OKHC KpeMHi0). 3 KOHCTPYKIIHHOTO Marepiaidy yTBOPIOIOTHCS
MEXaHIYHI eJIeMEHTH, a aOJNAIIHHUM MaTepiall 3allOBHIOE I10-
POXHMHU MK HUMHU. Ha ocTaHHBOMY eTarli 3aroBHIOBaY BU/a-
JSETHCSL TPABJIEHHSAM, 1 KOHCTPYKIINHI €J1eMEHTH Ha0yBalOTh
PYXJIUBOCTI 1 (PYHKILIIOHAJIBHOCTI.

[ToBepxHeBa MikpooOpoOKka BUMarae OUIBIIOI KUIBKOCTI Te-
XHOJIOTIYHMX Ofepaiid, Hixk 00’e€MHa, 1 BIAMOBIIHO BOHA JIO-
poxya, ayne i BUKOPUCTAHHS JI03BOJISIE OTPUMYBATHU OUIBII
CKJIagHI MexaHiuHi eneMeHTH. Lleil meron mpusHayeHHH s
CTBOpPEHHSI TOHKHMX MPUCTPOiB (MEHIIEe 2 MKM), TOMYy Ha IiJIK-
JaKy MOYKHa HAHECTH JiuIle TOHKI IutiBkH. Lleit kimac TexHo-
JIOTIYHUX TPOIECIB OLIbII MEPCIEKTUBHUM 1 MOMIMPEHUMN IS
CTBOPEHHS IaTYMKIB pyxy (puc. 5.5).
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Puc. 5.5. TlonikpemHieBuii pe3oHarop (a) Ta MleOMOTOp (0)
BHUT'OTOBJICHI METO/IOM TIOBEPXHEBOI MIKpOOOPOOKH

LIGA Ttexuouoria (Lithographie, Galvanoformung, und
Abformung) — no3Bosisse BUroToBIsATH 3D-CTpyKTYpHU B Aiamna-
30H1 Big 10 MKM 10 OJMHHIIB MUTIMETPIB, a TOBIIWHA/BHCOTA
netaneil Moke CTaHOBUTH Bif 10 MKM 10 OAMHHUIIb MUTIMETPiB
(puc. 5.6), BUKOPUCTOBYIOUM Pi3HOMaHITHI MaTepianu — MeTa-
M, ToJliMepHu, Kepamiky, CKi0. BoHa € anbTepHaTHBOIO
00’eMHOI Ta MOBEPXHEBOI MiKPOOOPOOOK, IO SBJISIE MIKPOJIHUT-
T, Y TMPOLEC] SIKOTO MIKPOCTPYKTYpa BUIOTOBIISIETHCS 3 BUKO-
PHUCTaHHSM CIEIiaIbHUX MAacOK, JUIS TOTO MO0 CTPYKTYpHUH
11ap 0capKyBaBCsl JIMIIE B TUX MICLSX, /€ BiH MOTpiOeH, 0e3
MOJTAJTBIIIOTO TPABJICHHS.

Puc. 5.6. Bucoka mecrepHsi, 1110 CTBOpPEHA 3a JOMNOMOTOIO
texHosorii LIGA
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Jlyis oTpuMaHHsT HEOOX1HOI JeTali MOTIK BUCOKOIApaleb-
HUX PEHTIECHIBCBKUX IPOMEHIB, L0 I'€HEPYEThCS CHUHXPOTPO-
HOM, [a/1a€ Ha MacKy 3 Mmarepiainy, II0 Ma€ HiJABHILICHY 31aT-
HICTb J0 TMOIJIMHAHHS PEHTI€HIBCBKOI'O BUIIPOMIHIOBAHHS.
[Tponukaroun Kpi3b BIIKPHUTI 00NaCTi B Macii, peHTTEHIBChKI
IIPOMEHI 3aCBIYYIOTh (POTOPE3UCT, HAHECEHUI Ha €NeKTPOIpO-
BIJIHY MIJIKJIAJKY 3 MeTalry a0 MeTaleBUX CIUIaBiB. 3acBiveHi
raJibBaHOCTETIi (TPOIeC €NEeKTPOTITHYHOTO OCAJKEHHS) YTBO-
proioTh 00’ eMHI MeTaneBi aetaii. [licas nporo noTpioHO JHIIe
BHJIAJIUTH 3aJTUIIKKA (DOTOPE3UCTA, 1 TPUBUMIPHI MIKpOJETam 3
METajy TOTOBI.

[Topsia 13 peHTTeHIBCHKUM BUIIPOMIHIOBAHHAM B TEXHOJIOTIT
LIGA BUKOpHCTOBYEThCS TaKOX yibTpadionerose. 3 ocobu-
BOCTEH LIbOTO IPOILECY MOXKHA BIA3HAUUTH — KEpyBaHHS ILIU-
PHUHOIO POQLITIO 1 CYMICHICTB 3 TEXHOJIOTI€I0 TOHKHX TUTIBOK.

MUMPs - alpesiarypa o3Hauae OaraToKopHcCTyBallbKa
MEMC TtexHomnorig — 11e ayke BijoMa KoMmeplliiHa mporpama,
sKa HaJa€e po3pOOHUKOBI peHTa0eIbHUM JOCTYN 10 MOBEPXHE-
BO1 MexaHiyHOi 00poOku. MUMPs — ne npouec TpuiapoBoi
MOJIIKPUCTAIIYHOI TOBEPXHEBOI MIKPOOOPOOKH, KU YCHIIIHO
Mo€eHYE B 001 OCHOBHI CTaIli O1IBII MPOCTUX MPOIIECIB.

InterpoBani MEMC TexHoJiorii. OCKUIbKM JUIsI CTBOPEH-
H1 MEMC BHKOpPUCTOBYETHCS T€ 3K OOJaJHAHHS 1 T1 )K TEXHO-
Jorii, WO 1 JUIS BUTOTOBJICHHS 1HTETpPaIbHUX CXEM, HIIIO He
3aBakae (pOpMyBaTH €NEKTPOHHI CXEMHU HAa OJJHOMY KpHUCTall 3
MikpoMexaHizmaMi. Lle no3Bossie 3a0e3nedyBaTu MiKpOMallu-
HU 1HTEJIEKTOM 1 CTBOPIOBATH PI3HOMAHITHI IPUCTPOI.

Po3mipu MEMC netaneii 3anexars BiJf po3MipiB MacokK, 1110
BUKOPHUCTOBYIOTBCS, a JJIsI BUTOTOBJICHHSI OCTaHHIM, HAOLIbII
9acTO, BUKOPHCTOBYIOTHCS METOAM JiiTorpadii, ki MaroTh CBOi
MEX1 po3AUTBHOI 3AaTHOCTI (Tadu. 5.1).
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Tabnuysa 5.1

Cnoco0u nepeHeceHHs1 300paKeHHs HA MOBEPXHIO

MiIKJIQTKI
IIpakTuna
TeopeTunu-
MeTton MEKa OTpH-
Ha Mexa
MaHHS
anTpa(bloanOBa KOHTAKTHA 2 500 M 125 um
¢oromniTorpadis
YHBTpaQ)IOJIe"FOBa npgexulﬁHa 150 50 HM
¢oromiTorpadis
JanbHa yneTpadioneToBa
npoekiiitaa poromiTorpadis 90 um 30 um
(M’ KU1 peHTTeH)
Pentreniscrka mitorpadis 1:1 20-70 am 10 am
lonnnii myyoxk 30-50 um 10-20 am
EnextpoHHMit mydok 40-50 a™m 7-20 uM
[Tpoekuiiianin eiIeKTpOHHo- 90 HM 25 um
MPOMEHEBUH MTy4OK
IMnpuHT (3aTBEpAIHHSA) 20-40 am 5-10 am
KoHTakTHUI IMIIpUHT 30-50 am 10 HMm
CkaHyrouuil MIKpOCKOII 15 um 0,5 am
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5.2. 3actocyBanusst MEMC TexHoJ10riii

MikpocucTeMHi IPUCTPOI CHOTO/HI € YaCTHHOIO BXke Oara-
TBOX TMPOJYKTIB: MIKPO(OHH, aKCeIepOMETPH, TIPOCKOIH, JTH-
cruiei IHTerpyrThCsI B aBTOMOOLTBHI, MEINYHI, TEICKOMYHIKa-
11iH1, MPOMUCIIOB] Ta MMOPTATHBHI €JICKTPOHHI MPUCTPOI Ta iH.
(Tabm. 5.2).

Y MEMC paTtumkax THCKY 1 pyxXy (akcemepomerpax, ripoc-
KOIax) IpPOBOAUTHCS MOJICIIOBAHHS TIPOIECIB, IapaMeTpu
SKUX BUMIPIOIOTHCS, MIKPOMEXaHIYHOIO CcTpyKTyporo. Li mpu-
CTpO1 HE MaIOTh PYXOMHUX YaCTHH, [TOB’S3aHUX 3 00’ €KTOM, TO-
MY BOHHU KJIAacU(IKYIOThCS K O€3KOHTAKTHI MPUCTPOi. Y TOMY
BUIAJIKY, SKIIO PYXJIMBA CTPYKTypa PETEIbHO CIPOEKTOBAHA i
MOBHICTIO 3aXMILEHA KOPIYCOM JaT4YMKa, MIHIATIOPHI JaTYUKU
BHCOKO HaJiifHI i MOXYyTh 3a0e3meuyBaTH (yHKIIOHAJIBHI Xa-
PaKTEpUCTUKH B YMOBAX Pi3HUX cepeJoBUL] 1 (ha30BUX CTaHAX,
MeperasiB TeMIeparyp, BiOpalliid, y1apHiuX XBUJIb, BOJOTOCTI,
3a0py/iHEeHb, €NEKTPOMArHiTHUX 3aBajl, pajiallifHOro BIUIUBY.
[Ipruomy HafaiiiHa 1 TouHa poOOTa 3a0e3Meuy€eThCsl HE B CTaTH-
YHHUX 200 KBa3iCTAaTUYHUX, a B IMHAMIYHUX YMOBax, TOOTO, 110
XapaKTEePU3YIOThCA MIBUIKUMH, CTPUOKONOIIOHUMHU, TIEPI0IH-
YHUMHU, alepioJMYHUMHU 3MIHaMU NapameTpiB. MiKpOJIBUTYHH,
pazilouacToTHI MepeMuKadyi, pajionepenaBadl QyHKIIOHYIOTb B
aHAJIOTIYHUX YMOBAX — 3 TI€I0 PI3HUILIEIO, L0 iX PYXJIUBA CTPYK-
Typa BUKOHYE €JIEKTPOMEXaHI4YH1 epeTBOPIOBaIbHI QyHKIIIT [4].

Ha cporognimHiil AeHp HaHOUIBII MOMYNAPHI AATYUKH PY-
Xy, IO TpPYHTYIOTbCS Ha KOHIEHCATOPHOMY TPUHIIMITI
(puc. 5.7). PyxoMa 4acTHHAa CHUCTEMHU — HEBEJIWYKUI BaHTaX,
110 CreliaJbHUM YMHOM HifBimeHui. [Ipu HasiBHOCTI nmpuCKoO-
PEHHS BaHTaX 3MIIIYETHCS II0JI0 HEPYXOMOI YaCTHHU aKcele-
pometpa. OOkIaaKa KOHAEHCATOPa, 0 MPHUKPITUICHA 10 BaH-
TaXy, 3MILY€ETHCS BIIHOCHO OOKJIa KU Ha HEPYXOMOiI YaCTHUHH.
€MHICTb 3MIHIOEThCS, TP HE3MIHHOMY 3apsijil 3MIHIOETbCS Ha-
npyra — IO 3MiHy MOKHA BUMIPSATH 1 po3paxyBaTy 3MIILICHHS
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Tabnuys 5.2

Ipuxaagu npuiaagis MEMC

TexHomnoriuyge 3a-
CTOCYBaHHS

[Tpunan

IHepriiini qaTyuku

Akcenepomerpu (Tpuiaa, SKUM BUMI-
PIOIOTh TPUCKOpPEHHsSI abo IepeBaHTa-
JKCHHS, 1110 BUHUKAIOThH ITiJ] Yac BUIIPO-
OyBaHHS PI3HUX MAIIWH Ta iXHIX CHC-
TE€M), CEHCOPH IIBHJAKOCTI 1 BiOparii
JUTSI TPAHCTIOPTY 1 MAIIMHOOYTyBaHHS

Hagirauiiina
amaparypa

[Npockonu (mpuUCTpiii, 3AaTHUI peary-
BaTH Ha 3MiHy KyTiB oOpi€eHTamii
[10B’S13aHOr0 3 HUM TijIa BIJHOCHO 1HE-
PIiIBHOT CHCTEMHU KOOPMHAT)

MikpocTpyMeHeBi i
XIMIYHI TOCITIKCH-
Hsl / TIpoIiecH

XimivHi ceHcopH, JlabopaTopii Ha i,
KOHTPOJICPH MOTOKIB, MIKPOCOILUIA 1 Mi-
KPOKJIANaHu, 103aTOpH, MIKPOPEAKTOpH

Onruuni MEMC Jlucmuiei, amanTUBHA ONTHKA, ONTHYHI
(OMEMC) nepeMuKaui
BuwmiproBanss tucky | CeHcopu Ui TPAHCTIOPTY, MEIHIIHHH,
1 piBHIB SHEePreTHKH, TPOMHUCIOBOCTI

HBY-mikpoTexHika

[Tepemukaui, (iabTpH, KOHIEHCATOPH,
KOTYUIKH 1HAYKTUBHOCTI, aHTEHH, (]a-
3000epTadi, CKaHylo4i CHUCTEeMH 3i
3MIHHOIO anepTyporo

Ta1m

AKTIOaTOpH, MIKpPOpEJE, CEHCOPU BO-
JIOTOCTI, TMPUCTPOi 30epiraHHs JaHHX,
ceHcopu 3a0pyAHEHb, KOMIOHEHTH Mi-
KPOCYNyTHHUKIB, MiJIPUBHUKH, HAyKOBa
amapatypa, aKyCTH4YHI MpuiIaau, 6oio-
MeTpu (Tpuian A BUMIPIOBaHHS €He-
prii BUNPOMIHIOBaHHS)

116




i
¢ W P

2 ‘ 3 uul : ] |
ijl-

Puc. 5.7. Miniatiopuuii MEMC-akcenepomerp ¢ipmu
Sandia Labs: 1 — Ba"TaX; 2 — KpituIeHHsT BaHTaxXy; 3 — 001a -
KU KOHJIeHcaTopa [5]

BaHTaXy. 3BIJKM, 3HAIOUM MOro Macy 1 mapamerpu HiaBicy,
JIETKO 3HAWTHU 1 MPUCKOPEHHSI.

KpiMm kongeHcaropHux pgaT4ukiB, icHyloTb MEMC-
akcenepoMeTpu, 0a3yyroThCsl Ha SBUINI T’ €30edeKTy. 3aMiCTh
3MILEHHS OOKJIaJJOK KOHJIEHCATOpa, B aKCEJIEPOMETPax TaKOro
TUIY B1I0YBA€ETHCS TUCK BaHTa)XXy Ha 11’ €30KpucTan. OCHOBHUI
INPUHIUI TOM XKe, 10 1 B I’€303aMalbHUYKaX — MijJ BIUIMBOM
nedopmarlii 1’ €30€JI€MEHT BUPOOIIsiE CTpyM. 31 3HAYEHHS Ha-
IpYTH, 3HAIOYM NapaMeTpud CHCTEMH, MOKHA 3HAWTU CHITY, 3
SIKOI0 BaHTa)K THCHE Ha KPUCTaJ, — 1 BIANOBIAHO po3paxyBaTH
MIPUCKOPEHHS.

[Hmmit npuctpiit 3 psagy MEMC texHomoriii — MIKpOCKOMi-
yHui MikpodoH. Takuii MikpooH CKIagaeThCs i3 JBOX MEM-
OpaH, SK1 BUCTYIAIOTh SK TUIACTHHH KOHACHCATOpa — TOHKOI
THYYKOi 1 TPOXM TOBCTIIIOiI Hepyxomoi. Ilif BIIMBOM THCKY
MOBITPsI MeMOpaHa 3MIL[YEThHCS, 110 MPUBOJIUTE 10 3MIHU €M-
HOCTI MK TUJIACTUHAMH — MPH MOCTIHHOMY 3apsi/ii 3MIHIOETHCS
Hanpyra. L{i gani nepeniuyroThCs B aMIUNITYAU 1 YaCTOTH 3BY-
koBoi xBuii. II{o0 MiHIMI3yBaTu BIUIMB TUCKY IOBITpS Ha He-
pyxoMmy memOpaHy BoHa nepdopyerbea. Kpim toro, mijg Hero
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pOOUTHCS TIOPIBHSHO BENMKA Hila 3 000B’SI3KOBUM BEHTHIIS-
nifHIM oTBOpoM. [TomiOHI MikpohOHH MOXKYTh BHKOPHCTOBY-
BaTUCS SIK JATYUKHU TUCKY [4].

MEMC TtexHom0rii BHUKOPHCTOBYIOTHCS B CTPYMEHHUX
MPUHTEpaX, BIAMOBITHO JO LBOTO ICHYE JBa METOIU PO3IMHU-
JICHHS YOPHHWIIA: T’ €30€JICKTPUUHUNA MeToT (puc. 5.8) Ta MeTO
ra3oBUX MyxupuiB (puc. 5.9). [lns mepuoro MeTory Xapakrep-
HUM € Te, 10 y KOKHOMY PO3IMUIIOBadl I’ €30€JIeKTPUYHOTO
By3Jla BCTAHOBJICHO ILJIOCKUW I1’€30€JIEMEHT, IO 3B’SI3aHUN 3
niapparmoro. Ilin yac npykyBaHHSI BiH CTHUCKYE W PO3THUCKYE
niagparmMy, BUKIMKAIOYMA PO3MIJICHHS YOPHHUI Yepe3 pPO3Iu-
moBay. [Ipu nmonasanHi MOTOKY aepo30Jt0 Ha HOCIH, IPYKY€ETh-
csi TOYKa (BHUKOPUCTOBYETHCSI B MOJIENAX MPHUHTEPIB (ipM
Epson, Brother).

[Tpu mMeTo/i Ta30BUX MYXHPIIB, KOKHHUIA PO3MHIIIIOBAY 00J1a-
JHAHO HArpiBalOYUM eJeMEHTOM. SIKIIo depe3 el eleMeHT
MPOXONUTH MIKPOCEKYHIHUHU IMITYJIbC TOKY, YOpPHWJIA HarpiBa-
IOTHCS JI0 TEMIIEpaTypu KUIIHHS, 1 YTBOPIOIOThCS OyabOaIik,
SKI BUTHCKYIOTh YOPHWJIA 3 PO3NUJIIOBAdYa, IO YTBOPIOIOTH

e

Puc. 5.8. Po3nuieHHs YOpHWI I1'€30€JIEKTPUYHOIO TOJIiB-
Kor: 1 — m’e30enmeMeHT; 2 — maro3a (Comio); 3 — eMHICTh 3 4Op-
HUIaMu; 4 — oTBip i1 mojayi hapOu; 5 — Kparuis YopHUIa
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Puc. 5.9. Ilpunmun po6OTH TEPMOCTPYMEHHOI MPHUHTEPHOT
roJIiBKU: | — HarpiBaJIbHUHN €IEMEHT; 2 — A103a; 3 — EMHICTh 3
qopHuUIaMu; 4 — OTBIp A mogadi 4opHWI; 5 — OynbOarika,
6 — Kparisi YOpHUII

BIIOMTKU Ha HOCII (BUKOPUCTOBYETHCSI B MOJENSAX MPUHTEPIB
¢ipm Hewlett Packard, Canon i Lexmark).

Mikpopo0oToTexnika — 1i¢ cremiar3oBaHa o00JacTh
MEMC, sika 3aiiMaeTbCcsi pO3pOOKOIO 1HTENEKTYalbHUX MIKpPO-
poOOTIB CHeniaibHOTO, B TOMY YHCJI BiiCBKOBOTO 3aCTOCY-
BaHHS. KOHCTpyKTHBHA 4YacTMHAa MIKPOPOOOTIB BUKOHYETHCS
Ha 0a3i texHosorii MEMC, nns 30upaHHsS BUKOPUCTOBY€ETHCS
crieniadbHUN 1HCTpyMeHTapiil. [ mepecyBaHHS MiKpopoOo-
TIB 3aCTOCOBYIOTBCS PI3HI ABUTYHH — I’ €30€JEKTPHUUHI, €JIEKT-
poMexaHiyHi, ejekTpoMarHiTHi. II’e3o0MoTOp cKkiamaeTrbes 3
TOHKHMX KepaMiuYHUX IJIACTUH, SIK1 3TUHAIOTHCS MPU 11014l JKUB-
JIEHHS 1 IOBEPTAIOThCSA J10 MEepBICHOI (hopMH IpU HOTo BIAKIIO-
yeHHi. [lomiOHa TEXHOJIOTIS 3aCTOCOBYETHCS, HANPHUKIAM, IS
cTBOpeHHs BiOpattii B TenedoHi. [T’ e3omoTop nyxe epekTuBHUMA
(monazg 90 % enexTpoeHeprii NepeTBOPIOE B MEXAHIUHY).

«Mo3kom» po0oTa € creuiaibHa MiKpocxeMma, L0 Kepye
MOJIA4eI0 HANPYTH Ha T’ €30KPHUCTAN 1 3YMTY€E MOKA3aHHs YHuC-
JIEHHUX JAaTYUKiB, BCTAHOBIEHUX Ha ioro Tim. MikpoaaT4uku
MpU3HAYEHI JJI1 OTpUMaHHs 1H(opmallii npo napaMmeTpu Biac-
HOTO PyXy poOoTa Ta mapaMeTpax 30BHIIIHBOTO CEPEeIOBHUINA
(THCK, TemmepaTrypa, Bi3yajbHa iHpopMalis, iHpopmalis mpo
CTaH JOCIiIKyBaHUX HUMU 00’ €KTIB).
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VY MeauuuHI BUKOPHUCTOBYETHCS XipypriuHe oOJaJHaHHS:
CKaJIbIIeNIb, KEPOBAHUM I1’€30€JEKTPUUYHUM MIKPOAKTIOATOPOM,
KPOKOBMM JIBUT'YH J103BOJISI€E TOYHO KEPYBAaTH MOIr0 IOJIOKEH-
HSM; VyJIbTPa3BYKOBUH pi3aIbHUA 1HCTPYMEHT — I1°€30-
SJIEKTPUYHHUIA MaTepiall MPUETHYETHCA 10 PLKYIOTo 1HCTpyMe-
HTY JUIS pe30HAHCY KIHYMKa IPUCTPOIO B YJIBTPa3BYKOBIM yac-
ToTi. JIumie Konu nmpucTpiid NpUBEACHO B J1it0 BiH Oye MIBHUAKO
1 JIETKO pi3aTH HABITh KOPCTKI TKAHUHM (HAIIPUKJIIA]] 3aCTUTITUI
OYHUH KPUINTAIHK MAIli€EHTA 3 KaTapaKTomw) [6].

5.3. HanoOioenekTpoHika

HanooioTexnoutorii (cuHOHIM 010HAHOTEXHOJOTIH) — pO3-
JT HAaHOTEXHOJIOTIi, 110 3aliMa€eTbCcsi BUBYEHHSM 1 BIUIMBOM
00’€KTiB HAHOMETPOBHX PO3MIpiB Ha Oi0JMOTIYHI 00 €KTH 1 iX
BUKOPHUCTAHHS JIJI1 PO3BUTKY HaHOMEIUIIMHU, IO 3aiiMaeThCs
CTBOPEHHSIM HAHOJIKIB, TIaTHOCTUYHUX CHCTEM Ha OCHOBI Ha-
HOYACTHUHOK, PO3POOJIECHHSIM MEIUYHUX HaHOPOOOTIB 1 CTBO-
PEHHSM MEIUYHUX HaHOMaTepiaiB.

HanomenmuuHa — CTEXEHHs, BHIIPAaBJIEHHS, KOHCTpPYIO-
BaHHS Ta KOHTPOJb HaJ O10JIOTTYHUMH CHCTEMaMHM JIFOJIMHU Ha
MOJIEKYJISIPHOMY PiBHI 3 BHUKOPUCTAHHSIM HAHOIMPHUCTPOIB 1
HAaHOCHUCTEM.

Buninsiots psii HanpsIMKiB HAHOTEXHOJIOT1T B O10MEAHIIHNHI:
— 1HXKEHepisl )KUBUX TKaHWH 1 pereHepaTuBHA MEAUIINHA;

— 0610JI0T1YHI HAHOCTPYKTYPH;

— IHKAmCYJSIIis JIKIB Ta aJpecHa JOCTaBKa JiKiB;
— MOJeKyJIsIpHa Bi3yasi3allis;

— OilodoToHika;

— 010CyMICHI IMIJIAaHTAHTH;

— OloaHaNITHYHI MeMOpaHu;

— MOJIEeKYJIsIpHi 6i0ceHcopH;

— Oilouinu 1 1abopatopii Ha yini (lab-on-a-chip);
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— (yHKIIOHATBHI MOJIEKYJIH: TEepeMHUKadi, HACOCH, TpaHC-
MOPTHI 3acO0M.

HaHopoOOTOKOHCTPYIOBAaHHA — MYJIbTHIUCIMILIIHApHA
rajxysb, B AKii 30Ce€peKEHI CIUIbHI 3ycHiuTsl (Pi3HKiB, XIMIKIB,
010J10TiB, MPOTpaMicTiB, IHXKEHEpIB Ta IHIKX (axiBUiB IS
OTPUMAaHHS NO3UTHUBHUX PE3yJbTATIB AJISI CTBOPEHHS HAHOPO-
00TiB.

Hanopo6oTu a60 HaHOOOTH — KEpOBaHi MPUCTPOI po3Mipa-
MU 3 MOJIEKYNy (B JESIKUX BHIIQJKaX AOMYCKAETHCS — JIO MIK-
POHHHX PO3MIpiB), CKJIaJeHI 3 HAHOPO3MIPHUX KOMITIOHEHTIB,
o MarTh QyHKIII pyxy, oOpoOku 1 mepenadi iHdopmaiii, a
TaKOX BUKOHAHHS mporpam. [Ipu cTBopeHHI MIKpOpoOOTiB BH-
KOPHUCTOBYIOThCS TexHoorii MEMC, 110 ckafarThes 3 MiTb-
Ap/iB aTOMiB, y TOH 4ac sIK HAaHOPOOOTH, WMOBIpHO, OYAYTbH
BUTOTOBJISITHCA LUISIXOM CKJIQJaHHS 1HAMBIyaJbHUX aTOMIB
a00 MOJIEKYIL.

MennyHi HAaHOPOOOTH € KiOEPHETHYHUMH MPHUCTPOSMH Ha-
HOMETPOBHUX PO3MIpPiB, BUTOTOBJIEHUX 3 aTOMapHOIO TOYHICTIO.
Bonu 31aTH1 (yHKIIOHYBAaTH B OpraHi3Mi JIFOJUHU, TPOBOISTUH
KOPEKIII0 MOJEKYISIPHUX 1 KIIHIYHUX HPOILECIB, HANPUKIIA,
MPUCTPOT JUIsI KOHTPOJIKO PiBHS TJIFOKO3HM B KPOBI 1 JUIsl BUPOO-
JICHHS 1HCYIHY.

TunoBuil MennYHUN HAHOPOOOT Mae MIKPOHHI PO3MIpH, SKI
Jal0Th MOXJIMBICTb pyXaTHCS MO Kamuispax, 1 Oyne BUTOTOB-
neHni (Ha 6a3i ChbOTOJIHINIHIX TOTJIAAIB) 3 BUCOKOMIITHUX 1 Xi-
MIYHO-1HEPTHHUX MaTepiaiiB Ha OCHOBI BYTJIELIO 1 HOro moxij-
HuX. OCHOBHHUM JIXKEpeJIoM eHeprii nepedadaeThcsi BUKOPHUC-
TOBYBATHU JIOKAJIbHI 3aIacy TJIFOKO3W W aMIHOKHCIIOT, IO 3Ha-
XOJSAThCSA B OpraHi3Mmi, SIKHi Jocmiukyerbes. JlikyBaHHS Oyne
MOJISITaTH y BBEJICHHI HAHOPOOOTIB B OpPraHi3M (JIOJICHKE T1JIO)
JUISL aHANI3y CUTYAIl 1 IPUHHATTS pillIeHHs PO BUOIp METOAY
mikyBaHHS. Jlyig koMmyHikalii HAaHOPOOOTIB B PIAKUX Cepeno-
BUIIAX MOXYTh OyTH BUKOPHCTaHI aKyCTUYHI CUTHAJIH, CBITJIO-
Be (EIeKTpOMarHiTHe) BUIIPOMIHIOBaHHS, XIMIYHI IPOLECH.
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XiMi4HI peakiii MOXyTh OyTH BUKOPUCTaHI I OIMKHBOI Opi-
€HTAIlli Ta KOMYyHIKaIii HAHOPOOOTIB, aKYCTUYHI CUTHAJIH IIe-
PEBAXKAIOTHh HA TAJICKUX BiJICTAHSX, & ONTUYHUH 3B 30K, X0Ua 1
€ JOCUTh IIBUAKHM, aJIe CII0)KUBAE 3HAUHY KIJIbKICTh €HEprii.

3anexHo BiJ BUKOHYBAHUX (YHKLINA MeAW4Hi poOOTH Kila-
cU(IKyIOTh Ha MIKpO(arouTH, peCIipoOIUTH, KIOTOIMTH, Bac-
KyJoiau Ta inmi [7].

Mikpogazoyumu € MTYYHUMH IMyHHUMH KJIITHHAMU, TIPHU-
3HAYEHUMHU JJIs1 OUMIIEHHS KPOBI1 B/l IIKIUIMBUX MIKpOOpTraHi-
3MiB, 3a0€3MeYEeHHS 3rOPTaHHS KPOBi, TPAHCIIOPTY KUCHIO 1 BY-
TJIEKUCIIOTO Ta3y 1 pO3IINPEHHSI MOXKIUBOCTEH IMyHHOI CHCTe-
MHU. Mikpodarouutu 6yz[yTL 3HAaXOJUTU B OPraHi3Mi JIIOJUHU
qymopmm eIEMEHTH 1 TepepolsiTH 11X B HEWTpaibHI
3’€/IHaHHSL.

Pecnipoyumu — ananorn epuTpOIUTIB (YEPBOHUX KPOB’S-
HUX TiJIelb, IO JIOCTaBJISIOTh KUCEHB JI0 KJIITHH), SIK1 [IOBUHHI
MaTH OUTbITY QYHKIIOHATIBHICTD, HI’K IPUPOIHI EPUTPOLIUTH.

Knomoyumu — ananoru TpoMOOIMTIB (KJIITHH, IO OEepyTh
y4acTb y 3ropraHHi kposi). LI MamMHM 103BOIATH LIBUIKO
NIPUIUHATA KpPOBOTedi. 1x (byHKLuﬂ HOJISITa€ B ONEPATUBHIN 10-
CTaBIIi IO MiCIIsl KPOBOTEUi B SHKYYUX KOMITOHEHT, SIKi TOBHHHI
3aTpUMYBaTH KPOB’sIH1 KIITUHU, 3yIUHII0YM TOTIK KpoBi. Yac 1
MICII€ TPAaBMH 33JIa€THCS 30BHIIITHIMU CUTHAJIaMu a00 BU3Haua-
€ThCS 32 ApLiAJIbHUM THCKOM rasy.

Backynoio — mexaHiuHui npoTe3, CTBOPEHUN Ha OCHOBI Mi-
KpodarouTiB, pecripolnTiB 1 KJIOTOIHUTIB, 1 BXOJUTH 0 CKJIa-
Iy TpOeKTy TO CTBOPEHHIO pOOOTOTEXHIYHOI  KpPOBI
(«Roboblood», po3pobnennii K. ®enikcom i P. ®paiitacom).
VY 1mpoMy MpOEKTi ONMUCAaHWNA KOMIUIEKC MEAMYHHX HaHOPOOO-
TiB, 3JaTHUX XUTU 1 (PYHKIIOHYBAaTH B Tl JIIOJUHU, BUKOHY-
104YH BCl QYHKIIIT IPUPOTHOT KPOBOHOCHOT CHCTEMH.

Jins MaHimynsiii KTTHHAMU, TKAHUHAMY Ta THIIAMH 010J10Ti-
YHUMH 00’€KTaMM, BUKOPUCTOBYIOTh MIKPOMAHIIMYJISITOPH, SIK1
MOBUHHI KepyBaTHCs MIKPOAKTUBALIMHUMU MeXaHi3MaMH, 3/at-
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HUMH TIPALIOBaTH B POBIHOMY PO3YMHI: MarHiTHa, MHEBMATH4-
Ha, TETUIOBA 1 CIUIABIB maM STl pOpMH aKTHUBAILTisL.

Bionoriuni mikpo enextpomexaniuni cucremu (BioMEMC)
CHPsSIMOBAHI Ha JIIarHOCTUKY 010-, MEIUYHUX TIPUIIAJIIB, BUSIBICH-
us JIHK, BipyciB, OU1KiB Ta iHIIMX 01070TIYHO OTPUMAHUX MOJIE-
kyi1. Hanopo3mipai BioMEMC MoyTh B pesKuMi peabHOTO Ya-
CY BUSIBUTHU Ta 3p0OUTH aHali3 (PYHKIIOHYBaHHS KJITHHHU Ta CIIO-
BICTUTH TIPO ii CTaH AOCIITHHKY.

Ha cporonuimHiii 1eHb BCi pO3pOOKH B Taixy3i HAaHOMEIH-
IIMHA Ta HAHOOIOJIOTIi 3aJMIIAIOTHCA Ha CTalii Po3poOKH Ta
TECTYBaHHs, aje CIEKTP IX MOMJIMBOTO BUKOPHCTAHHS IYXKe
IAPOKHIA.

JlocTaBka JIiKIB 10 ypakKeHHUX KIIITHH JO3BOJISIE€ MEAMKAMEH-
TaM MOTPAIUISATH JIMIIE y XBOP1 OpPraHH, YHHKAIOYU 3]I0pPOBI,
SIKUM 11 JIIKK MOXYTb 3aBAATH MIKoau. Hanmpukiman, mpoMeHeBa
Teparis 1 XiMiOoTepaneBTUYHE JIIKYBaHHS 3HUIIYIOTh XBOP1 KJIi-
TUHH, A€ Pa3oM i3 TUM TyOnsaTh 370poBi. BupimeHHs Imiel
npobJeMH MOJKE TMOJIATaTH y CTBOPEHHI KEPOBAHOTO «TpPAHC-
MOPTY» IS JIIKIB, BaplaHTU SKOTO BXKE 3alPOINOHOBAHI JCSKU-
MU yHIBEPCUTETaMHU 1 HAYKOBUMHU OprasizamisiMu. Ik TpaHcmo-
PTHI 3acO0M JUIsl TIOCTaYyaHHS JIKApChKOTO TMpernapary B ypa-
KEHy 00JIaCTb BUKOPHCTOBYIOTHCS MOJIMEpH, JIEHAPUMEPH,
KpPEMHI€EBI CTPYKTYpH, O10JIOT1UHI MOJIEKYJH, BYTJIEIEBl CTPYK-
Typu (y ToMy 4Hcii, ¢yiepeHH), MeTajJeBl HAaHOYACTUHKU B
o0osoHIi 1 T. 1. Hanpukiaa, 70 MOPOXKHUCTUX METAJEBUX Ha-
HOYACTUHOK (30J10TO, Cpi0JI0, TIaTHHA 1 Manaaii) JIKU TPHE-
HYIOTBCS METOJaMU CHJIaHi3allii abo eNeKTPOCTATUYHHUM CITO0-
coboM. Y HeoOXiIHOMY MicCIli 3/1iCHIOIOTh HAarpiB HAHOYACTH-
HOK (iH(ppauyepBOHUM BUIIPOMIHIOBAHHSIM a00 3MiHHUM E€JIEKT-
POMArHiTHUM TIOJIEM), B PE3yJIbTaTi SIKOr0 BiOyBa€ThCS BUBI-
JTHHEHHS Tpenapary.

ABTopH po6oTH [8] po3poOuin NpoTUBIPYCHUI 3aci0, SIKHUii
Ha3BaJll BIPyCHA «JIMITYYKa» 1 32 CBOIM NMPUHIUIIOM [ii Hara-
nye munkuil namip. Cxema oTpuMaHHs HaBeJeHa Ha puc. 5.10.
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Puc. 5.10. CxemaTruHe OTpUMaHHS BIPYCHOI <CTHUITYYKH:
1 — cuikoHOBa HAHOYACTHHKA; 2 — Bipyc; 3 — nonimep; 4 — Bin-
OuTKH Bif BipyciB [7]

CriouaTKy Ha CHJIIKOHOBI HAHOYACTUHKHU OCa/XKyBaJM Bipy-
CH, MICII 9Oro iX HAMOJOBHHY IMOKPUBAIHM IIAPOM MOJIIMEPY
Tak, 100 BiJ HUX MOkHa Oyno mo30yrucs. [loTim, 3a tormomo-
TOI0 YIBTPa3BYKy BIpYCHI 00 €KTH BUAAISUTUCS 1 B pe3yibTaTi
BUXO/IMJIA HAHOKYJIBKH BKPUTI MOJIMEPOM 3 BIIOUTKAMH BIpYCiB.
SIKIo BipyC MOTpAIUISIB y TaKWi BiIOMTOK-TIACTKY, BIH BXKE HE
MIr 3BUIBHUTHCS. ONTUMI3yBaBIIM TOBIIMHY JMIKOTO MOJIMEp-
HOTO IIapy, BUEHI MEPEeBIPUITH IUITYYKY» Y BIDYCHOMY PO3YHHI,
MIOMICTHBIIIH i1 Y CHPOBATKY JIFOACHKOI KPOBI, 1110 MIiCTHJIA BIpYyCH.
3a miBroiMHM Ha Hill 3Haxoamocs 88% BipyciB, XoUa iX KOHIIEH-
Tpauisi OyJa HU3bKOIO, @ Y BOJHOMY PO34YMHI €(EeKTUBHICTh BU-
SIBUJIACS 111€ BUIIIOIO.

[TosiBa HAaHOTEXHOJIOTIYHUX PO3POOOK y OIOMETUIINHI 31a€Th-
Csl, Ma€ BEJMKI NEPCHEKTHBY, alle 3aJIMIIAI0ThCS YUCIICHHI HEBU-
pillIeHi MUTaHHs, HacamIiepesl, MMTaHHA Npo Oe3MeKy HaHOYacTH-
HOK JIJISl OpraHi3My JItoJuHU. TOKCUYHICTh 3pOCTa€E 13 3MEHIIICH-
HSIM PO3MIpiB YACTMHOK, TOOTO HAHOYACTMHKU NEBHOT'O MaTe-
piany MOXKYTh OyTH LIKIIJITMBUMH JUI )KMBUX OpraHi3MiB, IpoO-
T€ Yy MaCUBHOMY CTaHi BOHU HE MPOSABISAIOTh TOKCUYHHUX BIIAc-
tuBocTel. Ilimo3pl 1010 TOKCHMYHOCTI MIIATAIOTh HE JIMIIE
¢bynepeHu 1 HAHOTPYOKH, a i HAHOYACTUHKHU JABOOKHUCY TUTaHY,
SK1 BXK€ IIHPOKO BUKOPHUCTOBYIOTHCSI B KOCMETHII, a TaKOXK
NEPCHEKTUBHI 3 MOTJISy MEAUYHOTO BUKOPUCTAHHS YAaCTHHKH
cpibia 1 kBaHTOBI TOoukd. HaBiTh Taki OlocyMiCHI MaTepiaiu,
SK KepaMika 1 aJfoMiHi{, IpY BUKOPHCTAHHI JJIS IMIUIaHTAaLi{
Ta MPOTE3YBAHHS MOXYTh CIYXXHTH JHKEPETIOM HaHOYACTHHOK,
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10 HAKOTIMYYIOTHCS Y BHYTPIIIHIX OpraHax i BUKJIMKAOTh ajie-
privfi peakiiii i Backymitu [9].

VY 3B’s3Ky 3 IIUM 3’SIBISIETbCS TIOTpeOa y HOBIH Mi>KIUCITUTI-
JHApHINA Trany3i 3HaHb K HAHOTOKCHKOJOTIS, 3aBIaHHS SKOi
MOJIATAE HE JINIIE Y BUSBICHHI MOKIIMBUX IIKIJIMBUX BILIMBIB
HaHOOO €KTIB Ha JIIOJICBKUI OpraHi3M, aje 1 IiJIecIpsSIMOBaHOT
Mo udiKallii BIaCTUBOCTEH YAaCTUHOK 3 METOIO MOTEPEKEHHS
(YHUKHEHHS) Ii€l MKOAU MpU 30€PEKEeHHI X KOPHCHHUX BIac-
tuBocter [10].

IInTanus 115 camonepeBipku

1. o nazuBatorb MEMC 1 HEMC? flka Mix HUMH pi3HALIS?
2. Jlns yoro moTpiOeH akToaTop?

3. SlkuM uMHOM 3AiHCHIOETBCA KepyBaHHS Ta pyx MEMC mpu-
CTpOiB?

4. SIxi METOM BUTOTOBIICHHS JICTAlICH MIKPOTIPHUIIAIiB?

5. e 3actocoBytore MEMC Ttexnounorii? ki po3poOku oTpu-
MaH1 Ha CbOTOJIH1?

6. 11lo Ha3uBaeThCsA HAHOOI0ETEKTPOHIKOIO?
7. Sxi ¢pynkuii Bukonytrorb MEMC TexHonorii B MenuuuH1?
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