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AHOTAIIA
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VY nucepranii BupillieHa HayKoBa MpoOiieMa CTBOPEHS B TEIIKOHHO-IYTOBHUX
10HHO-TIa3MoBuX mporecax TiOpuaHux rerepocucteM TiN/Fe, TiN/Fe/C Tta AIN,
3’COBaHI OCOOJMBOCTI iX €JEKTPOHHMX, MAarHiTHUX ¥ ONTHYHHUX BIIACTUBOCTEU Ta
MIKPOCTPYKTYPH; BCTAHOBJIEHI 3aKOHOMIPHOCTI 1 3B’SI30K MK iX (DI3UYHUMHU
BJIACTUBOCTSIMU Ta MIKPO - 1 HAHOCTPYKTYPOIO.

Jlns peanizaiiii MeTd poOOTH BUKOPHCTAHA YHIKAJIbHA 32 CBOIMU TEXHOJIOTTYHUMHU
MO>KJIMBOCTSIMH BaKyyMHO-TEXHOJIOTIYHA YCTAaHOBKA Ha OCHOBI TOPUIHOTO T€IIKOHHO-
JyTOBOTO 10HHO-TUIA3MOBOTO PEAKTOpa, B SKOMY B MEXKax TEXHOJOTIYHOI Kamepu
MOE/IHAHI TPU TUTa3MOB1 peakTopu. J[Ba 3 HUX OnHI€l (I3MUHOT MPUPOIU — TIA3MOBO-
nyroBi npuckoproBaui (IIJII1), TpeTiMm € BHCOKOYACTOTHE JDKEPENO IUIa3MU —
TeJIIKOHHUM 10HHO-TIIa3MOBHM peakTop. [IpoBeaeHO po3poOKy TEXHOJIOTTYHHUX OCHOB
10HHO-TIJIA3MOBHX TIpoI1ieciB opMyBaHHs HaHOCTpYKTypoBaHux 1umiBok TiN, Fe, AIN Ta
PECVD cuHTe3 HaHOCTpYKTYp ByTJelo B riopuanux rerepocuctemax TiN/Fe/C.

Tak renmikoHHE HKEpeno MIa3MH, 3aBISIKM CBOIM (i3MUHUM XapaKTepPHCTHUKaM,
eeKTUBHO OYHIIAE TEXHOJIOTIYHY Kamepy TiOpUIHOTO peakTopa 1 TOBEPXHIO
MIJKJIQKU BlJ] 3AJIUIIKOBUX €JIEMEHTIB aTMoc(epH Ta MiATPUMYE TTOBEPXHIO MiAKIAIKH
y aTOMapHO YHCTOMY CTaHl TMpH TEXHOJOTIYHUX THporecax (QopMyBaHHS
HAHOCTPYKTYPOBAHMX IUIIBOK. TaKoX Ba)KJIMBOIO OCOOJIUBICTIO TEIIKOHHOTO JiKepena,

BUSIBJICHOIO Y POOOTI, € MOXIIUBICTh CTPYKTYpPYBaTH MOBEPXHIO 3pa3ka Ha HAHOPIBHI



JUIE  OTPUMAaHHSI PETyJSIPHOTO HaHopenbedy, M0 HEOoOXIAHO aisi  GopMyBaHHS
MOYaTKOBOI CTPYKTYPH HAHOCHCTEM.

Sk mokazaHo y poOOTi, BUKOPUCTaHHS TEIIKOHHOTO PO3psALY ISl aKTHUBALii
MOBEPXHI TakuX MPOOJIEMHUX, 3 TOUKH 30py OTPUMAHHS Ha iX MOBEPXHI IUIIBKOBUX
CTPYKTYp, MOJIMEPHUX MaTepialiB, K Te(JIOH Ta Mailiap, Hajaaao 3Mory chopmyBaTu
Ha HUX HIapU JIENEKTPUYHOTO HITPHUAY ATIOMIHIIO, IO JIO3BOJUIO CTBOPUTH 3pa3Ku
MYJIbTUCTIEKTPAIBHUX (DUTBTPIB [u1sl iHppadepBoHOro (1Y) miamna3oHa BUIPOMIHIOBAHHS.

ITI1, 3aBasKu CBOIM KOHCTPYKIIMHUM OCOOJIMBOCTSIM, CIIPOMOKHHUHN IEepEHECTH
Ny4YOK IUIa3MH, IO 3apOJKYe€TbCsl HAa TOPILEBIA MOBEPXHI BUTPATHOIO KaToja 1
IPUCKOPIOETHCS B CXPEILIEHUX €JIEKTPUYHUX 1 MAarHiTHUX MOJSAX, HA BIACTaHb MOPSAJIKA
50 cM 6e3 3HaYHMUX BTpAT T'YCTUHU I1a3Mu. OCKUIBKY MJIa3MOBHM MOTIK 1€ TMOTIK 10HIB 1
€JICKTPOHIB, 1[0 PYXaIOThCA Pa3oM B CUJIy KBa31HEHUTPaJIbHOCTI, TO 3aBISKUA ILbOMY
Oyau OTpuMMaHi SIKICHI IUIIBKM 3 MaTepialy BUTPATHOTO KaTOJy Ha METaJIeBUX,
HaIIBIPOBITHUKOBUX Ta J1EJCKTPUUHUX T1IKIIaIKaX.

Ockinbku remikoHHe mkepeno miasmu 1 [II1 mpamrorote sik B atMocdepi
IHEPTHUX, TaK 1 pEaKTUBHUX Ta3iB, 1 MOXKYTh OJHOYACHO BIUIMBATH CBOEIO TJIA3MOIO HA
MOBEPXHIO 3pa3ka, iXx cuMO0103 OyB BUKOPUCTaHUU JUIsl OTPUMaHHS ()YHKI1OHAJbHUX
reTepOoCTPYKTYp ckiIaaHoi HaHoapxitekTypu - TiN/Fe, TiN/Fe/C.

Po3pobniennii 6a30BUli TEXHOJIOTIYHUN MTPOIIEC CKIIAIAETHCSA 13 HACTYITHUX €TarliB:

1 TIlnasmoro  TeqikKOHHOTO  JDKepena, [0 Tpalioe Yy  BHUSBICHOMY
BUCOKOCHEpreTuyHoMy pexkumi «[lmasmoBa KonoHa», MPOBOAUTHCS OUMULICHHS
MOBEPXHI KPEMHI€BOI MIJKIAIKK 1 3MIACHIOETHCS i1 HAHOCTPYKTYpyBaHH4. [Ipu mpomy
Ha MOBEPXHI MiAKIAAKH POPMYIOTHCS PETYISIPHI CTPYKTYPU PO3MIPOM BiJl OJUHUL 10
JIEKUTBKOX JICCSATKIB HAHOMETPIB.

2 Iepmmm ITJII, muosixoM MacomepeHocy 10HHOI KOMIIOHEHTH THUTaHOBOIO
KaToJa B aTMocdepi a30Ty, Ha MOBEpXHI KpeMHito GopMyeThes miiBka TiIN TOBIIMHOO
NOPSIJIKY COTHI HAHOMETPIB, sIKa IOBTOPIOE PETYJISAPHUNA HaHOpPENIbed MOBEpXHI

M IKIaKH.



3 Lukai4HEM TMONEpeMiHHMM BIUIMBOM IiazmMu apyroro IIJII1 3 BuTpatHum
KaToJOM 3aji3a 1 IJIa3MU TeNIKOHHOTO jkepena B pexxkumi «[lmasmoBa koioHa» B
aTMocepl aproHy Ha BepIIMHAX HAHOCTPYKTYp HITpUIy THUTaHy (GOPMYIOTHCS
OCTPOBKH - HAHOKJIACTEPH 3aJli3a.

4 CunHTe3 BYIJICLIEBUX HAHOCTPYKTYp Ha KaTaliTUYHUX HAHOKJACTEpax 3ajii3a
MPOBOJAATH, B IMPOIECI XIMIYHOTO OCQ/DKEHHS 3 Tra3oBoi (a3u Ipu acHCTyBaHHI
BHCOKOYACTOTHOIO TU1a3Mor0 resmikonHoro pospsay (PECVD nporec).

Jnsa orpumanas 1wiiBok AIN Ha TepMonaOiIbHMX T'HYYKHX TOJTIMEPHHX
Matepianax TeJioH 1 Maiiap B TEXHOJOTTYHUI npouec OyJiu BHECEH] IEBHI KOPEKTHUBH.
30kpema, Micligd OYMCTKMA 1 aKTHBallli MOBEpXHI MOJIMEPHHUX 3pa3KiB IIa3MOIO
TeJIIKOHHOTO JDKepena, MiJl 4ac MpOoIecy MacONEepeHOCY 10HHOT KOMIIOHEHTH MaTepiainy
karoga IT/A11, npenMeTHHI CTONIMK, HA AKOMY OyJIM 3aKpIIUIEHI MOJIMEPHI MIAKIAAKH,
o0epTaBcsi BIJHOCHO IUIa3MOBOro MOTOKy. lLle Oyno 3aificHEHO /Ui YHUKHEHHS
neperpiBy JIETKOTUTABKOI MIAKIAIKH, SIKUM MIT TPU3BECTH A0 i1 Aerpanamii. Takox
OCQ/IKCHHS TUTIBKU HITPUJY ATIOMIHIIO 3/1HCHIOBAJIIOCH IIUKJIIYHO: TOOTO Yac HAaHECEHHS
ik AIN Ha mosimMepHy migkaaaky OyB oOMEKEHUI MEBHUM YaCOBUM IPOMIKKOM,
Janl MmiAKIaaKa OXOJIOKyBajlacs, MICIsS YOro BiJHOBIIOBaBCS mpouec (HhopMyBaHHS
Bk AIN.

VY pe3ynbTari BUKOHAHHS JUCEPTALIHOI pOOOTH MpU BUKOPUCTAHHI T1OPHUIHOTO
TeJIiIKOHHO-yTOBOTO  10HHO-TUTa3MOBOTO  PEaKTOpa  BMEpIIE  OTPUMAHO P
(dyHIaMEHTaJIbHUX HAYKOBUX PE3YJIbTaTIB:

Briepiie BusiBiieHO SIBUIIE BUCOKOCHEPTETUYHOTO PEKUMY TEITIKOHHOTO PO3PSAY
«[Inma3zmMoBa KOJIOHA», MPH SKOMY IJla3Ma BHUCOKOi TYCTHHH PO3MOBCIOJIKYETHCS 13
PO3PSITHOI KaMepy B TEXHOJIOTIYHY 30HY (Kamepy OOpoOKH), /e NOCATHYTO 3HAYCHHS
TYCTUHU TUJIa3MU ~ 10% CM'3, 0 Ha 2-3 TOPSAKUA BUINE, HDK Y BIIOMHX JIKEpe
IUTa3MH, a TYCTHUHA 10HHOTO CTPyMYy B ~2,5 pa3u BHILA, HUK JIJIs BIIOMOTO 00’ €MHOTO

reJIIKOHHOTO PO3pSAY.



Brnepiie otpumana peryisipHa CTpykTypa HaHopenbedy posmipom 2-10 HM Ha
wriBii HiTpuay TUTaHy (TiN) Ha MOHOKPHUCTAJIIYHOMY KPEMHII0, Ha SKii CHHTE30BaHI
MarHiTHI MOHOJIOMEHH1 HaHOKJIacTepu 3aii3a (Fe).

Brnepmie BusiBneHo cynepmapamarHiTHui edekt B HaHocTpykTypax TiN/Fe 3
TeMrepaTryporo osokyBanHsa Tg = 42,2 K 1 TeMnepatryporo cyneprnapamMardiTHOT MEXi ~
150 K.

Bnepmie BCTaHOBIEHO, IO HAHOCTPYKTYPOBAaHWUW BYIJIEIb, CUHTE30BAaHUN Ha
HaHOKJacTepax 3amiza (HaHocTpykTypa TiN/Fe/C), B nekiiibka pas3iB IiJIBUIILYE
BEJIMYMHY MArHITHOI CIPUHHATIMBOCTI TMOPIBHAHO 13 3pa3koM 0e3 BYTJICLIO
(manoctpyktypa TiN/Fe), cyTTeBO MiABUILYyE CymeprnapaMarHiTHy TeMIepaTypy
onokyBanusa I m0 ~ 180-270 K mng H = 100 E 1 mo ~ 90-120 K g H = 1 kE Ta
MIJBUILYE 1O KIMHATHUX TEMIIEPATYP TEMIEPATYPY CyNepriapaMarHiTHOT MEXi.

Brnepuie BusiBieHo, 1o npu KiMHaTHUX Temneparypax BAX rerepocTpyKkryp
TiN/Fe/C neMOHCTpYIOTh BUHMKHEHHS CTaHIB 3 HYJbOBUM AU(PEPEHILIIHUM OMOPOM 1
FIraHTCHKOIO MPOBIJIHICTIO, 10 MOXE€ OyTH OOYMOBJICHUM TYHEJIIBHUM PE30HAHCHO-
NEPKOJISLIHHUM TPAHCIIOPTOM Yy HAHOCTPYKTypoBaHoMy C.

Bnepmie  BusiBieHO  €peKTH MEpEMUKAHHA  MEMPHUCTOPHOTO  THIY Y
rerepoctpyktypi TiN/Fe/C mix Bucokoomumm (1,3-10 Om) i HusskoomumM (3107
OM) ctanamu.

Bnepmie cuHTe30BaHi  HaHOCTpyKTypoBaHi IuniBKM AIN  Ha  THYYKHX
TEpMOJIa0IIbHUX MOJIMEPHUX MIAKIAAKaX Te(IOH 1 Maimap.

BcranoBneno, mo mnoBepxHs oTpuMaHux IUTBoK AIN  xapakrepusyerbcs
HAsSBHICTIO JBOX penbediB: Mikpopenbeda 1 HaHOpenbeda. Ctpykrypa penbedin
3aJIeKUTH BiJl pOOOUMX MapaMeTPIB — TUCKY 1 4aCy HAHECEHHS.

B nHanoctpykTypoBanux 1utiBkax AIN, CHHT€30BaHMX Ha MOJTIMEPHUX IMiIKJIaIKaxX
3 Te(UIOHY Ta Mailyiapy, BIEpIle BUSBICHO CMYTy 3aJMINKOBUX MpomeHiB (restrahlen
band) y miamazoni A~10-20 MKM, IO TPHUBOAMTH 0 €PEKTHUBHOTO OyoKyBaHHs [Y-

BI/IHpOMiHI-OBaHHH.



Onepxani ¢GyHIaMEHTAIbHI HAyKOBI PE3yibTaTH MAalOTh BAXKJIMBE MPAKTHYHE
3HAYCHHS:

Ha ocHOBI TeNniKOHHO-AYTOBUX JIKEpeNl IJIa3MOBUX IOTOKIB BHUCOKOI T'YCTUHHU
po3pobneHo ¢i3uuHi 3acaam  (HopMyBaHHS 10HHO-IIA3MOBHX KOHACHCATIB IS
CTBOpeHHsI pyHKIIOHANBbHUX T10pugHux rerepocucteMm TiN/Fe, TiN/Fe/C ta AIN.

PesynpTaTd  AOCHIDKEHHS  Mar”HiTHUX 1 pellakCalliiHUX  SBUI[ Y
HAaHOCTPYKTYypoBaHUX rerepoctpykrypax TiN/Fe BkazyloTh Ha MOXKJIMBICTH CYTTEBOTO
30UTBIICHHS! UIUIBHOCTI MArHITHOTO 3alUCy 3a pPaxyHOK ICTOTHOTO 3pPOCTAaHHS
Koe(ilieHTa aHI30TPOMIl 3ai3a B HAHOCTPYKTYpOBaHOMY cTaHi. CHHTE3 Ha MOBEpXHI
HAHOCTPYKTypOBaHHOro 3aimiza ByrieneBux HaHOCTPYKTYp (TiN/Fe/C) mo3Bossie
HAOJM3UTHUCS A0 BUPIIIECHHS MTPOOJIEMH TOI0JIAHHS CyTliepapaMarHiTHOT MExI.

BusBnena acumerpuuyHa rictepe3ucHa mnoBeaiHka BAX  rerepocTpykTyp
TiN/Fe/C no3Bosisie peanizyBaTH Ha iX OCHOBI HOBI HMPHUCTPOI JJIs 3aMHCy JaHUX —
MEMPHUCTOPH.

CrtBopeHi MynbTHCHEKTpanbHl [Y-QuIbTpu HAa OCHOBI  10HHO-TJIA3MOBHUX
koHgeHcaTiB AIN Ha THy4YKHX TOJIMEPHUX MIAKJIAJKaX 3 Maijmapy Ta TeQoHy
HEOOXIHI Il HAIYYTIUMBUX KPIOTEHHUX MpPUAMAIbHUX CHUCTEM HOBITHIX CHCTEM
nepenadi  iHdopMmaliii, TeleKOMyHIKaIild, HOBOI TeHepallli cucTeM HaBiramii i
MO3UIIIFOBAHHS.

Kaw4oBi ciaoBa: 10HHO-TUTA3MOBI TPOIECH, TEIIKOHHE JHKEPENO TUIa3Mu,
TJ1a3MOBO-TyTOBUI TIPUCKOPIOBAaY, HAHOCTPYKTYPH, €JICKTPOHHI, MarHiTHI ¥ ONTHYHI
BJIACTUBOCTI ~ T€TEPOCTPYKTYp, CyleprapamMarHeTu3M, TIFaHTChbKa IPOBIIHICTb,

MeMpucTopHi edextu, [Y kBazionTuuHi GuILTPH.



ABSTRACT

Polotskyi D. Yu. Electronic, magnetic and optical properties and
microstructure of TiN/Fe/C and AIN hybrid heterosystems. - Qualification

scientific work as the manuscript.

Thesis for a Candidate of Physical and Mathematics by specialty 01.04.07 —
Solid State Physics. - G. V. Kurdyumov Institute for Metal Physics of the N.A.S. of
Ukraine, Kyiv, 2020.

The dissertation solves the scientific problem of creating TiN/Fe, TiN/Fe/C and
AIN hybrid heterosystems in helicon-arc ion-plasma processes, features of their
electronic, magnetic and optical properties and microstructure are clarified; established
patterns and relationships between their physical properties and micro - and
nanostructure.

To achieve the goal of the work, a unique in its technological capabilities
vacuum-technological installation based on a hybrid helicon-arc ion-plasma reactor, in
which three plasma reactors are combined within the technological chamber, was used.
Two of them are of the same physical nature - plasma-arc accelerators (PAP), the third
is a high-frequency plasma source - a helicon ion-plasma reactor. The technological
bases of ion-plasma processes of formation of nanostructured TiN, Fe, AIN and PECVD
films for the synthesis of carbon nanostructures in hybrid TiN/Fe/C heterosystems have
been developed. Thus, the helicon plasma source due to its physical characteristics
effectively cleans the technological chamber of the hybrid reactor and the substrate
surface from residual atmospheric elements and maintains the substrate surface in an
atomically pure state during the technological processes of forming nanostructured
films. Also an important feature of the helicon source, found in the work, is the ability
to structure the surface of the sample at the nanoscale to obtain a regular nanorelief,
which is necessary for the formation of the initial structure of nanosystems. As shown in
the paper, the use of a helicon discharge to activate the surface of such problematic, in

terms of obtaining on their surface film structures, polymeric materials such as Teflon



and Mylar, made it possible to form layers of dielectric aluminum nitride, which
allowed to create samples of multispectral filters for infrared (IR) radiation range.

Due to its design features, PDP is able to transfer a plasma beam that originates
on the end surface of the consumable cathode and is accelerated in crossed electric and
magnetic fields, at a distance of about 50 cm without significant loss of plasma density.
Since the plasma flux is a flux of ions and electrons moving together due to quasi-
neutrality, high-quality films can be obtained from the material of the consumable
cathode on metal, semiconductor and dielectric substrates. Because the helicon plasma
source and PDP operate in both inert and reactive gases, and due to the geometry of
their location in a hybrid helicon-arc reactor, can simultaneously affect the plasma
surface of the sample, their symbiosis was used to obtain functional heterostructures
complex TiN/Fe, TiN/Fe/C.

The developed basic technological process consists of the following stages:

1. The plasma of the helicon source operating in the detected high-energy mode
"Plasma column" is used to clean the surface of the silicon substrate and
nanostructuring it. In this case, regular structures ranging in size from units to several
tens of nanometers are formed on the surface of the substrate.

2. The first PDP, by mass transfer of the ionic component of the titanium cathode
in a nitrogen atmosphere, forms a TiN film with a thickness of about a hundred
nanometers on the silicon surface, which repeats the regular nanorelief of the substrate
surface.

3. Cyclic alternating influence of the plasma of the second PDP with the
consumable cathode of iron and plasma of the helicon source in the mode "Plasma
column” in the atmosphere of argon on the tops of nanostructures of titanium nitride
form islands-nanoclusters of iron.

4. The synthesis of carbon nanostructures on catalytic nanoclusters of iron is
carried out in the process of chemical deposition from the gas phase with the assistance

of high-frequency plasma of the helicon discharge (RECVD process).



To obtain AIN films on thermolabile flexible polymeric materials Teflon and
Mylar, certain adjustments were made to the technological process. In particular, after
cleaning and activating the surface of the polymer samples by the plasma of the helicon
source, during the process of mass transfer of the ionic component of the material of the
cathode PDP, the table on which the polymer substrates were fixed rotated relative to
the plasma flow. This was done to avoid overheating the fusible substrate, which could
lead to its degradation. Also, the deposition of aluminum nitride film was carried out
cyclically. That is, the time of application of the AIN film on the polymer substrate was
limited to a certain period of time, then the substrate was cooled, after which the process
of forming the AIN film was resumed.

As a result of the dissertation work using a hybrid helicon - arc ion-plasma
reactor for the first time obtained a number of fundamental scientific results:

For the first time the phenomenon of high-energy mode of helicon discharge
"Plasma column" was revealed, in which high-density plasma propagates from the
discharge chamber to the technological zone (processing chamber), where the plasma
density is ~ 10" cm™, which is 3-4 orders higher than known plasma sources, and the
ion current density is ~ 2.5 times higher than for the known bulk helicon discharge.

For the first time, a regular nanorelief structure with a size of 2-10 nm was
obtained on a titanium nitride (TiN) film on single-crystal silicon, on which magnetic
monodomain nanoclusters of iron (Fe) were synthesized.

For the first time, a superparamagnetic effect was detected in TiN / Fe
nanostructures with a blocking temperature Tg = 42.2 K and a superparamagnetic limit
temperature =~ 150 K.

It was found for the first time that nanostructured carbon synthesized on iron
nanoclusters (TiN/Fe/C nanostructure) increases the value of magnetic susceptibility
several times compared to the carbon-free sample (TiN / Fe nanostructure), significantly
increases the superparamagnetic blocking temperature to 180 T K for H = 100 E and up
to ~ 90-120 K for H = 1 kE and raises the temperature of the superparamagnetic

boundary to room temperature.
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It was found for the first time that at room temperatures the | — V characteristics
of TiN/Fe/C heterostructures show the occurrence of states with zero differential
resistance and giant conductivity, which may be due to resonant-percolation transport in
nanostructured C.

For the first time, the effects of switching the memristor type in the TiN/Fe/C
heterostructure between high-impedance (1,3-1072 Om) and low-impedance (3-10* Om)
states were revealed.

Nanostructured AIN films were first synthesized on flexible thermolabile polymer
substrates Teflon and Mylar.

It is established that the surface of the obtained AIN films is characterized by the
presence of two reliefs: microrelief and nanorelief. The structure of the reliefs depends
on the operating parameters - pressure and application time.

In nanostructured AIN films synthesized on polymeric substrates made of Teflon
and Mylar, a band of residual rays (range A ~ 10 - 20 um) was detected for the first
time, which leads to effective blocking of IR radiation.

The obtained fundamental scientific results are of great practical importance:

Based on the helicon-arc sources of high-density plasma flows, the physical
principles of ion-plasma condensate formation for the creation of functional hybrid
heterosystems TiN/Fe, TiN/Fe/C and AIN have been developed.

The results of the study of magnetic and relaxation phenomena in nanostructured
TiN / Fe heterostructures indicate the possibility of a significant increase in the
magnetic recording density due to a significant increase in the iron anisotropy
coefficient in the nanostructured state. Synthesis on the surface of nanostructured iron
of carbon nanostructures (TiN/Fe/C) allows us to approach the solution of the problem
of overcoming the superparamagnetic boundary.

The revealed asymmetric hysteresis behavior of the | — V characteristics of
TiN/Fe/C heterostructures allows to implement on their basis new devices for data

recording - memristors.
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Created multispectral IR filters based on AIN ion-plasma condensates on flexible
polymer substrates made of Mylar and Teflon are necessary for supersensitive
cryogenic receiving systems of the latest information transmission systems,
telecommunications, new generation of navigation and positioning systems.

Keywords: ion-plasma processes, helicon plasma source, plasma-arc accelerator,
nanostructures, electronic, magnetic and optical properties of heterostructures,

superparamagnetism, giant conductivity, memristor effects, IR quasi-optical filters.
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BCTYII

AKTyasbHiCTh TeMH. [HPopMaTH3allisi CyCHijibCTBa BUMArae CTBOPEHHS HOBUX
MOKOJIIHb CUCTeM 00poOKH, 30epiraHHs Ta mepefadi TiraHTChKUX MacHBIB 1H(OpMAIii.
Jns mporpecy y 11bOMy HampsiMi MOTPIOHO CTBOPHUTH HOBITHIO €JIEeMEHTHY 0a3zy Ha
OCHOBI JIOCSITHEHb HAHOCJICKTPOHIKM, PO3POOUTH CHUCTeMHU 30epiraHHs i1H(opmalrii
BEJIMKOI MICTKOCTI, PO3BUTH €JIEKTPOHIKY Ha THYYKUX IICIEKTPUYHMX M1IKIAAUHKAX.
Baxxnue Miciie y mporpeci CycniibCTBa 3aiiMae i po3poOKa CHCTEM TeJIeKOMYHIKaIlli,
HaBIrauii Ta MO3UI[IOHYBAHHS HA OCHOBI HAJUYyTJIMBUX KPIOI€HHHX IpuiimauiB. Tomy
ChOrOJIHI OcCOOJMBa yBara HaJa€TbCsl PO3BUTKY HAHOTEXHOJIOTIM — raiysl, L0
CHpsSMOBaHa Ha PO3yMIHHS Ta MaHIMYJIIOBaHHS MaTepi€l0 HA HAHOMETPOBUX MacIiTadax
1 Ha BCTAHOBJIEHHS 0COOJIMBOCTEN (PI3MYHUX MPOUECIB, [0 BUHUKAIOTH 1 MPOXOAATH Y
HAHOPO3MIPHUX 00'€KTaX, 1 BUBUCHHIO MPUPOIU LIUX MPOLIECIB.

CTBOpEHHS TMPUCTPOIB HAHOEJIEKTPOHIKM TMOTPeOye pO3pOOKU MPUHITUIIOBO
HOBUX TEXHOJIOTIYHMX METOJIIB CTBOPEHHS BHUXIJHUX HAHOCTPYKTYP 3 MpPELU3IMHUM
KOHTPOJIEM iX BIOPSAAKOBAHOCTI, IPOCTOPOBOIO po3TalryBaHHs Ta Tonosorii. [Tomryk ta
JOCIIIJIKEHHSI LIMX METOIB € MPEeIMETOM 3YCUJIb YUCICHHUX HAYKOBHUX JIabDOpaTopiil 1
MIPOMUCJIOBUX KOMITaHIH.

AKTyaJbHUM 1 TIEPCTIEKTUBHUM JUIsI CTBOPEHHS 00'€KTIB HAHO(DI3UKHU € PO3BUTOK
HOBUX 10HHO-TIJIA3MOBUX TEXHOJIOT1M, SIKI MOTJM O JO3BOJIMTH MAaHIMYJIIOBaTH
BJIACTUBOCTSIMU SIK BHXIJHAX MaTepiajliB Ha HAHOPIBHI, TaK 1 MUJIECIPIMOBAHO
YIOPABJISITH BIACTUBOCTSMU CTBOPIOBAHHWX HAHOOO'€KTIB Ha KOKHOMY 13 TEXHOJOTTYHUX
eramiB. Jns BupimieHHs 3a3HayeHuX MpoOieM B [HctutyTi metanodizuku iM. . B.
KypmniomoBa HAH Vkpaiaum Oyno CTBOPEHO NPHHIIMIIOBO HOBE 10HHO-TUIA3MOBE
BAaKyyMHO-TEXHOJIOTYHE OOJIaJ[HAHHS HA OCHOBI TEJIIKOHHOTO pPEakTopa 1 MiIa3MOBO-
JIYroBUX TpuckoproBauiB. Ha #oro 0asi ans cTBOpeHHS 00'ekTiB HaHO(DI3MKK Oynu
po3po0JIeHI HOBI METOAM CHHTE3Yy BYIJIELIEBUX HAHOCTPYKTYp, SIKI MOXYTh CTaTH
OCHOBOIO HOBOI'O THUITY €JIE€KTPOHIKU — BYTJICLIEBOI MIKpPO- 1 HAHOENEKTPOHIKU. 30Kpema,

Ha OCHOBI BYTJICLIEBUX HAHOCTPYKTYpP MOXYThb OyTH peainizoBaHi kBanToBi 2D, 1D, 0D
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BUMIpHI 00'€KTH, aKTHBHI 1 MacHUBHI 0a30Bl €IEMEHTH CJICKTPOHHUX CXEM, a TaKOX
CTBOPCHA HOBITHS paJiallifHO- 1 TEPMOCTIMKA €IeMEeHTHA 0a3a (MepeTHH MOTIMHAHHS
terioBux HeUTpoHiB y C — 0,0035 6apH, y Si — 0,171 6aph).

PO3BUTOK €NEeKTpOHIKM Ha THYYKHX MiAKIaAWHKAX (y TOMY YHCIi Ha TOHKHX
MOJIMEPHUX TUTIBKaxX) MoTpedye BIAMOBIIHMX HOBUX TEXHOJOTIYHHMX MpoIeciB. Tomy
aKTyaJbHUM € pOo3poOKa MeToaiB (OpMyBaHHS POOOYMX IIAPIB 1 TETEPOCTPYKTYpP Ha
THYYKUX TOJIMEPHUX MIAKIAIUHKaX, K1, B OCHOBHOMY, SIBJISIFOTHCS T€PMOJIA0ITbHUMHU
Marepiaiamu, 1 g sKux Tpeba 3a0e3neuynuTd e(PEeKTUBHE BIABEIACHHS TeIUa, IO
PO3CIIOETHCS B €IEKTPOHHUX CXEMaX.

3B’A30K po00TH 3 HAYKOBUMH NporpamMamu, remamu. Pobora BukoHnyBasiach B
[nctutyti Meranodiuku im. I'. B. KymomoBa HAH VYkpainu 1 Oyna yacTuHOIO
HayKOBO-JIOCTITHUIIBKUX POOIT 3a TEMaMU:

1. YcraHoBka Juisi TPEUM3IHHOTO 10HHO-TIIA3MOBOTO (DOPMYBAaHHS BYIVICIIEBUX
HAHOTPYOOK B €MHOMY BaKyyMHO-TEXHOJIOTiuHOMY IMKI (Ne mepskaBHOI peectpariii
0108U003096, 2008 p.).

2. BakyyMHO-IIJTa3MOBHI MOMYJb JIJII TEXHOJIOTTYHOTO KOMILJIEKCY BUTOTOBJICHHS
eIEMEHTAPHOI 0a3u HAHOEGJCKTPOHIKHM Ta MikpoeHepreTuku (Ne mepkaBHOI peectparrii
0109U005592, 2009 p.).

3. Po3poOka TexHOJIOT1l CTBOPEHHS (PYHKITIOHAJIbHUX BYTJICLIEBUX HAHOCTPYKTYP
Ha OCHOBI HOBITHHOTO TiOpHUIHOIO TEJIIKOHHO-IYTOBOTO 10HHO-TIA3MOBOTO peakTopa
(Ne mepskaBnOi peectpamii  0113U007251, 2012-2014 pp., Coinsauit npoekr HAH
VYkpaiau 1 YHTLI).

4. Po3poOka Ta BIPOBAKEHHS TEXHOJOTII IJIIBKOBUX MOKPUTTIB KBa310IMTUUYHUX
GITBTPYIOUHUX MPHUCTPOIB KPIOCIEKTPOHHUX MPUUMAIBHUX CHCTEM OCHAIICHHS aHTEH
MikHapoaHoi Mepexi PHJIB (Ne nepkaBHoi peectparii 0114U000768, 2014 pp.).

5. HanmpoBinHi 1 KBaHTOBI BJIACTMBOCTI 0araTomapoBUX TeTEPOCTPYKTYp Ha
OCHOBI ()epOMAarHeTHKIB Ta HOBITHIX IEpPCHEKTUBHUX MatepiamiB (Ne peprkaBHOT

peectpanii 012U001131, 2012-2016 pp.).
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6. KBaHTOBHMiIl TpaHCHOPT B TIOPUAHUX HAANPOBIIHUKOBUX HAHOCTPYKTypax 1
10HHO-TIJIA3MOBUX KOHJIEHCATaX Ta iX EJEeKTPOMAarHiTHi BiIacTUBOCTI (N meprxaBHOI
peectparii 0117U002130, 2017-2021 pp).

Merta i 3aBnaHHsA Jociail:keHHsi. MeTra poOOTH - CTBOPEHHS B Te€JIKOHHO-
JOYTOBHX 10HHO-IUIa3MOBHX Tporiecax riopuauux rerepocuctem TiIN/Fe, TiN/Fe/C Ta
AIN, 3’scyBaHHS 0COOIUBOCTEH 1X €IEKTPOHHUX, MATHITHUX M ONTUYHHUX BIACTHBOCTCH
Ta MIKPOCTPYKTYpPH; BCTAHOBJICHHS 3aKOHOMIPHOCTEH 1 3B'SI3KY MK 1X (DI3UYHUMHU
BJIACTUBOCTSIMHU Ta MIKpPO- 1 HAHOCTPYKTYPOIO.

JUist TOCATHEHHS 3a3HAa4€HOI METU OyJIM TOCTABJIEH1 HACTYITHI HAYKOBI 3aBJIaHHS:

1. BuBunuTtu (hi3MKO-TEXHIUYHI MOKIMBOCTI 10HHO-TUIA3MOBOI CUCTEMHU T10pUIHOTO
TeJIIKOHHO-TyTOBOT0 10HHO-T1a3MoBoro peaktopa (I'TIIIP).

2. Ha ocnosi I'THIIIP po3pobutu ¢pizuyHi 3acaau GopMyBaHHS 10HHO-TUIA3MOBHUX
xonaeHcariB psaay marepiams (TIN, AIN, Fe, C) Ha mieneKTpUUHUX iAKIaIKaX, B TOMY
guciti AIN Ha TepMoIaGiTBHUX TOTIMEPHUX ITIBKOBUX ITiIKIaIKAX.

3. Ha ocHOBiI po3po0ieHHX TeTIKOHHO-AYrOBUX 10HHO-TUIA3MOBUX IMPOLIECIB
crBoputH riopuaai rerepocucremu TIN/Fe, TiN/Fe/C Ha kpeMHieBHX MiAKIagkax Ta
AIN Ha KpeMHIEBHX 1 THYYKUX MOJTIMEPHUX MiIKIAIKAX.

4. BUBYMTH €JEKTPOHHI, MAarHITHI ¥ ONTHUYHI BJIACTUBOCTI Ta MIKPOCTPYKTYpPY
crBopenux riopugaux rerepocucrem TiN/Fe, TiN/Fe/C 1 AIN Ta BcTaHoBHTH
3aKOHOMIPHOCTI 1 3B'30K MK IX (I3UYHUMHU BIACTUBOCTAMU Ta MIKPO- 1
HAHOCTPYKTYPOIO.

O6'exkr pmocaimkenHsi: rTiOpuani rerepocuctemu TIN/Fe, TiN/Fe/C wnHa
KPEMHI€BUX MiIKIaIKax Ta HaHOCTpykTypoBaHi muiiBkd AIN Ha kpemHieBHX Ta
MOJIIMEPHUX T1AKIaIKaX.

Ipeamer pocaigxenns: Ilpouecu ¢opMyBaHHS, €IEKTPOHHI, MAarHiTHI W
OINITHYHI BIACTUBOCTI Ta MiKpocTpykTypa Tiopumaux rerepocuctem TIN/Fe, TiN/Fe/C

ta AIN.
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MeToau 10CTi/IKEHHA .

1. Meton ckaHiBHOI enekTpoHHOI crektpockomii (SEM). JlocmimkenHs Ha
enexktpoaHomMy Mikpockorni ZEISS EVO 50XVP nano MOXIUBICTE OIIHUTH CTPYKTYPY
wiiBok AIN Ha migkmagkax 3 KpemHir0. 3a JOMOMOTOK aBTOEMICIHHOTO CKaHiBHOTO
enekTporHoro Mikpockorna JSM 6700F (JEOI, SlmoHus) AOCHIIKEHHI CTPYKTYpH
nornepeuyHux 3i1amiB rerepoctpykryp TIN/Fe/C nHa migkmagkax MOHOKPHCTATIYHOTO
KPEMHIIO.

2. Meton ckaHIBHOI 30HIIOBOT MiKpockomii. BukopucToByBaBcs CKaHIBHUMN
3oH10BUM Mikpockon “@emToCkan” B pexkumi ACM st TOCHIKEHHS TMOBEPXHI
wiiBkoBuX CTpykKTyp AIN Ha mojgiMepHHX MifKIaaKax. 3a JOIMOMOIOI CKaHIBHOTO
3oH10BOoro Mikpockorna Nano Scope Illa Dimension 3000 TM B pexumi ACM
OTpMMaHl 3HIMKM ToBepxHI IiBOK AIN Ha kpemHieBux miakiagkax. Ha
HAJIBUCOKOBAaKYYMHOMY CKaHIBHOMY 30HJI0BOMY Mikpockomi JSPM-4610 B pexumi
CTM nocuimkena mopdodoris ok TIN i Fe Ha moBepxHi KpeMHiro.

3. MeTooM pPEHTIeHOCTPYKTYPHOTO aHalli3y 3a JIOMOMOTOI0 PEHTTEHIBCHKOTO
muppakromerpa “PHILIPS x’pert” Ta JIPOH-2 nocnimxeHO CTYIiHb TEKCTYPOBAHOCTI
wriBok TIN ta ¢azosuii ckian miiBok AlIN.

4. Ha indopMaiiifHO-BUMIPIOBAILHOMY KOMIUIEKCI 4-X 30HIOBUM METOIOM
OTPUMAHO BAX riOpUIHUX reTepOCUCTEM TiN/Fe/C Ha  IOKJIagKax
MOHOKPHUCTAIIYHOTO KPEMHIIO.

5. 3a gomomororo CKBIJ/[-marnitomerpa MPMS-XL5 ("Quantum Design”,
CIIA) otpumaHi TeMmIepaTypHi 1 TIOJBOBl 3aJ€KHOCTI MAarHITHUX MOMEHTIB
rerepoctpyktyp TiN/Fe i TiN/Fe/C.

6. Ha ckaniBHomy enexktpoHHoMmy Mikpockoni ZEISS EVO 50XVP (3
po3nuibHOO 3aaTHicTIO 2 HM npu 30 kB), obOnamHaHOrO IETEKTOPOM 3BOPOTHHO
Bimoutnx enektponiB HKL Canell 5 (Oxcdhopn, Amnrimis), mo HA03BOJISE
BUKOPUCTOBYIOUM MeToJi Kikydi BUBYaTH €lIEKTpOHHY Audpakiiito Bij oOjacTed Ta
mapiB posmipom 5-1000 HM, MeTomoM audpakiii BIAOUTHX EJIEKTPOHIB BHUBYECHO

Mopdodorito noBepxHi minkinaaku n-Si (100).
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7. 3a nonomororo dyp'e-cnextpomerpa mozeni FTIR Spectrum BX-IlI BuBueHo
0COOJIMBOCTI ONTHYHHUX CHEKTPIB KOMIIO3UIIHUX TuTiBKOBUX CTpyKTyp AIN Ha
KpemHii, Teion1 Ta Maitsapi B I mianasoHi.

HaykoBa HOBHM3HA OTPMMAHUX Pe3yJIbTATIB MOJSITa€ Yy HACTYITHOMY

1. Bmepie BUABIEHO SBHUIE BUCOKOCHEPTETUYHOTO PEKUMY TEIIKOHHOTO
po3psny «llnazMoBa KoJ0HA», IPU SIKOMY I1JIa3Ma BUCOKOT TYCTUHU PO3MOBCIODKYETHCS
13 pO3pAJIHOI KaMEPHU B TEXHOJIOTIYHY 30HY (Kamepy 0OpoOKH).

2. Brepiie otpumana peryisipHa CTpyKTypa HaHopenbedy po3Mipom 2-10 HM Ha
wiiBLi HiTpuay TuTaHy (TiN) Ha MOHOKPUCTAIIYHOMY KPEMHII0, Ha K1 CUHTE30BaH1
MarHiTHI MOHOJIOMEHHI HaHOKJacTepu 3aii3a (Fe).

3. Bnepiiie BusiBiieHo cynepriapamarHiTHuil edekT y HaHocTpykTypax TiN/Fe.

4. Bnepmie BCTaHOBJIEHO, L0 Yy HaHOocTpykrypax TiN/Fe MoHOmOMEHHI
HaHOKJacTepu Fe MaoTh ICTOTHO  OUIBIIY  MAarHiTHY  aHi30TpPOIMil0,  HIXK
MOHOKPHCTAJIIYHE 3aJ1130.

5. Bnepiie BCTaHOBJIEHO, IO HAHOCTPYKTYPOBAaHUW BYIJIEIb, CHHTE30BAaHUM Ha
kiacrepax 3amiza (Hanoctpykrypa TiN/Fe/C), B nmekinbka pasiB MiJBHUIILYE MAarHITHY
COPUMHATIMBICT, TOPIBHSAHO 13 3pa3koM 0e3 Byrieuto (HaHoctpykrypa TiN/Fe) 1
M1JBUIILYE TEMIIEpATypy CyleprnapaMarHiTHOI MEXI.

6. Bmnepmie BcTaHOBIEHO, IO TpPU KIMHaTHUX Temmeparypax BAX
rerepoctpyktyp TiN/Fe/C neMOHCTpylOTh BHUHHMKHEHHS CTaHIB 3 HYJBOBUM
nudepeHIiiHIM OMOPOM 1 TITaHTCHKOIO MPOBITHICTIO, MO MOXE OyTH 00YMOBJICHUM
TYHETTbHUM PE30HAHCHO-TIEPKOJISALIHHAM TPAHCTIOPTOM.

7. Bmepmie BHSBICHO €(QEKTH TMEpPEeMHUKAHHS MEMPHUCTOPHOTO THIY Y
rerepocTpyktypi TiN/Fe/C mMixk BUCOKOOMHUM 1 HU3bKOOMHUM CTaHAMHU.

8. Bmepmie cuHTE30BaHI HAHOCTPYKTypoBaHi TuniBKM AIN Ha TrHydkux
TEepMOIa0ITFHUX MOJIMEPHUX MIAKIaIKaX TeIJIOH 1 Maimap.

9. BcraHoBneHo, 10 TOBEpXHS OTpUMaHMX IUNBOK AIN xapakrepusyeTbcs
HasBHICTIO JBOX penbediB: Mikpopenbeda 1 HaHOpenbeda. CTpykTypa penbediB

3aJIeKUTD BiJl pOOOUYNX MapaMeTpiB — TUCKY 1 4acy HaHECEHHSI.
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10. B mHanocTpykTypoBaHux ImiiBKax AIN, CHHTE30BaHMX Ha TMOJIMEPHHUX
MmigKIagKkax 3 TeoHy Ta Maiyapy, BUSBICHO CMYTY 3aJUIIKOBUX IMPOMEHIB, IO
NPUBOAUTH 10 €PpeKTUBHOTO OJI0OKyBaHHA [Y-BUNPOMIHIOBAHHS.

IlpakTuyHe 3HAYEHHSI Ojep:KaHMX pe3yJbTaTriB. Ha OCHOBI TreikoHHO-
JYTOBUX JHKEpeN TUIa3MOBHX IOTOKIB BHCOKOI TYCTHHH pO3po0seHO (i3uyHI 3acajau
dbopMyBaHHS 10HHO-IUIa3MOBHUX KOHJIGHCATIB JUIi CTBOPEHHS (DYHKIIIOHAJBHUX
riopunnux rerepocucteMm TiN/Fe, TiN/Fe/C Ta AIN.

PesynbraTd  MOCHKEHHS ~ MarHiTHUX 1 pelakcaliiiHuX  SBUII Y
HAaHOCTPYKTYpOBaHUX rerepoctpykrypax TiN/Fe BkazyloThb Ha MOXJIHMBICTH CYTTEBOIO
30UTBIICHHS! UIUIBHOCTI MArHITHOTO 3alUCy 3a paxyHOK ICTOTHOTO 3pPOCTAHHS
Koe(ilieHTa aH130TPOI1i 3aJ1i3a B HAHOCTPYKTYPOBAHOMY CTaHi.

CuHTe3 Ha TOBEPXHI HAHOCTPYKTYPOBAHHOTO 3ajli3a BYTJCIEBUX HAHOCTPYKTYP
(TiN/Fe/C)  no3Bosise  HAOMM3UTHCH IO BHUpPINIEHHS MPOOJEMH  TOJOJaHHS
cyneprnapamMarHiTHOT MeXi.

BusBnena acumerpuyHa rictepe3ucHa mnoBeaiHka BAX rerepocTtpykryp
TiN/Fe/C no3Boiisie peanizyBatv Ha iX OCHOBI HOBI IPUCTPOI JIJIs 3anucy iHGopmariii —
MEMPHUCTOPH.

CrtBopeni mynbTHCHeKTpaibHi [Y-QinbTpu Ha OCHOBI 10HHO-TUIA3MOBUX
koHzeHcaTiB AIN Ha THYYKHX TOJIMEPHUX MIAKJIAIKaX 3 Maijmapy Ta TeQJoHy
HEOOX1H1 11 HAAYYTJIMBHUX KPIOTEHHUX NPUHUMAIbHUX CHUCTEM HOBITHIX CHCTEM
nepemadi  iHMoOpMarii, TeIeKOMyHIKalliii, HOBOI TeHepallli CcucTeM HaBirami 1
MO3UIIIFOBAHHS.

Oco0OucTuii BHecok 3100yBava. Bci ekcriepuMeHTaNbH1 3pa3Ku ISl TOCTIKEHb
OTPUMAHO JTUCEPTAaHTOM 0coOucTo. J[ucepranTt Oe3nocepeHb0 PO3POOUB TEXHOIOTIUHI
METOJM CTBOPEHHS 3pa3KiB, 3aliMaBCsl MOJICPHI3AII€I0 10HHO-TIJIA3MOBOTO peakTopa Ta
IUTa3MOBHX JiKepen. JlucepTaHT MpHilMaB aKTHBHY y4acTh B aHali3l 1 TEOPETHUHIN
1HTepIpeTalii OTpUMaHUX pe3yabTaTiB, GOPMyBaHHI BUCHOBKIB 1 HAITMCAHHI CTaTeH.

Amnpobanisi pe3yabtaTiB aucepranii. OCHOBHI pe3yiabTaTH JucepTallii

nonoBimanvcs W obropoproBanmcs Ha 13 koHpepenmisx. 3okpema, 4-ta MikHapoHa
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Kiev, Ukraine; XXI [lopiuna naykoBa koHdbepeniisa S]] HAH Ykpainu, 27-31 ciuns
2014 p., KuiB, Ykpaina; X International Conference «Electronics and Applied Physicsy,
22-25 October 2014, Kyiv, Ukraine; International research and practice conference
«Nanotechnology and nanomaterials NANO-2015y, 26-29 August 2015, Lviv, Ukraine;
The 14th International Conference on Functional and Nanostructured Materials
FNMA’17 & The 7th International Conference on Physics of Disordered Systems
PDS'17, 25-29 September 2017, Ivano-Frankivsk, Ukraine; IEEE 8th International
Conference on «Nanomaterials: Applications & Properties (NAP-2018)», 9-14
September 2018, Zatoka, Odeesa region; FMIE-2019 «Functional Materials for
Innovative Energy», 13-15 May 2019, Kyiv, Ukraine; Xlth International Scientific and
Practical Conference on Electronics and Information Technologies (ELIT), 16-18
September 2019, Lviv, Ukraine.

IMyoaikamii. 3a matepiazamMu gucepTalii onyoOJiKoBaHO 26 HAyKOBHUX IIpallb,
30KkpeMa, 13 cTaTteil y BITUM3HSHUX Ta 3aKOPJOHHUX HAYKOBHX (paxoBuUX KypHamnax, 1
pO3a11 KOJIEKTUBHOT MoHorpadii, 12 myOmikamiil y mpaisx 1 MarepiajaX HayKOBHX
KOH(epeHIii.

Ctpykrypa Ta 00’eMm pobGoru. [lucepraiisi CKJIagaeThCs 3 aHOTAIlli, BCTYIY,
OTJISIIOBOTO PO3/AUTY, TPhOX OPUTIHAJIBHUX PO3JAUIB, 3arajlbHUX BUCHOBKIB 1 CIHUCKY
BUKOPHUCTaHUX Jxepen 31 158 HaiimenyBanb. PoOoTa BukiageHa Ha 202 crtopiHkax
(ocuoBumit Tekct 160 cropiHok) 1 MicTuTh 16 Tabmuipe (ogHa TaOMUI Ha BCIO

CTOPIHKY), 96 PUCYHKIB.
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1 IOHHO-IIJIA3BMOBI METOJU B TEXHOJIOI'II OTPUMAHHSA
IJIIBKOBUX IIOKPUTTIB

TexHomorii, MOB'sI3aH1 3 HAHECEHHSM TOHKOIUIIBKOBUX IOKPUTTIB, € OJHUMH 3
HaWOUTBII aKTyaJIbHUX HAIMpPsSMKIB OTPMMAaHHS HOBHX MaTepiaiiB, B TOMY 4YHCII
HAHOCTPYKTYypOBaHUX. B manuii yac HalO1IbII IEPCHEKTUBHUMHU METOJaMU HAHECEHHS
NOKPUTTIB € BaKyyMHI 10HHO-IJIa3MOBI MeTofu. Lle oOyMOBIIEHO iX €KOJIOTTYHOKO
0€3MeK00, BUCOKOI0 YUCTOTOI TEXHOJOTIYHUX IMPOIIECIB 1 AKICTIO MPOayKIlii. Takoxk
BIJIOMO, III0 B 10HI30BaHOMY a00 30y KEHOMY CTaHi aTOMH 1 MOJIEKYJId JIETIIe
B3a€EMOJIIIOTh OJUH 3 OJIHUM, pOOJISIYA TPOIEC HAHECEHHS IOKPUTTIB OUIBII
e(heKTHBHUM.

loHHO-TITa3MOBI  METOAM HAOYJAM IIMPOKOrO0 MOLIMPEHHS B  TEXHOJIOTII
CJICKTPOHHUX 3ac001B 3aB/sSKH CBOIM YHIBEPCAIBHOCTI 1 psiy IMepeBar y MOpIBHSIHHI 3
IHITUMUA TEXHOJOTITYHUMH METOJaMHU. YHIBEPCAJIbHICTh BU3HAYAETHCS THUM, IO 3 iX
JIOTIOMOTOI0 MO’KHA 3A1MCHIOBaTH pIi3HI TEXHOJOTIYHI omeparii: (GopMyBaTH TOHKI
IUTIBKK Ha MOBEPXHI MIJIKIIAIKH, TPABUTH MTOBEPXHIO IMIIKIAJKHA 3 METOIO CTBOPEHHS Ha
HI{ 3a1aHOTO MAJIFOHKA 1HTErPAIbHOT MIKPOCXEMHU, 31MCHIOBATH OYMCTKY MOBepXHi. [0
nepeBar 10HHO-TIJIA3MOBHX METOJIB BIJJHOCHTBHCS BHCOKA KEPOBAHICTH IPOIECOM;
MO>KJIMBICTh OTPUMAHHS IUTIBOK TYTOIIABKUX MaTepiajiB, a TAKOX XIMIYHHX CIIOJIYK 1
CIUIaBIB 3a/JIaHOTO CKJIaJy; Hallkpaia ajaresis IUTIBOK JO TOBEPXHI 1 TaK Jall.

PosristHeMo HaOUTBIIT MIMPOKO BUKOPUCTOBYBAaH1 10HHO-TIJIA3MOB1 METO/IH .

1.1 MeToa MArHETPOHHOTO PO3NUJIEHHS

besnepedno, HAWTIOMMPEHIIIAM METOJIOM OTPHMAHHS TOHKHX ILIIBOK € METO]I
MarHeTpoHHoro posnuwieHHs (MP). MarneTpoHHi cucTeMH HOHHOTO PO3MMUJIEHHS €
BJIOCKOHAJICHUMHU JIOJHUMH cucteMamu. OOMEXEHHsS B 3aCTOCYBaHHI MIOJHHUX 1
TPIOAHUX CUCTEM JIJIi IPOMUCIIOBUX 1ILJIeH Oy 0OYMOBJICHI HU3BKUMH IIBUAKOCTSIMHU

ocamrenns (0,2-2 HM/C), BUCOKHM poGounM TickoM 7,5-107 — 7,5-107 Topp (1-10 ITa) i



29

BHCOKOIO HAMPYTOI0, 0 MOAAETHCSA HA PO3PSATHUN NpucTpid (2-5 kB), mo 3HMKYBaIO
MIPOYKTUBHICTH MPOIIECY 1 MEPEIIKOIKAI0 OTPUMAHHIO TITIBOK 3 MiHIMaJILHUM PIBHEM
3a0pyaHeHb 1 pamiamidaux aedektis [1]. MP cucremu Biapi3HSAIOTBCS BiJ TiOAHHX
CHUCTEM HAsBHICTIO B TMPHUKATOAHIA 0OJACTlI ENEeKTPUYHOTO 1 KIJIBIEHOAIOHOTO
MarHiTHOTO TOJIB, CHOPSIMOBAHOTO MEPHNEHIUKYISIPHO OAUH 10 oaHoro. MP mmpoko
3aCTOCOBYETHCS JJISI HAHECEHHS SK PI3HUX MPOMUCIOBHUX IMOKPUTTIB [2], Takux sK
JIEKOpaTUBH1, 3HOCOCTIMKI 200 3aXMCHI MOKPUTTS TOBIIMHOKO KUJIbKa MIKPOMETPIB, TaK 1
JUIsL OTPUMAaHHS CKJIJHUX, 0araToIapoBUX ONTHUYHUX KOHCTPYKIIIH 3 TOBLIMHOIO HIapiB
B KUJIbKa JECATKIB HAaHOMETPIB a00 €JIEKTPONPOBIIHUX IOKPUTTIB, BIACTHBOCTI 1
CTPYKTYpH SIKMX MarHeTPOHHI CUCTEMH PO3MUIICHHS J03BOJISIOTH 33/1aBaTH 1 BaplIOBATU

B HEOOXIAHMX Jiana3onax [3].

13 - 3
RS T~ 4

>3

12— — 6
52 > \7

11 o L
m__ L’

Puc. 1.1 CxemMa MarHeTpoHHOI CUCTEMH PO3MUJICHHS: 1 - BUCOKOBOJIBTHUH YBIJ;
2 - BakyyMHa Kamepa; 3 - ekpaH; 4 — Karoj; 5 — MilleHb;, 6 — TEeMHHN KaTOJHUUN
npoctip; 7 — MO3WTUBHMUM cTOBI; 8 — mpomapok; 9 — anox; 10 — matpybok 10

BaKyyMHO1 cuctemH; 11 — ocamkyBani yacTuHkH; 12 — fioHu; 13 — HaTikay.

MP xapakTepusyeTbcsi BUCOKOI MOBTOPIOBAHICTIO 1 CTaOlIBHICTIO HAHECEHUX
MOKPUTTIB SIK 33 MIBUJAKICTIO PO3MWJICHHS, TaK 1 32 XapaKTEPUCTHKAMH OJEPKYBAHUX

wiiBok [4]. 1l ocoOnmBICTE MarHEeTPOHHUX CHCTEM, Ha BIIMIHY, HANPUKIAM, BiJ
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CJICKTPOHHO-TIPOMEHEBOTO  BUMAPOBYBaHHs, TMpH JA00pe mimiOpaHux pexuMax
HAHECEHHsSI OKPEMHX IIapiB, JI03BOJISIE OTPUMYBATH JOCHTHh CKJIaJHI Oararomaposi
IUTIBKOB1 KOHCTPYKIIii 0€3 CUCTEM KOHTPOJIIO TOBIIIMHU MOKPUTTS, IO OCAIKYETHCSI.

KpiM 11poro, oTpuMani HOKPUTTS MAIOTh HU3bKE BHYTPIIIHE HAMPY>KEHHS, IO €
ICTOTHUM YUHHUKOM IIPU OCAH)KEHHI MOKPUTTA HAa TOHKI IMOJIMEpHI MIAKIAJAKHA abo
CKJISIHI BUPOOH, Ji¢ MOTPiOHO 30€perTd BHCOKY SIKICThb ONTHYHOI MOBEPXHi. 3aBISKU
BHUCOKI eHepreTuyHiil e(peKTUBHOCTI Ta cTyrneHs ioHizauii MP no3Boiisie momortucs
OTPUMAHHS «IIUTbHUX» IIapiB PEYOBUHH (HAMIPHUKJIIAJ, OKCU/IB 3 BUCOKUM MOKA3HUKOM
3aJIOMJICHHS) Ha XOJIOAHIM MiTKIaQAIi, IO Ma€ ICTOTHE 3HAYCHHS JUIs MarepialliB
HiAKIaI0K, IKi HE JOMYCKaloTh HarpiBaHHs [5]. MeTon 103BOJIs€ HAHOCUTH ILIIBKH Y
HIMPOKOMY iHTEpBai MBUAKOCTeH HaHeceHHs Bia 0,1 mo 100 mxm/rox [6].

[Ipn HaHeceHHI MOKPUTTIB MeTojoM MP 3pocTaHHs TUIIBKM BIIOYBAa€ThCsS 3a
paxyHOK cyOJiMarlii aToMiB MiIlIeHi, K1 OC1Iaf0Th SK Ha MOBEPXHI IMIIKIAJIKH, TaK 1 Ha
apMaTypi BaKyyMHOi YCTaHOBKH. [[Ji1 CTBOpEHHS poOOYOro THUCKY, HEOOXIJTHOTO st
cTablIbHOT POOOTHM MarHeTpoHa, HEOOXIIHMM poOounii ra3, B SKOCTI SIKOTO
3aCTOCOBYIOTh IHEPTHUW ra3 BUCOKOI YHCTOTH - SIK MPABUJIO, aprOH, PIfIIe - OUIbII
BXKKI T'a3M, TaKl sIK KPUNITOH. Po3MuiieHHs] MeTalleBUX MIIIEHEH B CEPEAOBUII YUCTOTO
aprony Oyje TpPU3BOAWTH /10 YTBOPEHHS METAJEBOI TUTIBKU, XapaKTEPUCTUKH SKOI Y
OUIBIIINA Mipl 3aJIEKATUMYTh BiJ] YUCTOTH 3aJTUIITKOBOTO BaKyyMYy.

HasBHICTh B 3aJIMIIKOBOMY BaKyyMi JOMIIIOK PI3HUNA PEAKTUBHUX Ta3iB, TAKHX
K KHCEHb ab0 a30T, 3 SKMMH MOTIK METaly, [0 BUIMAPOBYETHCS, MOXE BCTYINaTH B
peakKiiito, NpU3BOAUTH 10 (POPMYBAaHHS HA MOBEPXHI MIAKIAJKU MOKPHUTTIB 13 CHOJIYK
aTOMIB, 1[0 BUIAPOBYBAIUCH 13 MillleHI 3 IUMU razamu. OcoOJIMBO MOMITHUM BIUIMB
JIOMIIIIOK B 3aJIMIIKOBOMY BaKyyMi Ha ONTHYHI XapaKTEPUCTUKU IUTBOK aJIOMIHIIO B
Jiarma3oHi J0BKUH XBWIb 240-360 HM. OTpuMaHHS BUCOKOTO BiIOMBaHHS B 11 00J1acTi
MOJKJIMBE JIUIIE MPU MIHIMAJIbHOMY BMICTI 3QJIMIIKOBOTO KUCHIO, TaK SIK HOTO HasBHICTb
Oyne NPUBOAUTH 10 OKHCJICHHS OJIEpKYBaHOI IUTIBKM 1 3HWXKEHHS KoedilieHTa
BigOuBaHus [7]. IIpu poOOTI 3 peakTHMBHHM Ta30M KHCHEM, OKCHIHHH Iap, IIo0

YTBOPIOETHCSI HA MOBEPXHI MiIlIEHI B MPOIEC] PEaKTUBHOTO PO3MWICHHS, MAa€ 3HAYHO



31

MEHIINNA KOE(]IIEHT PO3MMICHHS, HIK y YACTOr0 MeTany. [Ipu 30UIbIIeHH] KITbKOCTI
KHUCHIO B po0O0Yiil Kamepi, Ha MOBEPXHI MIIIEHI 30UIbIIYETHCS TOBIIWHA YTBOPEHOTO
OKCUJHOTO IIapy, IO TITHE 3a COOOI0 3MEHIIEHHS IIBUJKOCTI POCTY IUTIBKM Ha
HiAKIaAl 1 apMaTypi BakKyyMHO1 kamepu. Pa3oM 31 3MEHIIEHHSM MIBUIKOCTI POCTY
TUTIBKHM, 3MEHIIY€EThCA TOTJIMHAHHS KUCHIO, SIKMM HAIyCKAa€ThCs, 110 B CBOIO UEpry
npu3Bene /0 KOro HAJJIMIIKYy 1 TMOBHOTO TMOKPUTTA TMOBEPXHI MIIIEHI OKCHUIHOIO
tiBkoro [8].

Ho wueponikiB metoga MP B mjiTepaTypu HaiuacrTillie MPUBOJATH HACTYIIHI
ocobmuBocTi: 1) BHCOKHMI THCK Ta3zy B poOodomy o00'emi, IO HOPU3BOAHUTH O
3a0py/IHEHHST TIOKPUTTS B Ipoileci WOro (popMyBaHHS; 2) HEMOXJIMBICTh KEPYBaHHS
CTPYMOM 10HIB, 110 PO3MUJIIOIOTHCS 0€3 3MIHM TMapameTpiB po3psay; 3) TPYIHOIII
BIJITBOPEHHS PEXXUMY TOPIHHS PO3pALY HPH MEPEX0/il 10 MIMIEHI 3 1HIIOr0 MaTepiaiy
(OCKUIbKM 3MIHIOETHCSI KOE(ILIEHT BTOPUHHOI €JIEKTPOHHO-10HHOI eMicii); 4) HarpiB
(dacto HebakaHUW) MIAKIAIKA 13-32 HASBHOCTI Ol 11 MOBEPXHI 1HTEHCHUBHOIO
ra3zoBOro po3psiay; 5) TPyIHOII, MOB'S3aHl 3 PIBHOMIPHUM HAHECEHHSM MOKPUTTIB Ha
BUpOOHN cKIagHOi (popmu; 6) oOME)EHHs, TMOB'S3aHl 3 PO3MUIIOBAHHAM MAarHITHHX
MaTepiaimiB  (3ami30, HiKedb, KOOalbT) 1 0araTOKOMIOHEHTHUX MIIICHEH;, 7)
3a0py/IHEHHS TOBEPXHI MIIIEHI - YaCTHHA MPOJYKTY OCiJIa€ Ha MIIlIeHb, TUM CAMHUM
3HHKYIOYHM IIBHIKICTE OoMOapayBanHs [9]. IIpoGiemy 4acTKOBO MOXKHA BHPIIINTH,
30UIBIIMBIIMN BIJICTaHb MIIICHB - MIIKIAJKa 1 3HU3UBIIU T'YCTUHY 10HIB, aje HEIOJIKOM
€ 30LIbIICHHS 00CATY KaMepu 1 3HIKEHHS MBHAKOCTI ocamkenHs [10]; 8) mocutsb
HU3BKUHN Koe(illeHT BUKOpUCTaHHs Martepiany wimeHi (0,25...0,60) - 1o npobiemy
BUPIIIYIOTh MIJISAXOM MOAMQIKAI[li MarHiTHUX CHUCTEM, [0 3HAYHO YCKJIAJHIOE
KOHCTPYKIII0O YCTaHOBKH, a00 Mig0opy ONTHMaJbHOI (POpMHU MillIeHi, 10 POOUTH
MPOIIEC 1i BUTOTOBJCHHS OLITBII CKJIAIHHUM.

3 ypaxyBaHHSIM TOrO, IO KOHCTPYKTHBHI OCOOJIMBOCTI MAarHETpOHIB €
NpEeIMETOM MAaTeHTYBaHHS 1 JYX€ 4YacTO € KOMEpILIMHOI TaEMHUIICIO, B JaHUN yac
BAXKO OTpUMATH BHUYEpHHY i1HGoOpMaIiio npo (yHKIIOHAIBHI OCOOJHUBOCTI 1

BJOCKOHAJICHHSI TEXHIYHUX pIIIEHb i1 MPOMHCIOBUX MarHeTpoHiB. lLle cTBoproe
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TPYAHOLI TpU PO3pOOIl HOBUX MArHETPOHHUX TMPHUCTPOIB 1 MpH BHOOP1 KOHKPETHOT

MOJIeJIi MarHETPOHHOTO PO3MIITIOBAILHOTO TIprcTporo [11].

1.2 Ilna3zmoBO-IyroBi MeTOAU

[Ilupoke MOMIMPEHHS HA JIaHUW Yac OTPMMAaB METO]l KaTOJHOTO BAKyyMHO -
JyTOBOTO BUIApOBYBaHHS MilleHl. BiH Brepuie OyB BUKOPUCTAHMM NI HAHECEHHS
nokputTTiB B 1884 pomi T.A. Eniconom, sikuii B 1894 poril Ha el MeTon OTpuMaB
nareHT CIIA [12]. Yepes mia3my Ha moBepxHi MimleHi mnpotikae ctpym 100 A, mpu
IIbOMY T'YCTHHA TOTY>KHOCTI, III0 BUAUISETHCS Ha TOBEPXHI MIIICHI, JOCATAE 10" Br/m? i
BIJINIOBIJIa€ TEMIIEPATYyp1 MOBHOI 10H13al1ii MaTepiaty.

BakyymHoO-nyroBe Kepeno IJla3MH, sikeé TeHEpye MOTOKH BHUCOKOIOHI30BaHOL
ia3Mu, € €pEeKTUBHUM 3HAPSAMASIM JJIsi OCAPKCHHSI MOKPUTTIB PI3HOTO MPU3HAYCHHS
[13-18]. Taki mokpurTs, MmO (QOPMYIOTbCS MPH  KOHJACHCAIl  TOTOKY
BHCOKOEHEPreTUYHOI MJIa3MH MaTepially Karoaa (popMyroThCsi Ha BIAHOCHO XOJOIHIN
MOBEPXHI MIAKIAIKA. TOBIIMHA KOHJEHCATy BHU3HAYAETHCA TYCTUHOK ILJIA3MOBOTO
MOTOKY 1 4aCOM €KCHO3HIIii.

A. Aupnepc [19] HaBoaUTh AaHl PO PO3IMOALT 10HIB 32 KPATHICTIO 10HI3AMIT AJis
BCIX €JICKTPOIPOBIIHUX MarepianiB. KpaTHICTh 10Hi3allli e1eMEHTIB B KOXKHIN OKpeMmiit
rpyni 1 B KOKHOMY IMepiofii Tabmuii MeHJeneeBa MiABUIIYETHCS 13 3pOCTAaHHAM iX
MOPSIIKOBUX HOMepiB. OTpuMaHHS Mapy 3 BHUCOKUM CTYINEHEM 10HI3aIlli 1 BHCOKOIO
KIHETUYHOIO eHeprieto emitoBaHux 10HIB 70 ~ 100 eB € oxaniero 3 BiAMIHHOCTEH
JyTOBOTO METOJIy BHITAPOBYBAHHS MIIICHI KAaTOJHUMHU TUISIMAMHU BaKyyMHOI OyTH. Y
poboti A. Arnepca [20] HaBeneH] JaHi MPO €HEPTii 10HIB PI3HUX MaTepialiiB MIIICHI.
UYepes BUCOKHI THUCK MMapy METaTy B IUIAMI 3 MOBEPXHI MileH1 3a 5-40 HC BUKUIA€THCS
CTpyMiHb METAJEBOi IUIa3MU. SIKIIO Ha MOBEPXHI MOPYY 13 MICHEM BHUKHUAY IUIA3MHU €
CTUMYJISITOP IyTd, HANPUKIAJ, AICJIEKTPUYHE BKIIOYEHHS a00 TOCTPUM BHUCTYI, TO
B110yBa€ThCA MPOOIM 1 BUKMIAETHCS YEPTOBHI CTPYyMiHb TU1a3Mu 1 Tak fani. [locTiiinumii

CTpyM JAYTH € HIYUM I1HIIMM, SK TOCHIJOBHICTIO KOPOTKHX IMITYJIbCIB CTpyMYy
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eJIEeMEHTapHHUX IUIa3MOBHUX CTpyMeHiB [21] ammumitygoro 20-40 A, mpu mepeBUIICHHI
SIKOT Ha TMOBEPXHI MIIIEHI YTBOPIOIOTHCS KiJbKa KaTOMHUX IUISIM BakyyMHOI ayru. [Ipu
TOpiHHI BaKyyMHOI Iyrd OCHOBHHUM JDKEPEJIOM IUIa3MH € KaromaHi mismu [21-25],
PO3MIpH SIKHX JIeKATh B MEXaX BiJl ICKUIBKOX MIKPOH JI0 JEKITBKOX JECATKIB MIKPOH.

Mogeni mporeciB KaToAHOI IyroBoi IUIIMU Oyiad po3BHHEHI B poOortax [26-32].
Tak BHCOKa KOHIIGHTpaIlia €Heprii B 00JlacTi KaTogHOi IUIIMH, OOyMOBIICHA
HAI3BHYAHHO BHCOKOIO TrycTHHOIO crpymy j ~ 10° A/em® mo mnpusBoauTh 10
BUOYXOBOTO BUITAPOBYBAHHIO MaTepially KaToja, Moro 10H13allii 1 IPUCKOPEHHIO 10HIB J10
€HEepriii, IO JiekaTb B MeXax BiJA JECATKIB 0 coTeHb e€B. ToOTo karogHa misiMa
BaKyyMHOI IYI'M € JPKEPEJIIOM BHCOKOIOHI30BAHOI IJIa3MH, L0 PO3MOBCIOIKYETHCS 31
mrakictio ~ 10° emvc.

BuxopucranHs Takoro JpKepena IUTasMH JIO3BOJISIE JOCUTH JIETKO KepyBaTH
IHTEHCUBHICTIO MOTOKY 1 €HEPri€i0 10HI30BaHUX YAaCTUHOK, 110 HAJAXOJSATh Ha TIOBEPXHIO
00po0IIIOBaHUX BUPOOiB, CTBOPIOBATH HA HUX MOKPUTTS 13 3aJJaHUMH (H13UKO-XIMIYHUMU
BiIacTUBOCTAMU. OnHaK npu (QYHKIIOHYBAHHI KaTOIHOI TUISIMHU €po3is MOBEPXHI KaTtoJa
MIPUBOAMTH JI0 TeHEepallli He TUIbKH 10HHUX IOTOKIB, ajie¢ i MaKpOYaCTUHOK - Kparelb
marepiany karoga [33-38]. Maxkpouyactuaku wmaroth posmipu  0,1-10 MM, ane
3yCTPIYAKOTHCS SIK OLIBIIN, TaK 1 OUIbII JPiOHI YACTUHKH.

Ha puc. 1.2 (a) npeacraBiieHa cxema KaToHOT IJIIMU BaKyyMHO1 yru [22], a Ha
puc. 1.2 (6) 1 (B) aiarpamMu KyTOBOTO PO3MOJLIY CHPSMOBAHOCTI PO3JLOTY CTPYMEHS
a3Mu Ta Mikpokpanenb. CtpyMiab miazmu (1) ckiagaeTses 3 10HIB (2), €IEKTPOHIB
(3) 1 HelTpanbHUX aTOMIB MeTany (4), 110 CTAaHOBIATH JIMIIE HE3HAUYHY YaCTUHY, 1
CIPSIMOBAHUI MEPIEHIMKYIIAPHO A0 MOBepXHi mimieHi (5). YV karoaniil miami (6), npu
MPOCYBaHHI BIIMO MIIIEH], TTAp BUCOKOTO THCKY 3MIHIOETHCS PIIKUM PO3ILIABOM, KU
MiJ] THCKOM BHWJIITA€ 3 MOPOXKHUHM, IO YTBOPIOETHCA B pPE3YyNbTaTi €po3ii, y BUINISAL
Kpareib (7) B pi3Hi OOKy, aje nepeBa)XHO MapaieIbHO TOBEPXHI MillIeHi.

Sxo mpoaHanizyBaTu JllarpaMu KyTOBOTO PO3MOALIY CHPSIMOBAHOCTI PO3IBLOTY
CTPYMEHS IIJIa3MHU Ta MIKpOKparejb IPpH BIJICYTHOCTI MarHiTHOro mojs (IuB. puc. 1.2

(0)) Ta mpu HASBHOCTI MarHiTHOTO Moust (nuB. puc. 1.2 (B)), TO MOXHa MOOAYUTH, IIIO
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IpU PO3TAllyBaHHI MIJKJIAIKA Ha OAHIM OCl 3 KaTroJoM (akciaJbHE pO3TallyBaHHS)
HAsSBHICTh aKCIQJIbBHOTO MArHITHOTO TIOJISI 3BY)KY€E Jiarpamy KyTOBOTO PpO3IOALTY
CTpPYMEHS TUIa3MHU, 32 PaXyHOK YOTO MOKPAIIYEThCS CIIBBIAHOUIEHHS MOTOKY CTPYMEHS
IUTa3MH JI0 TIOTOKY MIKPOKpamesib B HAMPSIMKY T IKIaAKH.

HasiBHICTE MikpoYacTOK MaTepialdy Karojaa B IIa3Mi BaKyyMHOI JyTrd 1CTOTHO
oOMeXxye ii BUKOPHUCTAHHS B TEXHOJIOT1i HAHECEHHS MOKPHUTTIB 1 B TEXHOJOTIi 10HHOI
immanTamii [39]. Lle moB'si3aHo 3 THM, IO KPaILTi, sIKi OCia0Th HA MOBEPXHI BUPOOIB,
MOTIPUIYIOTh Pl BAXKJIMBUX XapaKTEPUCTHUK IMOBEPXHEBOTO IIapy. 30KpeMa, TaKuX SIK
HIOPCTKICTh 1 MOPHUCTICTh MOBEPXHI, aAre3isi MOKPUTTS A0 MOBEPXHI, KOPO3iiHI Ta I1HIII
BJIACTUBOCTI TOBEpXHi. 3maBayiocss 0, HAWOUIBII OYEBHUIHUM CMOCIO T030aBICHHS
IJ1a3MOBOTO TIOTOKY BIJ[ Kpameib TOJIArae B HarpiBaHHI Kpareib Oe3nocepeHho B

TUIa3MOBOMY TOTOIII JIO TEMITepaTypH iX iHTeHCUBHOTO BUmapoByBaHHs [40, 41].

a) 0) B)

Puc. 1.2 Cxema karomgHoi BakyyMHOi nyru (a). JliarpamMu KyTOBOTO pO3MOJILTY
CIPSIMOBAHOCTI PO3TBOTY CTPYMEHs IUIa3MHA Ta MIKpOKpamneib MpPHU BiJICYTHOCTI
Mar”iTHOro noJis (0) Ta mpu HAIBHOCTI MarHiTHOTO ToJis (B). 1 - MIa3MOBHIA CTPYMiHb,
2 - 10HHU, 3 - €JIEKTPOHH, 4 - HEUTpaJbHI AaTOMU METally, 5 — MillleHb, 6 — KaToIHA ILIsAMA,

7 — MIKpOKparui MeTtaity, 8 — miakiuaaka [22].

OpHak sIK OIIIHKH, TaK 1 OIBII IMTHOOKUM TEOPETUUHUM PO3IJISL B3a€MO/IIT Kparuii

3 HABKO/IMIIHBOK KaTOAHOIO IIIIa3MOIO, IIOKa3aJik, IO ﬁMOBipHiCTB BHITAPOBYBAHHA
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Kparuii B Tula3Mi BaKyyMHOI AYTH Majia y 3B'SI3Ky 3 THM, IO KOHIIGHTpAIlsl IJIa3Mu
IIBUJIKO 3MEHINYETHCS 3 BIJCTaHHIO Bij katoma [22]. TomMy Ha mpakTHIli OUIBIIICTH
KOHKPETHHX CMOCOOIB 3HMKEHHS TMOTOKY Kpareilb Ha BUPOOM 3aCHOBaHI Ha IMOALTI
TPAEKTOPIM 10HHOTO 1 KPAIUIMHHOTO MOTOKIB [42-64]. Tlepm 3a Bce, BUKOPHCTOBYETHCS
Toi (pakT, 1o (B crily pi3HOI MPpUPOAX (POpMYBaHHS 10HHOTO 1 KPAIJIMHHOTO MOTOKIB)
OCHOBHa Maca Kparellb PyXaeTbCs MiJ MajluM KyTOM 0 MOBEpPXHI Karoja, TOAl SIK
OCHOBHHI 10HHUH TMOTIK PYyXa€ThCsi HOPMAIBLHO A0 i€l moBepxHi [42-52]. Bimbmm
e(eKTUBHUMU € Pi3HI QUIBTPU 1 CEmaparopu, B SIKUX 10HHUW TOTIK BIAXUIISETHCS BiJ
KpareJbHOTO TIOTOKY 3a JIONOMOTOK MAar”iTHHX mojiB [53-64]. OnmHak, 4yuM BHIIE
NOTPIOHUN CTYIIHb OYMILNEHHS 10HHOTO TMOTOKY BiJ Kparelib, TUM OUIbII CKJIQJHOIO 1
JIOPOTOI0 BUSIBISIETHCS KOHCTPYKIIiS QiabTpa (cemaparopa), 1 THM 3HAYHIIIMMU CTaIOTh
BTpaTH 10HHO1 CKJIaJIOBOI IMOTOKY.

Ha puc. 1.3 npencraBieHa cxeMa KaTOIHOTO JIyroBOTO JDKEpesia IUIa3MH 3
MarHiTHOIO CHCTEMOIO (DOKYCyBaHHS 1 CTaOLII3aIli€l0 KaTOAHUX IUIAM Ha MimeHi [52].
[uninapuyHa mimeHs - karon (5), MigKI0YeHa 10 HEraTUBHOTO IMOJIOCY MOTY>KHOTO
CTPYMOBOTO JI>Kepesia >KuBJieHHs nyru (Ha puc. 1.3 He mokaszano). [Ipu npomy poboda
BaKyyMHa Kamepa (kopryc) (2) miakiIroueHa J0 TO3UTHBHOIO IMOJIOca JpKepesia
KUBJICHHS Myru. Jlyra 3amaitoeThesi TP KOHTAKTI JOTIOMIXKHOTO PyXOMOTO €JIeKTpo/a
(8) 3 moBepxHE MilleHI 1 HAcTymHoMmy po3MukaHHi. 1106 Temmeparypa MiiieHi
HAJMIpDHO HE IiJBMINYBalacs, 3aCTOCOBYEThCS NpSIME BOASHE OXOJIOMKeHHS (7).
MarniTHa cucTeMa CKJIaJaeThCsl 3 ABOX KOTYIIOK, SIKI BKJIIOUEHI HazycTpid: (3) — mus
dbokycyBanHs Ta (6) — mis crabumizamii karogHuX IoisM. 11 KoTyiku, 3 oHOTO OOKY,
M1BUIIYIOTh IBUJKICTh CKAHYBaHHS KaTOAHUX IUISIM 1O TOBEPXHI MIIIEH], a 3 1HIIOTO
— (OKYyCyIOTh MOTIK IJIa3MH TI0 JiaMeTpy (4) 1 BUIIYCKAalOTh HOTO dYepe3 OTBIp Yy
BuxigHuM aiapparmi (1). BukopuctanHs naHOT KOHCTPYKIT JO3BOJIUIO 3HU3UTH BMICT
KpamenpbHoi (a3u y MOKPUTTAX 1 NIABUIIUTA €(QEeKTUBHICTh TPAaHCIOPTYBAaHHS
10HI130BaHOTO MaTepialy MiIIeH] 10 TOBEPXHI MiAKIAJAKH, a TAKOXK 3HU3UTH MOTO BTPATH

Ha CTIHKax po004Y0i KaMepH.
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SIKIO HASBHICTH MIKpPOKparneiab B TMOKPUTTI HEMPUIYCTHMA, MOTIK IJIa3MHU
MeTaly, SIKWiA 3aTUIae TOBEPXHIO MIIIeHI, MPOMyCKaloTh yepe3 pi3Hi ¢insTpu. Ha puc.
1.4 300pa’keHa KOHCTPYKTHBHA CXe€Ma MarHiTHoro ¢iapTpa [64], 10 CKIaIaeThCs 3
BUTHYTOTO (y BUIVISIAI UBEPTI TOpa) T1a3mMoBoa (1) 1 KOTyIIok (2) MarHiTHOTO TOJIS, SIKe
yTpUMYy€e 1u1azmy (4), 1Mo eMITYeThCs 3 MoBepxHi MimieHi (3) Ha oci miazmoBonaa (1).
[ToTik mIa3Mu MiJ €0 MArHiTHOTO MOJIs BIAXWIAEThCS Ha 90 rpaayciB, MpH IIOMY
MIKpoKkparuil (5), M0 MarTh BEIMKY Macy 1 CIa0KWAW 3apsiji, Ha IOJIE€ MPAKTHYHO HE
pearyiTh 1 MPOAOBKYIOTh PyXaTUCS IO NPSIMOJIHIMHUX TPAEKTOPIAX, OCINAI0YM Ha

BHYTPIIIHII NOBEPXHI IJ1a3MOBOJIA.

1l 2 34 5 6
L W

=

Puc. 1.3 Cxema KaTomHOTo AYrOBOTO JKEpesia IJIa3MU 3 MarHiTHOIO CHCTEMOIO
dbokycyBaHHs 1 cTabUTI3AINEI0 KATOAHKUX TUISAM Ha MileHi: 1 - miadparma, 2 - kopmyc, 3
— KOTyIlIKa aJis1 (pokycyBaHHS, 4 - MOTIK MJ1a3MH, 5 - MillIeHb, 6 - cTablII3yl0ya KOTYIIIKa,

7 - BOJISTHE OXOJIOJIXKEHHS MiIlieH], 8 - BUCOKOBOJIBTHHI BBIJ IS TiANAIy ayru [52].

CucteMHu KaTOAHMX BAaKyyMHHUX JIyTOBHUX JDKepen IjasMu 3 (QijbTpaiiero y
maraitHomy noii (KBIAIIM®) 3matHi ¢opmyBaTé MOKPUTTS 3 MajlM BMICTOM

MIKpOKpaneiab abo B3arajii 0e3 HUX. 3a paxyHOK BHCOKHX €HEprii 4aCTOK Yy MOTOIIi
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IUTa3MH  METaJiB MOXKHA MPUTHITUTH CTOBMNYACTI HAPOCTH IUTIBKH, IO JO3BOJISIE
¢dbopMyBaTH IUTIBKH, SIKI MAIOTh MaJly IIOPCTKICTh MOBEPXH.

Jns metonie KBJAIIM® Takox Bifnangae HeOOX1THICTh HArpiBy MiAKIAIKH JJIs
dbopMmyBaHHA MIIIBHOI TUIIBKK. KiHeTWYHY €HEprilo majalouMx 10HIB Ha MIKIAII
MO)KHa BapilOBaTH 3a PaxXyHOK JIOAATKOBOI HANPYry Ha MiAKiIaAmi. BracTuBOCTI TOHKHUX
IJTIBOK, HAHECEHMX 3a JIOMOMOTOI0 3BUYAaWHUX METOMIB (hI3UYHOTO OCAHKCHHS TapiB,
4acTo ripuie, HiX y 00'emMHOro marepiany. ILTiBKM MOXYThb MaTH HU3BKY UIUIBHICTH
YIAKOBKH, MaJIy MIKpOTBEPIICTh 1 B 0ararboX BHUIIAJKaX MOTAaHE 3UCIJICHHS 3 OCHOBOIO.
bararo 3 nMX HENOMIKIB € TPSMUM HaCIIAKOM HEIOCTaTHhOI €HEeprii aToMiB, IO

OCa/KYIOThCA Ha MIJIKJIAJIKy B IPOLIEC POCTY ILJTIBKH.

Puc. 1.4 Cxema @inbTpyBaHHS METalNeBOi IUIa3MH BaKyyMHOI JIyTH BiJ
KpamejabHoi (pasu B MarHitHomy momi [64]. 1 - BurHytudi mimasmoBom @ 2 -
€JICKTPOMArHiTHI KOTYIIKH, 3 - MIIlIeHb, 4 - TIOTIK METAJIEBOI TUIa3MHU, 5 - MIKpOKparuii

MeTany, 6 - BaKyyMHa Kamepa, 7 - mAKIaaKa, 8 - TOMOMIKHHUN aHO/.

Jist cuctem KBAAIIM® 3a paxyHOK BEJIMKOI KIHETHYHOI €HEprii YaCTMHOK Yy
NoToIl TUIa3MH MpH (HOpMyBaHHI IJIIBOK OUIBIICTG IpobieMm, mo Oynu oOroBOpeHi
Buie, ycyBaroTbes. Tomy cucremu KBJIIIM® no3BosnsoTs GopMyBaTH MOKPUTTS 3

YyIOBUMHU XapaKTEPUCTHKAMH, BKJIIOYAIOYM BIIMIHHY aJre3if0 1 BUCOKY IIIJIBHOCTI
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OTpUMaHMX IUIIBOK. LIs1 MeToquka B maHuil yac 1o0pe Bioma K MOTY>KHUNA METOA AJis
HAHECEHHS IHUPOKOTO CIIEKTPY METAaiB, CIIJIaBiB.

ITporiec KBAJAIIM® no3Bosisie GpopMyBaTH SK MOKPUTTS, SKI MalOTh XIMIYHUUN
CKJaa IMEHTHUYHUN CKJIaay MIIIeHl, TaKk 1, 3a pPaxyHOK MPHUCYTHOCTI PEaKUiiHOTO
po6ouoro razy (a3oTy, KUCHIO, BYIVICIIO) B IIPOIIECl KOHEHCAIll1, CHHTE3yBaTH MOKPUTTS
Ha OCHOBI CIIOJIYK METajy MiIlIeH] 3 poO0YrM ra3oM (HITPHIIB, OKCHIIB a00 KapOiiB).
OCKUIBKM B SIKOCTI KaTOAHOTO Marepialy MOXYTh CIYT'YBaTH HPAaKTUYHO Oyb-sK1
MeTanu abo CIUIaBH, TO BaKyyMHO-JIYT'OBUM METOJOM MOXYTb OyTH CHHTE30BaHi
MOKPUTTS. HAaWpPI3HOMAHITHIIIONO CKJaAy. 3 IHIIOTO OOKY, BUCOKMH CTYIiHb 10HI3aIlll
BaKyyMHO-IyTOBOI IIa3MHU, 110 JUIS I€IKUX MaTepiaiiB gocsarae maitxe 100%, no3Bosie
3a JIOTIOMOTOI0 MArHITHMX 1 €JIEKTPUYHMX TIOJIB YNPABISATH IOTOKOM ILIa3MH,
peryiioBaTd B IIMPOKUX MEXKax Horo eHeprito, ¢Gopmy 1 HampsiMm pyxy. Lle, B cBoro
4yepry, JO3BOJISI€E AaKTUBHO BIUIMBAaTH HA CTPYKTYPHI XapaKTEPUCTUKU OAECPKYBAHUX
KOHJICHCATIB, 3a0e3Meyye MOXJIHUBICTh CHUHTE3YBAaTH TMOKPUTTS 13 3aJaHUMH (D13UKO-
MeXaHIYHUMH XapaKTePUCTHKAMHU, PETYIbOBAHUMHU B ITUPOKUX MEKaAX.

[IIupoki TEXHOJIOTIYHI MOMKIIMBOCTI BaKyyMHO-IYTOBHUX METOJIB 3yMOBHIIU
NIJBUILLEHUHN 1HTEpEC A0 PO3PSNy LbOTO THUILY, KOTPUM BiI3HAYAETHCA B OCTAHHI POKHU Y
3B'SI3KYy 3 ycCHiXamMu B 00JacTi HaHOCTPYKTYpPOBaHMX MarepiaiiB 1 HaHOIUTIBKOBHX
TexHojorii [22, 65]. CamMe MOXJIHMBICTH OTPHUMYyBAaTd 3a JOIMOMOIOK METOoja
KBAAIIM® Haiipi3HOMAHITHIIIOTO CKJaay MOKPUTTSA, B TOMY YHCII 1 JI€IEKTPUYHI
TUTIBKH, SIKI MaloTh IIJIBHY CTPYKTYpY, HIOPCTKICTh TOBEpXHI Ha piBHI  1-5 HM,
OJTHOPIAHICTh XIMIYHOTO CKJIaAy Ha BEJIMKUX IUIONIAX MMiAKIaAKA, B OCTaHHIM yac
1HILIIOBaa HU3KY POOIT MO JOCTIIKEHHIO XapaKTEPUCTUK MOKPUTTIB, OTPUMAHUX LIUM

meTomoM [65-71].

1.3 MeToa XiMi4HOTr0 ocaJKeHHs 3 ra30Boi (pa3u

MeTton xiMmiuHOro ocamkeHHs 3 ra3oBoi ¢asu (CVD) BuKOpUCTOBYBajCS IS

OJIep)KaHHS TOKPUTTIB 13 TYTOIUIABKMX METATIB ILISXOM PO3KIAJAaHHS WOAWIIB,
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TiApuiB, cvitaHiB, KapOoHUTiB. Lle 1 Bu3Haumno “xmacuuny” cxemy metony CVD, mo y
pPI3HOMaHITHMX BapiaHTax Horo peamizaiii, po3poOJEeHUX Mi3HIIIE, MNPUHIIMIIOBO
BKJIIOYA€E TaKi KOMIIOHEHTH 1 rpouecu (puc. 1.5):

1. ¥V sxocti peareHTiB (NMPEKypcoOpiB) BUKOPUCTOBYIOTHCS KOOPAMHALINMHI
CIIOJIYKU METaJiB;

2. PeakiiiifHe cepefoBUIIE — MPOCTIP Y AKUN 31HCHIOETHCS TPAHCIIOPT (TIEPEHOC)
napiB peareHry;

3. PeuoBuHa-HOCIM — 1HEpTHAa JO pPEUYOBMHU TIPEKypcopa 1 TPOIYKTIB
pO3KiIaiaHHs, 3a0e3nedye TpaHCIOPT PEYOBUHHU IIPEKypcopa B peakiliifHe CepeIOBHIIE;

4. Tlipknanka (cyOCcTpar) — peuoBMHA, Ha KUK BiZIOYBa€ThCs BUX1IHA HyKJI€alis 1
PICT MPOAYKTIB PO3KJIaAaHHA 3 (OpMYBaHHAM (YHKIIIOHAILHOTO MaTepiany [72].

Peaxuifine cepeoBHIITe

PeuoBHHa- HoOCIH ‘

=

//'

‘ IpuancopbuifHui map ‘

“\{

’Pe‘-’.[OBI-IHﬂ-])eEll’eHT ‘ MiAKTaIKa ‘ ‘ Macus POCTy PEI0BHHH

Puc. 1.5 Knacnuna cxema nporecie CVD

B ocranHi poku 0ynu po3po6iieni uncnenHi moaudikarii meroay CVD. Ilpouecu
CVD, sx mpaBui10, BiAPI3HAIOTHCS CIIOCOOOM, 32 JIOITOMOTOO SIKOTO 1HIIIIOKTh XiMIUHI
peakiii, Ta kimacudikyroTbcs 3a pobounMm TuckoM. HalbGinem Bimomi Bapiamii CVD
IpoIIeCiB MmepepaxoBani HukYe [73].

1. APCVD (Atmospheric pressure CVD) - mporec, Mo MIpOXOAWTHh IPH
aTMoc(hepHOMY THCKY;

2. LPCVD (Low-pressure CVD) — mpomec, 10 MpOXOAUTh MpH THUCKy ~ 107

Topp;
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3. UHVCVD (Ultrahigh vacuum CVD) — ans 1mporo mporecy XapakTepHi
ToKa3HUKH THCKy Hikue 10 ° Ila (~ 10~° Topp);

B cBoto uepry cyuacui LPCVD ta UHVCVD nponecu noaiisitoTees 3a CBOIMU
GIBUYHIME XapaKTePUCTUKAMH HACTYITHUM YHHOM:

AACVD (Aerosol-assisted CVD) - npekypcopu TPaHCIOPTYIOTLCS 10 CyOCTpaTy
3a JOMIOMOT'0I0 aepO30JII0 B ra30no/1i0HOMY CTaHi;

DLICVD (Direct liquid injection CVD) - mpekypcopu 3HaXOIATHCS B PiIKii
dbopmi. Pimki po3urHM BBOJATH y KaMepy IUISIXOM BHUIAPOBYBAHHS Yy HAMPAMKY 0
1HXEKTOPIB;

MPCVD (Microwave plasma-assisted CVD) - CVD mporiec, 1o IpoXoauTh Ipu
aCUCTYBaHHI TUIa3MHU BUIPOMIHIOBaHHSIM MIKPOXBUJILOBOTO /I1alla3oHy;

PECVD (Plasma-enhanced CVD) - PECVD TexHoJIOTISI JTO3BOJIIE OCAHKyBaTH
IUTIBKM TpU OUIBII HU3BKUX 3HAYEHHAX TEMIIepaTypy 3aBIsKA acucTtyBaHHIO BY-
TTa3MOI0;

RPECVD (Remote PECVD) - noaiouuii 1o PECVD mporiec, 3a BUHATKOM TOTO,
0 cyOCTpaT 3HAXOJUTHCS OE3MOCepeIHBO 3a MeXaMU 00JIacTi IJIa3MOBOTO PO3PSIIY.
Bupanenns miakiaaakd 3 00JacTi PO3MOBCIOKEHHS IUIa3MU  JI03BOJISIE 3HU3UTH
3HAUEHHS TeMIIepaTypy A0 KIMHATHOI,

ALCVD (Atomic-layer CVD) — BHUKOpUCTaHHS LOTO TPOIECY Ja€ 3MOTY
MOCITIIOBHO OCa/DKYBaTH IapW PI3HUX PEUYOBWH I OTPUMaHHS IIapyBaTHUX
KPUCTAJIYHUX TUTIBOK;

HFCVD (Hot filament CVD) — nns unporo mporiecy BHKOPHCTOBYEThCS Tapsida
HUTKA JJ1s1 XIMIYHOTO PO3KJIaJlaHHsI BUX1JTHUX Ta3iB;

HPCVD (Hybrid physical-chemical vapor deposition — mporec, 0 BKIOYae B
cebe sIK XiMIYHE pO3KJIaJlaHHs ra3zy - MPeKypcopa, Tak 1 BUIIAPOBYBAHHS TBEPIOrO
JUKEperia 10H1B;

MOCVD (Metal organic CVD) - ueit nporiec CVD 3acHOBaHH#T Ha BUKOPHUCTaHHI

OpraHIYHUX METAJIEBUX MPEKYPCOPIB;
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RTCVD (Rapid thermal CVD) - mpouec CVD, 1mo BHKOPHCTOBYE HarpiBajibHi
Jammy abo 1HIIT METOIH JJIs IIIBUIKOTO HArpiBaHHS MIAKIAIKH;

PICVD (Photo-initiated CVD) — mnpomec, npu sSKOMYy JIS CTHMYJIIOBaHHS
XIMIYHHX peakiliii BAKOPUCTOBYIOTh Y D-CBITIIO.

[IIupoke 3acTOoCyBaHHS OCTaHHIM YacoM JUISI OTPUMAaHHS HOBUX (DYHKITIOHATBHUX
MartepiaiiB 1 MokputTiB HaOyBae mpouec PE CVD - akTHBOBaHE BHCOKOYACTOTHOIO
IJ1a3MOI0 XIMIYHE OCA/KEHHA 3 Ta30BOi (a3u. B HbOMY BHCOKOYACTOTHHI MIIa3MOBUI
po3psii Yy Tmapax MpeKypcopy JI03BOJIsiE MIHIMI3yBaTh BHUTpary ab0 MPaKTUIHO
BIIMOBHUTHCS Bija raszy-Hocis (puc. 1.6). Y 30HI po3psay, y O0e3mocepeHiid 0JIM3bKOCTI
BIJI TIJIKJIQJKK, MOJICKYJIM PEUOBUHU PEareHTy 3HaxXolaThcsi abo B 30yKeHOMY, abo B
10HI30BaHOMY cTaHi. lle JOKOpIHHO 3MIHIOE KApTUHY OCAJKEHHS, HE 3MIHIOIYM il
cyTHocTi. Best 30Ha po3psay 1 € mpenaacopOiiiiHOi 30HOI0, BIAMOBIIHO JO HAIIOTO
BU3HAYCHHS. BUCOKOYACTOTHE €JIEKTpPOMArHiTHE IMOJE T03BOJISE IUIKOM 30€perTu Bci
nepeBaru kjacuyHoro wmerony CVD, npomarouu mpu 1bOMY HOBI  MOXJIMBOCTI.
Hampukinaza, 3Ha4HO 3HIKYIOTBCS TEMIEPATYpHI MOPOTH OCAHKEHHS, MOIIMITYIOTHCS

napamMeTtpu emitakcii. Lle mo3Bosie 1ocsarta 100pux pe3yabTaTiB.

| H|,,..-' (ﬂ] . Midknadka

d

(8) : Enekmpoou b): 7razma :}

\ Cd} © 8uXioHi mamepianu

{G) ' Bxiduuii 2a3
+2030HO0Cill

Puc. 1.6 Cxema metony PECVD
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[HIIMM BapiaHTOM METOJy 13 30BHIIIHBOIO AKTHUBAIIIE€I0 € XIMIYHE OCAKCHHS 3
ra3oBoi (a3 akTHBOBaHe JiazepHUM BunpomiHioBaHHsaM (laser-induced chemical vapor
deposition - LCVD). Bono Moxe, y 3aJeKHOCTI BiJ THIIY BHKOPHCTOBYBAaHOI'O
Ja3epHOTrO JpKepena, posauiathces Ha TteroBe (pyrolytic LCVD), dotonitrnane
(photolytic LCVD) a6o kombinoBane (photophysical LCVD). V dotonituunomy LCVD
eHeprig c(hOKyCOBAaHOTO JIA3€PHOTO MPOMEHS MOIVIMHAETHCS peareHTHUMH ra3zamu. lle
3MYIIIy€ MOJIEKYJIH Ta3y PO3KJIaJaTHCS 1 CTBOPIOBATU TBEPl aTOMH / MOJEKYIH, IO
0CaJKYIOThCs Ha miaknaaii. Ockuibku y ¢potonitnaHoMmy LCVD eneprist norimHaeTbes
MOJIEKYJIaMH Ta3y, TO JIOBXKMHU XBWIb Jla3epa 3ajexarb Bij Marepiany. TUNOBUMU
Ja3epaMu, SKi BUKOPUCTOBYIOThCS JIsi oromituunoro LCVD, € Y®-nazepu, taki sk
Ar', ArF Ta KrF. Tlpu TemmoBoMy ocaJKeHHi Uil Hepexody B rasoBy ¢asy i
TEPMIUYHOTO PO3KIAJAAHHS MPEKYPCOPIB BUKOPUCTOBYETHCS TEIJIOBA €HEPTis Ja3epPHOTO
BUIIPOMIHIOBaHHS, TOTJIMHYTa 00’€MOM Tra3oBoi (a3u abo maTepiajioM MiIIeHi.
TunoBuMu nazepamu, sIKi BUKOPHCTOBYIOTHCS IJIsi LIbOTO MpOLECY, € 1H(PpadyepBOHI
na3epu O0e3nepepBHOi xBuii, Taki sk CO, Ta Nd: YAG [74].

LCVD peamizoBani y mabopaTOpHUX yMOBaX 1 iX TOTEHIAl IIUPOKOTO
MIPOMUCIIOBOTO 3aCTOCYBaHHS II€ HEAOCTATHHO PO3KPUTHI. ATBTEPHATUBHUM € BapiaHT
LCVD B 06’emi - LVCVD (Laser volume CVD). JlazepHuii mpoMiHb CIIpIMOBaHHH Ha
HiKIAAKy, TOMIIIEHY B Ta30BE CEpelIOoBHUINE KOMIUIEKCY. ABTopamu pobdot [75]
orpuMmanuii ocaa Al,O; Ha CTiHKax KBaplOBOI KIOBETH, y sIKii Oyya HamyllleHa mapa
aleTWIAIeTOHaTy  aimoMiHifo. JlazepHe BHUNPOMIHIOBAHHS  BIJKpUBAE  MIUPOKI
MOXJIMBOCTI JIJI aKTHBALIli TIpoliecy ocajkeHHs. Takum, 3okpema, € Bapiant LCVD Ha
mimeni LTCVD (Laser Target CVD) [76]. JlazepHuii mpoMiHb CHpSMOBAaHUN Ha
MIIlIeHb, HA KA HAaHECEHUU MPOIIAPOK MPEKypcopy. ABTOpaMHu OTPUMAHUN BiIOWUTOK
Ja3epHOT0 MPOMEHS HA MIMIEH] - MIAKIAALl, Ha SKy MOonepeaHbo OyB HaHECEHUMH
npomapok Oera-mukeroHaty wimi. Jlocmimkenns B ob6macti LCVD  no3BomnsTh
NOJIMIIWTHA, a B JEAKUX BHUIAJKaX 1 HAMNOBHUTH HOBUM 3MICTOM, IIMPOKO
BUKOPUCTOBYBaHI B IIPOMHUCIOBOCTI METOJM Jia3epHOi OOpOOKM 1 3arapTyBaHHS

matepianiB. [loTeHIian MOXIMBOCTEH METOAIB XIMIYHOTO OCAJKEHHS 3 ra3oBoi (as3u
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mie aanexko He BuyepnaHui. L{imkomM HE AOCHIKYBAaHUMH 3ajHINAIOTHCS METOIU
CJICKTPOHHO- 1 10HHO-TIpoMeHeBoi akTuBamii B Metonax CVD. He Buyepmani Takox
MOTEHIIHHI ~ MOXJIMBOCTI ~ KEPOBAHOCTI  MpoOIleCaMHd  OCaHPKCHHS B  IIMPOKO

BUKOPHCTOBYBaHHX BapiaHTax MeToay, ocoosmBo PECVD [77].

1.4 T'esikoHHU# po3psia

['enikoHHI pKepena IUIa3MU HajeXaTh J0 O€3eIeKTPOAHUX BHCOKOYACTOTHHUX
(BY) igaykmidHMX JpKEpedl 3 Mar"iTHAM — [OJeM, SIKI  3[1aTHI  TeHEepyBaTH
amsproTemmepatyphy (Te = 2—10 eB) rycry (n = 10"-10"cm™) mnasmy B mmpokomy
Jianas3oHi TUCKiB pobdodoro rasy (p = 0,5-100 mTopp) Ta aianazoHi MarHiTHUX ToJiB (B
= 10-2000 I'c). i mxepena MOXYTb MAaTH PO3MIPH BiJ JEKUIBKOX CAaHTUMETPIB [0
JEKUIBKOX METpIB, 30Yy/KYBaTHUCh JOCTaTHHO IPOCTUMHU AHTEHAMU B IIUPOKOMY
miamazoni wyactot (f = 7-100 MI'm) i eeKTHBHO TeHepyBaTH ILIa3My IPHU BBEICHHI
BiZHOCHO HE3BKOT muromoi BU motyxuocTi (Py > 50-100 MBt/em ™).

I'enmikoHHI JKepena miasMu MOAIOHI 32 KOHCTPYKIIIEIO J0 JKEped IUIa3Mu, IO
IIMPOKO 3aCTOCOBYIOTHCS B CyYacHUX IUIa3MOXIMIYHHMX TexHojorisx (tak 3Bani ICP
(Inductively Coupled Plasma) a6o TCP (Transformer Coupled Plasma) [78]), ane, Ha
BIIMIHY BiJi HMX, MpPalOIOTh y MNPUCYTHOCTI Mar”iTHoro mnojs. Orisg (I3U4HHX
BJIACTUBOCTEHN TeIKOHHUX JHKEpell TUIa3MHU 3a3HAUYC€HMX JIBOX THUIIIB Ta MOPIBHSHHS iX
XapaKTEPUCTHK 1 KOHCTPYKIIiil HaBeaeHO B poboTi [79].

Ha BigMiHy Big 3BUYaiiHuX mpkepen miazmu tumy |CP 0e3 MarHiTHOro mosis, e
norinuHanHg BY moTyXHOCTI BiI0yBaeThbCs y TOHKOMY IMOBEPXHEBOMY IIapl IUIa3MH
(ckiH-TIapi) 6e3mocepeHbO MMiJi aHTEHOI, B TENKOHHUX pkepenax BU moTyxHICTH
NEPEHOCUTHCSI Ta TIOTJMHAETHCS B O0'€éMi TIUIa3MH BIACHUMH PE30HAHCHUMHU
eJICKTPOMArHITHUMHU XBWISIMH, SIKI 30y/UKyloTbes aHTeHoro B mmnasMmi [80]. Lle €
BU3HAYaJbHUM (DAKTOPOM JJIsl TeHepalli mia3Mu OuUIbInl BUCOKOI TycTuHH, HIK Y ICP.
[ctoTHy pomp B opraHizamii TeTIKOHHOTO PO3pSAAY BIAITPAlOTh KOHCTPYKINS 1

IPOCTOPOBE TMOJIOKEHHS AaHTEHM, BIJ SKHX 3al€KUTh €(PEKTHUBHICTh 30yIKEHHS
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CJIEKTPOMArHITHUX XBWUJIb. 3a3BUYall, BHUKOPHUCTOBYIOTHCS TEIIKOHHI JDKepena 13
30BHIIIHIMU aHTEHAMH, PO3TAIIOBAaHMMHU 3a MEXKaMu po3psaHoi kamepu [81, 82].
Bigomi ¥ redikoHHI JpKepesia 3 BHYTPINIHIMM aHTEHAMH, PO3TAlllOBAaHUMH BCEpEIUHI
pPO3PSIIHOI  Kamepu, ajie BOHU 3yCTPIYAlOThCS 3HAYHO piame. Y CTaHTapTHHUX
TeJIIKOHHUX JDKEpesaxX 13 30BHINIHBOIO AaHTEHOIO 3aCTOCOBYIOTH SK a3UMYTaJIbHO
CUMETpUYHI (KIJIbIIEBl) AHTEHM, TaK 1 a3MMYyTAJIbHO HECHMETPUYHI aHTEHU pPIi3HOI
KOHCTPYKIIii, B TOMY 4ncii i (azoBaHi anteHu [83]. Y mKkepenax 3 MIOCKOI aHTEHOIO
OCTaHHSI MOX€ OYyTH OJIHOBUTKOBOIO (KUIBIIEBOIO) UM OaraTOBUTKOBOIO (HAMPUKIIA/,
CIIpajbHOI0) a00 OLIBII CKJIAHOI KOHCTPYKIIi. Y TeIKOHHUX JHKEpenax 000X THUIIB 3a
JIOTIOMOTOI0 aHTEHH MOXXHA KepyBaTH MPOCTOPOBUMM pO3MoJAUIoM BBelaeHHs BY
MOTYXHOCTI Ta, BIANOBIJIHO, BEIWYMHOIO Ta IMPOCTOPOBUM PO3MOAUIOM TyCTHHU
TUTa3MH.

[IpuHIIMTIOBUM [JIs TE€NIKOHHUX JDKEPENl € MPHUCYTHICTh B PO3pAIHOMY 00’€eMi
30BHIIIHBOIO MAarHiTHOTO MoJjs. B 11bOMy BHUMAJKy 1CHY€ MOXJIMBICTH 30y/JKyBaHHS B
mia3Mi 00’€MHUX XBWIb — TeIIKOHHUX XBWIb. L[1 XBWII Halexatb 0 KJIAacy c8ucmie
(whistler waves) — mpaBOLMPKYISPHO MOJAPU30BAHUX EICKTPOMATHITHUX XBWIb Y
BUIBHOMY TIPOCTOpi, aji€é MawTh JABlI BIAMIHHOCTI: (@) pO3MOBCIOKYIOTECS B
oOMexxeHOMy TIpocTopi, (0) XapakTepuU3yHOThCS BIIHOCHO HHU3BKOK YacTOTOIO.
['enikoHHA XBUJIS — 1€ CYTIEPIO3UIII HU3bKOYACTOTHUX CBUCTIB, K1 TIOMIUPIOIOTHCS i
MEBHUM KYyTOM JI0 HAmNpsSMKy MAarHiTHOTO Mmois. SIK 3’SICcyBajlocsi OCTaHHIM Yacow,
OCHOBHa aucurnaiis eneprii BU nomus B reqikoHHOMY JKepeni BiIOyBaeTbCs 3a paxyHOK
3B’SI3KY T€JIIKOHHUX XBWJIb 3 MMOTEHIIAIbHUMU XBUIAMH Tpaiisenmica - ['oymnza.

3acToCcyBaHHS MArHIiTHOTO TMOJIA Ja€ JCKUIbKa MepeBar JJis MPaKTUYHUX IIUICH.
[To-mepiie, MoXHaA 3HAYHO 3OUTBIIUTH, MPHU Til camiil BHeceHin BY moTyx)HOCTI,
I'YCTUHY TUIa3MU Ta KepyBaTH ii MpOCTOPOBUM po3nojiaoM. [lo-apyre, MarHiTHe mosie
703BOJIsIE  €(DEKTUBHO KEPyBAaTH IHTCHCHUBHICTIO Ta EHEPTi€l0 IMOTOKY 10HIB, SIKI
MOCTYNalTh Ha TOBEPXHIO, 10 00pobiyiseThcss. HapemiTi, miaBUIIY€ETbCS CTIHKICTh

PO3pAAY 3a paxXyHOK 3pOCTaHHS OIMOPY IIa3MOBOI'O HABAHTAYKCHHA.
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Pexxumu poboTH pKepena Ta mapamMeTpd BHUXIIHOTO IMOTOKY IUIa3MHU 1CTOTHO
3ajleXaTb HE TUIBKM BiJl BEIMYMHHM, aie W BiJ KOH]Irypaumii MarfiTHOro MoJs,
ONTUMI3AIld SKHX JIO3BOJISIE B JICKIIbKa pa3iB 30UIBIIMTH TYCTHHY IUIa3MH B
TeMKOHHUX JpKepenax 000x tumiB [84-86]. st cTBOpEHHS Mar”iTHOTO IMOJS MOYKHA
BUKOPUCTOBYBAaTU SK €JICKTPOMArHiTH, TaK 1 MOCTIHHI MarHiTh (pepomartita), o
JOLIIBHO IS HU3KK 3acTocyBaHb [87]. ITornmuuanus BY eHeprii B refikoHHIN IU1a3mi
3a0€3MeUy€eThCS B3a€EMOJIIEI0 MK €JIEKTPOMATHITHUMH XBUJISIMHU, SIKI 30YKYIOTHCS
0e3mocepe/IHb0 aHTEHOIO (TeIKOHHI XBHWIIL), 1 KBa31€JIEKTPOCTATUUHUMHU XBUIIIMH, SIK1
BUHUKAIOTh 3aBJISIKM BHYTPIIIHIM KOJIEKTUBHHUM IpOLI€caM, IO BiAOYBAIOTHCA Y MIia3Mi
[88].

[Topir 3a MarHiTHUM TIOJIEM IS 30Y/KEHHS XBHJIb TIOCUTh HU3BKUU, (e > 20, 1€
e = €B/M,C — MUKIIOTPOHHA YaCcTOTA CICKTPOHIB (€ Ta M, — 3aps/] Ta Maca eJIeKTPOHa,
C — MIBUAKICTH CBITJIA, B — HanpyXeHiCTh MarHiTHOTO 10JIs1), @ = 27f — 4acToTa XBUJIb
(f — gactora renepartopa). Tak, mpu vacrori 30ymxkenns f= 13,56 MI'iy el mopir
nocsiraeTbest Bxe npu B > 10 I'c.

TunoBuii clieHapiii BAHUKHEHHS 1 ICHYBaHHSI T€JIIKOHHOTO PO3PSAIY Ma€ JIeKUIbKa
(a3, 1110 NPOCHIAKOBYIOThCS MpH 301IbIIEHH] BKIaAeHO1 B Iazmy BY notyxuocTi. [Ipu
HU3BKUX PIBHIX MOTYKHOCTI peali3yeThcsl Tak 3BaHuUN eMHICHUN pexuMm (E-mona), y
SIKOMy TyCTHHA IUIa3MH BiZHOCHO Mama (3Bmuaiino < 5x10'° cm®) i mocuts cnabo,
npuOIM3HO SK KOPIHB KBaapaTHHM, 3pocTtae 31 3poctaHHsM BY motyxkuocti. [lpu
JIOCSITHEHH1 MEeBHOI KPUTHUYHOI BY MOTYXHOCTI TYCTHHA TUIa3MU CTPUOKOM 3pOCTaE y
JIEK1JIbKA pasiB, M0 € PE3yJIbTaTOM MEPEXOAY PO3PSIIY B PEKUM THAYKTUBHOTO 3B’SI3KY
anTeHu 3 masMoro (H-Moza), micns 4oro rycTuHa 1uiazMu 3pocTae 31 3poctaHHsiM BYU
MNOTYXHOCTI 3HAYHO MIBHJIIE, MPUOIMU3HO 3a JIHIHHUM 3akoHOM. [Ipu mojanbiioMy
30uteieHHi BY moOTy»KHOCTI BIOYBa€ThCsl CTPUOKOMOMIOHMN TIEpexil po3psAay B
xBuiIboBUM pexuM (W-mopna), sSKui CyNpOBOMKYETHCS BHUHUKHEHHSM Yy IUIa3Mi
PO3BUHEHOI TeIKOHHOT XBUIBOBOI CTPYKTypu. CTpHOKHM TyCTHHH TUTa3MH BUHUKAIOTh

3aBIAKH crienup1yHiil, HEMOHOTOHHIN 3aJIe)KHOCTI OMOPY HABaHTAKEHHS IJIa3MU Bif ii
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TYCTHHH 1 MOKYTh OyTH mMociabJieHi, Y B3araji BUKIIIOUCHI, TIPH BIAMOBITHUX YMOBAaxX
y3roJiKeHHs po3psany 3 BU reneparopom .

BaxxnuBUMHM TEXHOJOTITYHUMHU TEpeBaraMM TeJliIKOHHOTO PO3PSAy Y MOPIBHSHHI,
HAIMPUKJIA], 3 €EMHICHUM PO3PSAIOM € MOKJIUBICTh HE3ICKHOTO KOHTPOIIO TYCTHHHU
IJ1a3MH, sSKa BHU3HA4Ya€ MIBUAKICTH MPOIECYy OOPOOKH, Ta MOXIJIMBICTh MOJa4ul HAIIPYTH
3MIIIIEHHS Ha IJIACTUHY, II0 00pOOJIsS€ThCs, sIka BU3HAYAE CHEPTiI0 10HIB, 10 MaJIal0Th
Ha TUTACTHHY.

[lepcnieKTUBHOIO HAa CHOTOJICHHSI € PO3pOOKa TEXHOJOTIi OTPUMAHHS TUTIBKOBHX
CIOJIyK JJii MPUCTPOIB MIKPO- Ta HAHOEJIEKTPOHIKM HA THYYKUX MOJIMEPHUX
Matepianax. € OaraTo MiJCTaB BBaXKATH, 110 JOCATHEHHS YCIIXIB B IIbOMY HampsIMKY
MOXXJINBO 3 BHKOPHUCTAHHSM B TEXHOJIOTii IUTIBKOBHX ITOKPUTTIB MOXKJIMBOCTEH
T'SIIIKOHHOT'O PO3PSIAY K JJIs MPEeUU31MHOT OUMCTKY MAKIAAKU, TaK 1 J1JI 3a0e31eUeHHs

aKTHBAIlll TOBEPXHI MMOJIMEPHUX MaTeplaliB.

BucHoBku 10 po3aiay 1

1. CucreMu KaTOAHMX BaKyyMHHX IYTOBUX JDKEpes IJa3Mu 3 (UIBTPAIIE0 Y
mar"iTHomy nom (KBAAIIM®) no3Bossaorh (OpMyBaTH SIK MOKPUTTA, SIKI MarOTh
XIMIYHUHM CKJIAJl 1IGHTUYHUN CKIJIaay MIIIEH], TaK 1 B arMocdepi peakiiitHoro po6o4oro
ra3y (a30Ty, KUCHIO, BYIJICIIIO) B MPOIIECl KOHACHCAIlll CHHTE3yBaTH MOKPUTTS Ha OCHOBI
CIIOJIyK MeETajly MilIeHi 3 poOounM ra3oM (HITpHUIIB, OKCHIIB abo kapOinmiB). B
MOPIBHSHHI 3 1HITUMHU PEAKTUBHUMU METOJaMU CTBOPEHHS CIIOJIYK METaJliB TPOIIEC
KBAAIIM® Mmae psig xapakTepHUX BIACTUBOCTEN, TAKMX SIK BUCOKUM PIBEHb 10HI3allli 1
BHYTPIIIHS BUCOKA €HEPTis 10HIB OCAJKEHHS MaTepialiB.

2. 3acTtocyBaHHS TeNIKOHHOTO JiKepesia IJIa3MU JI03BOJISIE OTPUMATH TYCTY
(n=10"-10" cm®) mHmsbkoTemmeparypuy (Te=2-10eB) mmasMy B IIHPOKOMY
niarma3oHi TUCKIB poboyoro raszy (P = 0,5-100 mTopp) npu BBeneHHI BITHOCHO HU3bKOI

nutomoi BU noryskaocti (Pys > 50-100 MB1/cm ™).
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€ BCi MmiICTaBW BBaXKATH, 0 TIOETHAHHS CUCTEMHU KaTOJHUX BaKyyMHHUX JYTOBHX
JOKepen Tuta3Mu 3 (iIbTpaIli€l0 Y MarHiTHOMY IO 3 MOMJIMBOCTSIMH TEJIIKOHHOTO
JoKepera TUla3MU HaJacTh MOXKJIMBICTh OTPUMYBAaTH BHUCOKOSIKICHI IUTIBKOBI MOKPUTTS
PI3HOI CKJIQTHOCTI, SIK Ha MAKIAJKaX, 0 CTAaHJAPTHO BUKOPHUCTOBYIOTHCS IS TTOTPEO
MIKpO— Ta HAHOEJIEKTPOHIKH, TaK 1 Ha MarepiajiaX 3 HU3bKUM DPIBHEM 3YCIUJICHHS 3
TUTIBKOIO, 1110 OCA/KYEThCS, 3aBISKH aKTHBAIlli TOBEPXHI T€IKOHHUM JIKEPENIOM, SIKE
TaKO)K MOXe OyTH BUKOPUCTAHE JJIsl MIATPUMAHHS IOBEPXHI IUIBKA B arOMapHO

YUCTOMY CTaHi.
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2 TEXHOJIOTTYHA YCTAHOBKA, BUMIPIOBAJIbBHA ATTAPATYPA
TA METOAUKHN EKCHEPUMEHTAJIBHUX JOCJIIKEHb

[onHo-ma3MoBe (opMyBaHHS BCIX HAHOCTPYKTYPOBAaHUX IUTIBKOBUX MOKPHUTTIB,
BUKOPUCTAHUX JJI1 JIOCHIDKEHb, Oyl0 3IIMCHEHO Ha BaKyyMHO-TEXHOJOTIYHIM
riOpUIHINA TEeTKOHHO-AYTrOBIM 10HHO-TVIA3MOBIM YCTAHOBII, CTBOpEHiI B IHCTHUTYTI
metanodizuku iM. I'. B. KypatomoBa HAH VYkpainu B pamkax 1HHOBAIIITHOTO MPOEKTY,
II0JI0 CTBOPEHHSI TEXHOJOTIYHOI 0a3u Il MOoTped HAHOEJICKTPOHIKU. Y CTaHOBKA
BKJIIOYA€E B ce0€ TeNKOHHE JIKEPEIIO TUIa3MH, B IKOMY T€JIIKOHHUUN po3psif 30y1KYy€EThCS
BY reneparopom 13 pobouoro dactoror 13,56 MInu, Ta mMIa3MOBO-AYyroBi
NPUCKOPIOBaYi, 00’ €HaHI B OJHIN TexHonoriuHii kamepi [89-99]. /s BUKOpHCTaHHS
10HHO-TUTa3MOBHX  JiKepen  (TeTIKOHHOrO  JpKepena 1 IJIa3MOBO-JAYTOBOTO
MPUCKOpPIOBaya), AK €(QEeKTUBHUX IHCTPYMEHTIB JJIA CTPYKTYpYBaHHS TOBEPXOHBb
MaTepiaiiB Ha HAHOPIBHI, HA MEPIIOMY eTari PoOOTH MOTPIOHO OyJIO TOCHIAUTH BIACHI
BJIACTUBOCTI 1 MOXJIMBOCTI LUX JDKEpeN, MNPUIUIMTH yBary BHBYEHHIO TNPUPOIU
IJ1a3MOBUX sBHIN. Po3ristHeMo TIOpHIHHMM TENIKOHHO-AYTOBUM 10HHO-TIA3MOBUM

peakTop OUIBII ACTATBHO.

2.1 I'iOpuaHuMii re;likOHHO-AYTOBUIl iOHHO-TIJIA3MOBUH PeaKTOp

3aranpHUN BUTJIAN YCTAaHOBKHU mTpejcTaBieHuid Ha puc. 2.1. Kontponb ioHHO-

MJIa3MOBUX TEXHOJIOTIYHUX TMPOIECIB B YCTAHOBI 3IMCHIOETHCS 3a JOIOMOIOIO
Majora0apuTHOTO ONTHYHOTO CIIEKTPOMETpa Ta EJIEKTPUYHOTO 30H/Ia 3 BHUBOJOM
1H(DOopMaIrii Ha MOHITOpP KOMIT I0Tepa.

TexHiuHI XapaKTEPUCTUKU YCTAaHOBKHU:

JliameTp miAKIaa0K: 100 mm

YacroTa 30y KeHHS TeliKOHHOTO po3psany: 13,56 MI'w;

Po6ounii Tuck: 1- 100 mTopp;

MaxkcruMmasbHa TeMIeparypa miakiIaaKku: 600 °C.
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Puc. 2.1 YcranoBka 10HHO-TIJIa3MOBOTO ()OPMYBaHHS IUTIBKOBHX TTOKPHUTTIB.

Po3psiniHa miazMoBa Kamepa yCTaHOBKU MPEUU3IMHOro (opMyBaHHS IJIIBKOBUX
HNOKPUTTIB, CXe€Ma [KOi HaBeJeHa Ha pHcC. 2.2, CKJIAJa€ThCs 3 I'SITH TEXHOJIOTTYHUX
BIJICIKIB, a caMe:

- PO3PAAHOI KaMepH TeTIKOHHOTO PKEPEna;
- IBOX BaKyyMHO-IyTOBUX IIPUCKOPIOBAYIB;
- npeiidoBoi kamepw;

- KaMepHu 00pOOKH.

Bei m’ATh TEXHONOTIYHUX BIACIKIB TIOpUIHOI PO3PSIAHOI IUIa3MOBOI KaMepu
YCTAHOBKHM 3’€AHAHI MDK co0Ooro (uaHisMu depe3 BakyyMHi yiiiibHeHHs. Kamepa
00poOKH, B fAKIM pO3TAlIOBaHUN CTOJUK 3 MiJKIJIAIKOI0, IPUEAHYETHCS O€3M0CEPEeIHBO
no ¢raaHusg BakyyMHOI cuctemu. Haj kameporo oOpoOku po3raimioBaHa apeiridoBa
Kamepa, 10 sIKOi MPUCTUKOBaHI BaKyyMHO-IyroBl mpuckoproBaui. [peiidoBa kamepa
3’€IHaHA 3 PO3PSAHOI0 KaMepolO TeNIKOHHOTO JKepena. 3BepXy Il KaMmepa 3aKpuTa
KBapIlIOBUM CKJIOM, 4epe3 sIKe B po3psija BBoAUTbCs BY eHeprisg 3a JOMOMOIol aHTEHH,

IpUETHAHOI Yepe3 y3roKyBanbHul npuctpiii 1o BY reneparopa.



50

BY | 1ipucrpin ANE-
reHeparop YIOAROHHNA / Jummp“l‘nc sixcyio
: ®HOH® / Ilocrifmmi abo
Hanycx rasy eaeKTpomarnir

Jpefidona xkamepa

Pospsiana kamepsa I'Lrazmono-
Ayrosvi
W NPHCKOPIOBA™
1 /
Bxin X X
obepranms OnTHYHHIT
CTOINKA CIIEKTPOMETP
Kamepa \ ‘ 3oma o
06pobxu —~ — : amimenns 2
/ """"""" HarpisavHs
Kepyroua korymmka Blucasica l

Puc. 2.2 Cxema riOpuaHOTO TeIliIKOHHO-AYTOBOI'0 10HHO-TIJIA3MOBOT'O PEaKTOpa.

2.1.1 T'enikoHHUIT PO3pAX B TEXHOJOTIYHHMX MPOLECAX CHHTE3y IUIIBKOBHX

IMOKPUTTIB

2.1.1.1 MarHiTHe moJie Ta BMMOIH [0 HHOIO NPH POOOTI 3 reJiKOHHUM

po3psiioM

Pexxumu poboTH pKepena Ta mapamMeTpu BHUXIIHOTO TMOTOKY IUIa3MHU 1CTOTHO
3ajexaTh HE TUIBKM BIJ BEJIMYMHM, aje W BiA KOH]Iryparii MarfiTHOro o,
OoNTUMI3allisl SKUX JO3BOJISIE B JEKUIbKa pa3iB 30UIBIIMTA TYCTUHY IUIa3MHU B
TeIIKOHHHX JUKEpeax.

Buxoasuu 3 ocHOBHMX (DI3UWYHUX MPUHIUIIB pOOOTH TEIIKOHHUX JKepesn (AuB.,
[100-111]), Mo>xHa OIIHWUTH Jiama3oH MapaMeTpiB, y SKOMY (QYHKIIOHYBaHHS
TeIKOHHOTO JpKepena Oyae epeKTHBHUM B 00J1acTi MiABUIICHUX THCKIB pOOOYUX Ta3iB,
K1, 3a3BUYaii, BHUKOPHCTOBYIOTHCSI U TEXHOJIOTIH BHPOOHULTBA HAHOCTPYKTYD.
OcHOoBHa mepeBara TeNIKOHHOTO pPO3pALy y TMOpIBHAHHI, 30KpeMa, 31 3BUYANHUM

iaykuitauM (ICP) pospsioM, mossirae y 3acTOCyBaHHI MarHiTHOTO TOJIsA, K€ Mae
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3aJJOBOJIbHATH TIE€BHMM BHUMOTaM [UIsl peajizamii BHUCOKOI TYCTHHHM IUIa3MHU Ta
KEPOBAHOCTI POCTOPOBOIO CTPYKTYPOIO PO3PSIAY.

[lepmia BUMOra 10 30BHILIHBOTO MAarHiTHOTO MOJS IOJIATa€ B TOMY, 11100 OyB
3a0€e3MeYeHN PEeKUM 3aMarHi4€HOCTI €JIeKTPOHIB, TOOTO YacTOTa MapHHUX 3ITKHEHb
CJIEKTPOHIB, V,, TOBUHHA OYTH MEHIIIOIO 32 €JIEKTPOHHY IUKIOTPOHHY YaCTOTY, (Mg, (Ve
< ). B 00macTi THCKIB rasiB, 10 IiKaBIATh Hac, P > 10 mTopp, cTymiHb i0HI3allii ra3y
3BHYAfHO JOCUTh HHU3bKA, TaK M0 TNEPEeBAKAIOTh 3ITKHEHHS EJNEKTPOHIB 3
HEUTpaJbHUMH YaCTUHKAMHU (aTOMaMH Ta MoJieKylaMH). YacToTy LUX 31TKHEHb MOXKHA
ampokcuMyBaTH y Buriwsiai v, = 10%apT. (p — Tuck razy B MmTopp, Tey — TemmepaTypa
eJIEKTPOHIB y €B, o — uncenpHuil MHOKHUK, IO 3aJICKHUTH BiJ TUITY Ta3y; 30KpemMa, IJis
aprony « = 1,4). Toai yMOBY 3aMarHid€HOCT1 €JIEKTPOHIB, V, < (Mg, MOXKHA 3aMUCATH Y

BUIJISIII HEPIBHOCTI, [0 BU3HAYAE BEPXHIO MEXKY JOMYCTUMUX TUCKIB poO0OYOro razy

17.6 B[I'c]
o TyleB] (2.1)

p [MTopp] -

Hanpuxman, npu B =100 ['c i TumoBomy 3HaueHHI Temmieparypu Ty =4 eB 1
YMOBA JIJIsI aproHOBOT Tu1a3mMu HaOyBae Burisiay p < 300 mTopp.

3amMarHiueHiCTh CJIEKTPOHIB BaKauBa 3 JIBOX npuumH. [lo-mepiie, mpu mbomy
3a0e3MeuyeThCSl MEePEBAKHUN PyX IUIA3MH B3JIOBK MArHITHOTO MO (0 BHXOAY 3

JKepena), TOOTO 3MEHIITYIOThCSI BTpaTH MJIa3MU Ha OOKOBUX CTiHKax. J{iCHO, TOBXKHHA

BUIBHOTO MPOOITY eJIeKTpOoHa le =Vre /e , (me Vre =y Te /M _ TEIJIOBA IIBUJIKICTh
€JICKTPOHIB) y Jiana3oHi TUCKIB, 10 po3risaatoTecs (P > 10 mTopp), He nepesurye 1
CM, TaK WI0 pyX €JEeKTPOHIB BiAOyBaeTbcs y nudysiiiHoMy pexumi. OCKUIbKU

koedimieHTrn Audy3ii B3IOBXK 1 TMOMEPEK MAr”HiTHOTO TOJIS PiBHI, BIJAMOBIJIHO,

2 _\y2
D, =vls =V v —v_ 0% =y V2| w? : :
| =Vele =VrelVe 1y Dy =veps =veVre! @ce, To B yMOBAaX 3aMArHIYEHOCTI

D"/Dl:a)czelvez>1 : .
, - ToOTO mepeBakae audy3is B3AOBXK MarHiTHoro mons. Ilo-
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Jpyre, y MPUCYTHOCTI MarHiTHOro mojs BBeAeHHS BY moTyxHOCTI BinOyBaeThCs HE y
NPUIIOBEPXHEBUN IMap TMIa3MHu (CKIH-IIap) enekTpuuHuM moneMm, sk y ICP, a
€JIEKTPOMArHiTHUMU XBUJISIMH, SIKI MOXYTb PO3MOBCIOJKYBATHUCh IITMOOKO B IUIa3My Ta
3a0esneyyBatd o00’emHe mormuHaHHA BY moTyXHOCTI 1 $Ki, TakuM YHHOM,
3a0€311euyI0OTh MiABUIIEHY 10H13aIl1I0 pOO0YOro rasy.

TakuMm 4rHOM, Apyra BUMOra /10 30BHIIIHHOI'O MATHITHOTO IOJISI MOJISTAa€ B TOMY,
o0 3abe3nevyyBaBcs TEIIKOHHUNA PEXUM pO3psAdy, Y SIKOMY 30yJKyBaHI aHTEHOIO
€JICKTPOMArHITHI XBWJII MTPOHUKAIOTH B TUIa3My 3Ha4HO rauoie, Hik y ICP pexumi, ne
HEMae MPUKJIIAJEHOT0 MarHIiTHOTO Mojsl. MOXIIMBICTh 3/11ICHEHHS TAKOI'O €(PEKTUBHOTO
peXKUMY 3alIeKUTh BIJ] YAaCTOTH TMApHUX 3ITKHEHb  EJEKTPOHIB 1 KOHpIirypartii
Mar"iTHOro mnojs. PeXuMm 13 CHJIBHUMHU 3ITKHEHHSMHM BHHMKA€, SKIIO YacTOTa
€JICKTPOHHHUX 3ITKHEHb V, > @, a00
63 [[MTu)
p [mTopp] = = To[B] 22)

Takwuit pexxum npu vactoti 30ymkeHHs f= 13,56 MI'1[ i 3HaYeHHI TeMIepaTypH
CJIEKTPOHIB Tey =4 €B BHUKOHYeTbCA [UIsl aproOHOBOI IJJa3MH MPU THUCKY Ta3y
p > 16 mTopp, TO6TO, MpakTUYHO B yCiit 00JIaCTI THCKIB, IO I[iKaBi Jy1st Hac. [Ipu oMy
rMMOWHA TPOHUKHEHHsI eneKkTpoMarHiTHuX moniB y ICP mmasmy (y BigcyTHOCTI

30BHINIHHOT'O MAarHITHOTO TI0JIs1) BU3HAYAETHCS CKiH-OBXHHOIO 100 31TKHEHb.

_ 1/2 _ 2 1/2
d =(c/ wpe)(zve/ o) S (< Dpe = (4ze"n/m, )7 _ I1a3M0OBa  4acToTa

€JICKTPOHIB, a N — KOHIIEHTpAIlis MJ1a3Mu, a00

a p[mMTop] H2

f [MIu]n[em ]

So[em] = 6x10°
(2.3)

3BigcH IS aproHoBoi mIasMu 3 KoHieHrtpamiero N=10"cm™® mpu wacrori
30ymkennss f = 13,56 MIn ogpepkyemMo 3aleXHICTh TIHOMHH MPOHUKHEHHS

€JIEKTPOMArHiTHOTO TIOJISI B/l TUCKY:
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oolcMm]= 0,6 p[mMTopp] . (2.4)

[IpOHUKHEHHA E€NeKTPOMAarHiTHUX IOJMIB y TEeNIKOHHY IU1a3My 3Ha4yHO
MOKPAIIYEThCS MPH BUKOPHCTAaHHI HEOJHOPIIHOTO MarHiTHoro moiys [104]. Skmro
KOH(QITypallisi MarHiTHOTO TOJsi Taka, [0 KyT HaxXwWiIy CHUJIOBHX JIiHIA 10 TOBEPXHI

I[iCJ'IeKTpI/I‘{HOI pOSpSII[HO.l. KaMEpH, Y, NCPpCBUIIYE KPUTUYHC 3HAUYCHHA siny > a)/a)ce’

TO BBCIACHH:A BY HOTY)KHOCTi B ILIasMy 3IIiI>iCHIO€TBC$I HC KBaSiCHCKTpOCTaTI/ILIHI/IMI/I

XBWISIMH, a €Ja003racalouiMM TeJIKOHHUMHU XBWISIMU. ['€JIIKOHH1 XBWJI1 MPOHUKAIOTh

5:B ~ (C/a)pe)(a)ce /Ve)Sin '4

BIJl aHTE€HHU B IJIa3My Ha IIHOUHY , sIKa OLIpIIa 32 TTIMONHY

0o 1t |CP po3psiy, SKIIO BUKOHAHI YMOBH:

10 f[MI'] Bz[l"c] sin’ r;flm

[MTopp]-
PR ToleB] 25)

ITpu f=13,56 MI'n, B=100Tc ta Tey =4 eB mns aproHoBoi miasmu 3 (2.5)

OTPUMYEMO:

MTo < 90 q‘smu}m
p [MTopp] / | (2.6)

10 TIPH KyT1 Haxwmiy crtoBux JiHiM = 30° gae p < 60 mTopp.

[IpoanainizyeMo 115l TeTIKOHHUX JIKEPEIT TUIa3MU 3 IIOCKOI0 aHTEHOI0 e(DeKT Bif
BUKOPUCTAHHSA MArHITHOTO TMOJISI Ta BUMOTH JO HbOro. SK 1 paHilie, 3aMarHiuyeHiCTh
CJICKTPOHIB 3a0€3MeuyeThCs MPU BUKOHAHHI YMOBHU (2.1), a peXUM CUIBHUX 3ITKHEHB
JUIsl €JeKTPOHIB — MPU BUKOHAHHI yMOBHU (2.2). Ane, Ha BiAMIHY BiJ] CTaHJApPTHOIO
JDKepena, KOHCTPYKIIIS JpKepena 3 IUIOCKOI aHTEHOK Taka, [0 KyT HaXWiy CHIIOBUX
JIHIA Mar”HiTHOrO MOJs 3aBXIW AocUTh Belukui. Tomy y mpomy mxepeni BY
NOTYXHICTh BBOJUTHCS B IUIa3My NPAKTUYHO 3aBXKAM B3JIOBXK MArHiTHOrO MOJs 3a
JIOTIOMOTOI0  30Y/DKEHHSI TENIKOHHMX XBWIb. [l OLIHKM TMOWHU TPOHUKHEHHS
€JICKTPOMArHiTHUX MOJIIB IIUX XBHJIb CKOpHUCTaeMocs Gopmyroro (2.6), 1€ MOKIaIeMO

siny =1 B pesynpTati oTpUMyeMO:
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p <90 mTopp. (2.7)

TakuMm 9MHOM, MPAKTUYHO /0 CaMUX BHUCOKHX 3HA4€Hb THUCKIB POOOYOro rasy,
npu SKAX 3a0e3MeuyyeThcsl 3aMarHiueHICTh EJNEeKTPOHIB, IMOMHA MpoHUKHEeHHs BY
HOJIB y IJa3My Bifl TeMIKOHHOTO JDKepena 3 IJIOCKOI0 aHTEHOIO CYTTEBO MEPEBHUIILYE

rimmbuny nponukHeHHs s ICP mxepena 6e3 MarHiTHOTO TOJIS.
2.1.1.2 Onip HaBaHTaKeHHS MJIA3MH TeJIIKOHHOTO PO3PALY

BaxnnBoro XapakTEpUCTHUKOIO TEIIKOHHOTO pO3psALy € OIip HaBaHTAXEHHS
mwiasmy, R, Akuii BuszHauae moBHy BY mnoryxkHicte, Py, 110 NOIIMHAETBCA Y

IJ1a3MOBOMY CTOBIII, 3T1IHO 0 3aK0HY OMa:

Pt =@/2)R,IA | 2.8)

ne la — ammmityna BY crpymy B anteni. Omip mia3mu OyJ0 po3paxoBaHO 13
3aCTOCYBaHHSAM TEOPETHUYHOI MOJENI Ta KOMIT I0TEPHOrO KOy, po3po0jeHux B poOOTI
[103], nist mapaMeTpiB OJHOKAMEPHOTO JDKepesia 1 yMOB PO3psay B aproHi. 3ajeKHICTh
OTIOpY BiJ TYCTHUHH IJIa3MU HABEICHO Ha puc. 2.3 Ui BUMAIKY MiJBUIICHOTO THCKY
aprony 50 MTopp 1 TpbOX 3HaUY€HBb BEIMYMHU MArHITHOTO TOJIS.

Sk BuAHO 3 puc. 2.3, IpH BIJICYTHOCTI MAarHiTHOTO MOJISA 13 3pOCTAHHSAM T'YCTHHH
IJ1a3MHU OMIp 3pOCTaE, AOCITae MAKCUMYMY, a TIOTIM MOBUIBHO cniafae. [Ipu MarnitTHomy
noii 50 T'c omip IEMOHCTpYe SKICHO TaKy camy MOBEIIHKY, ajie 3pOCTa€ 3 TYCTHHOIO
JIENIO0 TMOBUIbHINIE 1 Jocsirae Outbiioro 3HadeHHs. [Ipu Benmukomy momi 200 I'c omip
JIEMOHCTPY€E HEMOHOTOHHY TOBEJIIHKY 3 BUPa3HUMH, TOCUTh BUCOKMMH, MAaKCHMyMaMHU.
B ocranHbOMY BHIIaJKy T€IKOHHI XBUJI, 32 paXyHOK SIKUX B1/10yBaeThcsl BBeAeHHS BY
eHeprii B Mmia3My, 3racaroTh JOCUTH C1a00, a MAaKCUMYMH OIMOpPY BUHUKAIOTHh 3aBISKU
pe30HaHCaM IMOIJIMHAHHA Ha PI3HUX IO3J0BXKHIX MOJaxX TeliKOHHUX XBWiIb [105].
OCKIJIbKU CTIMKICTh PO3PSALY 3pOCTAE 13 3pOCTAaHHIM OMOpPY IUIa3MH, TO BOHA Ma€ OyTH

BUIIIOO MPH OUTBIIUX MarHiTHUX MOJISX, 110 MIATBEPIKYETHCS B €KCTIEPUMEHTI.
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15¢

OIHIP TUIABMHA (OM)

0.0

0 5 10 15 20
T'VCTHHA IUTA3MIH (101 CM?)

Puc. 2.3 Onip HaBaHTa)XeHHS MIa3MU SIK (QYHKIIIS 11 TYCTUHU MPU TUCKY aproHY

50 mTopp 1 pi3HUX MAarHITHUX TOJIAX.

3aleKHICTh OMOPY BiJ TYCTHMHH IUIa3MU Tpu (IKCOBAHINA BENIMYMHI 1HAYKINT
MarHiTHOTO noJig 100 I'c 1 TphOX 3HAYEHHSAX TUCKY aproHy MOKa3aHo Ha puc. 2.4.

[Tpu BimHOCHO HU3BKOMY THUCKY 10 MTopp Ha 3alMeKHOCTI PUCYTHI TOCUTH Pi3Ki
MaKCUMYyMH, TIOB’si3aHI 3 PE30HAHCAMHU TMOTJIMHAHHS Ha PI3HUX MO3JOBXKHIX MOJax
remkoHHUX XBWib. [Ipu Ttucky 50 MTopp BeIMYMHU LUX MAKCUMYMIB 3HaYHO MEHII1
BHACIIIJIOK BEJIMKOTO 3racaHHs TeJIIKOHHMX XBWIb. Hapemri, mpu Bucokomy Tucky 100
MTopp 3aJIeKHICTh OMOPY CTa€ MPAKTUYHO MOHOTOHHOK, MAaKCUMyMH TOTJIMHAHHS

BIJICYTHI, aJie 3arajlbHUi piBeHb onopy - Ounst 1 OM, Takuii camuii, sk 1 'y Bunagky S0

mTopp.
3_ T T T
_ B,=100Tc :
= ?'. :'.I10MTopp:"l
: I I 1"
= i i i
= 7 4§ i i
= N
™ H i hi ]
< i i i 50mTopp
= H i 100mTopp + Lt
SR | B L Y
= L = o
= I o] LY ' X / )
~— /

0 5 10 15 20
T'VCTUHA TUIA3MII (101 CM3)

Puc. 2.4 Omip HaBaHTa)X€HHsI IJIa3MU K (DYHKIlIS 11 TYCTUHU TIPU MarHiTHOMY

noii 100 I'c 1 pi3HUX THUCKaX aproHy.
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2.1.1.3 IllpocTopoBsi po3noainu norauHanusa BU nory:xHocTi

[Ipu BiACYTHOCTI MAarHiTHOro mojigs BBeAeHHS BY moTyXHOCTI y IU1a3my
BiI0yBa€ThCS MOOJIM3y aHTEHU Yy TOHKOMY MOBEPXHEBOMY Iapi (CKiH-IIapi), TOBIIUHA
SIKOTO Y PO3TJITHYTOMY Jliana3oHi mapameTpiB He nepesuirye 1—-1,5 cm (puc. 2.5(a)).

3 HaKJIaJeHHSIM MarHiTHOTO MOJIsl XapakTep noriuHanHs BYU moTykHOCT1 iCTOTHO
3MIHIOETBCS: BOHA TMOTJIMHAETHCA B 00’€Mi TUIa3MU BHACIHIJIOK 30Yy/KEHHS T€IIKOHHHUX
XBWJIb Ta iX PO3MOBCIO/KEHHS BIIMO TUTa3MHU. XapaKTEPUCTUKU TEIIKOHHUX XBUJIb,
30KpeMa, JOBXKHUHHU X 3racaHHs 3a PaxyHOK 3ITKHEHb E€JIEKTPOHIB 3 aTOMaMHM Ta3y Ta
10HAMM IUJIa3MH, @ 3HA4YUTh 1 MPOCTOPOBHM pO3MOJIT TMOIVIMHAHHS, 3aJeXaThb BiJl
BEJIMYMHU MAarHiTHOTO TOJIS, TYCTUHHU TUIa3MH Ta TUCKY ra3y. [IpocTopoBi po3mosinu
norinvHaHHa BY moTyXHOCTI A1 XapaKTepHUX 3HaY€Hb MAarHiTHOTO MOJS Ta T'YCTUHU
TJ1a3MH TIOKa3aHo Ha puc. 2.5 1 2.6 s pi3HUX 3HAYCHb TUCKY aprony. Ha puc. 2.5 (a)
npexacraBieHuil npodisip nornuHaHHs BY noTyXHOCTI IpHU 3BUYAMHOMY 1HIYKLIHHOMY
(ICP) pospsimi (6e3 maruitHoro mosist). Slk Oaummo Ha puc. 2.5 (a) BU motyxHicTh
MOTJIMHAETHCS JIMIIE HAa TMOBEPXHI IMJa3MH Y BY3bKOMY CKIH-IIApOBI 1 MPAKTHUYHO HE

MEePEHOCUTHCS BIUTHO.

B=150Tc

4®\>‘ )
?X“

z(em) 30

b

Puc. 2.5 IIpodini nornunanas BY noTyxHOCTI B 00°€Mi 1m1a3Mu 6€3 MarHiTHOT'O

nonst (ICP pospsin) (a) 1 mpu mardiTHOMY moti 150 I'c (renikonnuid po3psn) (b) mpu

Ttucky aprony 50 mTopp.
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Pabs(MBT/CMB)
P, (MBT/cM®)

z (cm) 20

Puc. 2.6 Tlpodini normuaanas BY nmoTyXHOCTI B 00’ €Mi TeTIKOHHOI TUIa3MH TIpU
maraitHOoMy moxi 100 T'c, rycruni mrasmu 1x10™ em ™ Ta crpymi B anTeni | = 30A mpu

TUCKy aprony: (a) 10 mTopp, (6) 50 mTopp Ta (6) 100 mTopp.

SIk BUIHO, TipH BiTHOCHO HU3bKoMYy THCKY 10 MTopp (puc. 2.6 (a)), mornuHanHs
BY notyxHOCTI BiZIOyBaeThca B yChbOMY 00’ €Mi JIKepelia, a HEOJHOPIAHICTh PO3MOALTY
MOTJIMHAHHS BUHUKAE€ BHACTITOK (OPMYBAaHHS CTOSYMX TEIIKOHHUX MoA. Ilpum
migBunieHHi tucky a0 50 mTopp (puc. 2.5 (b) i 2.6 (0)) BuHMKAae BUpa3HHI IiK
MOTJIMHAHHS T11JT aHTCHOI0, ajie 00’ eMHE TOTJIMHAHHS I1e JOCTaTHLO Beiauke. Hapemrri,
npu Bucokomy Tucky 100 mTopp (puc. 2.6 (6)) mpaktmuHo Bcsi BU moTyxHICTH
MOTJIMHAETHCS T1J] aHTEHOI0, a JIOJISt 00’ €EMHOTO MOTJIMHAHHS CTa€ HE3HAYHOIO.

MarniTHa cucTeMa TeJiKOHHOTO JpKepelia IJIa3MH TpHU3HA4YeHa JJII CTBOPCHHS
YMOB 30Y/DKCHHS B IUTa3Mi pO3psSAy BIACHUX IJIA3MOBHX CIICKTPOMArHITHUX XBUJIb —
TaK 3BaHUX TEIIKOHHUX MOJ. B mUX ymMoBax CTBOPIOIOTHCS YMOBHU i €(HEKTHBHOTO
MOTJIMHAHHS 30BHIMHKOI BY eHeprii B miazMmi Ta reHepaiii Ijia3Mu 3 BHCOKOIO
TYCTUHOIO 3aps/PKEHUX YaCTHHOK.

MarniTHa KOTyIIIKa, pO3TalllOBaHa B 30HI KaMepu 00poOKu, 3a0e3mnedye CympoBi
IJIa3MOBOTO  TOTOKY 13 TeNIKOHHOTO JpKepena J0 MAKIaAKA, a  TaKoX
BUKOPUCTOBYETHCSI  JUIsl  TOBOPOTY TOTOKY IUIa3MU 13 IJIa3MOBO-TyTOBOTO

MPUCKOPIOBAaYa B HAMIPSAMKY M1IKIAIKH.
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2.1.1.4 Pe:xxuMu poGOTH resliKOHHOTO JyKepeJia

@opMyBaHHS 10HHO-IIJIA3MOBHX KOMIIO3UTIB TOTPEOy€e MOCTIMHOIO KOHTPOJIIO
CTaHy MOBEPXHI MIAKIAIKKA Ha BCIX CTafisfX mpoiecy. TiIbKKA B IbOMY BHUIIaIKy MOXKE
OyTu 3a0e3medYeHo BiITBOPEHHS PE3yIbTaTIB, CTA0IILHICTh TEXHOJIOTTYHOTO MPOIIECy Ta
BUCOKHU DPIBEHb BUXOJY NPHUAATHUX BUPOOIB €eMEHTHOI 0a3u HaHomnpuiadis. [lpu
3aCTOCYBaHHI CTAHJIAPTHUX BHUCOKOBAKYYMHHUX 3acO0IB BIJKauyBaHHS IOBEPXHS
NIIKIAIKA  3aBXKIA MICTUTh JICKIJIbKAa aJCOpOOBaHMX MOHOIIAPIB  KOMITOHEHT
3QJIMIIKOBOT aTMocdepHr, TOBIIMHA SIKMX CKJaJae JAeKUIbka HaHOMeTpiB. Pobota
TeJIIKOHHOTO JDKEpela Tia3Mu 3a0e3nedye Ha BCIX CTaisIX TEXHOJOTIYHOTO MpPOIecy
MOCTIMHY [0 Ha MIJKJIAJKYy TMOTOKY 10HIB aproHy. llpu mpoMy TycTHHA 1 eHepris
10HHOTO TIOTOKY MalOTh BEIMYHUHY, TOCTATHIO M1l €()EKTUBHOTO BHIAJICHHS 3 MIOBEPXHI
MIIKIAIKA 32 PaXyHOK MEXaHI3My CEJIEKTUBHOIO PO3IMUIICHHS aJCcOpOOBAaHUX JIETKUX
KOMITOHEHT 3aJIMIITKOBOTO CEPEAOBWINA, Ta HE 3aBaKa€ OCHOBHHM TEXHOJIOTIYHUM
oneparlisiMm. HamMmu Oysio BUSIBIIGHO JBa peKMMa pPoOOTH TEINIKOHHOIO JpKepesna (puc.
2.7), ne mpu 10AaTKOBOMY MarHiTHOMY moJi (puc. 2.7 (6)) BUHUKA€E TETIKOHHUMA PO3PsiT

BHUCOKOI €(DEKTUBHOCTI Y BCbOMY 00’ €M1 peakL1iHOI KaMEpHU.

a 0

Puc. 2.7 3BuuaiiHuii 00’e€MHUN TeNIKOHHUN po3psan (a) 1 BUSBICHUN

BUCOKOE(EKTUBHUI TeflikoHHUM po3psy «IlrazmoBa koigoHa» (0).

I{J’Iﬂ BHU3HAUYCHHA OIITHUMAJIBHOI'O 3HA4YCHHA lHILYKIIll MAarHiTHOTO ITOJIS JJIs1

3aJJaHOTO 3HAYEHHS THUCKY pOOOYOro ras3y-aprony OyiaM BHU3HA4YeHI 3aJ€KHOCTI
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IHTEHCUBHOCTI TEIIKOHHOTO PO3pSAY B PO3PSIHIA IMJIa3MOBIA Kamepi BiJ 1HIYKIII
MmartiTHoro nosisi. i qani Oynu otpumani npu (iKCOBaHUX 3HAYEHHSIX POOOYOTO THCKY
Ta BUXiJAHOI moTykHOCTI BY reHeparopa mpu MOCHiIOBHIN 3MiHI CTpyMy B KOTYIIII
Mar"HiTHOrO TMOJII TETIKOHHOTO JpKepena. B ekcrmepuMmeHTi 3a  I0MOMOTOIO
MajoradapuTHOrO0 ONTUYHOTO CIIEKTPOMETpPA BHUMIPIOETHCS IHTEHCUBHICTH ONTUYHOI
JiHIT 3 7g0oBXKMHOKW XBWIl 392 HM npu pobGodomy THCKy 5 MTopp Ta BHXIJIHIN
notyxHocTi 500 Br.

Hageneni B Tabmumi 2.1 pe3ynpTaTd CBiI4aTh, 110 MPH BKIOYEHHI MArHiTHOTO
NoJII B PO3PAIHIA TUIa3MOBIA Kamepl 30yJKyeTbcsl TelniKOHHUM po3psan. [lpu
ONTUMAJIbHOMY 3HAY€HHI 1HAYKI[IT MarHiTHOTO TOJIsI IHTEHCUBHICTh CIIEKTPAJIHHOI JIiHii,
sKa IpU HE3MIHHOMY THUCKY INpPOINOPIIiiiHa KOHIEHTpaLlli eJIEKTPOHIB IUIa3MH, 3pOCTaE
OUIBII SIK HAa MOPSAOK. HasiBHICTh KpUTUYHOTO 3HAYEHHS 1HAYKI[1i MarHiTHOrO MOJIs, SIKE
BUKJIMKA€E 3pUB PO3PSAY, € XapaKTEPHUM JIJIsl TETIKOHHOTO PO3PALY.

OcHOBHE MarHiTHE TIOJIE B PpO3pAOHIA Kamepl TeKOHHOro JiKepela
CTBOPIOBAJIOCh CHUCTEMOIO JIBOX IMap COJIEHOIAIB 13 BHYTpIIIHIM aiamMeTpoM 27 cMm
(puc.2.2), 3a1H4 IOIIMHA SKOi CyMIIEHa 3 BHYTPIINIHBOIO MOBEPXHEIO T1€IEKTPUYHOTO
BikHa (mpu Z = 0). MakcumaibHe mmosie Ha oci (ipu Z = 9,5 c¢Mm) cranoBmiio 18,5 I'c/A, a
B KiHIIl Kamepu apeidy (mpu Z = 37 cm) cnagano B 6 pasiB. ColeHOiIN KUBUIUCH
ctpymoMm 0—8 A Bia BumpsMIsSYa 1 reHEepyBaJid MakcuMalibHe MarHiTHe noje 250 I'c.
AKcCIalIbHI PO3MOAiIM MAarHiTHHX IIOJIB OCHOBHOT'O Ta JIOIIOMDKHOTO COJICHOIMIB, a

TaKOX X KOMO1HaIlll, MpUBeAeHO Ha puc. 2.8.

Tabmus 2.1 3anexHicTh IHTEHCUBHOCTI J1HIT 392 HM B1J Mar"diTHOTO ITOJIA.

Crpym kotymku, A | 0,0 0,1 0,2 0,3 0,4 0,5 0,6

[HTEHCUBHICTD 110 620 930 1210 1390 | 1360 | 80

JIHII, BIAH.O/I.
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KOOPIITHATA, Z (cu)

Puc. 2.8 [Ipodiii MarHiTHOro MoJist Ha OC1 TEIIKOHHOTO JIKEpena Mmia3Mu (CTpyMH
B OCHOBHOMY 1 JIONIOMDXKHOMY CoOJieHOimax 5 Ta 2 A, BiamoBiHO). BeprukanabHa

IIYHKTUPHA NpsIMa — MEXa PO3PSAHOT KAMEPH.

[naykiifina antena Oyia BUTOTOBJIEHA 3 MIJTHOT TPYOKH 11aMETPOM JEKUIbKA MM.
Antena Oyna crnonydyeHa 3 BY renepaTtopoM uepe3 y3rojkyBajdbHuUM mpuctpiii. BU
redeparop Ha uactoTi 13,56 MI'n npu HaBanTaxkenHi Ha 50 OM Mae BUXIJIHY
noTyxHicte 0 1 kBT1. Ilagaroua Ta Bigbuta BY nmOTYX)HOCTI BUMIPIOBAIUCH 3a
JIOTIOMOTOI0 CITPSIMOBAHOTO BiJiranyskyBada, a BenuuuHa BU ctpymy B anTeHi (10 30 A)

— TEIUIOBUM amnepmerpom T216.

2.1.1.5 IIpocTopoBuii po3noaija napaMmeTpiB mjiasMmu

JUist  BUMIpIOBaHHS IPOCTOPOBOrO PO3MOAUTY MMapaMeTpiB Ijia3Mu  Oyio
BUTOTOBJICHO JBOKOOPJIMHATHUM TUIOCKUH 30HA niamMeTpoM 4,2 MM 3 OXOpPOHHUM
KUIBLIEM J1aMETPOM 8 MM, SIKHI MIT TIEpEMIILyBaTUCh K B3JIOBXK Kamepu Apendy, Tak 1
no ii miamerpy. JlJis BUMIpIB €HEPrEeTUYHOTO PO3MOJLTY 10HIB Ta OILIHKK TMOTCHINATY
IUTa3MH Ha Oocl ApeidoBoi kKamepu Ha BIACTaH1 7 CM BiJ BUXOY pO3pAIHOI Kamepu (Tipu

Z =21 cM) OyJI0 BCTAaHOBJICHO 5-CITKOBUI aHAJII3aTOP 3 TAIbMIBHUM IOJIEM.
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Tuck aprony B aiana3zoni 70 50 mTopp BUMiproOBaBCs 10HI3aIIHHUM BaKyyMETPOM
BUT-3 3 neperBoproBaueM [IMUM-10-2. Tuck piznux razis B gianazoni 5—100 mTopp
BHUMIPIOBABCS 32 JIONIOMOT0I0 TEPMOIIapHOTO niepeTBoproBava [IMT-2.

3a5Ie)KHOCTI 10HHOTO CTPYMY HACHYCHHS Ha TUIOCKHA 30H]I BiJl MarHiTHOTO TIOJIS
BHUMIPIOBAJIUCH MPH TUCKax poOouoro razy—aprony B agiamazoni 3—100 mTopp, mpu
piBH1 BkiageHoi BU motyxuocti 750 Bt. BennurHa MarfiTHOro moJisi 3MiHIOBajiacs B
mianazoni 0-250 T'c. B ekcrepuMeHTax BHKOPHCTOBYBAJIUCH TPH PI3HI MAarHiTHI
KOH(iryparii, sKi BH3HAYAIOThCA IMIJKIIOYECHHSIM THX YW 1HIIAX COJICHOIMIB Ta
CHIBBIJIHOIIEHHSI CTPYMIB B HUX, 1 MAIOTh MO3/I0OBXH1 MpOo(d1Jil MAarHITHOTO TOJIsI, 3MIHY
BEJIMYUHU SKOT0 Oy HACTyNHI 1 — ligp = Imig = liow = 0; 2 — 1yp=0; 3 — minkiroueHi Bci
rpynu oOMOTOK. BukopHCTOBYBaBCSl MJIOCKHI 30HA, SIKHH MaB TOBEPXHIO 30MpaHHS
10 MM® i GyB po3MillleHMiI Ha OCi CHCTEMH B HIDKHiH 9YacTHHI KaMepH; BeIHUMHA
HaIlPYTy HEraTUBHOT'O 3MIILEHHA Ha 30H/] ckiagana —80 B.

ExcriepuMeHT 3a1iiCHIOBABCS TPH JEKUTBKOX (PIKCOBAHMX 3HAUYECHHSX THCKY
aprony (3, 5, 10, 20, 50, 80 Tta 100 mTopp). B npornieci BumiproBanb 30epiranocs
ontuMmasibhe BY y3romkeHHs, sKe BiMOBITa€ MAKCUMAIbHOMY 3HAYE€HHIO MarHiTHOTO
nosisg (Moro 3HayeHHIO Ha ocl Ha Biactani 10 cM Bl BHYTPIIHBOI MOBEPXHI
JEJEKTPUYHOIO CKJIa, AUB. pUc. 2.2).

Temreparypa €JIeKTpOHIB Ta IJIaBarOYWi IMOTEHINAN BHU3HAYAIUCS 13 30HJIOBHUX
BOJIBT-aMIIEPHUX XapaKTEPHUCTUK, a TYCTHHA MJIa3MU — 3 I0HHOTO CTPyMy HacCU4YEHHS Ha

HEraTUBHO 3apsKeHU 30H] 3a popmynoro boma:

n = (2J/e)(MIT,)*?, (2.9)

e N — TyCTHHA IUIa3MH, J — TyCTHMHA 10HHOTO CTPYMY HACHY€HHS Ha 30HI, [ —
TEeMIIEpaTypa eIeKTPOHIB, € — 3apsiJI eIeKTpoHa, a M — Maca ioHa.

3aneXHOCTI TYCTUHU TUIa3MH Ha OCl CUCTEMHM BiJl MarHiTHOTO TMOJIS TTOKa3aHO Ha
puc. 2.9 nna Hmxaux TUCKIB aprony (3—20 mTopp), a Ha puc. 2.10 - 1715 BUIIIMX THUCKIB

(20—-100 mTopp). Sk BuaHO, B giana3zoni 3—20 MmTopp rycTHHA IUIa3MH iCTOTHO 3pOCTae
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31 3pOCTaHHAM THCKY B 00dacTi BuImMX MarHiTHUX moiiB (Oumemmx 100 I'c). Ipum
3poctanHi THCKY Big 20 mo 50 mTopp ryctuHa mia3mMu 3pocTae JIMIIEe TPOXH, a MPHU
MOJAJIBIIOMY 3POCTaHHI TUCKY HaBITh 3MEHIIYETHCS. 3aJIEKHICTh TYCTUHHM TJIA3MH BiJT
MarHiTHOTO NOJIs 30epirae MpUOIU3HO OJJHAKOBUI XapaKkTep B yChOMY Jiana30H1 BULIHX
tuckiB 20—100 mTopp.

PanianbHi po3moian napaMeTpiB TUIa3MH BU3HAYAIINCS JUIS YMOB, SIKI SIBIISTFOTHCS
HAWOUIBII CHPUATIMBUMH JJII TEXHOJIOTIYHOTO IMpOIeCy, TOOTO MPU TUCKY aproHy
80 mTopp Ta mpu MaKCUMAaJILHO JOCSHKHOMY 3Ha4eHHI MarHiTHOTO 1Mo 250 ['c, skomy
BIJINOBIJIa€ MAaKCUMAJIbHUM PIBEHb T'YCTUHH TJIa3MHU.

Busnayanuch BeNWYMHU 1 pajiajdbHl PO3MNOJUIM XapaKTEPUCTUK ILJIa3MHU
(TemmiepaTypu €JEKTPOHIB, IJIABAIOYOTO MOTEHIaTy 30HJa Ta T'YCTUHM IUIa3MU) MpHU
BUCOKMX THCKAaX aproHy. TakoX BH3HAYAIUCh MAaKCUMAJbHO JIOCSKHI BEIUYUHU
TYyCTUHU IUIa3MU B Jiala3oHi JOCTYNMHUX MarHiTHUX mouiB. PiBensp BkiageHoi BY
noTy»HocCT1 ctaHoBUB 750 BT, Tck aprony — 80 mTopp. Bennuuna mar"iTHOro moss

cxianana 200-250 I'c, o BiAnmOBila€ MAaKCUMAJIbHIN TYCTUHI TUTA3MH.

0.0. '

0 50 100 150 200 250

I'YCTUHA TIUIAZMU (1012 CM-3)

MATHITHE ITIOJIE, B, (T'c)

Puc. 2.9 3anexHicTh T'yCTUHU IJIa3MU BiJ BEJIMYMHU MAar”iTHOTO MOJS TpU

HIDKYUX TUCKax aproHy. 1 — 3 mTopp; 2 — 5 mTopp; 3 — 10 mTopp; 4 — 20 mTopp.
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00—

0 50 100 150 200 250
MATHITHE IIO.IE, B, (Tc)

I'VCTUHA TIJIA3ZMMU (1012 em™)

Puc. 2.10 3anexHICTh T'YCTUHHU IUTa3MHU B1JI BEJIMYMHU MArHiTHOrO MOJS MpU

BUIMX THCKaxX aprony. 1 — 20 mTopp; 2 — 50 mTopp; 3 — 80 mTopp; 4 — 100 mTopp.

JUis BU3HAYEHHSI PaJllajbHOIO PO3MOALTY TEMIIEpaTypH €IEKTPOHIB, IJ1aBal0Yoro
NOTEHI[laly Ta 10HHOTO CTPyMy HAacCH4YE€HHS BHUMIPIOBAJUCh  BOJBT-aMIIEPHI
XapaKTEPUCTUKU IJIOCKOTO 30HJa Ha PI3HUX BIACTaHAX BiJ oci cucremu. (3oHI OyB
po3TamioBaHUil B HIDKHIM 4YacTWHI KaMmepu, J1uB. puc.2.2). ['yctuHa ma3mu
obOuuncimoBanachk 3a Gopmynor boma (2.9) 3a 10HHOM CTpyMOM HAaCHUYCHHSI Ha 30H] Ta
OJIep>KaHUMU 3HAYEHHSIMH TEMIIEPaTypHU.

PanmianpHuil po3moain TeMmrepaTypud €JIEKTPOHIB, OAEpKaHUW 3 BHUMIPSIHHX
30HJIOBUX XapaKTEPUCTHUK, MPEACTABICHO Ha puc. 2.11. Ik BUIHO, B yChbOMY NEPETHHI
IJIa3Mu Temmeparypa JocuTh Hu3bka - 1,5-2,5eB. Ha puc. 2.12 mnpencrarieHo
OJIep>)KaHUM 3 BOJBT-aMIIEPHUX XapaKTEPUCTHK pajiajJbHUN PpO3MOALT IUIaBAIO4YOIo
MOTEHITIATy 30H/a.

Opep>kaHi 3HaYEHHS TEMIEPaTypu JTO3BOJISIOTh OOUMCIUTH TYCTHHY IUIa3MH 3a
10HHOM CTPYyMOM HACHYC€HHS Ha HEraTUBHO 3apsjpkeHuil 30HA. Ha puc. 2.13
NPEACTABICHO paialibHl Npodiial TYCTHHU IUIa3MHU, OJIepKaHl 3 BHUMIPIOBaHb IPHU
BUCOKOMY THCKY aprona (80 mTopp), ans 1Box 3HayeHb MarHiTHOro mois (200 ta 250
['c). Sk BuAHO 13 JAaHUX EKCIEPUMEHTY, TYCTHMHA IJIa3MU 1CTOTHO HEOJHOpiAHA IO

. : 12 -3
pajiycy i Ma€e MaKCHMyM Ha 0Ci, BEJIMYMHA SIKOTO JIocsATae 3HaueHb (2,5-3,5)x10™ cm ~,
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IO BIAMOBIAE CTYMEHIO 10HI3alii rasy nopsaky 0,1%. Takuii cTyminb 10HI3aMii TaKOX

SIBISIETHCS] CHPUSITIIMBUM TPU BUKOPUCTAHHI XIMIYHO aKTUBHUX Ta3iB.

N
on
-
-
-
-
g
4

1.5} d

0.5} ]

0.0 i i i

TEMITEPATYPA EJIEKTPOHIB, (eB)

PATIIVC, (cM)

Puc. 2.11 Pamianbauii po3moaisl TeMIiepaTypu €JIEKTPOHIB MPU TUCKY aproHy 80

MTopp Ta maraiTHoMy 1ot 250 T'c.

L o

IJIABAIOYUH TTOTEHLLIAJL, B

PAJTIVC, (cM)

Puc. 2.12 PapianpHUil pO3MOJUT IJIABAIOYOrO MOTEHINANy 30HIA MPU THCKY

aprony 80 mTopp Ta maraiTHOMY mozi 250 I'c.
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PAJIIVC, (cm)

['YCTHUHA TIJIABMMU (1012 em)

o)

Puc. 2.13 PaxianbHi po300/Iiiu T'YyCTUHH TUIa3MU MpU TUCKY aproHy 80 MmTopp Ta

IBOX 3HadYeHHsaX MarditHoro ot 200 ta 250 Ic.

[Ipu mociimKeHHI PeKUMIB pO3pSIy B aprOHl BU3HAYAIUCH 3aJI€KHOCTI TYCTUHU
IJ1a3MHU BiJl MAarHITHOTO TIOJIS T 3HAYEHb KPUTHYHUX MArHITHHX TOJIIB MpH piBHiIX BU
noTyxHocti B aianmazoni 200-800 Bt. ExcnepuMeHT mpoBoamBCsA TpH (DiKCOBaAaHOMY
TucKy aprony 25 mTopp Ta 3nauennsx BY motyxknocti 200, 400, 600 Tta 800 Br.
V3romkennss BU reneparopa 3 po3psioM BIANOBIAANO ONTUMAIbHOMY 3HAYEHHIO
MarHiTHOTO MOJISI.

3aie’)KHOCT] TYCTHHH MJIa3MU BiJl 3a3HAUYEHUX BUILE MapaMeTpiB AOCTIIKYBAIUCH
[UITXOM BUMIPIOBAHHS 10HHOTO CTPYMYy Ha KOJIEKTOp aHali3aTropa, pO3TallOBAaHOTO Ha
ocil kaMmepu apeiidy Ha BiJicTaHi 7 CM BiJ BUXOIY PO3PSAHOI Kamepu (mpu Z = 21 cm).
byno BusBneno, mo npu ¢ikcoBanux BYU moTyxkHOCTI Ta THCKY 13 3011bILIEHHSAM
Mar"HiTHOTO TOJS [0 JESKOro ONTHMAaJbHOTO 3HAa4YeHHS el cTpyM 3pocrtae. [Ipum
MOMAJIBIIOMY 30UIBIIIEHHI MAarHITHOTO TIOJII PO3pPSJ CTa€ HECTIMKUM, 1HTEHCHUBHICTH
Horo cTpuOKOnoaiOHO 3MEHUIYETbCA, a MPU JOCATHEHH! BEJIMYUHU KPUTUYHOTO
MarHiTHOTO MOJIsl PO3PSJT 3pUBAETHCS B PEKUM 3 JIy>KE€ MAJIOIO0 IHTEHCUBHICTIO.

Ockinpkd B IHMX €KCIIEpUMEHTaxX yMoBH Yy3romxkeHHs BY reneparopa

BCTAHOBJIFOBAJINCH JIA OIITHMAJIbHOI BEJIWYMHU MAarHiTHOTO I10JIA, TO TICIIS 3pUBYy
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pO3pALy 1li YMOBH MOPYIIYBAIUCh, aHOJHUN CTPYyM Te€HEpaTopa 1 BUXiJHA MOTY>KHICTb
pI3KO 3MEHIIyBaqucCh. llpW BenMUMHAX MArHITHUX TIOJNIB BHUIIUX 32 KPUTHUHY
BITHOBUTH IHTEHCUBHHUH pO3pS NUBIXOM MiAOOpY  Y3TO/KEHHS  BHUSBHIIOCH
HEMOKJIMBUM, 1 HEOOXiIHO OyJl0 3MEHIIYBaTH BEIUYMHY MArHITHOTO moiid. Turosi
3aJIeKHOCTI CTPYMY aHaiizaTopa Ui pi3HHX NoTyxHocTedl BU renepatopa mpu THCKY

aprona 25 mTopp nokaszaHo Ha puc. 2.14.

Q0

(0]

N

N

(=)

CTPYM AHAJIM3ATOPA 1, (Bif. ofiHHmg)

CTPVM COJEHOITA I.. (A)

Puc. 2.14 3anexHOCTI 10HHOTO CTpyMy Ha aHaJi3aTop BiJl CTPyMY OCHOBHOTO

CoJIEHO1a npu TUCKY aproHa 25 mTopp npu pizHux noryxHoctsx BY reneparopa.

Ha puc. 2.15 npencraBieHl eKCIEPUMEHTaIbHI 3aJ€KHOCTI BEJIWYUHU
KPUTUYHOTO MarHiTHOTO MOJs BiJ moTykHOocTi BY reneparopa npu pi3HHX 3HAUYCHHSIX
TUCKY aproHy. SIK MOKa3ylTh JaHi €KCIIEPUMEHTIB, BETMYMHA KPUTUIHOTO MAarHiTHOTO
NOJISL P13KO 3pOCTaE Mpu 30UIbIIEHHI SIK MOTYkHOCTI BY renepartopa, Tak 1 TUCKY, — BiJl
20 T'c (mpu 5 mTopp 1 200400 Bt) mo 140 I'c (mpu 50 mTopp 1 800 Bt). Takuii
XapakTep 3aJeKHOCTI MapaMeTpiB po3psAay BiJ BEJIWYMHM MArHITHOTO  TOJIS
Y3TODKYETBCS 3 pe3yJIbTaTaMU, OJIEP>KaHUMU 1 171l OTHOKAMEPHOTO JIKepeia TIa3MH.

B exkcrnepuMeHTax TakoX BHU3HAYAJIMCh 3aJICKHOCTI TEMIIEpaTypu €JIEKTPOHIB Ta
IYCTUHU IUTa3MHU BIJ THCKY aproHy. EkcnepuMeHT mpoBOAUBCS MpHU (PIKCOBAHOMY
3HayeHH1 mnotyxHocti BY renepatopa 800 Bt. BumiproBaHHsS eIeKTpOHHOI
TeMIepaTypu 31HCHIOBAIIOCH Ha oci JpeidoBoi kamepu Ha BiAcTaHsax Z = 14, 25 Ta 32

CM BIiJI KBapIoBOro BikHa Ipu moTykHocTi 800 BT Ta pi3HUX THCKax aprouy.
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[lepeBaroro BUKOPHCTAHOTO TJIOCKOTO 30H/A 3 OXOPOHHUM KiJIBIIEM € J00pe BHpaKEHE
HACHYECHHS 10HHOTO CTPyMY, IIIO MOJIeTIrye oOpoOKy 30HAOBHUX XapakTepucTuk. [Ipore,
IpU JOJIAaTHUX IMOTEHIlallaX 30HJa Ma€ Miclie 301JHEHHS eJIeKTPOHAMH MAarHiTHOI
CHJIOBOI TPYOKH, IO CIUPAETHCS HA TMOBEPXHIO 30HAA, 1 iX HAIXOKEHHS Ha 30H]
B1I0YBa€ThCS 3a paxyHOK IuU(Py3ii Momepexk Mar”iTHOTO MOJis, IO 3HAYHO CKOPOYY€
CJIICKTPOHHY TiJIKy XapaKTePUCTHKH. ToMy eleKTpOHHA TeMIlepaTypa BHU3HAdYanlach 3

MOYAaTKOBOI JIIJITHKU XapaKTePUCTUKHU B Mexkax 1—1,5 mopsiakiB €1€KTPOHHOTO CTPyMYy.

© 150f i

- 75 MTo/p, g /

0] I e p

= 100 ~25mTop”

< ! / e V.

— -~

é 50 10 MTop/

= % v, =5MTop

< 9 l . .

= 0 200 400 600 800

BUIIOTVIKHICTD, Pgy (BT)

Puc. 2.15 3anexHOCTI BEIMYMHU KPUTHYHOTO MATHITHOTO TOJIS Bij MOTYKHOCTI

BY renepatopa npu pi3HUX THCKaX aproHy.

SIk moka3ye eKCIIepHUMEHT, TeMIepaTypa €JIeKTPOHIB Maike He 3MiHIOBAJach 3
BIJICTAaHHIO 1 3MEHIITyBaJIach MpH 30UTbIIIEHH] TUCKY: Bix 2,6 eB (mmpu 5 mTopp) mo 1,8—
1,6 eB (mpu 50-75 mTopp). BumiproBauus npu trcky 100 mTopp He nae HagiiiHUX
pe3yNbTaTiB, OCKUIBKH OUISI BUXOIY pPO3psiiHOi Kamepu (nmpu Z = 14 cm) 30HIOBA
XapaKTEPUCTHKA CIIOTBOPEHA iHTCHCMBHUMHU BU KoNMMBaHHSAMHU MOTEHITIATY, a BIATUHI
BiJl BUXoAy (mpu Z = 32 cM) mjia3ma Majoi I'yCTUHU CUJIBHO 30yprO€Thesl IpH BIIOOPI
EJIEKTPOHHOTO CTPYMY.

[Ipuitmaroun TemmepaTrypy €NeKTpOHIB MOpSAKYy 2 €B, 3 BUMIpSHUX 3HA4YEHb
I'YCTUHU 10HHOTO CTPyMY HacudeHHs J OyJIO OILIHEHO KOHIIEHTpAII0 TUIa3MU 3a
dopmyrnoro boma. Ilpu mortyxknocti 800 BT KOHIEHTparis Tuta3Mu 3pocTana i3

3pocTaHHsIM TUCKY aproHa i mpu 100 mTopp nocsirana 3HaueHp 2,5 10" em 2,
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Pesynbrati BUMIpIOBaHB TigcymoBaHo B TaOmumsax 2.2 ta 2.3 3HaYeHHS
TEMIEPATYypU €IEKTPOHIB, BUMIPSAHI OIS BUXOIY PO3PSIIHOI KaMepu MPHU HU3BKOMY Ta
BHUCOKOMY THUCKaX, IpeacTaBieHo B Tabmuui 2.2. 3HaueHHs T'yCTUHU IJIa3MH, OJIepKaH1

Ha PI3HMUX BIJCTAHSX 3a PI3HUX 3HAUEHb TUCKY, pecTaBieHo B Tabmumi 2.3.

Tabmums 2.2 TemmepaTypa €lEKTpOHIB OiIs BUXOIY pO3PSAHOI KaMepu mpu

HHU3BKOMY Ta BUCOKOMY THCKAX aprony

Tuck aprony, Temnepatypa enekTpoHiB (11pu Z = 14 cm),
(MTopp) eB
5 2,6
50-75 1,8-1,6

Tabmuusa 2.3 I'yctuHa mnasMu B po3psiAHiN Kamepl 3a pI3HUX 3HAYEHb THUCKY

aproHy
Tuck aprony ['yctuna nnazmu I'yctuna mazmu
(mTopp) (mpu z = 14 cm), | (mpu z = 32 cwm),
cM cM °
5 1x10% 2,8x10™
25 1,7x10"
50 1,4x10™
100 2,5%10% ~10%

TpancnopTyBaHHs MJIa3Mu 3 PO3PSAHOI KaMepH ICTOTHO 3aJ€KUTh Bl THUCKY
aprony. [{ns mocmipkeHHS IIi€l 3aJIeKHOCTI OyJI0 MPOBEIECHO BUMIPIOBAHHS T'yCTHHH
mwia3Mu B JpeiidoBii kamepi (ipu Z = 14 — 37 cMm). ExcriepuMeHT TIPOBOJUBCS TPU
notyxHocTi BU renepatopa 800 BT, pi3HMX THCKax aproHy Ta B PI3HUX MAarHITHHUX
KoHOIrypamisx (y BIACYTHOCTI Ta B MNPUCYTHOCTI MArHiTHOTO TMOJSI JOTOMIXHOTO
coneHoina). Benuunna marnitHoro mojs 1 y3romxenHs BY reneparopa migoupanuch

OIITUMAJIBHUMH IJISI KOKHOI'O THUCKY. BI/IMipIOBaBCSI 10HHUH CTPpyM HaCH4YCHHA Ha
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TIoCKui 30HA (mpu moTeHuiani 3mimieHHs —7/0 B) nmpu #ioro pyci B3I0BXK 0Cl CUCTEMH
a0o0 B paJiaTbHOMY HAIPIMKY.

Ha puc. 2.16 npencraBieHa 3a€XHICTh BETUYMHUA 10HHOTO CTPyMY Ha 30H] BiJ
BIJICTaHI B3JOBXK oOcCl JApeiidpoBoi Kamepw [uisi JBOX THCKIB aprony. Benuunna
MarHiTHOro mnousst Ta y3rojukeHHs BU renepatopa migOupanvch ONTUMAaIbHUMH IS
KOXKHOI'O TUCKY.

ExcnepuMeHTanbHO Oy10 BCTAaHOBJIEHO, IO MPHU 301JBIIEHHI TUCKY aprOHY TEMII
CHa/laHHsl KOHLIEHTpalii IUIa3MH 3 BIAJAJICHHSIM BiJ PO3PAIHOI KaMEpH Pi3KO 3pOCTae
(puc. 2.16). Sxuro nipu trcky S0 MTopp cTpym 30H1a cniazae B 5 pasiB, MO0 MPUOIUZHO
Y3TOKYETBCS 3 6-KpaTHUM 3MEHUICHHSIM MAarHiTHOTO TOJIsl Ha i BijcTaHi, To npu 100
MTopp crpym cnagae B 100 pasiB, HE3Ba)KalOuu Ha TE, 110 B OCTAHHbOMY BUIAJKY
KOHLIEHTpAaLis TUIa3MU B po3psaHiid kamepl Ouibiia. B kiHmi apeiidoBoi kamepu (mpu Z
= 36 cM) npu 30UIbIIEHH] TUCKY aproHa Bi 5 1o 50 MTopp ryCTUHA 10HHOTO CTPyMy
crazae npubam3HO BaBiui — 3 10 10 5 MA/cm, a pu 100 MTopp— 10 0,5 MA/cM® (puc.
2.17). Take pi3ke 3MEHIIEHHS TYCTUHU CTpyMy npu Thckax Buumx 3a 50 mTopp,

HMOBIPHO, TIOB’s13aHE 3 IHTEHCUBHOIO PE30HAHCHOIO TIEPE3aPSIKOI0 10HIB aproHy.
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Z gf ]
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= ]
=
£ 2p ]
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0 10 20 30 40

KOOPIIITHATA, Z (cn)

Puc. 2.16 BemuuuHa 10HHOTO CTpyMy Ha 30HJA BIJ BIACTaHI B3JIOBX OCI
npeidoBoi Kamepw IS JBOX THCKIB aproHy. MarHiTHe TIoJie Ta Y3TO/DKCHHS

M10MPaTUCh ONTUMAIBHAMHU JIJIS1 KOKHOTO THCKY.



70

-h
w

-
o

w

o

'VCTUHA CTPYMY (MA/cM?)

o
)
o
S
o
(o))
o
o
o
—
o
o

THCK APTOHA (mTopp)
Puc. 2.17 3anexHicTh T'yCTMHH 10HHOTO CTPyMYy Ha 30HJA B KIHII ApeidoBoi

kamepu (ipu Z = 36 cm) Big THCKY aproHy. Kpusi 1 1 2 oxepkaHi B pi3HUX Cepisix
EKCIIEPUMEHTIB 0€3 JIOMOMDKHOTO MArHiTHOro ToJis. BennunHa onTHUMAaNbHOTO

Mar”iTHoro 1o ckiamae 50-140 I'c.

PanianpHuii po3moaut ryCTHHU 10HHOTO CTPyMY B KIHII KaMepH Apenldy (ripu z =
33 cMm), nokazanuii Ha puc. 2.18 mna tucky 50 mTopp, BUABISIETHCS 1CTOTHO
HEOJHOPIAHUM — Ha nepudepii cTpym craziae B 4—5 pasiB BiqHOCHO 1eHTpa (KpuBa 1). 3
HaKJIaJaHHSM JOMTOMIXXHOTO MarHiTHOTO MOJjs (KpuBa 2) KOHIIGHTpAIlisS Ha OCi 3pOCTae,
ayie  30UIBIIYETHCS  CTYMiHb HEOMHOPiAHOCTI masmu. OcTaHHIM edekT emnio
MOCJIA0TIOETHCS TIPH 30UIBIIEHH] TUCKY, OCKUIBKH MPHU IIbOMY, SIK 3a3HAYAJIOCh, PO3PST
HNIATPUMYETHCA TpPH OUIBIIMX 3HAYEHHSX OCHOBHOTO MArHITHOTO TOJs, a TOMY

BITHOCHHI BKJIAJ JOTOMIKHOTO ITOJISI MEHIIIHHA.

2.1.2 Ilna3mMo0BO-1YTrOBHii MPUCKOPHOBAY

st 3abe3nedeHHsT MOXKJIMBOCTI poOOTHM 3 MaTepiajiaMH, SIKI € OCHOBHUMH
CKJIAJOBUMHU (YHKILIOHATIBHUX IIApPIB BHUPOOIB MIKPOEIEKTPOHIKH, a TaKOX I1HIIUX
Cy4aCHHUX TE€XHIYHHMX 3aCTOCYBaHb, OyJI0 pO3pOOJIEHO Ta AOCTIIHKEHO BAaKYyMHO-TyTOBY
CUCTeMY, sika 3a0e3Medye JIOKaIi3alio AYroBOro po3psay mobiu3y TopieBoi podouoi
NOBEpXHI KaTona, epeKTUBHE MEpPEeBEACHHS MaTepially KaToja B IJIa3MOBUN CTaH Ta
HACTYITHE MPUCKOPEHHS IJIa3MOBOTO TMOTOKY B HampsIMKy OOpOOIIOBaHOTO BUPOOY —

cucrtemy TuazmMoBo-ayroBoro npuckopeHHst (ITJI1 texnomoris). ITAII cuctema Oyna
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BUIPOOYBaHA MPHU MOYEPTOBOMY Ta CILIFHOMY HAaHECEHHI IUIIBOK METAJiB MEpPeXiTHOI
TPyIH, JO3BOJISIE OTPUMYBATH SIK OJTHOKOMIIOHEHTHI, TaK 1 6araTOKOMITIOHEHTHI IIJIIBKU
13 IGKIIBKOX MPHUCTPOIB B €AMHOMY BaKyyMHO-TexHosoriyHoMy mporeci. [TJI1 cucrema
Oyna BumpoOyBaHa TaKOX TMpU poOOTI 13 0araTOKOMIIOHEHTHUMHU BUTPATHUMHU

CICKTpOOdaMHU.

—
o
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-
.

n

-6 -4 -2 0 2 4 6

'YCTUHA CTPYMY (MA/cM?)

PAJTIAJTBHE TIOJTIOKEHHS (cm)

Puc. 2.18 PanianbHi npoisii TYCTUHH 10HHOTO CTPyMYy Ha 30HA y JpeidoBiii
kamepi (z = 33 cm) npu THCKY aprony 50 MmTopp. Kpusa 1 — Tijibku OCHOBHE MarHiTHE

noste (130 I'c), kpuBa 2 — 3 moaBaHHSAM TOJIST JOTIOMIKHOTO COJICHOIA 31 CTpyMoM 2A.

CytreBoro ocobmusicTio ITJII1 TexHOIOT1T € MOKJIMBICT HAHOCUTH BHCOKOSKICHI
CIIEKTPOI3OJIALIIAHI MOKPHUTTS 13 okucy MmarHito [50], miiBku Hikento, XpoMy, THTaHY,
HITPUAY XpOMYy, HITPUAY THUTaHy Ta 1HIN Ha MAKIAAUHKA Ta MOBEPXHI BUPOOIB TIpH
ixHid Temmneparypi Hmwkye 3a 450 K, B ToMy uyuciali W Ha MOBEpPXHI IJIacTMac.
OTpuMaHHS TaKMX IUTIBOK B TPaguIlifHUX BaKyyMHO-IYTOBUX CHCTeMax abo
npuHITMTIOBO HeMoxuBe [112], a6o He 3a0e3neuye HeoOX1HOT IXHBOT SAKOCTI.

3azHaueni Bumle xapaktepuctuku [IJIII TexHomorii, a TakoX JOCBIJ,
HaANpalbOBaHUN NpPU HAHECEHH! MPEeHM3IMHUX IUIIBOK PI3HHUX MaTepiajiB, JO3BOJWIN
BUKOPUCTATH 1I0 TEXHOJIOTII0 TaKOX JUIsi BUCOKOE(EKTUBHOTO (HOpMyBaHHS
(GYHKIIIOHATBHUX MIAPIB €JIEMEHTHOT 0a3u BUPOOIB HAHOTEXHOJIOT1T B PEKHUMI ITOBOPOTY

3apSAKEHOT KOMIIOHEHTH TIJIa3MH JTI0JATKOBOIO MAarHiTHOK CUCTEMOTO.
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2.1.2.1 KoHcTpyKIif MJIa3MOBO-1YIr0BOI0 NPUCKOPHOBaya

[IpuHunoBa cxema 1mjia3MoBO-IyroBOro MpUCKOpIOBaya HaBeeHa Ha puc. 2.19.
Enexrpomgna cucrema I1/I11 Britouae B cebe po3TamoBaHi KOaKCHAIBHO KaToa 1 1 aHox
2, MO MIAKIYEH] 0 JpKepeaa IMOCTIHHOTO CTPyMy 1 SIKI OXOJOJKYIOTHCS BOJIOIO.
BbokoBa HepoOoya moBepxHs KaToAy | oxBaueHa eKpaHYIOUHMM €JIEKTPOAOM 3, SIKUW He
Ma€ eJEKTPUIHOTO KOHTAKTY 3 1HIIUMHU €NEKTPOJaMH po3psaHoi cucteMu. EnextpoaHa
CHCTEMa PO3TalllOBaHA B MAarHiTHOMY IOJi, sIKE CTBOPIOETHCA JIBOMA KOTyIIKaMu 4 Ta 5.
MarnitHi KoTyuiku 4, 5 po3TanioBaHi Mo oOujiBa OOKU TOPIEBOi poO0YOi MOBEpXHI 6
karoga 1. [Ilpuctpiii MoHTyeTbcs Ha ¢uaHIll, 3a JOMOMOIOI SKOrO BiH
MPUCTUKOBYEThCS 110 apeiidoBoi kamepu. [lnazmoBuii motik 7, sikuéi GhopMmyeThcs B
[TI1, po3mOBCIOAXKYETHCS BiJl MPUKATOAHOI 00JIaCTI B HAMPSAMKY IMIIKJIAIUHKHU 3 KyTOM
po36ixkHOCTI 611 20 TpaayciB Ta Ma€ TEXHOJIOTIYHO MPUMHITHY T'YyCTHHY Ha BIJCTaHI
10 50 cM Bia kaTony. IHILIIOBaHHS IyroBOrO pO3psiAy MK KarogoMm 1 Ta aHogom 2
3MIACHIOETHCS HUIAXOM 1HXKEKLII B PO3PAIHUN MPOMIKOK IUIA3MOBOTO 3TYCTKY, KU
BUHUKAE TPU IMIYJIbCHOMY IMOBEPXHEBOMY MPO00T METaN30BAaHOTO J1€IEKTPUYHOTO
CTPHWKHS, PO3TAIIOBAHOIO B 3a30p1 MIXK KaToAOM | Ta €eKpaHylOUUM eleKTpoJaoM 3 (Ha

puc. 2.19 He nmokazanwuii).

Lo o—
+ —

Puc. 2.19 [IlpunnumoBa cxema  IJIa3MOBO-AYTOBOTO  MPHUCKOPIOBada

(Po3mmdpoBKy mo3HaueHb HaABEJIEHO Y TEKCT1).
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2.1.2.2 ®i3u4Hi XapaKTePUCTUKH MJIA3MOBO-1Yr0BOI0 NIPUCKOPIOBAaYa

OcHoBauM B poGoti IIJII, 1m0 nNpUHIMIOBO BIJAPI3HSAE IIed NPHUCTPIH BiX
TPaIUIIHHUX TJIA3MOBO-IYTOBUX CHCTEM, € JOAATKOBE IHTEHCHBHE OoMOapyBaHHS
pobouoi TOBEepXHI Karoja 10HAMU IUIa3MH MaTepialy KaToja Ta poOodoro raszy
(imepTHOTO 200 PEAKTHUBHOIO) 13 30HM IMIJIBUIICHOI 10HI3allli B CXPEIICHUX MOCTIHHUX
€JIEKTPUYHOMY 1 MAarHITHOMY TOJISIX, sIKa ICHY€ B MPOCTOp1 Haj KatojaoMm. [Ipu upomy
CWJIOB1 JIIHII MAarHIiTHOTO TMOJISI BXOJSATH B Po0OOYYy MOBEPXHIO KaTOAY IiJl KyTOM,
BEJIMYMHA SKOTO MO BIAHOLIEHHIO 10 POOOYOi MOBEPXHI 3MEHILYETHCS MIPU NEPECYBaHH1
Ha ii nepudepiro. B pe3ynbTaTi 3a0e3neuyeTbest €heKTUBHE YTPUMaHHS KaTOAHUX TIISIM
Ha poOoUiii MOBEPXHI KaTOYy.

Po3psaHuii cTpyM Ha Karoj 3aMHUKA€TbCA 3a PAXyHOK Jpeidy eIeKTpOHIB
NOMEPEK MAarHiTHOrO IMOJIs, L0 TNPU3BOAUTH J0 BHUHUKHEHHS B IUIa3Mi BEJIMKOIO
pajlaibHOrO EJIEKTPUYHOTO TMOJsl, $SKE 30UIbIIYEThCA 13 3POCTAHHSAM IHAYKIII
MarHiTHoro nojis. Lle pazgianbHe eNeKTpUYHE MOJE€ MPU B3AEMOII 3 HEOJAHOPIAHUM
MarHiTHUM TIOJIEM, SIKE CIaJa€ B HANPSAMKY PO3MOBCIOKEHHS IUIa3MOBOIO MOTOKY,
NPU3BOJIUTH /IO TPUCKOPEHHS 10HHOTO TOTOKY B IIbOMY HAIpSIMKY IO €HEpTiid,
ONMM3BKUX 0 BEIWYMHU TMaAiHHS HAnpyru Ha po3psai. [lamiHHs Hanpyru Ha po3psii
30UTBIITY€ETHCA 13 3pOCTAHHAM 1HJIYKIIIT MAarHITHOTO TOJISl Ta CKJIAJIA€ JJIsl TUTIOBUX YMOB
po3psany Bix 20 mo 100 B. Ilpu 1iboMy NpUCKOPEHHWH 10 TaKUX €HEPrii IMIa3MOBUIMA
NOTIK, KU Ma€ B co01 10HU 1 3B’s13aH1 B CHITY KBa31HEHUTPaIbHOCTI 3 HUMH €JIEKTPOHH, €
CKOMIICHCOBAHUM 110 00’ €MHOMY 3apsily, IO JIO3BOJIIE HAHOCUTH SIKICHI TUTIBKU HE
JIMIIE HA MIAKJIJAKY 3 MPOBIIHUX MaTepiaiB, aje it Ha gienektpuku [113].

Tpeba 3a3HaunTH, 110 BUCOKUN CTYMIHb 10H13aLii B moTo1l, ikuii ckianae 80 — 90
%, 3a0e3nedye GopMyBaHHsI IUTIBKM TOJIOBHUM YHHOM TPUCKOPEHUMH 3apsKCHUMU
YaCTMHKaMH, Kl HAaaXOAsATh Ha miakiaaaky. Lle, 3 ogHoro OGoKy, 3HAYHO MiJABUIILYE
SKICHI XapaKTEPUCTUKH TUIIBOK, 1110 HAHOCATHCS, B TOMY YHCJIl aJre3ito 1 TyCTUHY, a 3
IHIIOTO — Ja€ MOXJIUBICTh KOHTPOJIIOBATH TOBIIUMHY IUTIBKM 332 BEIUYHHOIO

IHTETpaNIbHOTO 3apsily, IEPEHECEHOr0 Ha MIAKIAIKY.
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€IMHOIO J0JTATKOBOIO YMOBOIO, 32 SKO1 peaji3yeThCsl 3a3HAYCHUIN BUIIIE MEXaHI3M
INPUCKOPEHHS IUIA3MOBOIO TOTOKY, € TIEPEBUILIECHHS €JIEKTPOHHOI IUKIOTPOHHOI
YaCTOTH HAJl YaCTOTOIO 3ITKHEHb €JIEKTPOHIB IUIa3MH 3 HEHTpanaMmu (Tak 3BaHa yMo6d
3amaenivenocmi). 1l ymoBa He oOMexye Mexi poOOYMX THUCKIB 3HAUYCHHSMH, 32 SIKHX
JIOBKMHA BUIBHOTO PyXY YaCTMHOK IEPEBUIY€E BIACTaHb B KaTOLy J0 aHOAY, SIK 1€
Ma€ Miclle B TPAAMIIMHMX BaKyyMHO-IyTroBUX cucremax. llpu mpomy BennumHa
IHAYKI[li MardiTHOrO MOJisl y aHoja Ouls poOOYOoi MOBEPXHI KaroAa HE MOBHHHA OyTH
meHmow 3a 50 I'c. Ilpy MeHmMX 3HAYEHHSAX IHAYKLII MarHiTHOTO IMOJI CYTTEBO
3MEHIIYETHCS T'YCTHHA 10HHOTO MOTOKY Marepiaiy IUIBKH, B PE3yJbTaTl BTPAYAIOThCS
ocHoBH1 nepeBaru [1/II1, moB’s3aHi 3 BHCOKOIO aAre3i€l0 Ta T'yCTUHOKO IUTIBKH, IO
HAHOCHUTBCS.

3BepXy BeEJIMYMHA MATHITHOTO MOJS OOMEXEHa TUIbKA MaTepialOEMHICTIO Ta
€HEPrOEMHICTIO MAarHiTHOI CHCTEMH, OCKUIBKH NMPUHIIMIIOBE OOMEKEHHS, MOB’S3aHE 3
BIJICYTHICTIO 3aMarHi4y€HOCTI 10HHOI KOMIIOHEHTU IJIa3MH, B peajJbHUX YyMOBax HE
nocsbkHe. Ha mpakTuill 1o1iabHO 0OMEXUTUCH BennuuHoro 1Haykiii 400 — 500 I'c, uo
3a0e3neuye eheKTUBHY pOOOTY MPUCTPOIO MpH THCKaxX B coTHI MTopp. Lle poouts IT/II1
CYMICHUM IO POOOYOMY THCKY 3 TEIIKOHHUM JDKEPENIOM K B pekuMi (OpPMYBAHHS
KaranitTuyHoro mapy, Tak 1 B CVD mporeci.

BukopucTaHHs  JOJATKOBOI  YIPaBISAIOYOl KOTYUIKHM JIO3BOJIWJIO — BIIEpILE

pealtizyBaTH PeKUMU ypaBiiHHs m1a3MoBuM norokoM TTJIIT (puc. 2.20).

Be3 moBopory  Maunii mosopor 70° Cuabuuii moopor 90°

Puc. 2.20 KepyBauns miazmoBum notokom TT/IT.
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2.1.2.3 TexHOJI0TiYHI XapaKTePUCTUKH IIA3MOBO—IYT0BOI'0 NPHCKOPIOBAYa

[{ikaBUM 3 TEXHOJIOTIYHOI TOYKM 30pY € BCTAHOBJIEHUN (HaKT 3MEHIIEHHS
re’epartii Mikpokpaneins rnpu po6oti [1/II1 3 He TyromiaBkuMu MaTepiagaMu, a TAaKOXK 3
MaTepiaiami, 1110 Mal0Th HU3bKY TEIUIONPOBIIHICTh. OTpHUMaHi eKCIIepUMEHTAIbHI JaH1
MOKa3yloTh, IO BUPIMIAJILHY POJIb MPU I[OMY BIJIrPa€ KOHIIEHTpAllis TyroBOTO
po3psiay 011 pobouoi moBepxHi katony. JlogaTkoBa Aisi Ha KaToJl 10HHOTO MOTOKY 13
30HM YTPUMAaHHS €JIEKTPOHIB Y CXpPEIIEHUX €JIEKTPUYHOMY TMOJl po3pany 1
30BHIIIHBOMY MAarHiTHOMY MOJi OIS KaToay MoKe OyTH MPUYHMHOIO, IO CTUMYIIIOE
PO3BUTOK CYCIIHBOI KAaTOJHOI IUIAIMH, KOJIM MONEpeIHs KaToJHa IUlsiMa IIe He
€BOJIIOLIIOHYBaJla JI0 CTaHy KoJylancy. B pesynbraTi Takoro po3BUTKY IUISIM
3MEHIIIYEThCS MEpPErpiBaHHs MOBEPXHI KAaTOAY B TOYLI JIOKai3alil ICHYIOYOI IUISIMHU,
110, B CBOIO U€pry, MPU3BOAUTH J0 3MEHLIECHHS] MIKPOKpaIenbHOi (a3u.

Hegenuka yacTka MikpokpanenbHoi (pakiiii, a TAKOK BUCOKUH CTYIiHb 10HI3aIli
NOTOKY I1a3MHu, sikuii nocsirae 80 — 90%, no3Boisie epeKTUBHO cenapyBaTH MOTIK Bif
MIKpOKparieiib, 3aCTOCOBYIOUM BIJJOMI METOJIM €JIEKTPOMArHiTHOI cemapaiii 3
MOBEPTAaHHSAM MOTOKY. B 1IbOMYy pa3i MIBUAKICTh HAHECEHHS IUTIBKM 3MEHIIYETHCS HE
ounbire Hix Ha 30 — 40%.

BaxxnuBa poJib 104aTKOBOI i HA KaTOJ| 10HHOTO MOTOKY IMPOSIBISETHCS TaKOX
Opy TOpiHHI Ayrd B arMmocepi peakTUBHOTO Ta3y, KOJM Ha TOBEPXHI KaTOIy
BUHUKAIOTHh JIEJNIEKTpUYHI a00 TIUIIBKK 13 Cia0Kow MpoBiAHICTIO. Perymoroun
IHTEHCUBHICTb JJOJIATKOBOT'O 10HHOTO MOTOKY Ta HOTO €Heprito (IIAXOM 3MIHU CTPyMY
Ta HaMpyTu po3pslly), MOKHA MIATPUMYBATH TaKUM CTaH IUIIBKM HAa KaTOJ1, KOJIU IIs
TUTiBKa 3a0e3nevye J0JaTKOBE MiJICUIICHHS SJIEKTPUYHOTO TOJIs O11s1 TOBEpXHI KaTOMdy,
ajie He MPU3BOJUTH N0 TeHepalii TBepAUX (parMeHTIB BHACIIIOK PO3TPICKYBaHHS
IUTIBKU. 30KpeMa, BCTAHOBIICHO, IO JIJISl OTPUMAHHS SKICHUX MPO30pUX IUTIBOK HITPUIY
IIOMIHIIO (3 MPO30picTIO HEe MeHIe 85%) eHepris 10HIB, Kl PyXaloThCs B HAMPIMKY
KaToJly Ta OoMOapIyr0Th KaTo, MOBUHHA TiepeBuIyBaTu 65 — 70 eB. B 1iboMy pasi Ha

KaToOJl ICHYIOTh acoriarlii KaToJHUX IUIsAM, SKI HE3aJe)KHO BUHHUKAIOTHh 32 PaxyHOK
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J0JJaTKOBOI M1ii Ha KaTOJ MOTOKY T'a30BHX 1 METaJEeBUX 10HIB 13 00JACTi YTPUMYBaHHS
€JICKTPOHIB B CXPEIIEHUX IMOJIAX Ta MiJICUICHHS €JIEKTPUYHOTO MOJIS Y KaTo/a.

B mia3aMoBo-1yroBoMy MpuCKOpIOBaUl MpU BKIIFOUEHHI MAarHiTHOTO TOJIs TOPS/T 3
dbopMyBaHHSIM CIPSIMOBAHOTO IHTEHCHBHOTO BHCOKOEHEPTETHYHOTO IMOTOKY IJIa3MHU
MaTepiaity KaTo/ia BUHUKA€E TaKOXk MPUHIIUIIOBA 3MIHA XapaKTepy pyXy KaTOAHUX IUISIM
Ha poOouiii moBepxHi Karoay. lle ocobmmBo momiTHO Tpu poOOTI 3 KaTOJIOM 13
XPOMOHIKEJIEBOI HE1p>KaBiloyOoi CTajl, KOJM 3a BIJICYTHOCTI MarHiTHOTO MOJISI HA KaToi
ICHy€ JeKUIbka Manopyxomux katoguux misiM. B III1 pexxumi pyx KaTOAHHX IUISIM
3MIHIOETBCS BIJ] XaOTUYHOTO JI0 MPOCTOPOBO CKOpeiaboBaHoro. IIpu 1mpomy pi3ko
3MEHIIIYETHCS PO3MIP KaTOJHUX TUISIM Ta 3pOCTA€ MIBUIAKICTH IXHHOTO pyXy. Oco0IMBO
BHUCOKA IIBHJKICTh TEPEMIIIECHHSI KaTOMHUX IUISIM 3apikcoBaHa Ha KaToll 13
HeipKaBitouoi ctaii mpu podbounx Tuckax Buiie 10 mTopp. B mpomy pasi pizko
3MEHIIIYIOTbCSI PO3MIPU 1 KUIBKICTh MIKpOKpamneiab Yy TOKPUTTI, IO JI03BOJISE
OTPUMYBATH aHTHKOPO31iHI MOKPUTTS 13 HEipkKaBito4oi cTaumi, siKi mpu ToBmuHI 7 — 10
MKM 3a0€31e4YyI0Th KOPO31MHY CTIMKICTb, IO BIANOBIIA€ TAIbBAHIYHOMY KaJIMIIO.

[Topsim 3 6GaraTOKOMIIOHEHTHHMH IUTIBKAMH, SKI HAHOCATHCS 13 BUTPATHOTO
Karoqy mnocTiiHoro cknanmy, IIJII  gae  MoxnuBICTE  TakoX  (QopMyBaTu
0araTOKOMIOHEHTHI TUTIBKA PETyJIbOBAaHOTO CKJIaay. bynaum mpoBeneHi JeTalbHI
JOCIIJKEHHSI CKJIaTy 1 CTPYKTYpH IUTIBOK HIXpoMmy, C(HOpPMOBaHHUX B PI3HUX
ymoBax. [locimikeHHs: CKJIaqy IUIBOK HIXpoMa METOAOM 4YacOMNpOJITHOI Mac-
CIIEKTPOMETPIi 3 JJA3epPHUM JIKEPEJIOM 10HIB, pe3yJIbTaTH SIKUX HaBeNeHI Ha puc. 2.21 A
1 b, migrBepawnM, mo TIUIBKHA, c)OpMOBaHI 3a JOMOMOTOK BaKyyMHO-IyTOBOTO
JKepena, MaloTh TOU e CKJIaJl, II0 1 MaTepiai KaToja JHKepea.

[IporieHTHE CHIBBIAHOIIEHHS KOMIIOHEHT II0 CIEKTPY BHU3HAYAETHCS TIO
BiTHOIIIEHHIO IO CTIEKTPATbHUX KPUBHX, HOPMOBAHOMY Ha aTOMHI Bar KOMIIOHEHT.
[Tpu ubomMy BH3HAUYATBLHUM (PAKTOPOM HAHOCTPYKTYPYBaHHS ILTIBOK OYB MacONEpeHOC
y BUIJISA1 10HHOT KOMIIOHEHTH 3 eHepriero ioHiB B miama3oni 10 - 200 eB. To6to
dbopMyBaHHs TUTIBOK BiJI0OYyBajaOCs B MIPUHIIMIIOBO HEPIBHOBAKHUX YMOBAaX, a Jllalma3oH

pO3MIpiB HAaHOYTBOPEHb B IUIOMIMHI 1 1O BHCOTI BWU3HAYABCS, TOJOBHUM YHUHOM,
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CHepri€o 10HIB B MOTOII IJIa3MH MaTepialy MOKPHUTTSA 1 3MIHIOBABCS B MEXax BiJ
OJIMHUIG A0 JECATKIB HaHOMETpiB. DopMyBaHHSI OTpUMAHUX IUTIBOK HAa CyO0aTOMHOMY
PIBHI SIKpa3 1 BU3HAYA€E IX XapaKTEPUCTUKHU, SIKI BIAMOBIAAIOTH TAOJIMYHUM 3HAYEHHSIM
o0'eMHOr0 Marepiany. XapaKTepHUIl MPUKIAA CTPYKTYPH MOBEPXHI IUIIBKH HIXPOMY,
JIOCITIJIKEHOT 32 JOTIOMOI'0OI0 aTOMHOI'O CHUJIOBOTO MIKPOCKOIA, HaBEJAEHO Ha puc. 2.22.
Cnin 3a3HauMTH, 110, SIK BUAHO 3 JaHUX puc. 2.21 B, mpu HaHECEHHI IJIIBKU HIXpOMY
TUTa3MOBHM TMOTOKOM, MOBEPHEHUM 3a JIOTIOMOTOI0 MAarHiTHOTO MOJis Ha 45 Tpamycis,

B1JI0YBAETHCS 301THEHHS TJTIBKH BaXKYUM KOMIIOHEHTOM, TOOTO HIKEJIEM.

Puc. 2.21 Mac-crekTp MOHOJITHOTO HIXPOMOBOTO KaTojia (A); Mac-CIeKTp IUTIBKH
HixpoMa B mipsimy mototi (b); Mac-criekTp MIiBKM HIXpOMY, HAHECEHOI B MOBEPHYTOMY

nototi (B).

300
1200

200
80.0

1001 0.0

0.0

0 1 2 3um

Puc. 2.22 CtpykTypa moBepxHi IUTIBKH HIXpOMa IIPH MOTEHITIami miakIaaky -15 B.
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JlociKkeHHsT 3a JOMOMOTOI0 YacOMPOJIITHOI Mac-CIIEKTPOMETpPIi Ta PEHTIeHO-
CHEKTPAIBHOTO aHaJi3y MiATBEPAWIW, 110 1 MPU HAHECEHHI TUIBOK XPOMOHIKEIEBOI

HEPKaBIIOYOT CTall iX CKJIaJ TAKOXK BIATBOPIOE MaTepiai BUTPATHOTO €JIEKTPO/IA.

2.2 MeTtoau XOCHiIsKeHHSI CTPYKTYP IUIIBOK i IOKPUTTIB

2.2.1 Metoa ckaHiBHOI 30H0BOI MiKpOCKOil

B po0oTi BUKOpUCTOBYBaBCA CKaHIBHMI 30HI0BUM Mikpockon “@emtoCkan” B
pexumi ACM (puc.2.23 (A)) i AOCHTIHKSHHS TOBEpXHi MIiBKOBUX CTPYKTyp AlN,
OTPUMAHHMX Ha TEPMOJIAOUIBHUX MIAKIAAKax. 3a JIOMOMOIOK CKaHIBHOTO 30HJIOBOTO
mikpockormmra Nano Scope Illa Dimension 3000 TM B pexumi ACM (puc. 2.23 (b))
OTpMMaHi 3HIMKM TOBepxHI MimBoK AIN Ha miaknmaakax kpemHito. Ha
HAJBUCOKOBAKYYMHOMY CKaHIBHOMY 30HI0BOMY Mikpockomi JSPM-4610 B pexumi
CTM (puc. 2.23 (B)) nocaimkena mopdooris miiBok TiN 1 Fe Ha moBepXxHi KPEMHIIO.

[Tpuniun A1l CKaHIBHOTO 30HJAOBOTO MIKPOCKOIIA 3aCHOBAaHUN Ha MEPEMIIICHHI
30H]ly HaJ TMOBEPXHEI0 Ta PEECTpAIli€l0 MOro BIIXWJIEHHS B PE3yjbTaTi B3aeMOIl 3
noBepxHew. Bubip curHamy, mo BUKOPUCTOBYETHCS [IJISl peeCTparlii BIACTaHI MiX
30HIOM Ta TIOBEPXHEI0, 0OYMOBIIIOE Ha3By PeXUMY CKaHyBaHHA. B aToMHO-cHIOBOMY
pEeXUMI — 1€ CUJIM BIJIITOBXYBAaHHS aTOMIB 30H/Y Ta 3pa3Ka, B TYHEIbHOMY PEXHUMI -

1€ TYHEJIBHUN CTPYM MK 30HIIOM Ta 3pa3KoM.

Puc. 2.23 A - wmikpockon “®emtoCxan”; b - mikpockom Nano Scope llla
Dimension 3000 TM; B - mikpockorn JSSPM-4610.
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VY koHtakTHOMY pexkuMi ACM 300paxeHHs penbedy TOCHIHKyBaHOI MOBEPXHI
dbopmyeThess a00 TpH MOCTIMHIN CHJTI B3a€EMOJIIT 30Ha 3 TIOBEPXHEIO (CHJIa IPUTSITaHHS
a00 BIJIIITOBXYBaHH:), a00 MPH MOCTIMHINA CepeaHIN BiJICTaHI MI)K OCHOBOIO 30H]IOBOT'O
JaTYMKaA 1 TTOBEPXHEI0 3pa3ka. B poOOTI BUKOPHUCTOBYBABCS KOHTAKTHUN PEKUM TPHU
MOCTIMHIN CcujIl B3aeMOJIli 30HAa 3 ToOBepxHero. [Ipw ckaHyBaHHI 3pa3ka B TaKOMY
pexumi (F, = const) cucrema 3BOPOTHOTO 3B’S3KY MIATPUMYE MOCTIHHOIO BEIUYHUHY
BUTMHY KaHTHWJIEBEpa, a OTXKE 1 CHIIy B3aemMojii 30HAA 31 3paskom (puc. 2.24). Ilpu
[bOMY Kepyloua Hampyra B IETJi 3BOPOTHOTO 3B'SI3KY, IO MOJAETHCA HA Z-€JIEKTPO]T

CKaHepa, Oye MPOMOPIINHOI A0 peiabedy MOBEPXHI 3pa3Ka.

Puc. 2.24 ®opmyBanas ACM 300pakeHHS B KOHTAKTHOMY pEXUMI TIpH

MOCTIMHIN CHITI B3aEMO/IIT 3pa3Ka 3 30H0M.

Meron narepadbHUX CHJI  JO3BOJISIE  PO3PIZHATH  00OJAcTi 3 PI3HUMU
Koe(dillieHTaMl TEPTsl, a TAKOXK MiJAKPECIOBaTH OCOOIUMBOCTI penbedy moepxHi. Ll
MO>KJIMBOCTI MOXYTh OyTH BUKOPHUCTaH1 OJTHOYACHO 3 OTPUMAHHAM peibedy MOBEPXHI
JUTsl OUTBII TTIOBHOT XapaKTEPUCTHKHU JOCIIKYBaHOTO 3pa3ka. dDi3uyHi OCHOBU METOIY
JaTepalibHUX CUJI MOJIATal0Th y HAacTynmHoMy. [Ipu ckaHyBaHHI 3a METOJIOM MOCTIHHOT
CHJIM MIEPIEHIUKYIISIPHO 10 TI03/I0BXKHBOI OCl KaHTUJIEBEpa KPIM BUTHHY KaHTHIIEBEpa B
HOpMaJbHOMY HAamNpsIMKY BIiJOYBa€TbCSl TaKOXX 1 HOro TOPCIOHHUHM BUTHUH. BiH
OOyMOBJIEHMI MOMEHTOM CHJIM, Jif040oi Ha 30HA. [l Manmux BIAXWIEHb KYT
3aKpy4dyBaHHS MPOIOPIIHHUY 10 TToTiepevHoi abo aTepaabHOI CHIIH.

B pexumi ckaniBHOi TyHenbHOTro Mikpockorii (CTM) ToHke MeTasieBe BICTps

CITY’KUTb 30HIOM IS JOCTIKEHHS AUISTHOK ITOBEpXHi 3pa3ka (puc. 2.25).
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Konu Take BicTps MifBOAMTBCA IO MOBEpXHi Ha Bigctamp < 10A, To mpu
J0/TaBaHHI MIDXK BICTpsIM 1 3pa3zkoM Heenukoi (Bix 0,01 mo 10 B) manmpyru 3mimeHHs Vi
yepe3 BaKyyMHHUM MPOMIKOK G, MOYMHAE MPOTIKATH TYHEIbHUM CTPYM /i BEIIMYHMHOIO
6mmsbko 10°A. BBaxkaroun, mo eneKTpoHHi cTaHd (opOiTai) TOKaIi30BaHi HA KOXKHil
aTOMHIN JUISHIN, IPU CKaHYBaHHI NTOBEPXHI1 3pa3ka y HanpsaMi X 1/abo ¥V 3 omHogacHUM
BUMIPOM BHUXIJHOTO CHUTHaly B JIAHLIO31 MOXXHa OTPUMATH KAPTUHY IMOBEPXHEBOT
CTPYKTYpH Ha aroMHOMY piBHI. Ll cTpykTypa Moxe OyTu BioOpakeHa B JBOX
pexuMax: BUMIPIOIOYM TYHEIbHUNU CTPYM 1 MIATPUMYIOUM BIJCTaHb G, BiJ BICTPA 1O
MOBEPXHI 3pa3ka ad0 BUMIPIOIOYM 3MIHM B IOJOKEHHI BICTpsI (TOOTO BIACTaHb [0
MOBEpPXHI 3pa3ka) TMpU TMOCTIHHOMY TYHEIBHOMY CTpyMi (IpYruii pexuMm

BUKOPUCTOBYETHCS YACTIIIE).

Puc. 2.25 Ipuamun aii CTM

2.2.2 MeToa CKaHIBHOI eJIEKTPOHHOI MiKPOCKOTIil

Meronamu SEM B mporieci BUKOHAHHS poOOTH OyJO JOCHIIKEHO CTPYKTYpPY
MIIKIIAJ0K 3 KPEMHI0, Ha SIKUX Oynir cOpMOBaHI 10HHO-TIJIA3MOBI IIJTIBKOBI CTPYKTYpH
TiN i TiN/Fe. JocmimkyBanu, ik TOBEpXHi 3pa3KiB, TaK 1 iX MOMepeyHi mepepisu.

JlocmipkeHHST TMPOBOJWIMCH 33  JOMOMOTOI  PacTpOBOTO  EIEKTPOHHOTO
mikpockorry ZEISS EVO 50XVP (po3ainbHa 3natHicTh 300pakenHs 2 HM mipu 30 kB),
ocHarieHoro INCA 450 enepro-aucrnepciiHuM aHalli3aTOPOM PEHTT€HIBCHKUX CIIEKTPIB
(OXFORD, Awnrmis), o J03BOJISIE POBOANTH KUTBKICHUN aHANi3 BiJ OOpy 10 ypaHy 3

gytinuicTio 0,1 Bar. %. Ilpu gocmimkeHH1 3pa3kiB 3acTocoByBaiu 300pakeHHs SEI
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(Secondary Electron Image) ta COMPO (Back Scattered Electron Image
(Composition)). SEI — 1me 300paxkeHHs, OJep)KaHi 3a JONOMOTOI0 BTOPUHHHUX
CJICKTPOHIB, TOOTO EJICKTPOHIB, 10 3BUIBHSAIOTHCSA BHACIIJIOK 10HI3aIlli aTOMIB 3pa3Ka.
Taki eeKTpOHU XapaKTepHU3yIThCA qyke Masioro ereprieto (<100 eB) 1 Tomy moxoasTh
13 TOBEpXHEBHX JAUITHOK (TJIMOMHOI ~ 5 HM y wMeramax 1 ~ 50 HM vy
HEEJIEKTPONPOBITHUX MaTepiajax). B Mexax Iporo Imapy MOXKHa 3HEXTYBaTH
PO3MIMPEHHSIM ITydKa MEePBUHHUX EJIEKTPOHIB 1 HOTO €HEePreTHYHUMH BTpaTaMU depes
po3citoBanHs. Maiixe 50 % BTOpUHHUX €IEKTPOHIB EMITYIOTH 3 HIapy, 1o ckiaaae 1/10
MaKCcUMalbHOI TNMOMHU emicii. Ilpu cuiibHMX 3MIHAX CKJIaay 3pa3ka JJisl YCYHEHHS
PI3HUII BUXOJY BTOPHUHHHUX €JIEKTPOHIB 4Yepe3 3MIHHUN XIMIYHUN CKIIAJ 3'SBISETHCS
HEOOX1THICTh HAIUJICHHS TOHKOTO IIapy, HAMpUKIaI, Au.

COMPO — e 300paxkeHHs, oficpKaHe 3a JOTIOMOTOI0 BiIOUTHX eJIeKTpoHiB. Lle, B
OCHOBHOMY, TMIPYXKHO Ta HEMPY>KHO PO3CISIHI €JIEKTPOHH, TPAEKTOPIl SKUX HACTIIBKU
BIIXWJICH], [0 BOHM MOXYTh 3aJMIIMTH [OBEPXHIO 3pa3ka. EHepria BiaOUTHX
€JICKTPOHIB MPHUOJIM3HO JTOPIBHIOE €HEPT1i NEPBUHHUX €JIEKTPOHIB. Bi1OuBHA 3/1aTHICTD
3pa3ka 3alleKdUTh BIJ HMOro cepeaHboro aromHoro Homepa Z. Ilo 3anexHocTi
Koe(DilieHTIB BIAOUTTA Bi Z MOXHa 3pOOMTH BUCHOBOK NP0 XIMIYHUK CKJIaJ 3pa3Ka.
Ha mutockomy 3pasky AUITHKM Matepiaidy 3 OUIbIII BHCOKHUM CEPEIHIM TMOPSIKOBUM
HOMEPOM BIJOMBAIOTH OUIBIIY KUIBKICTH €JIEKTPOHIB y TOPIBHSHHI 3 JUISHKaAMHU 3
MEHIIUM CepeAHIM MOpsAKOBUM HOMepoM. Ha 1ili OCHOBI BHUHHUKA€ KOHTPACT, IO
3QJICKATH Bl TMOPSIKOBOro Homepa. JIUISHKM 31 301IBIICHOI0 €MICIEI0 BIIOUTHX
CJICKTPOHIB BUIJISAAIOTh HA €KpaHl CBITJIIIMMHU IO BiJHOIICHHIO JO 1HIIMX AUISTHOK
3pa3ka. Tomy, Ha OCHOBI PI3HOTO CTYIEHS YOPHOTH 300paKEHHsI BIAOUTHX €JIEKTPOHIB,
MO>KHA 3p0OUTH TOTIEPEHI BUCHOBKH MPO KIIBKICTH (ha3, 10 3HAXOAATHCS Y 3pa3Ky, Ta
iX XiMiYHUN ckiaa. OCKUIBKM YTBOPEHHS KOHTPAcTy OOYMOBJEHE PI3HMM XIMIYHUM
CKJIQZIOM 3pa3ka, TO MH CIIOCTEPITaEMO KOHTPACT 3a CKJIAJO0M, 3aBASKH YOMY MOXKHA

HA0YHO YSBUTHU XIMIYHHUM CKJIA].
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2.2.3 PentrenodgasoBuii anaui3

®azoBuii ckman 3paskiB 1wiiBok  AIN  KOoHTpomroBaiM 33 JIOIIOMOTOFO
pentreniBcbkoro nudpakromerpa “PHILIPS x’pert” ta JIPOH-2. V Bumanky peHTreH
(ha3oBOro aHaizy 3ioMKa IpOBOAMIACE B Hiama3oHi KyTis 20 = 10 - 70° 3i mBHAKiCTIO
0,5 rpan/xs.

Hudpaxkromerp X'Pert PRO MRD (I"onnangisi) y peHTreHIBChbKIA AUQPpaKITiitHii
CUCTEMI € OCHOBHOIO IIAT(OPMOIO JUIsl IIMPOKOTO 3aCTOCYBAaHHS Yy AaHaJITHYHIN
PEHTI€HIBCHKIN TU(paKLii K y HAYKOBUX, TaK 1y IHAYCTPIATIbHUX TOCTIIKEHHSX.

Sx BIOOMO, aTOMHM KpHUCTaja pPO3MILIEHI B MPOCTOPlI B IEBHOMY MOPSAKY,
YTBOPIOIOUYM TaK 3BaHy IIPOCTOPOBY IpaTKy. JlJig BU3SHAUEHHS KPUCTAJIIYHOI CTPYKTYpH
PEYOBHHM HEOOX1JHO 3HATHU MMApaMETPH €JIEMEHTAPHOI IPATKU KPUCTAIIYHOI CTPYKTYPH
1 KOOpAMHATH aTOMIB, 1110 3aIIOBHIOIOTH €JIE€MEHTAPHUI Mapaienenines, 3aK0H CUMETPii,
SAKOMY TIIMOPSAKOBYEThCS 1€ PO3TAlllyBaHHS, 1 MUKIJIOMMHHI BiAcTaHl. Bci mi
BIIOMOCTI Jla€ JudpakiiiiHa KapTUHA - PEHTIeHOTpaMa pPEYOBUHHU, SIKY MOXKHA
OTpUMATH, HAAICIABIIA Ha OO'€KT JOCHIKEHHS My4YOK PEHTTeHIBCHKUX IPOMEHIB.
OCHOBHUM METOJIOM pEHTreH (Ha30BOTO aHANI3y CIYXUTh METOJ MOPOIIKY (METOJ
Jebas-lleppep), KoOMM MOHOXPOMAaTUYHUN TMYyYOK PEHTTEHIBCHKUX IPOMEHIB
HANpaBJIsAIOTh Ha MOJIKPUCTATIYHUM 3pa3ok. Tak SK KpUCTalH, 3 SIKUX CKJIAJAa€ThCs
3pa3okK, AY>K€ Malli, TO B JOCHIPKYBaHOMY 00'eMl 3pa3ka iX BHSBISIOTHCS JECSITKU
MiTBHOHIB. OTXKE, 3aBXKIU € X Oy/Ib-AKi OPIEHTYBAHHS IO BiJHOIICHHIO IO TPOMEHS, B
TOMY 4YMCJ 1 Ti, SIKI 3aJ0BOJIbHSIOTH 3akoHY Bynbda - bperra, mo BcTaHOBIIOE
3JIEKHICTh MK JOBXMHOIO XBHUJIl PEHTIEHIBCHKUX MPOMEHIB (A), MUKIUIONIMHHI
BificTaHi (d) 1 KyTOM KOB3aHHS IyYKa PEHTICHIBCHKUX MpPOMEHiB (@) Mo BiIHOIICHHIO
JI0 TUTOIIHMHI, 1o BimoOpaxye: 2d sin®@ = nX. B pesynbrati inTepdepeHiii 3 BiiOUTHX
PI3HUMH KpHUCTaJIaMd TPOMEHIB YTBOPIOIOTHCS KOHYCH, $IKI Jari0Th Ha (DOTOILTIBII
CUCTeMY AU(PPaKIIMHUX MAaKCUMYyMIB Pi3HOI IHTEHCHBHOCTI. Po3paxyBaBiiu oTpumany
TaKUM LUIIXOM PEHTTEeHOrpaMmy, OTPUMYIOTh 3HAHHS PO MDKIUIOUIMHHI BIJICTaHI B

KpucTail. 3HAYCHHS MIUKIUIONMHHUX BIJACTAHEH JUIsi KOXKHOI PEUYOBHHU CTPOTO
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1HAMBIAyaJlbHO, TOMY pEHTI€HOTpaMa OJIHO3HAYHO XapaKTEpHU3y€e JOCHIKYBaHY
pedoBuny. [lpunan A 3MOMKH peHTI€HOTpaM B 3arajbHOMY BUIAAKY MOBUHEH MaTH
JKEpEJIo PEHTIeHIBCHKOTO BUIPOMIHIOBAHHS 1 MPHUCTPIA I peecTpalili BiAOHTHX
PEHTTEHIBCHKUX TPOMEHIB.

Sk mxepena peHTTeHIBCHKUX ITPOMEHIB 3aCTOCOBYIOTh PEHTTECHIBCHKI €JIEKTPOHHI1
TpyOku. IX poGoTa 3acHOBaHA Ha 3JaTHOCTI pO3kKAPEHMX METalliB BUITYCKATH
enektporn. EnexTponum karoma, OomMOapayroud XOJOMHUW aHOM, TEHEPYITh
XapaKTEepPUCTUYHI PEHTTEHOBUX MpoMeHi. JIoBXKHHA XBUJIl PEHTI€HIBCHKUX ITPOMEHIB
3QJICKUTH BiJ Marepiany aHoja. Hampuknan, s MiJHOTO aHoOJa BOHA CTAaHOBUTH
1,54050 A, a ans aHoma 3 xpomy 2,28962 A. PenrtreniBchbki IIPOMEH1 BHUXOJATH 3
TpyOKH, IPOHUKAIOUU Yepe3 CIELIajJbHE BIKOHIE, BUTOTOBJIEHE 3 JIETKOTO METaly, 1
NaJar0Th Ha aHATI30BaHUM 3pa3oK.

Peectpariisi BiIOMTUX PEHTTEHIBCHKUX MPOMEHIB MOKE 3M1MCHIOBATHUCA JIBOMA
criocobamu: Ha ¢oTornBKy (pororpadiuno) abo 3a TOMOMOIO JIYMIHLHUKIB KBAHTIB
PEHTIeHIBCHKOIO BUIPOMIHIOBaHHA. [[pyruii cnoci® Ouipll MOpOrpecMBHUI: BiH
JI03BOJISIE aBTOMATHM3YBAaTH 3MOMKY 1 3amuc pe3ynbrariB. [lpu3HadyeHuWit sl 1bOTO
npunag - nuppakromerp JJPOH-2 - 3abe3nedennii TOHIOMETPUYHOI CHCTEMOIO, sSKa
BKJIIOYa€ B ceOe TpuMad IJIOCKOTO 3pa3Kka, TpUMad JIYWIbHUKA, KiHEMaTUYHUN
OpPUCTPIA Uit OOepTaHHS 3pa3ka 1 JIYWIbHMKA 3 CIIBBIJHOIICHHSIM KYTOBHX
MIBUAKOCTEN 1:2, mpucCTpiil 1 BUMIPIOBAHHS KYTiB MOBOPOTY JIYMIIBHUKA - HOHIYC.
Tounicte BumiproBanHsa KyTiB 0,005°. Ilig yac nudpakToMeTpuyHOI 3MOMKH 3pa3oK
MOBEPTAETHCSI HABKOJIO CBOET OC1, 3aBJIIKM YOMY KYT MaJiHHS PEHTT€HIBCHKUX IPOMEHIB
3MIHIOETbCA B 4Yaci. [lpu neskux 3HaYeHHSX BUKOHYETHCS CIHiBBIIHOIICHHS Bynbga-
bperra i BinOyBaeTbcs BIAOUTTS PEHTICHIBCHKUX IMPOMEHIB BiJ IJIOCKOTO 3pa3Ka.
BinOutuii npoMiHb NOTpAIUIsie€ B TIUYUIBHUK 3aBASKA TOMY, IO OCTaHHIN MOBEPTAETHCS
HABKOJIO 3pa3Kka (IIpH MOBOPOTI 3pa3ka Ha KyT | JIUMIBHUK MOBEPTAETHCS HAa KYT 2).
KBaHTH BiIOMTOrO PEHTTEHIBCHKOTO MPOMEHs 30Y/KYIOTh B JIYHUJIBHHUKY IMITYJIbCH

CTpyMy, BOHU IEPETBOPIOIOTHCS B IMITYJIbCH HANpPYrd 1 MOJAIOThCS HA CAMOIMCHUM
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npuiaj - Ha JlarpamMHOi CTPIYlll 3aMUCY€ThCS IHTEHCUBHICTH IMITYJIBbCIB B 3aJI€KHOCTI

BiJl KyTa IMOBOPOTY JIIYMIHHHKA.

2.2.4 ExcnepuMeHTajlbHA YCTAHOBKA I MeTOJAMKA BHMMIPIOBaHHS BOJIbT-

aMIIEePHUX XapPaKTEPUCTHK BYIJlelleBUX HAHOCTPYKTYP

Jns BuBuenHs BAX rerepocuctem TIN/Fe/C migknanka 3 ByIJICHIEBUMH
HaHocTpyktypamu (BHC) kpinwiacs Ha MaHIOyJIsSTOpI INTOKA 3 NPUTHCKHUMU
KOHTakTamH. [IpUTHCKHI KOHTAKTHU CIYTyBajld IS IMJABOAY CTPYMY 1 BHUMIPIOBaHHS

Hanpyru (puc. 2.26).

Puc. 2.26 ManinynsTop 3 KpIIJIEHHSMHU Y BUIJISII METAE€BUX «HIKOK» s

HiBOLy CTPYMY 1 BUMIPIOBaHHI HANpyTH.

besnocepenniii kontakt Mik BHC 1 cucremoro migBeneHHS CTpyMmMy Ta
BUMIPIOBAHHS HANPYyTH 31MCHIOBABCA 3a JOIMOMOIOI0 MIJIHUX IITHUPIB 3 HAMUJIECHUM Ha
iX KIHIX mapoM iHAi10. OCKINBKY 1HAIH TOTaHO MPHUITAIOBABCS 10 MiJll, KiHIII IITHPIB
CIoYaTKy 3anyxyBanuch criaBom 50 % Su — 50 In, a moTim 3Bepxy HamaroBaBCs 1HIIN.
Cwuiia 1 piIBHOMIPHICTh NPUTUCKAHHS IITUPIB JO TUIIBKK 3a0e3MeuyBajiach MPYKMHKAMH,
SIK1 CTBOPIOBAJIMCSI HABUTUMH JIPOTOM 3 OepuitieBoi OpOoH3H, sika 30epirae »KOPCTKICTH i
NPYXKHICTh NMPU HU3BKUX TeMmriiepaTypax. LTupi 3 npyXMHKaMH pO3TalllOBYBAJIHNCH B

THI3/1aX, BUCBEPJICHUX B TPHhOX TEKCTOIITOBUX IUIACTMHKAX, SKI MOTIM 3’€IHYBAJIHNCh
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paszom. Iligkmanka 31 CTBOPEHMMHM 3pa3KaMH pO3MillyBajach Ha MIAHY MiAKIAIKy
MaHINyJsATOpa, BCEPEAMHI $KOi, O€3MOoCepeHhO TMiJ MIAKIAJAKOI0, 3HAaXOIUBCA
repmanieBuii Tepmomerp omopy KIT Ne 32J1-56. Ha migknmaaxky 31 3pa3kaMu 1
NPUTUCKHUMH KOHTAaKTaMHU OJsATaBcs (TOPOIIACTOBUN CTaKaH I TOKPAIICHHS
cTabimizamii Temreparypu. Bces 11 KOHCTPYKIlSI Kpilujgach Ha TOHKOCTIHHIN
HEW3WILOEpOBi TPyOILl JalaMeTpoM 6 MM, BCEpeAuHl SKOi 3HAXOAWIUCH JIPOTH IS
BuMiproBaHHs | 1 V. Ha 30BHIIIHBOMY KiHIII IITOKY 3HAXOJIUBCS TEPMETUYHUN PO3HIMAY
PCI" - 35, dyepe3 sikuili 10 BUMIPIOBAIBHHUX JPOTIB MiJKIIOYAIACh KOHTPOJIBHO-
BHUMIpIOBaJIbHA amapaTypa Ta JKEpesio CTPyMy.

Hocmimxennss BAX  npoBogmwinock Ha — iHQOpMaliifHO-BUMIPIOBAIEHOMY
KOMILJIEKC1 32 IOMOMOT010 4-X 30HA0BOI MeTouKH. BumiproBanus BAX BUKOHYBaIUCh
17 yopaBiaiHHAM cucteMu BuMiptoBaHHs (CB), cTpykTypHa cxema sIKOi HaBeJleHa Ha
puc. 2.27. CB ckimamaeTrbcsi 3 YOTHPHOX OCHOBHHUX OJIOKIB: MIiKpOIIPOIIECOPHOTO
npuctporo (MIIY), nBox mxepen crpymy (UT1 1 UT2), BUMiprOBaJIbHOTO MOIYJIO
(MUM). Indopmariiiina cucteMa CKJIaaeTbesl 3 1BOX YacTuH: 3aaaBainbHoi (MITY, UTI 1

NT?2) i BumiproBanbpHO1, poboTa KOxkHOi 3 HUX KepyeThesi [IEOM.

CU BAX
XAB USB
HUB 7i !ATl Rur
D AT " [/ )
<‘!:> ™ 4 ? OBbekT
R N wny uccneposanmsy |
X nT2 R :
>y AN ]
i i ? \—
— \
“M
> My
AUM k| BY

Puc. 2.27 CrpyktypHa cxema cucreMd BuMiptoBaHHs BAX: MIIY -
Mikpomnpouecopuuid npuctpiii; UT1, UT2 — nBa kepoBaHux jkepena ctpymy; UM —
BUMIpioBanbHUN Moayib; LIAIl — uudpo-ananorosuit nepersoproBay; BY — Bxinnuit

npuctpiit; ALl — ananoro-mudpoBuii nepeTBoproBady.
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Jlxepena cTpyMy 3poOJieHI Ha OCHOBI IIBHIAKOMIIOYMX 14 - TH pO3PSIHUX
nepetBoproBaviB. KokeH 3 JpKepen cTpyMy MOXE TMpaioBatd abo B pexuMi
«PO3rOPTKH», a00 B PEXKUMI «IIOCTIHHOTO CTpyMYy». PeKUM PO3TOPTKH 3aCTOCOBYETHCSA
s BuMiproBaHHS BAX HUISIXOM MOKPOKOBOI YCTaHOBKHM CTPYMY BIJIIMOBIAHO [0
3aJ1aHO1 TPAEKTOPIi 1 BUMIPIOBaHHS BIJATMOBIIHOI HANPyru. PeXUM MOCTIHHOTO CTPyMy
3aCTOCOBYETHCS npu JTOCITIJIPKEHHSX TPaH3UCTOPOIOAIOHUX CTPYKTYD.
MikponpoLecopHrii MOpUCTpld 3alaBaJibHOI YacTUHU CUCTEMU BHUMIPIOBAaHHA 13
3aJaHOI0 IIBUJIKICTIO (opmye KoA LH(]pPO-aHATIOroBOrO MNEPETBOPIOBava JKepesa
CTPYMY PO3TOPTKH, @ TAKOXK BCTAHOBJIIOE MOCTIMHUI CTPYM.

BuwmiproBanbHa yactuHa 3po0JieHa y BUTJISAI aBTOHOMHOTO MIKPOIIPOILIECOPHOTO
BUMIPIOBAJILHOTO MOJIYJIIO, OCHOBHUMH €JIEMEHTAMH SIKOTO € BXIJIHHM TNPHUCTPIH,
mBuakoAitound  14-tu pospsgauii  AUIL, nBa 12-tm po3psgnux  L{Alla,
MIKpPOIPOILIECOPHUIN TIPUCTPiid. BXimHuil mpucTpiii BUMIPIOBAILHOTO MOAYJIIO BKIIOYAE
KOMYTaTOp KaHaJliB Ta TOMNEPEeAHId MNporpaMoBaHUM TMIJICUIIOBAY 3 MOKJIUBUMU
koedimienramu migcuiieHHs Big 1 go 800. Ilo komanai I[TEOM BuKOHY€EThCS
BUMIPIOBAHHS HAIPYTHU M0 33JaHUM KaHanaM. BumipsHi pani nepenatotbest 10 [IEOM
JUIsL HAacTynmHOi 0OpoOku. [l po3IMIMpeHHS MOKJIMBOCTEH BCTAaHOBJICHHSI CTPYyMY
onopHa Hamnpyra s BianoBigaux L{AIliB dopmyeThes 3a momomororo LIAII1 1 ITATI2
BUMIPIOBAJILHOTO MOJTYJIIO.

[Iporpamue 3ab6e3nedyenHss [IEOM cucremu BHUMIipIOBaHHSI 3a0e3nevuye MIMPOKI
MO>KJIMBOCTI KOPUCTyBava JJIsl YIPaBIiHHS Tpolieaypoto BumiproBanHs BAX. Ha puc.
2.28 npeacTaBiaeHO BUTJIS iHTepdeiicy KopucTyBada MporpaMHOro 3a0e3MeUeHHs.

Mento kopuctyBaua (1) MICTUTH 3acoOM HJis HaJaroKCHHS TIKJIFOYEHHS
CUCTEMHU BUMIPIOBaHHS JI0 KOMIT'IOTEPY, a TaKOX METPOJIOTIYHOTO 3a0e3TMeUeHHS
(kanmiOpyBaHHS 1 TOBIPIll). Y BEepXHIA YaCTHHI BIKHA 3HAXOASATHCSA TaHEN1 YMpPaBIiHHS
okepenamMu ctpymy (2). s KOXKHOTO JKEepena CTPyMy BCTAHOBIIOIOTHCS TPaHUYHI
3HAYEHHS CTPYMY, SIKI BU3HAYalOThCA 3HaueHHsIM omnopHoi Hampyru LIAII1 1 LIAII2, a
TaKOX OJMH 3 4-X MOXKJIMBHX Jl1alla30HiB 3HaueHb 1o creneHsMm 10. [Tanens ynpaBmiHHS

MPOIIETypO0 PO3ropTKH (3) 3HAXOMUTHCS B IEHTPI BIKHA 1 CKIAJAETHCS 3 KHOIOK
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«IIYCK», «CTOM» (sl MPUMYCOBOI 3YNMUHKHU TPOIIECY BUMIPIOBAHHS), «BBOI» (IJis
BCTAHOBJICHHS ITOYaTKOBOI HACTPOMKH).

B HuxHINM yacTUHI BiKHA PO3TAIlIOBaHI MaHeNl Bizyamizallii 1 30epekeHHs TaHUX
(4), a Takox iH(popmariiiaoi manem (5). [Tanens 4 MICTUTH KHONIKY JJIsi 30€peKCHHS
BUMIPSHUX JAHUX Yy TaOJIUYHOMY BH/I1, KOOPJAWHATHI BIC1 /IS BUBOJIY YacOBOI J1arpamMu
CTpyMY 1 HallpyTy HaBaHTa)XCHHs KaHAITy PO3TOPTKH, a Takoxk BAX 3paska. Kpim Toro,
TYyT pO3TAIIOBAaHO 3acO0M JJid KepyBaHHS KOE(DILIEHTOM MiJCUJIECHHS KaHaliB

BuMiptoBaHHs. [lanens 5 npu3HaueHa Jyuis orepaTUBHOT 1HAMKALIIT CTaHy CUCTEMHU.

* - [Blx|

WNCTouHIMK Toka N1 WCTouHWK Toka M2
Peiin MCTOMHWKA TOKa P MCT OMHMKA ToKa

 MoCTOAHHBIKA * PazeepTra & [oCTOAHHBINA " PazeepTra
Mpenen. mi TpaekTops Mpenen, mi
:lj 1500.0 il L cron 2114985
T 1BCGO0 , TPaEKTORKA TOKS 1498 h
© 150.0 /N 1499
150 ey Beoa c 150

= 0

15 = 15
EBpems, mc A e rrerererere e e YCTaHOBWTL, MA,

- 0 50 100 150 200 250 300 350 =

—1966 Yron, i MYCK :I' -1480.4

Hauano, p |° )
KoHel, rp 860 | J
Uit Iy Caoxp.saiin
Yeunenue AL
Mel 1 - ; :
N2 [T ol o
MokazblEaTE :
ag :
0 0
3MepuTenbHBIA MOAY b : MOAKIOYeH Bnok UT: nogkmoueH YctaHoBneHo Iconst:

Puc. 2.28 OcHOBHE BIKHO TPOTPaMHOI0 3a0€3MEUYCHHS CUCTEMHU y POOOYOMY
cTaHl: 1 — MEHIO KOpHUCTYyBaya; 2 — maHeJl JUKepea CTpyMy; 3 — KOMaHJIHa TaHelb; 4 —

naHe b Bi3yasizailii 1 30epekeHHs aHuX; 5 — iHQopMaIliiHuN PSIIOK.
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2.2.5 Metoa CKBI/I-marnitomerpii

Cepen pi3HUX METO/IB MAarHiTHUX BHUMIPIOBAaHb OCTAaHHIM 4YacoM HaMO1IBIIOrO
po3Butky HaOyma CKBIJ/I-marnitomerpisi, B OCHOBI SIKOI JeXaTh €PEKTH CIa0KOl
HAJIIPOBITHOCTI B  HAJNPOBITHUX  KBAHTOBUX 1HTEphEpPEHLIMHUX  IPUCTPOSIX
(CKBIdax). Ilepmr 3a Bce 1€ MOB'SA3aHO 3 PEKOPIHO BUCOKOIO YYTIMBICTIO METOMY, 1110
nocsrae 5 10°%° /T (ayTiuBicTs o MaraitHOMy momio ~ 10 Ti). Crin 3ayBaxury,
0 YYTJIMBICTh JAHOTO METOAY HE 3aJICKUTh BiJl PIBHS CHTHaNy, Ha (OHI SKOTO
NPOBOJSATHECS BUMIPIOBAHHS, 1€ JO3BOJIIE HAJIIMHO PEECTpYBAaTH Majl 3MIHU
HaMarHi4eHocTi Ha (POH1 BEJTMKOI CTaTUYHOI BEJIMUMHHU.

MarnitHi xapaktepuctuku retepoctpyktyp TIN/Fe i TIN/Fe/C, a came
TEMIIepaTypHI 3aJIeKHOCTI MAarHITHOrO MOMEHTY M 1 MarHiTHa CIPUUHATIUBICTD OyJn
BumipsHi Ha CKBII-marnitometp moneni MPMS-XLS Bupobuunta dhipmu "Quantum
Design" (CILA) (Puc. 2.29).

Puc. 2.29 CKBI/I-marnitomerp w™omeni MPMS-XLS BupoOuuiirea ¢ipmu
"Quantum Design" (CLLIA)

[Ipunan Mae MOKIJIMBICTh BUMIPIOBATH MarHiTHUM MOMEHT BCiX THITIB MaTepiaiB,
a caMe€ MOHOKPHCTAIIB, MOJMIKPUCTATIYHUX 3pa3KiB, TOHKUX TUTIBOK, IMOPOIIKIB 1 Take
iHe. OcHoBHI TexH1YH1 XapakTepuctuku CKBI/I-maraitomerpa MPMS-XL5:

- Jllaria30H BUMIpPIB MarHiTHoro MmoMmenry +£5 EMU;

- mubepenrianbua uyramBicts < 10° EMU npu BUMIpIOBaHHI MAariTHOro
MOMEHTY 3pa3ka y moisix 10 0,25 Tecma ta < 2-107 EMU y momsix mo 5 Tecia;

- iHTepBas podouux nouis +5 Tecna;
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- onHopiaHicTh MarHiTHOTO oI 0,01% B 06MacTi po3mipoMm Oibine HIXK 4 cM (
+2 CM Bif IICHTPY);

- TOYHICTH BCTAHOBNEHHs MaraiTHOro moms : 10™ Tecma mpu BuMiproBaHHI y
moisix 10 5 Tecia, 10” Tecima npu BumiproBarHi 10 0.5 Tecna;

- 3AIMIIIKOBE MArHiTHE moje Menmre Hix 5-10™ Tecina;

- pobounii iHTEpBaa Temmepatyp Bia 1,9 go 400 K;

- CTaOIBHICTB TEMIIEpATypH B 00JacTi 3paska +0,5%;

- TOYHICTh KaJiOpyBaHHS TeMIlepaTypu B 00sacTi 3pazka +0,5%;

- crabuibHICTh TemnepaTypu £0,005 K (1,9-4,2 K);

- Iiana3oH mBuakocTi 3MiHu Temneparypu Bia 0.001 o 10 K Ha xBuiuny.

- MaKCUMaJIbH1 PO3MIPH 3pa3Ka: IOBKUHA < 5 MM , MONIEPEUHUIA PO3MIp < 5 MM

3aBIsSKU BUCOKIM UYyTJIMBOCTI, MarHiTOMETp J03BOJISIE TOCHIIKYBaTH CTaTUYHI
MarHiTH1 BJIACTUBOCTI y HIMPOKOrO CHEKTpPa PEYOBHH: BiJ CHUIBHOMArHITHUX (epo - 1
(epuMarHeTHKiB 10 CIIHOBOIO CKJia, OararomapoBUX IUTIBOK 1 HAHOCTPYKTYp. Mertox
CKBI/I-maraiToMeTpii Ma€ BeJIMKI TMEpPCHEeKTHUBU MPU JOCIHIKEHHI MarHITHUX
XapaKTEPUCTHK PEUYOBHUH, IO MICTATh HE3HAYHY KUIBKICTh MAarHiTHUX JOMIIIOK, a

TaKO»X MIKpOTPaMOBHUX 3pa3KiB.
2.2.6 MeTtoa nudpaxuii BitouTux ejiekTpoHiB (Metoa Kikyui)

Meron nmudpakiii enexkTpoHiB y cxemi Ha BimOuBanHs (Mmeton Kikydi) €
NEPCICKTUBHUM 3a aBoMa mnpuuuHamu [114]. Tlo-mepmie, 300paxeHHs mudpakiiii
CJICKTPOHIB MOXE 3aMMCyBATUCS CEJICKTUBHO BiJ] OKPEMUX YaCTUH 3pa3ka po3Mipamu
Om3pK0 HaHOMETpIB (K 1 y pasi mudpakmii X-mpomeniB). [lo-mpyre, enekTpoHU
B3a€EMOJIIIOTh 3 MarepiajioM HabaraTto cuibHile, HIX X-mpomeHi abo HeWTponu. L1
nepeBard pasoM 3 BIJMOBIIHAM MPOTPAMHUM 3a0€3MEUEHHSM HAJal0Th MOMJIUBICThH
MPOBOJAUTH KIJBKICHUM aHalli3 CTPYKTYp Ha OUIbII BUCOKOMY piBHI. Hampukman, 3a
nonomoror Meroay Kikydi 3'sSBIAsS€TbCsI MOKIMBICTh OTPUMYBATH KapTUHU Tudpaxiii
€JICKTPOHIB, BIAOMTHUX BiJ JIOKAIBHUX OOJacTel KpucTalry 3 po3mipamu ~20 HM, 110

BKpail BAXJIMBO MPHU JTOCTIHKEHHI 3pa3KiB, K1 MalOTh HEOAHOPIHY OynoBy. Lleit meTon
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JI03BOJISIE BU3HAYATH 3 BUCOKOIO TOYHICTIO (~0,01%) 3MiHYy CTpYKTYpHHUX MapameTpiB
(mepion rpaTKu, HEOJIHOPITHUN PO3MOILTY JTOMIIIOK B OKPEMHUX OOJIACTSIX 3€pPEH, TOIIO
[115, 116]) i ayke 3py4HHi IPH BU3HAYEHHI KyTOBOI OPi€HTAIlli OKPEMHUX KPHUCTAJITIB
MOJTIKPUCTAIIYHUX 3pa3kiB. KpiM TOT0, 3MiHAa TOHKOI CTPYKTYPH MOTIEPEYHOTO TIPOD1TEO
iHTeHcuBHOCTI JiHIA Kikyul Hamae MOXJIMBICTH OTPUMYBATH JOJIATKOBY 1H(GOpMAIIii0
PO TUII 1 PO3MOJIT JOKAIBHUX CTPYKTYPHHUX MOPYIIEHb B 00'€éMi KPUCTAIIB Mif 4ac
pocty [117]. Bomnouac mepeBarm meroay Kikydi TpakTHYHO BUKOPUCTOBYIOTHCS
nocuth pigko. CroroaHi me He Bcl MOxJMBOcTI Meroay Kikyul peanizoBaHi st
CTPYKTYPHHX JOCTIDKEHb pealbHUX KpucTaiiB. Ile 0coOMMBO cTOCYEThCS BU3HAYCHHS
TUIY A€PEKTIB 1 XapakTepy 3MiHU iX AedopMaIifHOTO MOJIA 13 aHali3y 0COOJIUBOCTEN
po3mojuly iHTeHCMBHOCTeH 3a mepetuHamu Kikyui-nmiHid. Hamu mpojemoHCcTpoBaHi
MOxIMBOCTI Metony Kikyul s JOCHIIKEHHSI BIUIMBY TEJIKOHHOTO PO3psAy Ha

CTPYKTYpPY MOBEPXHI KPEMHIIO.
2.2.7 Metoa indpauepBonoi (I4) @yp’e-cnekrpockomii

Meron iHdppauepBoHoi (IU) Dyp’e-crieKTpockormii € OJHUM 13 BaXJIMBUX
cydacHUX (hI3UYHHX METOIB iIeHTU(DIKAIll] MaTepiasiB PI3HOTO MOXOKEHHS, XIMIYHUX
CIIOJTYK, BUBUCHHS OYJIOBM MOJIEKYJ, KUIBKICHOTO 1 SIKICHOTO aHalli3y JOMIIIOK B
MaTepianax 3a XapaKTepHUMHU CMyTaMH MOTJIMHAHHS B iH(QpadepBOHii 001aCTi CIIEKTPY.
Bin 3acTtocoByeTbcst A MPOBEAEHHS JOCHTIIKEHb KOJMBAJIBHHUX CIIEKTPIB ajaMas3iB,
aJIMa3oMoI0HMUX MaTepiajiB, MOTIKPUCTAIIB, IUIBOK 1 1HIIHUX 00’ €KTIB 3 METOK IXHBOT
1meHTUdIKaIii, BU3Ha4eHHs (pa30BOTO Ta JOMIIIIKOBOT'O CKJIAIYy.

B BuUKOHaHUX AOCHIPKEHHSIX TUIIBOK HITPUAY ATIOMIHIIO HA THYYKHUX MOJTIMEPHUX
niaKIagKax BUKOpUcTOoBYBaBcs Pyp’e-cniektpomerp moxeni FTIR Spectrum BX-11 11
(Perkin Elmer) (puc. 2.30), sikuii 0a3yeTbcss Ha OJXHOMPOMEHEBOMY CKaHYHOUOMY
inTepdepomerpi Dynascan 3 Ge/KBr posmieroBauem npomeHio. CUrHai 3arucy€eTbes
3 BukopuctanHsiM DTGS nerekropa 13 Tepmocrtabimizaiiero. BOynoBana cucrema

nepeBipku Sure Scan 3adesnedye 10CTOBIPHICTh MPOBEACHUX BUMIPIOBAHb.
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3a gomomororo crnektpomerpa FTIR Spectrum BX-1l moxmmuBo peamizyBaTu
BUMIPIOBaHHS PI3HUX BIACTHUBOCTEH 3pa3kiB. B 0a3oBili kamepi s MakpooO’€KTiB
BUMIPIOIOTBCA CHEKTPU TMOTJIMHAHHSA. BHUKOpHUCTOBYIOUM ChielialibHy MPHUCTaBKY,
peai3oBy€EThCSI BUMIPIOBAHHS KOediIli€HTa B1IOMBaHHS.

BukopucTanHs Cy4acHOro aHAMITHYHOIO MpUIIay Ja€ psij MepeBar, 30Kpema:
BUCOKE 3HAYEHHS BIJHOUIEHHS CHUTHAJI/IIYyM Ta KOPOTKMH Yac CKaHyBaHHS.
CriekTpoMeTp J03BOJISIE TIPOBOJIUTH peecTpartiro B cepennid U obmacti, moBHUN

o . . -1
MO>KJIMBHM Jliaria30H CKaHYBaHHS MEPEKPHUBAE CIEKTpalibHy o0sacth B 350-7800 cm
(28,6-1,28 ™kwm). MakcumanbHa po3naiabHa 3maTHICTH (.8 em’},  criBBigHOEHHS
curHaja-mrym  15000/1, pgiama3oH IIBUJIKOCTEH CcKaHyBaHHS - a0 1.5 emct Ta

. . -1 . -1 .
po3auIbHOO 37aTHICTIO 4 cM . TouHicTh 3a XBuiboBUM unciioM — 0,01 cm . [liama3on
MIBUAKOCTEH cKaHyBaHHA — 10 1,5 cM-c™. HIDKHS TPaHHIS LIBHAKOCTI CKAHYBAHHS —

0,25 cm-c™.

Puc. 2.30 T4 @yp’e-ciektpomerp Spectrum BX Il ta mnpucraBka s

BHUMIPIOBaHHA Koe(illieHTa BAOWBaHHS.
BucnoBku 10 po3ainy 2
1. JIns renikOHHOTO JpKepesia Mia3MH eKCIIEpUMEHTAJIbHO BCTAHOBIICHO, IO MPH

¢ikcoBanux nortyxkHocTi BU reneparopa Ta THUCKy aproHy iCHye KpUTHYHE MarHiTHe

noJjie, BHIIE SKOTO MIATPUMAaHHS IHTEHCHUBHOTO pO3pANYy HEeMOXIuBe. BenuunnHa
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KPUTHUYHOTO MArHITHOTO TMOJis 30UTbIIyeThcsl 31 30unbmieHHs M BY moryxHOCTI Ta
3pOCTaHHSIM TUCKY aproHy 1 npu notyxHocti BY reneparopa 800 Bt Ta Tucky aprony
25-50 mTopp cranoButh 120-140 I'c.

2. TenikonHe mkepeno 3a0e3ledye I1HTEHCUBHY TeHepamio MmiasMu. [lpu
notyxHocti BY reneparopa 800 BT ta tucky aprony 100 mTopp rycruHa mjia3mMu Ha
BHXOJ [DKEpela TPH ONTHMAJIbHIH BeIMYHHI MarHiTHOTO moms mocsirae 2,5%10% e,
30inbpIIeHHS TUCKY aproHy mnonan 25-50 mTopp mnpu3BoauTh A0 Pi3KOTO CHaxy
KOHIIGHTpallli TUia3Md 3 BUIIAJEHHSM Bl po3psaHoi  Kamepu. HaknmagaHHs
JOMOMI>XKHOTO MAarHiTHOTO TOJisi MpUOJIU3HO BJBIYl YIOBUIBHIOE 1€ CIAJIaHHS, ajie
30UTBIIY€E paaiaibHy HEOMHOPIAHICTH Tu1a3mMu. Ha Bincrani 20 cM Bif po3psaHOT KaMepu
npu tucky aprony 20 mTopp 1 motyxuocti BU reneparopa 800 Bt koHieHTparris
mtasmu craHoButb 2x 10 em >,

3. Po3misHyTO mNpUHUUI POOOTH, KOHCTPYKIA 1 (I3MYHI XapaKTePUCTUKU
IJ1a3MOBO-JIyTOBOT0 mpuckoproBada. [IpuBeneni texnosoriuni xapakrepuctuku [T/I1.
HaBeneno ckmaag 1 cCTpykTypa OaraTOKOMIOHEHTHMX IUTIBOK, C(OpMOBaHUX 3a
nornomororo [IJIIT 3 noxkamizamiero po3psmy moOau3y poOouoi TOBEPXHI Karona,
BUTOTOBJICHOTO 13 CTaHJAPTHHUX CIUIaBiB. [Ipy HaHeceHH1 B mPsIMOMY MOTOI[l B TUTIBKaX
30epiraeTbcst TAOMUYHUN CKJIaJ, TYCTUHA, €JIEKTPOIPOBIAHICTh Ta 1HIII (PI3UKO-TEXHIYHI
XapaKTePUCTUKHU MaTepialy Karoja.

Pesynbratu nmocinikeHb BUKIIAAeHI y myOmikamisx [89 - 94, 96, 97, 108 -
111,113].
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3 IOHHO-IIJIA3MOBMI CUHTE3 BYTJIEHEBUX HAHOCTPYKTYP TA
I'BPUJIHUX TETEPOCUCTEM TiN/Fe I TiN/Fe/C B I'BPUIHOMY
I'EJIKOHHO-AYI'OBOMY IOHHO-IIVTASBMOBOMY PEAKTOPI

Byrnenesi nanorpyoku (BHT) Ta iHII ByrieneBi HAaHOCTPYKTYPH € OJHUM 3
byHIaMEeHTAIBHUX OYI1BEIbHUX OJI0KIB i1 HaHoeneKTpoHiku [118]. Onnoctinai BHT
(OCBHT) MaroTh KBa310AHOBUMIPHY KOH(Irypallito, sika €KBiBaJ€HTHA rpa)eHOBOMY
JUCTY, 3TOPHYTOMY B LWJIIHIP AiaMETPOM JEeKiJIbka HAHOMETPIB Ta JOBXKHHOKO 0
JEKUIbKOX MIKpoH. Halip BKianeHWx oJHAa B OJIHY TPYOOK MOXE YTBOPIOBATH
oararoctinni BHT (BCBHT). BHT wmoxyTs ciayryBatu y pi3HHX Traiy3sx
HAHOTEXHOJIOT1i, OCKITbKM BOHM MAalOTh YHIKaJbHI MeEXaHIYHI, XIMI4HI, OITHYHI,
TEpMIYHI, €JIEKTPUYHI Ta 1HII BJIACTUBOCTI, SIKI aJ€KBATHO MepeadadyBaHl BHACIIIOK
noOpe BHU3HA4YeHOI Ta ideanbHOl KpucrtamiyHoi rpatku. BHT Moxyts OyTtu
NPOBIIHMKAMHA YW  HAIIBOPOBIJHMKAMHU, M0 JA€  MOXJIMBOCTI  CTBOPEHHS
HAHOPO3MIPDHUX €JIEKTPOHHUX TMPUJIAJIB, PAAIOTEXHIYHUX CXE€M Ta €JIEMEHTIB
KOMIT IOTEpIB Ha iX OCHOBI.

3anponoHOBaHU HAMHM 10HHO-TUIA3MOBUM CHUHTE3 BYIJICLIEBUX HAHOCTPYKTYpP Y
riOpuIHOMY TETIKOHHO-IYTOBOMY 10HHO-TJIA3MOBOMY PEAKTOP1 JO3BOJISIE B €IMHOMY
BaKyyMHOMY IIMKJII TIPOBOAUTH (OpMYyBaHHS HAHOCTPYKTYPOBAHUX KaTATITUYHUX

IIapiB 3 MOAAJBIIMM CHHTE30M Ha HUX POCcTOpoBo opieHToBannx BHT [119, 120].

3.1 ®opmyBanHs peryasapaux HaHocTpyktyp TIN Ta kKaragiTHaHHX

HaHoKJacTepiB Fe

CtBOpeHUi MIa3MOBUM TENIKOHHUNA PEaKTOp Ha OCHOBI JBOPO3PSAHOI CHCTEMHU
Mae€ psiJi CyTTEBUX TIEPEBar sk Mepe/l iICHYIOUUMMH 10HHO—TIJIA3MOBUMH CUCTEMAaMU, TaK 1
MJ1a3MOBUMHM OJIHOPO3PSAIHUMH TEIIIKOHHUMH cucteMamu. llo-mepiie, BiH 103BOJIsIE
IHTErpyBaTu B €JMHOMY BaKyyMHOMY IIMKJ, B YMOBaX O€3MepEepBHOrO MiATPUMAHHS

MOBEpPXHI IUIIBKM B aTOMApHO YHCTOMY CTaHi, NEKUIbKA MOCIIJOBHUX TEXHOJIOTTYHUX



94

oreparliii HaHOCHCTE3y, a caMe: OCa/KCHHs MEepeXiTHUX MpPOIIapKiB, (OpMyBaHHS
KaTaJITHYHUX METAJIEBUX HAHOKJIACTEPIB Ta BUPOILYBaHHS BYIJICHEBUX HAHOCTPYKTYD.
[To-apyre, ogqHoYacHa oOpoOKa MOBEPXHI JBOMA IJIa3MOBO-XIMIYHUMU MOTOKaMH, IIIO
CTBOPIOIOTHCSI TEIIKOHHUM 1 JYTOBUM pO3psAIaMH Ta MalOTh CYTTEBO Pi3HI (Hi3UKO-
XIMIYHI BJIACTUBOCTI, Ja€ JOJIATKOBI MOXKJIMBOCTI i1 KOHTPOJIO XapaKTEPUCTHK
OCaQ/KyBaHUX IUTIBOK, 30KpeMa, PO3MipiB 1 JUCIIEPCHOCTI KaTaTITUYHUX HAHOKJIACTEPIB,
a TakoK TomnoJorii cuare3oBanoro ancam6iaro BHC. Hapemirti, BUKOpucTanHsl mpouecy
PECVD 3natHe 3a0e3meunTd BHUCOKY HPOCTOPOBY BIOPSAKOBAHICT CHHTE30BAaHUX
aHcamOJ11B HAHOCTPYKTYP.

VY mporeci BiANpanbOBYBaHHS TEXHOJIOT1 HAHECEHHS KaTaTITUYHHUX IIapiB JJIs
dbopMyBaHHS BYTJICLIEBUX HAHOCTPYKTYp Oylia po3poOjieHa 1HHOBalllifHA METOJUKa M
nia10paHi ONTUMAIIbHI PEXXUMHU pOOOTH BOX JIPKEPEI IJIa3MH — TE€JIIKOHHOTO JpKepena
Ta IJ1a3MOBO-1yTOBOT'0 MPUCKOPIOBAYA.

HaHeceHHs KkaTamiTUYHUX IIApIB BIJOYBA€ThCS Yy HACTYMNHINM MOCTIAOBHOCTI.
Yepes orusanoBe BIKHO Jipeii(oBOi KaMepu Ha poOOUYMid CTOJIMK, PO3MILIEHUN y KaMepl
OOpOOKM mTiJ NESKUM KYTOM J0 HIDKHBOI TJIOMIMHUA PO3PSAHOI IJIa3MOBOI KaMepw,
BEJIMYMHA SKOTO MOX€ OyTH 3MIHEHa 3aJeKHO BIJT YMOB EKCIIEPUMEHTY,
pO3MIilIyBaJlacsi MOHOKpHCTaiYHa KpeMHle€Ba Tiakimaaka ToBmmuHOK 0,4 Mwm. s
BUJIaJICHHST 3a0py/lHEHb 1 Mapu BOJM BHCOKOBAKYYMHOIO CHCTEMOIO YCTaHOBKHU
3MIMCHIOETHCS BIJKAUKa 3 PO3PSAIHOI IUIA3MOBOI KaMmepH J0 3HA4Y€Hb 3aJUIIKOBOTO
THcKy mopsiaky 107 Topp, micis €Oro B Kamepy depes CHCTEMy HAIyCKy
3a0e3MneuyeThesl Mmojadya poOOYOro 1HEpTHOTO raszy aprony. Ilicis Hamycky aprony B
KaMepi yTpuMyeThes pobounii Tick 8-102 Topp, mpH sKoMy i BinOyBaeThes ioHizaLis
razy 3a JOMOMOTOI0 BHECEHHS BHCOKOYACTOTHOI €HEprii aHTEHO0, L0 MiJKIoYeHa
yepe3 TPUCTPIM y3TOHKEHHS J0 BHCOKOYACTOTHOTO TEHEparopa, SKWW Tpaire Ha
gactoti 13,56 MI't mpu motyxxrocti 400 BT, 1110 mpuBOAWTH 10 BUHUKHEHHS B TUTa3Mi
peXUMY 1HAYKIIAHOTO po3psiay. BBeneHHs B 00’eM KaMepu 30BHIIIHBOTO MAarHiTHOTO
NOJISL 3IACHIOETHCS] BKIIFOYEHHSIM MarHiTHUX KOTYIIOK, 110 3HAXOASATHCS 13 30BHILIHBOT

CTOPOHHU PO3PSATHOI KaMepu JEII0 HMK4Ye AICNIEKTPUYHOIO BIKHA, 10 MPUBOAUTH IO
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MEePeHOCY 1 TOTJIMHAHHIO BHUCOKOYACTOTHOI €Heprii B 00'emi IJIa3MH BJIACHUMU
PE30HAHCHUMH E€JICKTPOMArHiTHUMU XBWJISIMH, SIKI 30yKYIOTBCS aHTEHOIO B IUIa3Mi.
ToOTo B T1a3Mi BUHMKAE PO3BUHEHA T€JIIKOHHA XBUJILOBA CTPYKTYpA.

PerymnroBaHHSM BEIUYUHHU CTPYMY, IO TOJAETHCS HA KOTYIIKU, TP HE3MIHHOMY
3HAYEHHI BHECEHOI MOTYXHOCTI, MOKHA KE€PYBATH MPOCTOPOBUM PO3MOJIIOM T'YCTUHU
mwia3Mu. Tak Juisi A0JaTKOBOT'O OYMIIEHHS CTIHOK PO3PSIHOI IIa3MOBOI KamMepH BiJ
3a0pyAHEHb, 10 3aJUIIMINCA TICIAsS BHUCOKOBAaKYyMHOI  BIJIKQuKW, IUIa3Ma
PO3IOIISETHCS MO BChOMY 00'€MI, IO BIAMOBIa€ BUHUKHEHHIO B IIIa3Mi 00'€MHOTO
mugysiitHoro po3psay (2.1.1.4). Kepyroua mMartiTHa KOTYIIKa, 110 pO3TallOBaHa B 30HI
Kamepu 00poOku (puc. 2.2), 3abe3nedye CynpoBiJl MIa3MOBOTO TOTOKY 13 T€IKOHHOTO
JoKepenia 10 MAKIaaKu. BximloyeHHs 1€l MarHiTHOT KOTYIIKA TPHUBOJUTH JO
BUHHUKHEHHS B 11a3mi po3psaay "[lnaszmoBa kosona". BunukHeHHs po3psany "llinazmosa
KOJIOHA" CYIPOBOJIKYETHCS 1HTEHCUBHUM OOMOapayBaHHSIM IMOBEPXHI 00p0OIIOBaHOI
MiAKIaKA 10HAMH TJ1a3MH, M0 MPU3BOAWTH IO PO3MHICHHS aJCOpOOBaHMX JIETKUX
KOMIIOHEHT 3aJIMIIKOBOTO CEPEAOBUINA, SKI HEOJAMIHHO 3aJIUIIAOTHCS Ha MIIKIAILI
HaBITh IICJIS BUCOKOBAKYYMHOrO OYHINEHHS. JIJis 3MEHILEHHS dYacy OYMIICHHS M
MOJTIMTIIIEHHST HOTO SKOCTI, Ha MIIKIAIKy Toaa€eThes moTeH tian -90 B.

ITicnst mpoBeneHHS BCIX CTaAld OYMINCHHS IMMAKIAAKA W pobouoro o6'emy
PO3pAIHOI MIa3MOBOI KaMepH, Kl TpuBatoTh 30 XB., 31HCHIOETHCS 3aIlyCK IJIa3MOBO-
JyTOBOTO IpHCcKoproBaya. [Ipu nmogaBaHH1 CTpyMy 1 BKJIIOYEHHI MarHiTHOTO MOJs Ouis
TOPLEBOT MOBEPXHI KaTOJAy BIAOYBa€ThCS (POPMYBAHHS CHPSIMOBAHOTO 1HTEHCHUBHOTO
BHCOKOCHEPTeTUYHOTO TMOTOKY TUIa3MH Martepialy KaTojaa, IO TMPUCKOPIOETHCS
pagiaibHUM €JIEKTPUYHUM TOJIEM 10 €HEPriid, OJM3bKUX O BEJIMYMHU MAIHHS HAIPYTH
Ha po3psmi, 1 mani momamgae B apeiidoBy kamepy. [IoBopoT 10HHOTO TOTOKY, IO
BUKOPUCTOBYEThCS JJIs1 3amoOiraHHs MNOTPAIUISTHHS Ha MIAKIAAKY MIKPOKpAIenb,
3MIACHIOETHCS BKJIIOUEHHSIM KEpPYK4Oi MarHiTHOI KOTYIIKH, pPO3TAIlIOBaHOI B 30HI
kamepu o0poOku. Ilpuyomy, mpu momadl Ha KOTYWIKY CTpyMmy BeiuuuHoio 0,5 A,

peanizyeTbCcsi MajJuil TOBOPOT 10HHOTO MOTOKY ¥ CHpsiMyBaHHSI HOTO Ha 0OpoOIIOBaHy
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noBepxHio migkimagku (puc. 2.20). B Hacmigok 1mporo BimOyBa€ThCS HAHECEHHS
MaTepialy BUTPaTHOTO KaTo/1a Ha MiAKIAIKY.

st peanmizanii mpoliecy BUPOILYBaHHS BYIJICLIEBUX HAHOTPYOOK B €IUHOMY
UK OyJM BUKOPHUCTaHI JiBa TUIa3MOBO-AYTOBUX MPHUCKOPIOBAaYa, SSKUMU OOJIaHAHHIA
riOpUIHUI TeNKOHHO-IYroBUM peakTop. ButpatHum katomom mnepmioro IIJIIT Oys
TUTaH, 10 BUKOPUCTOBYBABCS Il (POpMyBaHHS pPEryJsspHUX HAHOCTPYKTyp TiN Ha
NIAKIAA0l KpeMHiA, a ais (OopMyBaHHS KaTaliTUYHUX NpoMiKHHX InapiB Fe OyB
BUKOPUCTAHUW BUTPATHUM Karoj, posmimenuit B npyromy IIJIII. Texnomnoriuna
0coOMBICTh OTpUMaHHs 1apy TiN Ha KpeMHIi NOJsArae B TOMY, 110 BiH ()OPMYETHCS B
aTMocdepi a3oTy. ToMy Micis TPOBEICHHS MPOIEAYyPHU OYUCTKU MOBEPXHI MiTKIAIKHU,
ra3 aproH 3aMillyeTbCsl a30TOM, SIKUH HAIlyCKa€eThCS B PO3PAIHY KaMepy /10 3HAuY€Hb
TUCKY IOPAAKY 107 MTopp. IIpu Brmoueni [1/{I1 3 THTAHOBUM BUTPAaTHUM KaTOJOM, B
aTMocdepi a30Ty peai3yeThCs MAacONEepPEeHOC HITpUAy TUTaHy. Kepyrodoro MarHiTHOIO
KOTYIIKOIO Peali3yeThCsl MaJIWK KyT MOBOPOTY 10HHOTO TOTOKY, 3aBASKA YOMYy Ha
MOBEPXHI MIAKIAIKA KPEMHII0 (OPMYEThCS HAHOCTPYKTypoBaHa moBepxHS TIN
XapaKTepHOTo 30JIOTHCTOTO KOJbOpYy. EKcepuMeHTH NpOBOIMINCH NpPU  PIZHUX
3HAYEHHSAX MOTEHIlANy MIAKIaaKku, sikuii 3MiHtoBaBcsa Big 0 mo 200 B. Yac, 3a saxuit
npoxoauTh (opmyBaHHs peryisipHoi cTpykTypu TiN, cknagae 30 cekyHna, w00
BIJIMOBIa€ TOBITMHI HaHeceHoro mapy nopsaka 500 uM. Uepes 3aganuii yac meprimi
[TAIT BuMHKaeThCA 1 a30T 13 PO3PSAHIN KaMmepi 3aMIHIOETHCS aproHOM. SIK TUIBKU
3HAYCHHsS THCKy aproHy nocsrhe 3madenns 8107 MTopp, BMHKA€ThCS TeliKOHHE
JKEpENo IUIa3MU 1 B PO3PSAMIHIN KaMmepi peanizyeTbes 00'€MHHI TEeIIKOHHUM PO3PSI.
[Ticnst woro npyruit I[1/1I1 3 3ami3HUM BUTPATHUM KaTOJOM PO3IOYMHAE CBOIO POOOTY IO
(GopMyBaHHIO KaTalITUYHOTO MpoIIapKy Fe mpu mojiayi Ha Kepyrouy KOTYIIKY CTPyMy
0.5 A 1 MaJioMy KyTi TOBOPOTY IIa3MOBOT0O MOTOKYy. Yac HammiroBaHHS W TOBIIMHA
niapy MeTajy-KaTaii3aTopa 3ajekaTh BIJ TMOCTaBJICHOTO 3aBJaHHSA H Yy HaIIOMy
Bunaaky ckiaB 20 cekynna. [lo 3aBepiineHHI 3a3HAYEHOrO 4Yacy I1OHHHMM TOTIK Bij

MIJKJIAJKA BIIBOJUTHCS. BiJiBeICHHSI 10HHOTO TTOTOKY 3a0€3Meuy€eThCsl MIJIIX0M 10/1a4l
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Ha Kepyl4dy MarHiTHy KOTYIIKY cTpymy BennuuHOwO 4 A. [Ipu mpomy KyT MOBOPOTY
OTOKY 30UTbIyeThes (puc. 2.20).

[Ipoliec HaHeceHHs MIapy MeTajl-KaTajai3aTop peanidyeTbcs npu (opMyBaHHI B
wiazmi pexumy "llnasmoBa kojona". ToMmy, SIK TUIBKH 3IIHMCHIOETHCS BEJIUKHHA KyT
MOBOPOTY MOHHO-IIJIA3MOBOTIO MOTOKY, MOBEPXHS MIAKIAIKU MIJAAETHCS BIUIMBY 10HIB
ia3MU aproHy, B HAcCHiJIOK 4Oro BiJOyBa€ThCS TpaBIICHHsS HaHeceHoro Iapy. Lle
3MIACHIOETHCS 11 (POPMYBaHHA HA MOBEPXHI MIAKIAAKKA OCTPIBKOBOI CTPYKTYpH, IO
HeoOX1/IHa JUI POCTY BYIJIELIEBUX HAHOCTPYKTYP, TOMY 1110 OPI€EHTOBAaHI HAHOCTPYKTYpH
(GOpMYIOTBCS TUIBKM Ha YacTKaxX Karaji3aTopa, a iXHId JAlaMeTp 3aJIeKUTh B1Jl PO3MIPIB
HaHoKsacTepiB. TpaBieHHs BiAOyBaeThesl npotaroM 40 cexyHn, Micis 4Oro CTpyM Ha
HIDKHIO Mar"iTHy KOTYIIKY 3MEHILIY€EThCS, peani3y€eThCsl MaJuil KyT MOBOPOTY W 10HHUH
MOTIK IJIa3MU MaTepially KaToJia 3HOBY CIIPSIMOBYETHCS HA MIAKIAIKY.

Mamninysmii 3 BIABEICHHSAM 1 MiABEICHHIM 10HHOTO IyYkKa aprOHOBOI IUIa3MHU Y
pexumi "IlnazmoBa kojoHa " moBTOprotOThCA 10 pasiB, Mmicias YOro miazMoBO-IyTOBHMA
NPUCKOPIOBaY 1 BHCOKOYACTOTHUW TEHEpPATOp BHUMHUKAIOTHCS, a HAMyCK aproHy
NEPEKPUBAETHCS.

BigminHOIO puco0  po3poOsieHOro MeToay (OpMYyBaHHS HAHOKJIACTEPHUX
YTBOPEHb IUIAXOM iXHBOTO O€3MOCepeHhOT0 BUPOIIYBAHHS € 00 €HAHHS MPOIECIB
PO3MUJICHHS IHTEHCUBHUM IOTOKOM 1HEPTHOTO ra3y i CaMOpPO3MUJICHHS TUTIBKH 10HAMU
MeTaiy IpH TyCTHHI 10HHEX MOTOKIB 10 20 MA/CM® 3 TEPEBXKHHM HEPEHOCOM MACH
3apsAAKEHUM KOMIIOHEHTOM Matepiaiy IUIIBKM B HEOJHOPIAHOMY E€JIEKTPUYHOMY MO

CTPYKTYPOBaHOI MOBEPXHI.

3.2 Tlpomecu mnmiIa3MOBO CTHUMYJbLOBAHOIO OCAIKEHHS 3 Ta30Boi (a3u

(PECVD) npu ¢popmyBaHHi ByriienieBUX HAaHOCTPYKTYP

Jlns  po3KiIajaHHA BYIVIEIEBMICHOTO Tra3y i (GopMyBaHHS BYTJICIEBUX
HAHOCTPYKTYpP BUKOPHUCTOBYBABCS METOJ IJIA3MOXIMIYHOTO OCAKEHHS 3 ra30Boi (a3u

(PECVD). BiaminHa puca 3ampOIOHOBAaHOTO IMPOIECY - 3aCTOCYBaHHS SK JDKepesa
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IUTa3MH BUCOKOE()EKTUBHOTO TEIIKOHHOTO PO3pSAAY, KOHIIEHTpAIlisl TUIa3MH B SKOMY
npu pobogoMy THCKy mopsiky 7,5-10™ Topp (1 ITa) moxe mocsratu 10™ em™,

ITicns ¢dopMyBaHHS Ha TOBEpPXHI MOHOKPHUCTAIIYHOTO KPEMHIS PEryJsipHOi
HAHOCTPYKTYPH HITPUAY THUTAHY 1 KaTaJIITHYHOTO MPOIIAPKY HAHOKIACTEpIB 3ali3a 3
pobouoro o006'eMy po3psAaHOT KaMepu TIOPHIAHOTO 10HHO-TUIA3MOBOTO peakTopa
BHCOKOBaKyYyMHOIO CHCTEMOI0 YCTaHOBKM 3[IHCHIOBajach BIJKayka [0 3HAYEHb
3QJIMIIKOBOTO TUCKY MOPSAAKY 10° Topp, micas 4oro B Kamepy 4epe3 CUCTEMY HaIyCKy
nojaBaBcs poboumii ras. Sk poboue cepeloBUIllE BHUKOPUCTOBYBAJacsi CyMIIl razy
aproHy 3 J00aBKOIO ByTJieleBMicHOro rasy - gixioperany C,H,Cl,. locsarmm THCKy
memo mHmwkue 10° Topp momaua rasy NPU3YNMHSAIACE i 1€ 3HAYCHHS THCKY
YTPUMYBAJIOCh TMPOTITOM BCHOTO IPOLECY POCTY BYIJIELEBUX HAHOCTPYKTYp. [lpm
3Hau4Y€HHI BHeceHOi noTykHocTi 400 — 600 BT 3aiiicHIOBanach 10Hi3amis pododoi cyminil
1 peaizyBaBCsl PEKUM TEIIKOHHOTO JDKepela IuiasMu «o0'eMHUi po3psa». BHeceHHsIM
30BHIIIHBOIO MArHITHOTO TMOJIA JO PO3PAJHOI KaMepu KEpyIUuOl MAarHiTHOIO
KOTYILKOIO pealli3yBaBcs reliKOHHUH Mmia3MoBuid po3psa «Ilna3moBa KoioHa», B SIKOMY
BUTpPUMYBaJjach MIAKIAJKa KPEMHIIO 3 HaHECEHUMHU Ha Hel HaHocTpykrypamu. Came
TeJIIKOHHE JDKEPEJIO IJIa3MM AaKTUBYE 10HM BYIJIEMIO 1 IHIMIIOE PICT BYIJIELEBUX
HAHOCTPYKTYp Ha TMOBEpXHI MiAKIaAKd. DOpMyBaHHS BYIJVIELEBUX HAHOCTPYKTYP
BIJIOYBAETHCS SIK TIPU «00'€MHOMY PO3psiii», Tak 1 npu po3psai «[lmasmoBa kojoHay.
Pict ByrieneBux HAHOCTPYKTYpP MOKE BIOyBaTHCsS K 3 Majayero MOTEHIIany Ha
MIIKIAKy, TaK 1 Mpu TJIaBalouoMy TMOTEHIiani Ha Hid. Ha ocranHiil cramii mporiecy
map amMop(HOro BYTJELI0 BUIANSABCA IUIa3MOIO TEIIKOHHOTO JDKEpesa B PEeXHUMI
«IlmazmoBa KojOHa», ajie 13 3aMIHOK BYIVICIIEBMICHOTO Tra3y KHCHEM. 3arajibHa
TPHUBAJIICTh TEXHOJOTIYHOTO UKy BiJl MOMEHTY (hopMyBaHHS mepexigHoro mapy TiN
0 BUAAQJIECHHS aMmMop(HOro BYyIJelI0 He mnepeBuulyBasiia 15 - 30 XBWIMH, NPUYOMY
MIBUJKICTh POCTY BYIJICHEBUX HAHOCTPYKTYyp cTaHoBmia Omu3pko 100 um/xB. Ilpu
bOMY TEMIIepaTypa HEOXOJIOMKYBAHOI MIJKIAJAKU MPOTATOM YCbOI'O TEXHOJIOTTYHOTO
LUKy BU3Hayanacs NPUPOJHUM HArpiBaHHIM IUIa3MOIO TEJIIKOHHOTO pO3psiiy W He

nepesutrysaita 70 — 80 C.
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3.3 HanoctpykrypoBasni noepxoni n-Si (100), TiN, TiN/Fe ta TiN/Fe/C

HocnimxenHss mopdoiorii nmoBepxHi miakaagku n-Si (100) Oynu BuUKOHaHI 3
BUKOPHCTAHHAM CKaHIBHUX eNeKTpoHHUX wMikpockomiB ZEISS EVO 50XVP (3
po3auIbHOO 31aTHICTIO 2 HM TipH 30 kB), o0nagHaHuX AETEKTOPOM 3BOPOTHO BIAOUTHUX
enextpoHiB HKL Canell 5 (Okcdhopa, Anriis), 10 103BOJISIE BUKOPUCTOBYIOUH METO]T

Kikyui BUBUaTH €NneKTpOHHY audpaxiiito Bix obmacteii Ta mapiB po3mipom 10-1000 Hm.

3.3.1 BniauB o00poOkH B mJa3Mi TeJiKOHHOTO PO3PSiAy Ha CTPYKTYPY

noBepxHi migkmaaaku N-Si (100)

Tak sk 00poOka B TIIa3Mi TeTIKOHHOTO po3psaxy migkmagku n-Si (100) e
BOXJIMBUM TEXHOJOTIYHUM KpPOKOM TP CTBOPEHHIO TIOKPUTTIB 3 HEOOXITHUMU
(GYHKITIOHATFHUMH XapaKTePUCTHKaMH, TO OyJI0 BUKOHAHO AOCIIKEHHS TOCKOHAIOCTI
MOBEPXHI MIAKIAZOK Si, a TakoX MTOCTIIKCHO BIUIMB Pi3HHUX OOPOOOK IIa3MOIO
NOBepXHI miaknaaok Si 3a gonomoror merony Kikyui nudpakiiii eaeKTpoHiB (IHUBHCH

puc. 3.1 — 3.3).

= | FroomEMInge| | 5P Geomen | | BndDetecion | Sokhen | || Sewiston | | Inage Sivage | | £05 Spechm |
|Sehtin 58
Pupesie: |
Dphay.
o S
Mo intengdy | 23
Sunndces ¢« 62
Indes  [Nae v
Cobor scher En*aae'
™ Binking srwdabon
Scksions {1}
Phee WO B

si =

Uit cel o3 sufoce}

Puc. 3.1 EnexktponHa mudpaxifis Bii €TATOHHOI MOHOKPHUCTATIYHOL

migKiIaaky Si.
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Puc. 3.2 Enektponna audpaxiiis BiJi BUXiTHOT MOHOKPUCTATIYHOT MiaKIaaKku Si.

Puc. 3.3 Enexktponna nudpaxiis Bii MOHOKPUCTAJIIYHOT MIAKIAAKA Si MICHA

00p0oOKH y TI1a3Mi aproHy.

Axmo mopiBHsATH puc. 3.1 Ta 3.2, Ha sAkux 300paxkeHa Kikydl audpakuis
€JICKTPOHIB €TAJOHHOI0 3pa3Ka Ta BUXIJIHOI MiJKJIaJKa MOHOKPUCTAIIYHOTO KPEMHIIO,
TO MO’KHA CTBEP/KYBAaTH, 1110 BUX1JHA IM1IKJIaJKa MOHOKPUCTAIIYHOTO KPEMHIIO LIJIKOM
BI/IMOBIZIA€ €TAJIOHHOMY MOHOKpHCTany. ToOTo nedexkTHuil 1map Ha TOBEpPXHI HE

MePEBUIIY€E KITbKOX HAHOMETPIB.
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[Ipu peamizarii rexikOHHOTO po3psiay B pexkumi «Ilma3mMoBa KOJOHa» MOBEPXHS
KPEMHIIO MiAJAEThCS BIUIMBY IJIa3MU BHCOKOI T'YCTHMHHM. BennunHa 10HHOTO CTpyMy
nocsrae 5 MA/cm® mpu Temmeparypi 10 eB. Ilpu mpomy BinOyBaeTbes Ieperpis
MOBEPXHI MiIKIAAKUA KPEMHI0, i PO3MIMPEHHs, MOCIableHHsI eHeprii 3B'I3Ky aTOMIB.
[Ipn mepenadi iMITyJIbCy MiKpoMaclITaOHUM oO0JacTsIM 3 OCHa0JICHUMHU 3B'sI3KaMU
B1I0YBa€ThCS YaCTKOBUM BHKHJI MaTepiajly KPEMHIIO B HACIIJOK MPOTHHY IMOBEPXHI 1
HACTYIMHOI peaKcalli HbOro MporuHy.

AHami3 TMOBEpXHI MIAKJIAJKH MOHOKPHUCTAIIYHOTO KpPEMHIi0, 00poOseHoi B
CEpellOBHUIII TUIa3MU aproHy TelKOHHOro po3psay (puc. 3.3), moka3ye ICHyBaHHS Ha

MOBEPXHI Ie(HEKTHOTO MIapy, IKUI Mae TOBIIMHY OJ13bK0 10 HM.

3.3.2 Kpucragiuaa crpykrypa Ta XimMiyHMid ckiaax  Oap’epHux i
KATAJITHYHUX IIAapiB  Ta  BYIJIeHeBUX HAHOCTPYKTYP Ha  MiAKJIagKax

MOHOKPHUCTAJIYHOT0 KPEMHII0

3.3.2.1 JlochaimzkeHHsI KPHUCTAJTIYHOI CTPYKTYpH Ta XiMiuHHUX 3B’fI3KiB

MeTO/IaMH CKAHIBHOI eJ1eKTPoHHOI Mikpockomii (SEM)

JlocipKeHHsT TMPOBOJWIMCH 33  JOMNOMOIOI  PacTpoBOrO  €JIEKTPOHHOIO
mikpockory ZEISS EVO 50XVP (po3ainbha 3natHicTh 300pakenss 2 aM mipu 30 kB),
ocHaieHoro INCA 450 eneproaucnepciiiHiM aHai3aTOPOM PEHTI€HIBCHKUX CIIEKTPIB
(OXFORD, AHnrmis), 10 J03BOJIsi€ MPOBOJUTH KUIBKICHUM aHai3 Bix O0py 10 ypaHy 3
yyTiuBicTio 0,1 Bar. %.

Meronamu SEM B mporieci BUKOHAHHS poOOTH OyJO JOCHIIKEHO CTPYKTYpPY
MIIKIA0K 3 KPEMHil0, Ha sSKuX Oynu copmMoBaHl HEOOXIiTHI TUIIBKOBI CTPYKTYpH.
JocnixyBanuch, SIK MOBEPXHI 3pa3KiB, TaK 1 iX MOMNEpeuYHi NepeTuHH. BiacyTHICTh
KOHTPACTy Ha puc. 3.5, Ha AKOMY MOKa3aHa MiJKIaJKa 3 MOHOKPUCTAIIYHOTO KPEMHIIO,
CBIIYMTH MPO TOCKOHAJICTH 1i CTPYKTYpH. TUIbKHU 01711 camoi moBepXHi (CBITJIA JIIHISA Ha
KpOMIIl 3pi3y) NPHUCYTHIN IIap 3 TIPHIMMUA XapaKTepUCTUKAMH, MaOyTh 11€ TOHKUHN I1ap

(<10 HM) OKCHTY KPEMHIIO Ha IMOBEPXHI MiAKIaIKH Si.
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Ha mnosepxni 0ap’eproro mapy TIN, skuii OyB copMOBaHMH Ha MOHOKPHUCTATIYHIN
migKIaani kpemHito (MoHO-Si) (puc. 3.6), MoxHa Oauwtu ApiOHI (OaM3bKO 50 HM)
KpyrJii arjioMepard, 110, HaNeBHO, € HACIIAKOM 3aCTUTaHHS MIKPOKpAIleb.
Karamitnunuit map Fe HeoOXimHMIA JUTsl HACTYITHOTO CHHTE3Y ByTienieBux cTpyktyp C.
Burisin momepeyHoro mnepeTuHy OaraTomapoBoi miiBkoBoi cTtpyktypu TIN/Fe/C (puc.
3.7) Ha MOHOKPHUCTAIIYHIN MiAKIAII KPEMHIiIO, J03BOJISE OLIHUTH TOBIIUHY KOXXHOTO
mapy (I1e, B CBOIO UepTy, 03BOJISIE BU3HAYUTH IIBUAKICTh OCAKEHHS KOKHOTO II1apy)
Ta MpOoaHATI3yBaTH MEXY pO3AUTYy MK Imapamu. B naHomy BUNAAKy MU MaeMO
JIOCTaTHBO PI3KUH 1HTEp(ENC, 0 CBIAYUTD PO BIACYTHOCTI XIMIYHUX PEAKIINA HA MEXKI

PO3ILTY MIXK IIIapaMH.

EHT =20.00 kv Signal A = SE1 Date :1 Nov 2012
WD =145mm Photo No. = 271 Time :10:24:12

Puc. 3.5 TloBepxHs Ta momepeyHUN MEPETHH MOHOKPHUCTAIIYHOT TMiIKIAIKA

KPEMHIIO.

EHT = 20.00 kv Signal A = SE1 Date :7 Nov 2012
WD = 14.0 mm Photo No. = 300 Time :12:23:44

Puc. 3.6 TloBepxns mniBku TiN Ha MOHOKPHUCTATIYHIN MIIKIAAI KPEMHIIO.
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EHT = 15.00 kv Signal A = SE1 Date :19 Dec 2012
WD =15.5 mm Photo No. = 538 Time :9:54:48

Puc. 3.7 Ilonepeunuil mepeTvH OaraTolIapoBOi IUTIBKOBOI Te€TEPOCTPYKTYpPH

TiN/Fe/C Ha MOHOKpHUCTATIYHIN MIAKIAIII KPEMHITO.

[IpoananizyemMo meToauky (puc. 3.8) MOCHiKEHHSI XIMIYHOTO CKJIaay Mareplaity
Ha MOIEPEYHOMY TepeTHHI 3pa3ka IIiBKkoBoi rerepocTpykTypu (TiN/Fe/C) ToBmuHOO
0,5 MkMm, mo Oyna copMoBaHa HA MOHOKPHUCTATIYHINA KpEMHIEBINA MiaKiIaaii. 31iBa Ha
puc. 3.8 posmimieHa 001acTh KPeMHIE€BOT MIAKIAAKKA (TeMHA OOJACTh TOBIIMHOIO 2
MKM), nani iae npomapok TiN ToBmuHO0 80 HM (CBITIa BEpTUKAIbHA CMYXKKa), daJl —
npomapok Fe ToiiuHoro 40 HM 1 map Byrieno TopmuHo 0,4 mxM. [Ipu gocmimxeHH1
XIMIYHOTO CKJIaly —Marepialy BHUBYAIOTh CIEKTP PEHTTeH (IIyOpECIEHTHOTO
BUINIPOMIHIOBaHHS 3 00JacTi 30y/IKEHHS, IHTEHCUBHICTh SKOTO CIaJIa€ 32 €KCIIOHEHTOM
3 pocTOM JOOYTKY BiFICTaH1 BiJ IICHTPY 30HU 30Y/KEHHS Ta KOe(iIli€eHTa MOTIMHAHHS.
Ha puc. 3.8 mokaszani 3MiHM THIOBOrO0 MacmTaOy pI3HOTO PIBHA I1HTErPaTbHOTO
30y/)KeHHST BUIIPOMIHIOBaHHsS. Tak, SIKIO IEeHTpajdbHa 30Ha y mnepetuHi 0,5 MKkm
(obsacTh BcepenrHi KoJja, MOKa3aHOr0 CHHBOIO CYLITBHOIO JIIHIE0) BIAMOBIAA€E PIBHIO Y
50 BIZICOTKIB IHTETPAIBLHOTO 30Y/PKEHHS, TO HE MEHII 99 BiJICOTKIB I[LOTO 30y I>)KCHHS

Oyze 310paHo 3 KoJia AiaMmeTpoM 2 MKM (00J1acTh BCepeuH1 )KOBTOTO KOJIa).
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‘Cnenp 1

2mMKm

Puc. 3.8 TumoBa MeToauKa MOCTIPKEHHS XIMIYHOTO CKJIaay MaTepialy Ha
MOTIEPEYHOMY TIepeTHHI 3pa3ka IIiBkoBoi rerepoctpykTypu (TiN/Fe/C) ToBumHoM0O 0,5

MKM, 0CaJ/[>K€HO1 Ha MOHOKPHUCTAIIYHY KPEMHI€BY MIAKIAAKY.

Ha puc. 3.9 300pakeHO MoOz€Nnb MONEPEYHOrO0 MEPETHHY 30HU 30YyKEHHS
peHTreH (JIyopecleHTHOTO BUIPOMIHIOBaHHS A1 Fe mpu 1HTeHCUBHOCTI mpoMeHs 15
keB. Mosxna mobauntu, 110 30Ha 30y1>KEHHS PO3IIUPIOETHCA HE TUTBKH Yy TUIOIINHI, ajie

1 B TJIMOUHY.

The Depth of X-ray Production x|
Film Material

Analysis Volume

Density (gem3):

Depth = 0.8u Line of Interest :
Diameter = 1.1u Oum ["O" ﬂl |Ka l"
. { Energy of edge = 7.11 keV )
Iv Use density of pure element

-1.3um| ~ Depth vs. kY

¢ 2.3 u )

: — : & Analysis Violume
Accelerating Vohage (KV): * Substiate
OXF@RD About | Close I
Puc. 3.9 Mogenp  NOMEPEYHOrO0  NEPETUHY  30HU  30YyJDKEHHS

pPEHTreHO(ITyOPECIIEHTHOTO BUIIPOMIHIOBaHHSA y Fe mpu IHTEHCHMBHOCT1 €JIEKTPOHHOTO

npomeHsn 15 keB.

[HmIMIM BaxkMBUM (paKkTOpOM, IO BIUIMBAE HA PIBEHh CUTHAIY Y CIIEKTP1 PEHTICH
(bIIyopecIieHTHOTO BUIMPOMIHIOBAHHS € €HepTis 30yKeHHS Maarodoro mydka. Tak s

KOXXHOTO 3HAYEHHS! €Heprii MO)KHAa BKAa3aTH XapaKTEpHY BIJICTaHb BiJ LEHTPY 30HU
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30yJOKEHHS, Ha K curHan 3aryxae y 2,5 pa3y. Lli gani HaBeneni y tabmuui 3.1 y
MEePIINX JTBOX KOJOHKaX. SIKIIO Jeska o0iacTh 30arayeHa MEBHUM €JIEMEHTOM, TO Ha
XapaKTepHIM BIACTaHI B MOBEPXHI, BPaXOBYIOUM 3MiHY PiBHA 30Yy/PKCHHS PEHTICH
(bIyopecIeHTHOTO BUITPOMIHIOBAHHSI, MOYKHA BH3HAYUTH BIJICTaHb 0 i€l oomacti. Tak,
y JaHOMYy BHIQJIKy TMpH  aHali3l JaHuX XIMIYHOro ckjany IuiiBkd TiN  Ha
MOHOKPHCTAJIIYHIM  MIAKIAAIl KpeMHII0 OyJ0 BCTAHOBIICHO, [0 HANOUIBIINY
KOHIICHTpAIlil0 KUCeHb Mae Ha BiacTaHi Ouigs 100 HM BiJ TMOBEpPXHI IUIBKH, IO
BIJINOBIJIa€ THTEPPEICyY MTIBKA — MiJIKJIIKA.

Ha puc. 3.10 Ta B Tabnuui 3.2 HaBeAeH1 pe3yJbTaTh IOCIIKEHb XIMIYHOIO
ckimany miiBkoBoi rerepocTpykrypu (TiIN/Fe) toBmmuoo 0,6 MkMm, sika Oyna
chopMOBaHa Ha MOHOKPHUCTAIIIYHIA KPEMHIEBIMA MiIKIAAII, B pi3HUX obOnactax 1-11.
[IpyyoMy Uit 3MEHIIEHHS TOXWOKM aHami3 MPOBOAMBCS 31 CTAaTUCTUYHUM

HaKOIIMYCHHAM JaHHUX

Tabmums 3.1 TlopiBHsBHI jgaHi XIMI4HOro ckiagy TuriBku TiN  Ha
MOHOKPHUCTAIIYHIA MIAKIAANl KPEMHII0, OTPUMAaHI MPU PI3HUX EHEPrisix 30y KEHHS

[MaJgar04o0ro Iy4kKa.

IarencuBHicth| O, % Si,% Ti,%  Cywma,
€IIEKTPOHHOTO
IPOMEHS

20 keV 1.78 59.53 38.69 100.00
15 keV 246 58.65 38.89 100.00
10 keV 296 48.85 48.19 100.00
5 keV 457 17.89 77.54 100.00
3 keV 3.0/ 1.35 9558 100.00
2 keV 1.30 0.01 98.69 100.00

Anani3 gaHux XiMigyHoOro ckjiany (tabi. 3.2) CBITYUTH MPO AOCTATHHO BUCOKHIA
PIBEHB JOMIIIOK y MaTepiaii. Y MOoAalbIIOMY 32 PaXyHOK IMOKpAIlEHHs] BaKyyMy OyJio

1CTOTHO 3HIDKEHO PiBHI HEOaKaHUX JOMIIIOK Y CTPYKTYP1 TUTIBOK.
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2MKm ' 3rekTpoHHoe U3oBpaxeHie 1

Puc. 3.10 O6macTi AOCHIPKEHHS XIMIYHOTO CKJIaay MaTepiaay Ha MONepEUHOMY
nepeTuHi 3pa3ka IUIiBkoBoi rerepoctpykrypu (TiIN/Fe) ToBmmHOHO 0,6 MKM,

c(hopMOBaHOI HA MOHOKPHCTAIYHIN KPEMHIEBIH T IKIQII.

Tabmunsa 3.2 Jlani XiMmiuHOro ckiamy IuTiBKOBOi rerepocTpykTypu (TiIN/Fe)

TOBIIMHOIO 0,6 MKM, c(hOpMOBaHOT HA MOHOKPHUCTAIYHIN KPEMHIEBIN TT1 K1,

Ne o6nacTi C,% N% O% Si,% Fe% Cyma, %
JOCHIKEHHS

1 3.35 089 051 9499 0.27 100.00
2 4.80 0.00 0.76 9432 0.12 100.00
3 5.95 0.00 1.77 91.74 0.54 100.00
4 5.03 201 410 87.92 0.95 100.00
5 4.75 0.83 536 8651 254 100.00
6 9.40 4.50 9.64 6543 11.03 100.00
7 6.06 4,92 14.71 55.42 18.89 100.00
8 4.38 6.35 1956 37.13 32.58 100.00
9 4.19 6.76 21.82 28.63 38.61 100.00
10 4.55 8.65 23.50 20.41 42.88 100.00
11 4,93 794 2445 16.80 45.87 100.00
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Puc. 3.11 Hudpakrorpama turiBku TiN Ha MOHOKPHUCTATIYHIM KpPEMHIEBIH

T TKJIa 1.

JlaH1 peHTTeHOCTPYKTYpHOTO aHami3y (puc. 3.11) cBimumiIn Npo BUCOKHM CTYITIHb
TEKTypoBaHOCTI oTpuMaHux IuTiBOK TIN. Tak moka3aHo, [0 OTpUMaHi IUIIBKH
XapaKTepU3yIOThCS HAHOCTPYKTYPOBAHMM pIBHEM JHMCIEPCHOCTI, a TAaKOX Te, IO
HE3Ba)XKal0UM Ha BHUCOKUM CTYIMIHb TEKTYpPOBAHOCTI IMX IUIIBOK Yy HAamNpsMKY,
NEPICHINKYIIPHOMY HAMNpsSMKY TUIONIMHHA MiJKIAAKH, B HANPSMKY MapajelbHOMY
IUIOIIMHI TIIKIIAJIKH 30BCIM HEMae YIOPSAAKYBaHHSA. TakuM YHMHOM IIOKa3aHO, IO
3aCTOCOBYIOYM JaH1 TEXHOJIOT1UHI PEeKMMHU MOKHA OJEp’KaTh MPOMIKHI 1 KaTalITUYHI
mapu, CTPyKTypa SKUX J03BOJHUTH CPOPMyBaTH HA HUX BYTJICIEBI HAHOCTPYKTYpPH 13

3aJlaHUMH (HEOOX1THUMHU) OP1EHTAIIISIMH.

3.3.2.2 locnimzkenns peanedy nosepxui miaiskoux crpykryp TiN i TiN/Fe

3a J0MOMOI 00 ATOMHO-CHJIOBOI Ta CKAHIBHOI TYHEJIbHOI MiKpPOCKOMil

Meromamu  atoMHO-cHiioBOi  Mikpockomii  (ACM)  mOCHIPKEHO — BILIUB
TEXHOJIOTITYHUX YMOB (OpPMYBaHHS Yy TIOpUAHOMY TEIIKOHHO-IYTOBOMY pEaKTopi
wiiBKOBUX cTpykTyp TiN Ha KpeMHieBid migkaanml Ha Mopdoorito ix moepxHi [90,

121]. Bynu BUKOHaH1 CTPYKTYPHI JOCHIIKEHHS, CIIPSIMOBaH1 Ha ONTUMI3AIIIO0 PEKUMIB
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dbopMyBaHHS HAHOCTPYKTYPOBAHOTO penbedy TMOBEpPXHI IUIIBOK Yy TiOpUIHOMY
TCIIKOHHO-TYTOBOMY peakTopi. Pe3ymbTaTél MOCHIIKEHHS TOMOJIOTiI MOBEpPXHI
IUTIBKOBUX CTPYKTYp, OTPUMAHHMX MPU PI3HUX TEXHOJOTIYHUX IMapaMeTpax Mpolecy,
npeacrabieHi Ha puc. 3.12-3.14 (Ha a 1 b HaBeAEHO TOMOJIOTIIO MOBEPXHI TUTIBKOBUX
CTPYKTYp NpH PI3HMX 301IbIIEHHAX, a Ha Tpadikax ¢ Ta d ynucIOBI OOpaxXyHKH ILHMX
JAHUX ).

Ha puc. 3.12-3.14 mix TonorpadgiyHumMu 300paxxeHHSIMU a 1 O HaBEIEHI TaKOXK
napaMeTpH, 10 0OyMOBIIIOIOTH IIOPCTKICTh MOBepxXHI Ry, Ta Rps. Ocranniii mapamerp
XapakTepUu3ye CepeIHbOKBAIpaTUYHE BIIXWUJICHHS 3HAYEHb BUCOT B pelibedi. IcTOTHOIO
OCOOJIMBICTIO PEXKUMIB (POPMYBaHHS IUX IUTIBKOBUX CTPYKTYp OyJI0 3aCTOCYBaHHS
[UKIJIIYHOTO BIUIMBY Ha MOBEPXHIO IUTIBKM TOTOKIB 10HIB aproHy, SIki T€HEpPYIOThCS B
TeIIKOHHOMY IUJIa3MOBOMY JIKEpenl TiOpUIHOTO TEIKOHHO-AYTrOBOrO peakTopa. Sk
B1JIOMO, POPMYBaHHS CTPYKTYPH KOHJIEHCATy Ha MOBEPXHI MIAKIAAUHKA 00YMOBIIOIOTh
OJIHOYACHE TMPOTIKaHHA TMpoleciB aacopOuii, audysii, aecopOuli, eHepreTuyHoi
penakcanli agaToMiB Ha MOBEPXHI, (JOPMyBaHHsS aTOMHHUX Ta XIMIYHHMX 3B’s3KiB. [lpu
IbOMY Ha BCl IIl TIPOIIECH TOPST 3 TEMIEPATYPOIO MIAKIAIKA Ta TYCTHHOIO MOTOKY
Martepiany OyIyTh MaTW ICTOTHUHM BIUIUB T'yCTHMHA Ta CEPE/HS E€HEpris 10HIB MOTOKY
TJTa3MHU.

Sk MoxkHa OGaunTH 13 HaBeleHUX Ha puc. 3.12-3.14 pe3ynbrariB, MPU CEPEIHIX
eHeprisix 10HIB y mortoui 6gu3pko 90 eB dopmyeThes MmiIbHA HAHOCTPYKTypOBaHa
TUTIBKOBA CTPYKTypa 3 CEpeAaHIM pPO3MIpoM KpucTamTiB 5-20 HM 3 mapaMmeTrpamu
mopcTkocTi moBepxHi Ry, = 48 A ta Ry = 4,3 A. ®opmyBanHs HAHOCTPYKTYPOBAHOTO
penbedy TIOBEpXHI IUIIBOK TP TaKUX TEXHOJOTIYHUX YUHHUKAX WMOBIPHO
BIIOYBa€ThCS 3a YMOB I€peBard MPOIECIB JecopOIii agaToMiB HaJ aacopOIi€ro.
Eneprernuna penakcanis 10HIB Ha IOBEPXHI JO pIBHS PIBHOBAXKHUX TEMIIEpaTyp
KOHJICHCATY i/1e Ha (POHI IHTEHCUBHOTO TIOBEPXHEBOI'O EHEPTETUYHOTO 30ypEHHS 1 TOMY
SHEepreTUYHa pesakcailis 10HIB Ma€e HEICTOTHUH BIUIMB Ha (POpMyBaHHS aTOMHHX Ta

XIMIYHHUX 3B’ SI3KIB.


https://ru.wikipedia.org/wiki/%C3%85_%28%D0%BB%D0%B0%D1%82%D0%B8%D0%BD%D0%B8%D1%86%D0%B0%29
https://ru.wikipedia.org/wiki/%C3%85_%28%D0%BB%D0%B0%D1%82%D0%B8%D0%BD%D0%B8%D1%86%D0%B0%29
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Puc. 3.12 Tomorpadist moBepxHi rriBkoBux cTpyktyp Si/TiN, oTpuMmMaHHX Tpu

LIMKJIIYHOMY BIUIMBI Ha MOBEPXHIO TJIIBKYU MOTOKIB 10HIB 3 eHeprieto 90 eB.

[Ipn wwm3pkux eHeprisx ioHiB (10 eB) ¢opmyerbest Oinbln  po3BUHEHA
HAHOCTPYKTYpOBaHa IUIIBKOBA CTPYKTypa (puc. 3.13) 3 cepenHiM po3mMipoM KpHUCTAIIITIB
20-40 HM, BiINOBiIHI MapamMeTpu MOPCTKOCTI moBepxHi Ry, =138 A Tta Ry =13,5 A.
dopMyBaHHS HAHOCTPYKTYPOBAaHOTO  peiibedy TMOBEPXHI IUIIBOK 32  TaKHUX
TEXHOJOTIYHUX YMOB W€ MNpH MepeBakaHHI MPOIECiB aacopOLii Haj aecopOliero
agatomiB. EHepreTnuHa pernakcailis 10HIB Ha TOBEpXHI BiIOyBa€ThCs B YMOBaX,
HaOJIMKEHUX J0 PIBHOBaXHUX. Takl KBa3ipiBHOBaXKHI YMOBH CIIPUSIOTH HIBEIIOBAHHIO
HEOJTHOPITHOCTI CTPYKTYPH 3 MOJAIBIINM HAOIMKEHHSM 1i 0 OJJHOPIAHOTO PO3MOILITY
0 TTOBEPXHI.

[Tpu Bucokux eneprisx ioHiB 61y 200 eB (puc. 3.14), 1m0 CyTTEBO MEPEBUIYIOTH
MOpir caMOpO3MUJIEHHS, Ha (POHI HAHOPO3MIPHOI CTPYKTypu (OPMYIOTHCS OCTPIBII
IUTIBKOBUX CTPYKTYp 13 cepeaHiM po3mipoMm kpuctamiTiB g0 100 HM, BiamoBiIHI

napaMeTpu MIOPCTKOCTi moBepxHi Ry, = 550 A Ta Rpy = 50,5 A. ®opmysanus


https://ru.wikipedia.org/wiki/%C3%85_%28%D0%BB%D0%B0%D1%82%D0%B8%D0%BD%D0%B8%D1%86%D0%B0%29
https://ru.wikipedia.org/wiki/%C3%85_%28%D0%BB%D0%B0%D1%82%D0%B8%D0%BD%D0%B8%D1%86%D0%B0%29
https://ru.wikipedia.org/wiki/%C3%85_%28%D0%BB%D0%B0%D1%82%D0%B8%D0%BD%D0%B8%D1%86%D0%B0%29
https://ru.wikipedia.org/wiki/%C3%85_%28%D0%BB%D0%B0%D1%82%D0%B8%D0%BD%D0%B8%D1%86%D0%B0%29
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HAaHOCTPYKTYPOBAHOTO PeNbe(py MOBEPXHI IUIIBOK 32 TAKUX YMOB W€ MPU CYTTEBOMY
nepeBakaHHi Tporecy JaecopOrii  amaToMiB, BUHUKAE ICTOTHO HEPIBHOBAXHUMN
CHEPreTUYHUN PO3MOJii Yy KOHJIEHCATI 1 €Heprii 10HIB JOCTaTHBO [JIsi PYyWHYBAHHS
chOpMOBaHUX aTOMHUX Ta XIMIYHUX 3B’S3KIB Ta PO3MUJICHHS aTOMIB KOHJCHCATY.

MouBe TaK0X 1 pO3MUIICHHS aTOMIB IiIKJIAIKH.

3004
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[&] 1384 1854
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Puc. 3.13 Tomnorpadis moBepxHi MiiBKOBUX CTpYKTyp Si/TiN, oTpuMaHuX Mpu

[UKJTIYHOMY BIUIMBI Ha MOBEPXHIO TUTIBKHM MOTOKIB 10HIB 3 eHeprieto 10 eB.

Pe3ynbTaTi HOCHIIKEHHSI HAHOCTPYKTYP 32 JIONIOMOIOI0 CKaHIBHOTO TYHEJIBHOTO
mikpockorry (CTM), HaBeneHi Ha puc. 3.15, y3rokyoTbes 3 JaHUMU, OTPUMAHUMH 3
BUKOPUCTAHHSAM  aTOMHO-CHJIOBOIO  MIKpOCKOIy.  TpuBuMipHE  300pa)K€HHS
PEe3yAbTYIOUOI CTPYKTYPH KATaJITUYHOTO IIApy 3ajli3a, MPU3HAYEHOTO JJIs MOJAIbIIOr0

CUHTE3Y BYTJIELIEBUX HAHOCTPYKTYp, IPEACTaBIEHO Ha puc. 3.16.
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Puc. 3.14 Tomnorpadis noBepxHi miiBKoBUX CTpykTyp Si/TiN, oTpumaHux npu

IIUKJIIYHOMY BIUTMBI Ha MIOBEPXHIO TIIBKHU MOTOKIB 10HIB 3 eHepriero 200 eB
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19 0nm
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Puc. 3.15 HanoctpykrypoBana miiBka TiN Ha migkiaaini MOHOKpUCTAIIYHOrO Si

pu moTeHIiani Ha miakaaam —90 B.
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51.2x51.2x4.33nm

Puc. 3.16 TpuBumipue CTM-300pakeHHS  pe3yJbTYIOUYOi  CTPYKTYpH

KaTaJIITUYHOTO IIapy 3aJ1i3a.

Ha puc. 3.15 npencraBneno gani CTM mnosepxni TiN 13 BHOPSAKOBAHOIO
PEryJIIPHOIO CTPYKTYpOrO 13 KpokoM ~12 HM 1 BucoTor0O ~5 HM. Ha BepxiBkax
(«ropbax») cTpyKTypoBaHOi OBepxH1 Oyiu copMoBaHi kinactepu Fe, siki BUKOpUCTaH1
K KaTaJITUYHI HEHTPHU sl JOPMYBaHHS BYTJICLIEBUX HAHOCTPYKTYP.

Ananiz crpykryp mwiiBok TiIN/Fe, cpopmMoBaHMX TpH pPI3HUX EHEPTETUIHHUX
napameTpax MoTOoKy 10HiB, MOKa3aB HasSBHICTh MOHOTOHHOT 3aJICKHOCTI MIXK JIIHIHHUMU
po3MipamMu YTBOPEHHMX HaHOKJAacTepiB (B Mexkax Bij 100 10 5 HM) Ta eHepri€ro MOTOKY
ioHIB (B miamazoHax Big 10-20 mo 90-100 eB). Takum unHOM, MMOKa3aHA MOMJIUBICThH
KepoBaHOTO (HOpPMYyBaHHS HAHOYIMOPSAKOBAHOTO penbedy B miamazoni 10-100 amM B
3aJIEKHOCT] BiJ YMOB (DOPMYBaHHS TUIIBKOBUX CTPYKTYpP. ACHCTOBAHHMM IUKITYHUN
BIUTMB TJIa3MHU T1IOPUIHOTO PEaKkTOpa CTBOPIOE TaKl HEPIBHOBAXKHI YMOBU KOHJICHCAIII1
azcopOOBaHMX Ha TIOBEPXHI aTOMIB, IO CTAa€ MOMKJIMBUM CTBOPEHHS PETYJISPHOI
HAHOKJIACTEPHOI CTPYKTYpH MOBepxHI. Tak sk (QopMyBaHHS HaHOCTPYKTYPOBAHOTO
penbedy MOBEPXHI IJIIBOK HJe 3a yMOB KOHKYpEHLIi mpolieciB ajgcopouii 1 necopOrii
agaTomiB, ()OpMyBaHHs Ta pyHHYBaHHS COPMOBAHUX ATOMHHUX Ta XIMIYHUX 3B’S3KiB

IpU €HepreTUYHIN peliakcallii 10HIB Ha MOBEPXHI 0 PIBHSA PIBHOBAXHHUX TEMIIEPATyp
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KOHJ/ICHCATy, TO 3CYB €HEPreTUYHHUX MapaMeTpiB MJIA3MOBOTO MOTOKY ICTOTHO BIUIMBA€E
Ha MeXaHi3Mu (OpMyBaHHS HAHOPO3MIPHOTO penbedy Ha TOBEPXHI OTPUMAHHUX
IUTIBKOBUX CTPYKTYp. OJHAK CIij 3ayBaXKUTH, IO JUIsl OUIBII ONTUMAJIBLHOTO BHOOPY
TEXHOJOTIYHUX TapaMeTpiB MOTPIOHO TaKOXK JOCHITUTH CYMICHUN BIUIMB IHIIKX
dakTopiB (TemmepaTypyd MiIKIAJKH, T'YCTHUHH 10HHOTO TOTOKY Ta T'YCTHHHM IOTOKY
Marepialy) Ha ¢GOpMyBaHHS HAHOPO3MIPHOTO penbedy IUIIBKOBUX CTPYKTyp. JaHi
aTOMHO-CUJIOBOI MIKpPOCKOMIi CBIAYaTh MPO MOXMIMBICTH KEPOBAHOIO (POPMYBaHHS

HAHOPO3MIPHOTO peNibe]y Ha MOBEPXHI OTPUMAHUX IUTIBKOBUX CTPYKTYP.

3.3.2.3 JlocaiazkeHHsI BYTrJielleBUX HAHOCTPYKTYP 32 I0NIOMOTI0I0 PpacTPOBOIO

eJIEKTPOHHOT0 Mikpockona (PEM)

Ha puc. 3.17 npencraBneni Mikpodororpadii CTpyKTypu MONEPEUHUX 3JIaMiB
rriBKoBUX HaHOCTPYKTyp TiN/Fe/C Ha miakiagkaX MOHOKPUCTAJIYHOTO KPEMHIIO, B
SAKUX HAHOCTPYKTypoBaHHi C OyB CHMHTE30BAHMI 3 IUIa3MU TEIIKOHHOTO PO3pSAy Y
ra3oBiii CyMmillll aproHy 1 JUXJIOpPETaHy MpH IUIaBarouomMy Ta Big'emHomy (-90 B)
MOTEHIIIAJTI MAKIAAKA, 3p00JIEHI 3a JOMOMOI00 PACTPOBOTO EJIEKTPOHHOTO MIKPOCKOIIA
(PEM).

Peanmizamiss  cyTTeBO  pI3HMX ~ MOJ  MEXaHI3MIB CUHTE3y  IapiB
HaHOCTpyKTypoBaHOTO C (TaHTGHTaJdbHOI Ta HOPMAJIBHOI MOIM  OCAJKCHHS)
OoOyMOBJIEeHa PI3HUMH IIBHAKOCTAMHU cuUHTe3y. Tak y Bumaaky Big'emHoro (-90 B)
MOTEHIIAJly peaizoBaHa HOpPMalbHAa MOJAa CHHTE3y, III0 OOYMOBJIEHO BHCOKOIO
IIBUJIKICTIO OCAJ[PKEHHSI NMPU 1IUX yMoBax. [Ipu miaBarodoMy mOTEHIIAT MiIKIaAKI, 3a
paxXyHOK HAaKONHWYCHHS 3apsAy Ha 11 TIOBEpPXHi, 3AIHCHIOEThCA OJOKYyBaHHS
CJIEKTPOCTATUYHUM TIOJIEM I[bOTO 3apsily YacCTUHU TMOTOKY 3apsSHKCHHX YaCTUHOK
IUTa3MH TEIIKOHHOTO PO3PAY, IO PYXaroThCs B HAMpPAMY MIAKIAIKUA 1 B MOAATBIIOMY
OepyTh ydacTb y CHHTE31 HAHOCTPYKTYPOBAaHOTO BYIJIELIO. I[CTOTHa BeIMYMHA IHOTO
edeKTy y BUNAJKYy CHHTE3y B IUIa3Ml T€JIKOHHOTO PO3pSIY CBIIYUTH MPO 3HAUHHM

BKJIAJT I0HHOT CKJIQJIOBO1 y IIbOMY TIPOIIECI.
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Puc. 3.17 PEM-300pakeHHsI BYTJICLIEBUX HAHOCTPYKTYp - TOPU3OHTAIBHUX (a) i
BEPTUKAJIbHUX JO TMOBEpXHI miAkiIaakud (0). 3MIHHMMU mapamMeTpamu s LUX

HAHOCTPYKTYP € MOTEHITia] MAKIAJKN ¥ TYCTUHA I0HHOTO CTPYMY Ha TIIKIIaIIT.

Puc. 3.17(a) xapakTtepusye BYyTJEIEeBI HAHOCTPYKTYpH, CHHTE30BaHI Ha
130J1b0OBaHIN MiAKIA/AL1, TOOTO MPH PIBHOCTI CTPYyMIB 10HIB 1 €JIeKTpoHIB Ha Hei. Ilpu
IIbOMY BEJIMYMHA TIABAIOYOTO TOTCHINATY MiAKIaaKkyd ctaHoBmia Big — 8 1o —10 B, a
BEITMYMHA MMOTEHITIAy TIJIa3MHU Jiekana B aiana3oHi Big +6 B mo +10 B. Takum unHOM,
CHEpTis 10HIB, 0 HAIXOAATh HA MIIKIAAKY B yMoBax puc. 3.17(a), He mepeBuIyBana
20 eB. Ha mikpodoTtorpadisx puc. 3.17(0), npeacraBiacHi ByrJieleBl HAaHOCTPYKTYPH,
OTpUMaHi NpH MoTeHIiam noakiaaku —90 B B yMoBax HacH4YeHHSI 10HHOTO CTPyMY Ha
niakaaaky. BigminHicTe pobounx pexumis st puc. 3.17(a) 1 3.17(0) nmonsirae B Tomy,
0 B TMEpPIIOMY BHUIAIKY BYTJCIEBI HAHOCTPYKTypu (opMmyBaimcs Tpu poOOTI
reJIIKOHHOro Jpkepena B pexumi «llnmasmoBa kosoHa», a B JpYyroMy — y pexXuMi
«00'eMHOTO poO3psALy». Y mepumomy BHUMNAIKy, Wi pexumy «[lmazmoBa KojoHay,
TYCTHHA 10HHOTO CTPYyMY Ha MiIKJIaaKy Oyina B 4 — 5 pa3iB Bullle il cTaHOBHJIA OJIM3BKO

5 MA/cM?
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Amnauiz mikpodoTtorpadiii (puc. 3.17) mokasye, mo y BCiX BUIAAKax GOPMYIOTHCS
HUTKOBHU/IHI BYTJICLIEBI HAHOCTPYKTYpPH 3 XapaKTepHUM JlaMEeTpOM BiJ ACKIIBKOX
OJIMHMITH /IO JCCSATKAa HAHOMETPIB 1 JIOBXXKMHOIO Ounbiie 1 MKM, TOOTO 3 acHeKTHUM

BimHOMIEHHAM Oibire 100.
3.4 Cynepnapamarneru3sm B HaHocTpykTypax TiN/Fe ta TiN/Fe/C

MarHiTHi XapakTEePUCTHUKHA OTPUMAHUX 3pa3KiB JIOCTIKYBaJUCh CIUIBHO 3
OTIHT im. b.I. Bepkina HAH VYkpainu. Huwxue npencrtaBieHi pe3yiabTaTH BHMIPIB
TEMIIEpaTypHOi 3aJ€KHOCTI MAarHiTHOTO MOMEHTY M TUIIBKOBUX Te€TEPOCTPYKTYP
TiN/Fe i TiN/Fe/C (3 ByrieueBUMH HAHOCTPYKTypaMH) Ha MiJKIaJKaXx MOHO-
KpHUCTaJIiYHOTO KpeMHiro (Si) B inTepBaii Temnepartyp Big 5 g0 300 K. IIpoananizoBano
CKCIIEpUMEHTAJIbHI JIaHl JJIg JBOX OpIE€HTAIlld MarHiTHOro mojisi H, CIpsMOBaHOTO
y370BXK 1 MEPIEHANKYJIAPHO IIOMUHI MiaKaaaku Si, 1 1Box 3Hauenb H = 100 E1 H =1
KE B pexxumi ZFC (oxonomkenns B HynboBoMy Toiti o 7' = 5 K) 1 FC (oxonomxeHHs B
noui). OcTaHHI €KCIIEPUMEHTH BUKOHYBaiHcs Biapasy k micisa ZFC BumipiB 1 ixHil
pe3yabTaT He 3aJieXkaB Bij TOTO, 3pOCTaia i 3MEHIITyBaIach TEMIIEpaTypa.

Ha puc. 3.18 npezacrasieni TemepaTypHi 3a1€KHOCTI PIBHOBAKHOTO Mg (KpuBi
1 1 3) 1 HepiBHOBaXXHOTO Mgzrc (kpuBi 2 1 4) Mar"HiTHOro MOMEHTY IIJIIBKOBOi
rerepoctpyktypu TiN/Fe y marnitHomy noni H=100 E napanensnomy (kpuBi 1 1 2) 1
nepHeHANKyIspHOMY (KpuBi 3 1 4) miomuHi migkiaaaky. 3 puc. 3.18 BumgHO, 110 3pa3ok
Ma€ JIOCUTh CUJIbHY MarHiTHY aHI130TPOIIiI0, a TAKOX JIEMOHCTPY€E pejlakcalliiii sSBUIIA,
noB'si3aHl 3 OJIOKYBaHHSIM MAarHiTHOTO MOMEHTY HAHOYAaCTHUHKM IpPH TeMIeEpaTypi
T=Tg= 42,2 K. [Ipu 11bomMy aHi30TpoMis C1a0KO BIUIMBAE HA TEMIIEPATypy OJIOKYBaHHS.

OueBuaHO, 1O BHECOK Ti 1 Si y MarHiTHUM MOMEHT TE€TEPOCTPYKTYPH IyXKe
manmid. JlificHo, 3rimHo manuM [122] marniTHa crnpuiHATINBiCTE Ti XTi=38-lO'6
€MO0/MOJIb, a MoJIsIpHa Maca 61,87 r/Monb, o gae ais Ti )(Ti=6,14-10'7 emo/r. Takum
YMHOM, BUXO/AS4H 31 criBBigHomeHHs 00'emiB Ti i Fe y gocmimkeniii crpykrypi [123],
OJMM3BbKOCTI BETMYMH iXHIX MOJIIPHUX Mac 1 JaHux puc. 3.18, MokHa 3p0OUTH BUCHOBOK

npo T€, Mo OCHOBHMI BHECOK y MAar"HiTHUH MOMEHT BHOCHUTH HiIlCI/ICTeMa 3aJi3a.
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Big3Hauumo, 110 KpeMHi€Ba IMiIKJIa1Ka BHOCUTh JiaMarHiTHHH 1 gyke mamui (ysi ~10

€MO/T) BHECOK Y CyMapHy HaMarHi4eHICTb.
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Puc. 3.18 TemmnepaTypHi 3ajleKHOCTI MAarHiTHOTO MOMEHTY T€Te€pOCTPYKTypHU
TiN/Fe, oxonomxenoi B MarHiTHoMy mnomi (kpuBi 1 1 3, FC mpouec) 1 B HyJIbOBOMY
MarriTHomy o (kpusi 2 1 4, ZFC npouec). Marnitiae none (H=100 E (a) 1 H=1 xE
(0)) cpsamoBane napanenbHo (kpuBi 1 1 2) 1 neprneHaukyaspHo (kpuBi 3 1 4) MomuyHI

KPEMHI€BOI M1IKIaIKH.

Ha puc. 3.19 mnpexacraBiaeHi TeMmmepaTypHi 3aleKHOCTI oOepHeHHx dC-
COPUMHATIMBOCTEN (Kpamku), oTpuMaHi 3 gaHux puc. 3.18. Ipsmi miHil - pe3yabTaT
MiATOHKHM cipuiHATINBOCTI 7;(T) B 1-omy HanpsiMKky izt 3akoH Kropi-Beiicca:

C.
7(T)=—"
=6 (3.1)

ne C =M¢M,,/3k;- xoncranta Kropi, M;- Mar"iTHuii MOMEHT HacuueHHA, M, -

MarHiTHAA MOMEHT Kyiactepa, k; - mocriitHa bosbpiimana, 6, - mapaMarHiTHa TemiepaTrypa
Kropi.

Ha puc. 3.19 noOpe BuaHO 371aM Ha KpUBIH OOEpPHEHOI CHPUUHITIMBOCTI MPHU
temneparypi 7'~ 150 K, mo moxe OyTH MoB'si3aHO 31 CTPYKTYPHUMH 3MiHAMU ILUTIBKH.

[Ipn 1pOMy clij 3a3HAYUTH, [0 MAlOTh MICIE 1 CTPUKIIMHI SIBUINA, OCKUIBKH 31
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30UTBIIICHHSIM MAarHiTHOTO TIOJISI ICTOTHO 3MIHIOETBCS TapamMarHiTHa TeMIiepatypa 1
KoHcTaHTa Kropi, 0coOIMBO B TEOMETpIi, KOJM «IOJE€ MEePHEHINKYISIPHE TUTONTHHI
IUTIBKKY», SK I1€¢ MOKHA OauuTu 13 Tabmuii 3.3, A¢ HaBeJeHl IapaMeTpd MarHiTHHUX
KJacTepiB, mo Oyau po3paxoBaHi 3a gomomoror 3akoHa Kropi-Beiicca Ta 3akona
HAOMIDKEHHS /10 HACHYEHHS Ui EKCIEPUMEHTAIbHUX JaHHUX TEeMIEpaTypHUX 1
NOJBOBUX 3aJIGKHOCTEH MarHiTHOro MomeHTy rerepoctpykrypu TIN/Fe. Crin
3a3HAYUTH OJIM3BbKICTh PO3PAXOBAHUX 3HAYEHb PaJlyClB MArHITHUX KacTepiB R (TaoduI.

3.3) o 3HayeHs, 1mo Oynu orpumani Merogom CTM (puc. 3.15).

20 ¥ T v T v | T T T
a 14- O |
12} S
-~ 15 41 - |
° £
= 5 10 .
5 o
2 =
= :
v 1.0 1 ©
= s
- L 4
o5} / - T
2
- 2 e’/ i
HI| nomumsi nisku L 2/ HL nomusi miisku
0.0 N 1 N 1 " 1 0 N N N
0 100 200 300 0 100 200 300
TulK T. K

Puc. 3.19 TemnepaTypHi 3a/ie)KHOCTI 00epHEHUX (C-CIIPUHHATIMBOCTEH (Kparku)
rerepoctpykrypu TiN/Fe y wmarnitHomy moimi H = 100 E mapanensHoMy (a) i
neprneHuKyaspHoMy (0) momuHi miakmaaakd. [psami miaii 1 1 2 oTpuMaHi HUIIXOM
nigrouku mig 3akon Kropi-Beiicca (3.1) mns MarHiTHOT CHIPUAHSATIMBOCTI aHCAMOJTIO
cyneprnapamMarHiTHUX  HAHOYaCTMHOK  3aji3a  BIAMOBIAHO Yy  BHCOKO- 1

HU3BKOTEMIIEPATYPHii 00JIaCTI.

JlocUTh BeNMKI BETMYMHHU TMapaMarHiTHUX TeMIIepaTyp MOXYTh BKa3yBaTH Ha
criIbHI 00MiHHI aHTH(EpOMarHiTHi a00 MarHiTO-AUIONBHI B3aemoii [124]. OueBuaHoO,

o OOMiHHI B3a€MOJi B CHJIy CBOTO KOPOTKOJIIOYOrO0 XapaKTepy BIUIMBAIOTH Ha
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MarHeTu3M TUIbKH Ha TPAHMULAX PO3AUICHHS MAarHITHUX KiacTtepiB. TOMy OCHOBHHIA
BHECOK y TIapaMarHiTHy TeMIIepaTypy BHOCHTHh MarHiTHA JUTIONb-IUATIOIbHA B3a€EMOJIiS
cyleprapaMarHiTHUX 4acTHHOK. Y po0Ooti [124] 3a3HaueHo, 110 MAarHiTHI YaCTUHKH
chepuuHoi GopMH 3 TPOCTUMH IpPaTKAMU YHOPSIKOBYIOTHCS aHTH(EPOMArHiTHO.
Opnak mapHa B3aeMOJisi MOXKe OyTH SIK aHTU(EpOMarHiTHOO, TaK 1 (hepOMarHiTHOIO B
3QJIGKHOCTI BIJ KyTa 0 MiXK HampsMKOM MOMEHTIB 1 JIIHI€IO, IO 3'€JHy€ MarHiTHI
YAaCTUHKHU. 30KpeMa, €HEeprisi W B3aeMOJIl mapu napajieIbHUX MarHiTHUX MOMEHTIB M

Ha BIICTaH1 I' OJJMH BiJl OJJHOTO BH3HAYA€ETHCS (POPMYJIIOIO:

2

w:'vllr—g' 1-3cos’ 4 (3.2)

3 (3.2) 6aunmo, o npu O < 55° B3aemonis ¢pepomarHitHa, a npu 6 > 55° - anTH-
depomarnitha. IlincraBmsoun B (3.2) 3HAYCHHS MaruiTHOro Momenty Mg =1,2-107°

emo npu I = 2R, =50 A i 0 = 60°, onepxyemo W/ky =196 K. Takum uMHOM, AUMONIBHA

B3a€EMOJIiI MOKE€ BHOCHUTHM ICTOTHUM BKJIaJl Yy mapamarHiTHy temmeparypy Kiopi. 3
iHmoro OOKy, Yy BHMNAaAKy TUIBKM TMapHOI B3a€MOJIi  KJIacTepiB, JaJeKul
aHTU(EPOMArHITHUNA MOPSAOK Y TaKii CHCTEMI HE peani3yeThCsl.

Ha puc. 3.20 npencrasneni netii ricrepesucy npu 7 = 5 K B MaruiTHomy 1o,
napajielbHOMY 1 TEPIEHANKYJISPHOMY IUIOMIMHY TUTIBKU. Hailbinbin BUpa3HUil MPOsB
aH130Tporii cnoctepiraerbes B mojsix 10 10 kE. J[yisi BU3Haue€HHSI MarHiTHOrO MOMEHTY

HacHYCHHS Ms BUKOPHUCTOBYBABCS HACTYIHUI 3aKOH HAOJMKEHHS 10 HacuueHHs [125]:
8
MH)=my —————— (3.3)

Jlami nuIstXxoM MiATOHKW B 00J1acTi BETUMKHUX MOJIB (AWB. CYIIUIbHA JIIHIS HA PHUC.
3.19) oxepkyemo BennuuHy Mg = 2,676-10° emo. OueBn/HO, O aHI30TPOIIs CIaGKO
BIIMBa€ Ha BennunHy Ms. 3a qanumu puc. 3.20 Oynu BU3HAYEH1 MO KOEPIUTUBHOCTI
Hep = 424 E n Ho =490 E npu temneparypt 7=5 K nnsa mond mapaneipHOro 1

NECPHCHAUKYJSIPHOTO TINIONIUHA IIJTIBKY.
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BukopucToByloun gaHi €KCIEpUMEHTY, BHUKOHAEMO [ESKI YHCENbHI OIIHKU
napaMeTpiB 3a3HAYCHOI IeTEPOCTPYKTYpH. 30Kpema, BukopuctoByroun (3.1) 1 3Haroun
BeIMUYMHKU KOHCTaHTU Kropi 1 Ms, Jierko 3HalTH BETWYWHY MarHiTHOro MOMeHTy M.
cylepriapaMarHiTHOi 4acTUHKH. Pesynbraty HaBeneHi B Tabmuii 3.3. Ciix 3a3HaYUTH,
10 3 POCTOM IMOJIsl, TApaIeTbHOTr0 ad0 MEPIEeHIUKYISPHOTO TUIOMIMHI TUTIBKH, PO3MIp
KJIacTepa BIAMOBIIHO 3MEHINYEThCS a00 30UIbLIyEThCs. Y MpUIYHIEHHI cPepuyHoi
dbopMH HAaHOYACTMHKM 3aji3a OIIHKa il pajlyca IpyHTyBajacsi Ha BeJIWYMHAX
Mar"itHoro MomeHty Fe piBHoro 2,22ug, noctiiinoi OLIK rparku a = 2,87 A [121]. Lle
JTa7l0 MOJKJIMBICTh BCTAHOBUTU 4YMCIIO aToMiB Fe 1 ermeMeHTapHuUX KOMIPOK Ngg Y

MarHiTHii 4YacTWHIN, BUXOIf4u 3 006’eMy kimacrepa V, =a’N_, 1 pamiyca 4aCTHHKH

cell

3, e . o
R :(4—C'j .Y 1upoMy BHNAIKy s 3ajiza 00'€eMHa HaMarHi4eHICTb HAaCUYEHHS
T

cl.

nopiBHIoe m = 1748 emo /cm® [125].

— + — HllmmomuHi mwiiBKK

0.0024q _ . _ H_LmromuHi iBKu gsiW

TIi ITOHKa e

0.001 -
)
= 0.000
]
= Si-TiN-Fe ,j T=5K

-0.001 ~ "g;:/;

ya 88"
et i
0002  pessasst?®
, ; . l . T T T T T
-60 -40 -20 0 - 0 %

Puc. 3.20 TlonboBi 3a1€KHOCTI MarHiTHOro MOMEHTY retepoctpyktypu TiN/Fe:
KpAIKy - eKCIIEPUMEHT Yy TIOJII MapajeabHoMy (@) 1 epIeHIuKyJISpHOMY (©O) TJIOMUHM

IUTIBKH, CYLIJIbHA JIHIS — pe3yNbTaT MIATOHKH.
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Tabmums 3.3 Ilapamerpu MarHITHHX KJIacTepiB, BH3HAYEHI 3a JIOTIOMOTOIO
niaronku 3akoHiB Kropi-Beiicca (3.1) 1 waGmmwkenHs g0 HacudeHHa (3.3) ndo
eKCMEPUMEHTAIbHUX JAHHUX IIOA0 TEMIEepaTypHii 1 MOJbOBIH 3aJIEXKHOCTAM MarHiTHOTO

MOMeHTY retepoctpyktypu TiN/Fe.

y H// mnomuHi migkmaaku H_/ ruromuHi makiagku

E[C 6 | M, Ra, | C. 6 [Ma, e
10%emoK | K 10 emo | A 10%emo | K 10™%-emo0 A

100 7,5 -840 | 1,2 25 OI,<6 -254 0,1 11,1

1000 |49 -924 | 0,76 21,8 | 0,8 -418 0,13 12,2

BukopucToByro4M €KCHEpUMEHTANbHI JaHl A KOEpUUTHBHOI cunu Hej 1
TeMmreparypu OJIOKyBaHHs Ip, MPOAHATI3yEMO AaHI30TPOMHI BJIACTUBOCTI MArHITHUX
YaCTUHOK 1 TIOB’sI3aH1 3 HUMH PEJIaKcalliiiHi SBUIlA. 30KpeMa, NMpu Temmneparypi 1 mose

KOCPIUTHUBHOCTI BUPAKAETHCS Yepe3 TeMIiepaTypy OJIoKyBaHHs y Bui [126]:

Hcoerr. T :Hcoer.(o)[l_ —]k, (34)

1€ Heoerc(0)=2K /M, — xoepiTrBHA CHTa IPH HYJIbOBIK TemmepaTypi, koedimient k=0,5

BPaXxOBY€ XAOTHMYHUW  PO3MOJAUTI MATHITHUX MOMEHTIB Il  HEPIBHOBAXKHOI
nHamarsigeHocTi. [Tincransroun B (3.4) Hegerr (T)= Hoympu T=5 K, s Tg = 42,2 K
OJIEPXKYEMO BEJIMUMHY KOHCTAHTU aHi3oTpomii K = 1,1-10° epF/CMg, sKa 1ICTOTHO OLJIbIIIe
KOHCTaHTH aHizotpomii Kre =4,6-10° epr/cm® st MoHOKpHCTaTiMHOTO 3ami3a [127], mo
XapaKTEPHO ISl HAHOKPHUCTAIYHOTO CTaHy. Y 1IbOMY BUTIAJKY 31 3MEHIIICHHSIM PO3MIPY
MarHiTHOTO KjacTepa BIAHOLIEHHs IOBEpXHI A0 00'eMy 3pocTae, 110, Y CBOIO Yepry,
NPUBOJUTE JIO POCTY aHi30Tpomii HaHOYaCTUHKU. Y poOoTi [128] 3a3naveno, mo mis
IUTIBOK 3 Kiactepamu Fe posmipom 3 HM y Ag MaTpuill BeIMYMHA KOHCTAHTHU

. . 6 3 o . 8
aH3orpomnii gopiBHioe 2,4-10° epr/cm”, a HaiiBuma BenuumHa aHizoTpomii 1,4-10
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3 . .
epr/cm” cmoctepiranacs B SmCoz HaHouactuHkax. Crip 3a3Ha4WTH, MO 00'€MHY
eHeprio E,, aHi30Tpomii HAHOYACTUHKYA MOJKHA OIIIHUTH 3 BIJOMOTO CITiBBIIHOIIICHHS

Heens: KV = 25k, T;, a takox 3 (3.4), 3HaI04M MarHiTHUM MOMEHT HAHOYACTUHKHU. Y

HarmoMy BuUnaaky st oyt H=100 E mapanensHOTO IUIOMMHI TUTiBKY, BiTHOMICHHS Eq,

3 (3.4) no 25k, T, mae koediuieHt 1.9, mo Bka3zye Ha HAOMIKEHUHN XapaKTep pO3paxyHKy

00'eMy HAaHOYACTHUHKH.

[IpuBenenuii BWIe aHali3 CEKCIIEPUMEHTAIBHUX JaHUX J03BOJMB BCTAHOBHUTHU
OCHOBHI OCOOJIMBOCTI MAarHiTHUX 1 pPeJIaKCal[liHUX BIIACTUBOCTEU TETEPOCTPYKTYPH
TiN/Fe, sixi BU3Ha4YaIKCs, B OCHOBHOMY, IIiJICHCTEMOIO 3ajIi3a.

Ha puc. 3.21 npeacraBneHi TemnepaTypHi 3aJIeKHOCTI piIBHOBXHOTO Mpc (KpuBi
1 1 3) i HepiBHOBaXXHOTO Mgzec (kpuBi 2 1 4) MarHiTHOro MOMEHTY IUJTIBKOBOI
rerepoctpykrypu TIN/Fe/C y marnitHomy moiai H = 100 E (a) i H = 1 KE (0)
napayiensHomy (kpusi 1 1 2) 1 nepneHaukyasipaomy (kpusi 3 1 4) muommnu mwiiBku Fe. 3
puc. 3.21 BumHO, 1O 3pa30K Ma€ JOCHUTHb CUJIbHY MAarHiTHY aHI30TpPOII0, a TaKOX
JIEMOHCTPY€E peJakcalliiHi sBHIA, MOB'3aHl 3 OJOKYBaHHSM MarHiTHOTO MOMEHTY
HAHOYACTUHKU TPU TEMIEpaTrypi, MO0 3MIHIOETHCS B 3aJEKHOCTI BiJ] BEIUYUHU
MarHiTHOro 1moJjs. [Ipu nboMy 3Ha4YeHHS MarHiTHOIO MOMEHTY T€TEPOCTPYKTYp CIa0Ko

3ajieXaTh BiJl TEMIIEPATYpH Ha BCIM AUISIHII TEMIEPATYPHUX BUMIPIOBaHb.

0,00096 0,00160
000088 0,00756 - 2-HIIFC
= 000080 _ ~. 0,00152
= 1 Si-TiN-Fe-C = 000148 ]
g oworzy A-HIIZFC m=1175mg | & 1-H 1l ZFC
= - 000064 H=100 Ce — 0,00744
: & = 000740 % [ SiTiN-Fe-C
% ] 4-HL FC — o 0,00024 m=11,75 mg
£ 0000030 O ‘M , S 0,00022 4 4-HLFC H=1kOe
z ] ; pw*m % £ 000020
c pEY, = ] —
= g0000254 o 3-HLZFC =
- £ 000015 ﬁl ZFC
0,000020 , : : , , 0,00016 -
0 o 1w Tfsf< 00 2803 0 50 100 150 200 250 3
(K) T (K)

Puc. 3.21 TemmnepaTypHi 3ajleKHOCTI MAarHITHOTO MOMEHTY T€T€pOCTPYKTYpPH

TiN/Fe/C, oxonomkernoi B MarHiTHoMy moJji (kpusi 1 i 3, FC mporiec) i B HyJIbOBOMY
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MarriTHomy o (kpuBi 2 1 4, ZFC nponec). Marnitae mone (H=100 E (a) i H=1 xE
(0)) mapanenpHe (kpuBi 1 1 2) 1 neprieHaAUKysApHE (KpHBi 3 1 4) MUTOMIMHI M IKITaIKH.

Tenep, BUKOPUCTOBYIOUM OTPHUMAaHi1 pe3yJlbTaTH, MOXHA OI[IHUTH BHECOK Y
Mar"iTHy CHOPUMHSATIUBICTS BYIJICHEBUX HAHOCTPYKTYp. [ns 1mporo 3 mMOBHOI
CIPUHHATIMBOCTI IUIIBKU 3aJ1i3a 3 BYIJICIIEBUMH HAHOCTPYKTYpaMH HEOOX1THO BITHSATH
marniTHuii BHecok TiIN/Fe. Ha puc. 3.22 mpezicraBiieHi TeMIepaTypHi 3ajIeKHOCTI
piBHoBakHMX (FC) Mar"iTHEX crnpuiiHAsTIMBOCTeH s reTepocTpykTyp TiN/Fe/C
(xpuBi 1 1 2) 1 TiN/Fe (kpuBi 3 1 4) y marnitHux nossax H = 0,1 1 1 xE nmapanensHux
TUTOIIHMHI TUTIBKH (KpamKu — €KCIEPUMEHT, JiHIl — CIutaiH-iHTepnosis). 3 puc. 3.22
BUJIHO, III0 3 POCTOM BEJIMYMHHM MArHITHOTO TOJISI MarHiTHa CHPUUHSTIMBOCTI BCIX
3pa3kiB ICTOTHO 3MEHIIYIOThCS. [Ipu 1IbOMYy BHECOK BYIJICHIO B CHPUUHSTIUBICTH
TETEPOCTPYKTYPH € BU3HAYATHHUM.

Ha puc. 3.23 npencrasneni piBHoBaxkHa (FC) 1 HepiBHoBaxkHa (ZFC) MmaruitHi
CIPUHHATIMBOCTI YUCTO ByTJeneBoi miacuctemu B nmojii H = 0,1 xE B mutonuHi m1iBKy.
3 pucyHKa BUJIHO MayJIIEBCHKUI XapakTep MOBEIIHKK MarHiTHO1 cpuitHATIUBOCTI ¥(T)
13 KBaJIpaTUYHOIO 3AJICKHICTIO BiJl TEMIIEpaTypy B HU3bKOTEMITEpATypHI 00J1acTi, IKUI

BI/IMOBIA€ BIIOMOMY 3aKOHY 111 DepMi-CUCTEM:

o 7| N"(E) (N(E)Y )
$D) = 2N B, 11+ 7| Ty (N(E)j (ksT) (3.5)

E=E¢

Y BHCOKOTEMIIEpaTypHIi 00JIaCTI EKCIMEPUMEHT HaWKpale ampoKCUMY€EThCS

3AIEKHICTIO:

7(T)=A+BT +CT? (3.6)

Crnin 3a3Ha4uTH, MO TYCTHHA €HEPTeTUYHUX CTaHIB BYTJeIo Ha piBHI Depmi
HU3bKa. ToMy CITiHOBa MarHiTHa CIPUHHSITIUBICTH BYTJICIICBUX HAHOCTPYKTYp TTOBUHHA
6y Hu3Kor0 ~ 10 emo /r. V Hamomy Bunazxy pisauns mac mwiisok TiN/Fe i TiN/Fe/C
ck1agana npubamsao 107 r, To6TO MacoBa MarHiTHA CIPUIHATIMBICTG TS PO3IVISIHYTO
CHCTeMH HAaHOCTPYKTYp Oyme mopsiaky 107 emo /r (mms. puc. 3.23), T06TO Ha 5

NOPSIJIKIB BUILE, HIXK JUIsl 3BUYalHUX HAHOTPYOOK. TakuM YMHOM, Y HalllOMY BUIAAKY
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KOJICKTHBI30BaH1 €JIEKTPOHU 3aji3a B3a€MOJIIIOTH 3 BYTJICIIEBOIO MiJCUCTEMOIO, ICTOTHO
30UIBIIYIOYM TYCTHHY CTaHiB Ha piBHI Depwmi, 10 NPUBOAHWTH 10 3HAYHOTO POCTY
MarHiTHOI CHpUHHATIMBOCTI rerepocTpykrypu TiN/Fe/C y mopiBHSHHI 3 BEIHMYHHOIO

MAarHITHOI CHPUAHATIUBOCTI AJIs Ti€l k& cTpykTypu 0e3 Byriemto (TiN/Fe).

9/ 4

o Si-TiN-Fe, H=0.1 kE
6l * Si-TiN-Fe-C, H=0.1 KE

4 Si-TiN-Fe, H=1.0 kKE

4 Si-TiN-Fe-C, H=1kE
——H=0.1 KE, crmaits-inrepnanawia
——H=1.0 kE, crmaiis-iHTepnonawa

eMo/E

M/H*10°,

N

0 i 1 " 1 1
0 100 200 300

T.K

Puc. 3.22 TemnepatypHi 3anexxnocti piBHoBaxkHUX (FC) cipuiiHsatiuBocTed miis
rerepoctpykTyp TiN/Fe/C (kpusi 1 1 2) i TiN/Fe (kpuBi 3 i 4) B MarHiTHux noyisax H =

0,11 1 kE B muomuHi miiBKK (Kpanku — €KCIIEPUMEHT, JTIHIT — CITalH-1HTEPIOISIII).

T 1 L3 T 8 T

—e— FC cnpuiHATINBICTS BYIIEINO, eKCIIEPUMEeHT

—+— ZFC cnpuitHAIINBICTD BYITIEIIO, eKCIIEPHMEHT
3+ 14 HHM3bKOTeMIIepaTypHa I I OHKa B
2 BHCOKOTeMITepaTypHa ITi I OHKa

M/H*10°®, emo/E

0 R T.,K 200 300
Puc. 3.23 FC (0) 1 ZFC (®) cnpuiiHATIMBOCTI BYIJICICBUX HAHOCTPYKTYp B IO

H = 0,1 xE B mmommai mmiBku. Jliwii 1 1 2 - HuU3bKOTEMIEpaTypHi 1

BHUCOKOTEMIIEpaTypHI MIATOHKH.

3.5 EaxekrpuyHi BiacTuBocti rerepoctpykryp TiIN/Fe/C

[Ipu gocnipKeHH] eNeKTpUYHUX XapakTepucTtuk rerepoctpykryp TiN/Fe/C Gyno

BUSIBJICHO, IO B 3aJI€KHOCTI BiJl peKUMY OTpPUMAaHHS 3pa3kiB, (popma KpuBux Ha BAX
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Oyzae ictoTtHO Bimpi3HATHCA. BAX neskux 3paskiB HpeacTaBieHa Ha puc. 3.24. Aune
AKII0 Ha (piHanmpHIN cTanali orpumanHs rerepocTpyktypu TiN/Fe/C, micns 3aBepiueHHs
npouecy PECVD, 3pa3ok BuUTpuUMyBaBCs B IJIa3Mi TEIIKOHHOTO PO3PSAY B PEXHUMI
«IImazmoBa kosioHa», KWoro BAX mnpum KIMHATHUX TeMrmeparypax JISeMOHCTPYBAJIH
BUHUKHEHHS TIpM Hampyrax (B JOlama3oHi  KUJIbKOX  MUIIBOJIBT) CTaHIB 3

nudepeHIiaaTbHuM oropoM Oau3bkuM 10 Hyis [129, 130, 131] (puc. 3.25).

0.1 0.1

S 0 £ 0
= -5}
S =
& =
@)

0.1 -0.1

-6 0 6 -50 0 50
Voltage (mV) Voltage (mV)
A b

Puc. 3.24 Turu BAX retepoctpykryp TiIN/Fe/C: niniiini (A) i 3 pi3HUM piBHEM

HemninifHocTi (B).

— C-nano-2_|=+-1-7 ¥=3-5.exp
— C-nano-2_|=+-1-7 ¥=3-5.exp
0,09 | 3*
V)
E <
p—
~—
0
S >
bl
B
=
@
-0.09}-

-2 -1
Voltage (mV)

Puc. 3.25 Cranu 3 HymeoBUM mudepeHmiansauM onopom (mpu V = 1,2 mMB)

(uepBoHa kpuBa 1) i rirantchkoro nposignicTio (nmpu V = 0 MB) (3enena xpusa 2) B

rerepoctpykrypax TiN/Fe/C.
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Ha puc. 3.24 i 3.25 npencraBneno BAX rerepoctpykryp TIN/Fe/C mpu
KIMHATHINA TeMIeparypi, o OTpuMaHi 4-X 30HI0BUM MeTo10M. CTpyMOBI 1 MOTEHIIIHHI
€JIEKTPOIU PO3TAIIOBYBAINCH HA TOBEPXHI HAHOCTPYKTYP. BijicTanb Mi>k KOHTakTamu 1
MM. KoHTaKkTH 10 MOBEpXHI CTPYKTYpH (POPMyBaTHCS MPUTUCKAHHIM Yepe3 IIAaCTUIHE
NPOBIHE cepeoBUIIle (B HAIOMY BHUIIAKY 1€ TNIACTHYHHUEA MeTal — In).

BaxxnuBoro 0coONMUBICTIO IIMX CTaHU € Te, 10 MOXYTh crnocrepiratucsi BAX
NpUOJIM3HO 3 HYJIBOBUM JHU(epeHLIaTbHUM OMOpPOM IpH Hampysi 3mimenHs V = 0. B
[[bOMY CTaH1 OTPUMYEMO «TITaHTCHKY» MPOBIIHICTh 3pa3ka. 3a HaIllUMU PO3paxyHKaMu
nutomuit onip BHC npu 7 = 300 K ckianae 1,2-10'10 OM'M, 10 NpUOIU3HO Ha JBa
NOPSIJIKK BUIle, HDK Y Mial. Ctpym nipu 1ibomy mir gocsrata 100 MA, a #oro ryctuHa -
1,3-10* AJem®.

BUHUKHEHHS TIraHTCHKOI MPOBIAHOCTI MOXE OyTH 1HTEPIPETOBAHE B paMKax
TYHEJIBHOI MOJIEJ 13 BpaXyBaHHSIM BUHUKHEHHS TYHEIBHOT PE30HAHCHO-TIEPKOJIALIIMHOT
npoBigHOCTI. P. DeliHMaH BUBIB OCHOBHI TMOJIOKEHHS KBAHTOBOI MEXaHIKH, BUXOJISIUU 3
Takux noctyiatis [132]:

1. IMoBipHicTh mOAil - IIe KBaapaT MOAYJIS KOMILIEKCHOTO YHCJa, 3BaHOTO
«aMILTITY1I00 TMOBIPHOCTIY.

2. Awmmunityaa WMOBIPHOCTI BUPaxOBYEThCS CKJIAJaHHSM BKJAJIB  BCIX
nepeaicTopii B KOHQITypariiHoMy MpOCTOpi, TOOTO BCIX MNUISAXIB, IO 3'€AHYIOTH
MOYAaTKOBY Ta KIHIEBY TOYKH. Y3JOBXK OJHOr0 MNUISAXY aMIUNTyAa HMOBIPHOCTI -
T00YTOK aMILTITYT HMOBIPHOCTEH Ha OKPEMUX JTUISTHKAX.

3. BHecok ictopii B ammiityny npomnopuiiiauii exp (iS / h), ae h - mocriiina
[lnanka, S - Al HA KOHKPETHOMY IUISAXY, KA 3aa€ThCS 1HTETPaJiOM 3a YacOM Bij
JarpaHxiaHa y370BK BIAMOBITHOTO MUISXY.

Jlns Toro, mo6 3HAWTHU TMOBHY aMIUIITYJy WMOBIPHOCTI IJii JAHOTO IIPOIIECY,
NOTPIOHO MiACyMyBaTH a00 MPOIHTETPYBATH AMIUIITYy B MPOCTOPI BCIX MOKIMBHUX
MepeicTOpiil CUCTEMU MK MTOYaTKOBHUM 1 KIHIIEBUM CTaHAMH, BKJIFOUAOYH 1CTOPIi, SKi
€ a0CypIHUMH 3a KJIACMYHUMH CTaHAapTaMu (HaOmpHKiIaa, IIBUIKOCTI YaCTMHOK Ha

TPAEKTOPISIX MOXKYTh MEPEBUIYBATH HIBUAKICTH CBITJIA). Y PO3PAXyHOK aMILTITYAH
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OJIMHOYHOI YACTHHKH, SKa PYyXa€ThCSd 3 OJHOTO MICIl B IHINE 3a 3aJaHWil dac,
HEOOX1THO BKJIIOYATH 1CTOpIi, B SIKUX YaCTUHKA OMUCY€ XUMEPHUU Bi3€PYHOK, B SKHX
YaCTHMHKA «BWJIITAE B KOCMOC» 1 JIETHTh Ha3aj, 1 Tak Aaji. [HTerpam mo TpaeKTopisx
BBa)XKa€ BCI 11l aMIUTITYAW PIBHUMU 32 BETUIMHOIO (MOIYIIIO), aJie sIKi BIAPI3HAIOTHCS IO
¢a3i (apryMeHTy KOMIUIEKCHOTO yucia). [Ipu mepexoi 10 KJIaCHYHOTO OIMKCY, BKIAIH,
K1 CYTTEBO BIJIPI3HSAIOTHCS BIJl KJIACHYHOI 1CTOPIi, MPUAYIITYIOThCS 1HTep(EpeHIliero 3
BKJIaJIaMH CXOXKUX IEPEAICTOPIM, aje 3 MpoTUiIeKHOIO (hazoro. DeitHman mokasas [132],
o 1e ¢GpopMyJrOBaHHS KBAaHTOBOI MEXaHIKH €KBIBAJICHTHO KAaHOHIYHOMY ITIJIXOAY IO
KBAHTOBOI MEXaHIKU, KOJIM TaMUJIbTOHIAH KBAJIpATUYHUM 110 IMITYJIBCY.

Awmiutityna, oOuuciena 3a mnpuHnunaMm @DeiiMaHa, TMOPOJKYE PIBHSHHS
Illpeninrepa s TaMmiIbTOHIAHA, SKe BiANoBimae paHid m1i. He3Bakaroun Ha
€KBIBAJICHTHICTh JBOX MHIAXOAIB, MaTeMaTH4Hl po3paxyHku B wmetonl Deitnmana
HabaraTo CKJIAIHIINI TPATUIIMHOTO MiIX01y, 3acCHOBaHOTO Ha piBHsAHHI [Ipeainrepa. |
TIJIBKH 1HOJII BAAETHCS I0BECTU PO3PaXyHKH 10 KiHIS. J[0 TaKoro BUIAAKy BIIHOCUTHCS
TYHCJIFOBAaHHS B CHCTEMax, IO YTBOPEHI TMapajeIbHUMH IIapaMd 3 PpI3HUMHU
BJIACTUBOCTSIMU (HOpMaJbHI, MarHiTHI, HAAMPOBiIHI Iapu). HainpocTime e pooutu
Ha OJIHOBUMIPHOMY MNpuKiaal. Po3risHemo moteHuidnuid 6ap'ep. EnekTpoH neTtuts 3
TOYKd A B TOYKy B, MiX SKMMU ICHye TOTEHIHUI Oap'ep. MoxkHa po3paxyBaTu
aMIUTITYly MMOBIPHOCTI TOTO, IO €JIEKTPOH MpPOWIe Kpi3b Oap'ep, BUKOPHUCTOBYIOUH
migxin bBrnonpepa-Tinkxama-Knamsiiika (BTK) tz;=-i/(Z-1) [133]. Tyr Z -
0e3po3MipHHUI TapaMeTp, MPOIMOPIINHUN T00yTKy BHCOTH Oap'epy Ha HOro IMIMPUHY,

i =+-1 Ammmitysa iimoBipHOCTI Bin6uTTsa Bin Gap'epy Iy =—Z /(Z —i) WmosipricTs

IPOXODKCHHS [ = |tB|2 =1/(1+Z?), a iimoBipHicTs BimbuTTa R, = |I’B|2 =Z%1(1+2%)
[133]. B cymi BOHM Aaf0Th, SIK 1 HAJEXKHTh, OJMHHUINO (EJICKTPOH a0b0 MPOWUIIOB, abo
B1IOMBCH).

Temep mnepelzeMo 10 CHUCTEMH JBOX Oap'epiB, MK SKAMH 3HAXOIUTHCS
NPOBITHUN TPOMIKOK TOBIIMHOIO O, XBMJIBOBOI BEKTOp €JeKTpoHa jopiBHIOE K. 3a

deitnmanom [132] ammuiTyna HMOBIPHOCTI MPOXOKCHHS dYepe3 el MPOMIKOK
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nopiBaioe S = exp(ikd). Temep mMu MOBMHHI MiACYMyBaTH BCi IIISIXW 33 IMPaBHJIAMH
®eitnmana. [lepmmii nUIAX - TPOXOMKEHHS Kpi3h MEpUINil O6ap'ep, TPOTIT MPOBITHOTO
IPOMIXKKY 1 IPOXO/DKEHHSI Kp13b Apyruil 6ap'ep - t;St;. JApyruil nuisix - npoxoaKeHHs
yepe3 mepimii O6ap'ep, MPOJIT MPOMIKKY, BIIOMTTS BiJg Apyroro Oap'epy, MpOJIT
IPOMIXKY B 3BOPOTHOMY HAINpsIMKY, BIAOUTTS BiJ] MEpIIOro Oap'epy, MPOJIT IPOMIKKY 1
IPOXO/DKEHHS Kpi3b Apyruil Oap'ep 1t SI;SIpSty, 1 gami Bce yCKIaAHIOWOYM HUIAXU 3
HapOCTAlOUMM YHUCIOM BIIOUTTS 10 HECKIHYeHHOCTI. Lleil psa miacyMoBYyeTbCs SK
T€OMETPUYHA IPOrpecis:
tosts

t, =tgSty + tgSrySI Sty + toSrSrLSrSrLSty +... = I
—SraShy (3.7)

. 2 .
PosmrykyBana #imMoBipHicTs T, =|t12| . Y4BMMO cO0O01, 110 MM Ma€eMO CIpaBy 3

CUJILHO HEOJHOPITHOI0 CTPYKTYpPOIO, JI€ B PI3HUX JUISHKAX JBOOAP'€pHOTO MEpexoy
ToBIIMHA O 3MIHIOETBCS B IIMPOKUX MEXax, Tak 110 100yToK Kd 3MiHIOETHCS Bix HYyJIS
no 7. IToOymyemo iMoBipHicTh sk ¢(yHkiito Kd (puc. 3.26). lle Bu3HAUUTH Ham
WMOBIPHICTh TTPOXO/KEHHS B PI3HUX TOYKaX IMepexony njsi O6ap'epiB 3 Z = 1 (HU3bKUH

Oap'ep - uepBona kpuBa 1) 1 Z = 10 (Bucokuii 6ap'ep - 3ejeHa KpuBa 2).

1.0 ]
058

05 -

0.2 <

00 —

T v T v T v T v T v T v T v 1
0.0 05 10 1,5 20 25 3,0 3,5

Puc. 3.26 IMOBiIpHICTh MPOXOKEHHSI €JIEKTPOHA Kpi3b JBa Oap'epu B CHUIBHO
HEOJHOPIIHIN CTpYKTypl mis Oap'epiB pizHoi BenmuuHu (Z = 1 - Hu3bKUK Oap'ep,

yepBona kpuBa (1), Z = 10 - Bucokwuii 6ap'ep, 3enena kpusa (2)).
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bauumo, 110 B OUTBIIOCTI BUMIAKIB HMOBIPHICTh MPOXOIKEHHS €JIEKTPOHIB MaJa,
ane € taki 1o0ytku Kd (ToOTO € Taki MiNSHKHU), 1€ WMOBIPHICTH TMPOXO/KEHHS CTa€E
PIBHOIO OJMHUII YU OJM3BKOIO JI0 HEl, He3BaXKalouM Ha HasBHICTH ABOX Oap'epis. Lle 1
HA3WBAIOTh PE30HAHCHUM TYHEIIOBAaHHSM. Pe30HaHC B TOMY CEHCI, IO XBUJI BIIOMTI 1
XBWJII, K1 MpONILIM, 1HTEp(EepyloTh TaKUM YHHOM, IO PE3yJbTylo4ya EJIEeKTPOHHA
XBUJIA MPOXOJUTh MK JBOMa Oap'epaMu 3 WMOBIPHICTIO, SIka OJIM3bKa YU JOPIBHIOE
OJIMHULI. 3BUYAITHO, AUISIHKH, A€ pPeani3yeThCsl PE30HAHCHE TYHENIIOBAaHHS, 3aiiMaroTh
Jy’Ke Maiy IUIoULy BOOap'epHOI CTPYKTYpH, ajle BECh CTPYyM e (PaKTUYHO Yepe3 HUX.
[le 30BCIM HE 3aKOPOTKH, TOOTO Je(EKTH y BUTOTOBJEHHI 3pa3KiB, a pe3yJbTar
KBaHTOBOMEXaHIYHO1 1HTepdepeHninii. Taki nuisxu yepes npuoIM3HO OJHAKOBI Oap'epw,
pO3/iIeH] NMPUOIU3HO OJIHAKOBUMH Mpomikkamu, [.M. Jlipmumi HazBaB KBaHTOBUMU
pC30HAHCHO-TICpKOJISIiHMME ~ TpaekTopismu  [134].  Edexr  pe3oHaHCHOTO
TYHEJIIOBAHHS MO’K€ BUHMKHYTH a00 B IUTYYHUX CTPYKTypax, IO 3pOOUTH BKpai
CKJaJHO, a00 B CHJIBHO PO3YMOPSAKOBAHHX CHUCTEMax, NIeé 3 BEJIMYE3HOI KIJIBKOCTI
PI3HHMX BapiaHTIB HA pe3yJbTaT BIUIMBAIOTh TUIHKM KBAHTOBI PE30HAHCHO-TIEPKOJISALINAHI
TPAEKTOPII.

3BUYAIHO, IUISHKH, JI€ peai3yeThCsl PE30HAHCHE TYHEIIOBAHHS, 3aMalOTh dykKe
MaJly IUIOILY ABOOap'epHOI CTPYKTYpH, ajie BECh CTPYM iiie (hakTUuHO uepe3 HUX. SKio
KBaHTOB1 PE30HAHCHO-TIEPKOJIAIINAHI TpaekTopii 6e3nepepBHi, To Ha BAX cTpykTypu
CIIOCTEpITAa€ThCS CTaH 3 TiraHTcbkoro  mpoBigHicTio. Komm 11 Tpaektopii
nepepuBatoThes, Ha BAX cTpykTyp crmoctepiratoTbes, Tak 3BaHi, €(pEKTH eIeKTPOHHOI
HECTIMKOCTI, IO MPHU3BOJATH 10 MMEPEMUKAHHS CTPYKTYpH MiJl JIEI0 ABOMOJSPHOL
CTPYMOBOI PO3TOPTKH MiK BUCOKOOMHHUM 1 HU3bKOOMHUM CTaHAMH.

Ha puc. 3.27 noka3zani taki edpextu nepemukanus Ha BAX ekcnepuMeHTaIbHOI
crpykrypu TiN/Fe/C mix Bucokoomumm (1,3-10% Om) i HmsskoomumM (3-10™ Om)
cranamu (1 — yepBona BAX) mpu xkimHaTHIM Temmepatypi. IloBTOpHI CTpyMOBI
THXKEKI[lT MpU3BEJIM 0 3MEHIICHHS BEJIMYMHU TICTEPE3UCy 1 POCTy MPOBITHOCTI, IO
npu3Beso 10 GOPMyBaHHS B CTPYKTYpi CTaHy 3 TiraHTChKOIO mpoBiaHicTio (R < 107° OMm

pu KIMHATHIA TemIiepaTypH) 1 BIACYTHICTIO rictepe3ucy (2 - xoBta BAX Ha puc.
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3.27). ToOTo mpoBeAeHI MAOCTIIKEHHS BKa3ylOTh K Ha MOXIMBICTh peami3arii
HAQ/IHU3BKUX 3HAYEHb OIOPY JUIA BYIJICHEBHX HAHOCTPYKTYp, TaK 1 MOXKIUBICTb

peaizalili MeMpucTOpHOi moBeaiHkun BAX.

90 e ==

==
W

&2

0 1 2
U, mV
Puc. 3.27 BAX rerepoctpyktyp TIN/Fe/C npu 310 K. UepBona kpusa 1 — ctaH 3
eeKkTaMi EJIEKTPOHHOI HECTIMKOCTI; »KOBTa KpHUBa 2 - CTaH 3 TITAHTCHKOIO

MPOBIHICTIO.

Mewmpuctop (Memristor - ckopoueHHs Big MEMOry resistor) - me pe3ucTUBHOE
NpUCTPiid 3 BiacHOK maM'arTio [135]. Sk BigOMO, iICHYIOTH YOTHPH (DyHIaMEHTaIbHI
BEJIMYMHM CJICKTPUYHOTO KOJjia: Hampyra V, CTpyM I, eJIeKTPUYHUEN 3apsia ( 1 MarHiTHHHA
noTiK . OYHKITIOHATILHUM 3B’ 130K MK HUMH BHU3HAYA€ThCS 0a30BUMH €IEMEHTAMH —
onopoM R, iHaykTuBHICTIO L, emHicTiO C 1 MempuctuBHicTio M (puc. 3.28).

TeopernyHa KOHIIEMIliI MEMPHUCTOPAa HA OCHOBI HAHOPO3MIPHHX OlHApHHUX
okcuiB Oyna 3ampomoHoBana B 2008 poril 1 3 TUX Mip CIOCTEPIraeThCA HIBUIKHMA
nporpec B po3poOIill Takux MpucTpoiB. Ha ChOTOJIGHHS MEMPUCTOp SIBISETHCA
MEPCIICKTUBHUM TIPETCHACHTOM IS peajizalii Ha HOro OCHOBI HOBHUX ITOKOJIIHB
pUCTPOTB 30epiranus iHpopmaii [136].

B nanuii gac po3poONIOETHCSI TEXHOJIOTiS CTBOPSHHS MEMPHUCTOPOB HA OCHOBI
1Tpiit-6apieBoro kympary (puc. 3.29), Akl IpOMOHYIOTHCS AJIsi CTBOPEHHS HOBOT'O THUITY
nam'siti. He3Bakaroum Ha iCTOTHHH Tporpec B 00JacTi MEMPHCTOPHHUX MPHUCTPOIB,

3aJIMIIAETHCS 1€ PsII HEBUPIIICHUX MUTaHb HA XY IX MPaKkTU4HOI peanizamii. OaHa 3
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TaKUX MPOOJEeM - 1€ Mapa3uTHUM 3B'I30K MK CYCITHIMU KOMYTAI[lHHUMH By3JaMH B
IHTETPOBAaHOMY MEMPHCTOPHOMY JaHLiory. Jlims i yCyHEHHS 3ampONOHOBaHI CXEMH,
3aCHOBaHI Ha BUKOPUCTaHHI JOJATKOBOIO (JI0 KOYKHOTO MEMPHUCTOpA) TPaH3UCTOpA.
OnHak Take pilICHHS MpU3BEAE A0 MOMITHOTO 30UIBIIEHHS PO3MIPIB KOMYTAIlIHUX
By3JiB. ToMy OakaHO 3HAWTH Taki mepeMukarodi npuctpoi, BAX sxux Oymau O pizko
aCUMETPUYHUMHU IO BIJHOLIEHHIO A0 mojaHoi Hanpyru. Otpumani BAX Byrienesux
CTPYKTYp BIJIKpUBAIOTh MOXJIMBICTb BUKOPUCTOBYBATH I1X B SKOCTI €JE€MEHTa

IHTETPOBAHOT MEMPHUCTOPHOT CXEMH.

Mewmpuctop

JAYKTUBHO CTi

Konaencarop

KOTY LIKa iH

Pesuctop

Puc. 3.28 Bzaemo3B's130k Mik (yHIAaMEHTAIBHUMHU BEJIIMUYUHAMU E€JIEKTPUUYHOTO

KoOJIa.

4-0 1 v ) v ]

MeMmpHCTONHMIE
npHCTPiit HA 0CcHOBI

2.0

c-axis

ﬁ'b—plnne

40 20 00 20 40
Voltage (V)

Puc. 3.29 BonbT-amnepHi XapakTepUCTUKHU TOPUAHUX CTPYKTYp Ha OCHOBI 1Tpiii-

OapieBOro Kympary.
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3ayBaXuMoO, 110, 3TIHO 3 TEPHIONPUHIUIHUMU po3paxyHkamu [137],
BIIXWJICHHS! KPUBUX CTPYM - HaIlpyra BiJ] JIIHIMHOCTI AJIsl yIOPSIAKOBAHUX JTBOBUMIPHHUX
BYTJICLIEBUX CHCTEM, PO3MIIIEHUX MDK JIBOMAa METaJeBUMH €JEKTPOJaMU, HE €
ICTOTHUMH, TOMY TiCTEPE3UCHI XapaKTEPUCTUKH HAIIUX BYTJICLIEBUX IUTIBOK MOBHUHHI
OyTH CHUMETPUYHHMMH BIJTHOCHO 3MIHM MOJSIPHOCTI V, sIK IIe crocTepirajocs B poOoOTi
[138]. Ckopime 3a Bce, 1eii epeKT TMOB’S3aHUA 13 HASIBHICTIO MACTOK, IO
3alOBHIOIOTHCS YU CITYCTOIIYIOTHCSI 3aJIEKHO BiJ HAMpsMKy eneKkTpuuHoro mois. Lle
O3Hayae, 110 Omip 3pa3zka Oy/ie KOJIMBATUCS B Yacl 3 TUM K€ MEPI0J0M, IO 1 CTPYM, IO
MPOTIKAE Yepe3 HhOro (K Yy BUMNAJAKY KOHTAKTIB HAa OCHOBI CKJIQJIHUX OKCH/IIB
nepexigHoro metany [139, 140]).

Ha puc. 3.30 mpeacrasneni BAX nns 3paska 31 crpykryporo TiN/Fe. Ak 6auumo,

TYT peanizyeThes HMN THO BAX, iK1 XapakTepH1 JUIisl KOHTAKTIB 3 BT €MHUM OIIOPOM.

Current (mA)

Voltage (mV)

Puc. 3.30 Pizni tunu BAX nanoctpykryp TiN/Fe npu 310 K.

Tak cepen nux BAX (puc. 3.30) MoxHa 1TOOQYUTH MEPEMHUKAHHS PI3HUX T1JIOK
BAX wmix pi3HMMH KBaJpaHTamu (TOOTO peami3aiisi BIJ€EMHOTO OIOpPY), a TaKOX
NEPEeMHUKAHH MK PI3HUMU PIiBHSIMH ONOPY B paMKax OJHOro KBaapaHTy. Ha mepmii

norjiaaa O€ BHITIAAAE AIK HCMOXIMBE, alic, HaCHpaB,ZIi, € IOYyXC II0Ka30BHUM
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eKCIIEPUMEHTOM JJIs 3’sCyBaHHs (DI3MUHUX MEXaHI3MIB 3MiH piBHA omopy. [lo mporo
qyacy ICHy€ JUCKYCis, SIK aJeKBaTHO TPaKTyBaTH MEXaHI3MHU 3MIHHU PiBHS OMOPY MAJS
pI3HOTO THUITy MeMpUCTOpiB. Tak yacTMHA aBTOPIB BHKOPHUCTOBYE 1ACI0 TEPMIYHOTO
pO3irpiBy, YMMajo aBTOPIB BBa)Ka€ IOIUIBHAM BHUKOPHUCTOBYBATH i€l E€IEKTPOHHOI
HECTIMKOCTI y CHCTeMax 3 CHJIBHOI KOpelsalielo abo po3risaaTd MeEXaHI3MH
CJIEKTPOHHOI Mirpaiii, 4YacTMHa BBaxae, IO e(peKT OOYMOBJICHHM KOHTAKTHUMH
€JIEKTPOCTATUYHUMHU MOJSAMU (€(PEeKTH CXOKI HAa BUHUKHEHHS HAIMIBIPOBIIHHUKOBUX
0ap’epiB a00 KyJIOHIBCHKOI OJIOKAJIN).

k1o B3SITH 10 yBaru Ti 0OCTaBUHH, 110 XOY B JAHOMY pasi MpH JOCIHIIKEHH1
BAX OyB 3acTocoBaHMil YbOTHUPHOX30HJIOBUH METOJl, IpPAKTHUKAa 3aCTOCYBaHHS
MPUTUCKHUX KOHTAKTIB B pa3l MOKIJIMBOCTI BUHUKHEHHS KOHTAKTHUX HAIPYT CBITYUTh
PO MOXJIMBOCTI BUHUKHEHHs MoxuOok. Tak camo Oyno mpu nocnimxeHHax BAX
KOHTaKTIB Ha 0a3l BHcoOkoTeMiiepaTypHux Hammposiaaukis (BTHII). dotu, moku He
OyJ10 TOCSATHYTO HU3bKOTO PIBHSI KOHTAKTHOI'O ONOPY 32 PaXyHOK BiAnaiy cpi0jia B 30H1
KOHTaKTY, AaH1 pi3HUX A0caikeHb BAX MOriu CyTTeBO BIIPI3HATHCS. 3ayBaKUMO, 1110
Tak camo y BuUNaaKy aociikenb BAX konTakTiB Ha 6a31 BTHII moxuBa peami3zaris
MEMpPHUCTOPHOTO TUIly noBeAiHKM BAX (Taka moBeAiHKa Mae MiCIE, KOJIU Peai3yloTh
TaKy CXeMy BUMIpIB, 110 TUIbKH OJIUH 3 YOTUPHOX KOHTAKTIB BCTYIAE B «TPY» - IHITUMU
CJIOBaMHM, Ma€ 1CTOTHO BUIUHK o11ip). ToOTO, SAKIIO MU MaeMO €(DEeKT MmepeMUKaHHS MIX
CTaHaMHU OTOpYy, OOYMOBIICHUI caMe KOHTAaKTHUMH €JIEKTPOCTATUYHUMU TIOJISIMH B pasi
YOTUPBHOX30HA0BOTO METOY, TO MOKEMO 3ITKHYTHUCS 3 BUIIAJIKOM, KOJIM CTaH KOHTAKTIB
NEePEMUKAETHCS O 4Yep3l 1 MOXKJIMBA HaBiTh peanizauis Ha BAX edexty Bia'eMHOTO
orniopy. TUIbKM SIKIIO OJWH 3 KOHTAKTIB Ma€ ICTOTHO BHUIIMNA OMip, TO came TO/Ii
MOKJIMBa peaiizailis MempuctopHoro tumy mnoeainku BAX. Toxi crae 3po3yminum,
YOMY MOXJIMBE TaKe PI3HOMAHITTSA THUIIIB MOBEAIHKM KOHTakTiB. Komu B «rpy»
BCTYNMalOTh (a caMe 3MIHIOIOTh PE3UCTHBHUM CTaH 1 3HA4YEHHS KOHTAKTHOTO
€JIEKTPOCTATUYHOTO TIOJISI) IO JEsIKIM 4ep3i pi3HI KOHTAaKTH, TO B 3aJI€KHOCTI BIJ

MOCJIIJOBHOCTI MOKJIUBI pi3HI Tunu noBeaiHku BAX. I aumie B pa3si, KOJIU OMip OJHOTO
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3 KOHTAaKTIB 3HAYHO OUIBIIMHK 3a 1HINI, MU MOXEMO OTPUMATH MEMPHUCTOPHHUI THUII

nmoseminku BAX.

BucnoBku 10 po3aiay 3

1. Anani3z crpykryp mmBok TiN/Fe, chopMoBaHUX MpH PI3HUX CHEPreTHUYHUX
napamerpax notoky ioHiB ['TJIIITP, moka3aB HasiBHICTh MOHOTOHHOI 3QJIEKHOCTI MIX
JTHIAHUMHA pO3MipaMHU YTBOpPEHUX HaHokiacTtepiB (B Mexkax Binm 100 mo 5 uM) Ta
eHepriero motoky ioHiB (B mianmazoHax Big 10-20 mo 90-100 eB). Takum uuHOM,
MoKa3aHa MOXKJIUBICTh KEPOBAHOTO (OpPMYBaHHS HAHOYIOPSIKOBAHOTO penbedy B
nianasoHi 5-100 HM B 3aJ1€KHOCTI BiJl yMOB ()OpMYBaHHSI IUIIBKOBUX CTPYKTYP.

2. AcucToBaHMI IUKJIIYHUN BIUIMB IJIa3MH T1OPUAHOIO TEIIKOHHO - JYTOBOIO
peakTopa CTBOPIOE TaKl HEPIBHOBa)KHI YMOBHM KOHJEHCAIIll aJiIcOpOOBAaHUX Ha MOBEPXHI
aTOMIB, IO CTa€ MOXJHMBUM CTBOPEHHsS PEryJsIpHOI HAHOKJIACTEPHOI CTPYKTypHU
noBepxHi. Tak gk (popMyBaHHS HAHOCTPYKTYPOBAaHOTO peibedy MOBEPXHI IUIBOK HJE
3a YMOB KOHKYpEHIIii mporeciB ajcopOrii 1 gecopOii agatomiB, (GopMyBaHHSA Ta
pyWHYBaHHS C(QOpPMOBAaHMX AaTOMHHUX Ta XIMIYHHUX 3B’S3KIB TpU EHEPreTUYHIN
pernakcarlii 10HiB Ha TTOBEPXHi JI0 PiBHS PIBHOBOXHUX TEMIIEPATyp KOHJCHCATY, TO 3CyB
CHEPreTUYHUX TapaMeTpiB IJIa3MOBOTO TMOTOKY ICTOTHO BIUIMBAE HA MEXaHI3MH
(dbopMyBaHHS HAHOPO3MIPHOTO pebedy Ha MOBEPXHI OTPUMAHMUX IUTIBKOBUX CTPYKTYD.
JlaH1 aTOMHO-CHJIOBOT MIKPOCKOITIi CBIYaTh MPO MOXKJIUBICTH KEPOBAHOTO (POpMyBaHHS
HAHOPO3MIPHOTO peNibe]y HA MOBEPXHI OTPUMAHUX IJIIBKOBUX CTPYKTYP.

3. BcTanoBiieHO cynepriapaMarHiTHUR XapakTep MOBEAIHKH MarHiTHOr0O MOMEHTY
HaHOCTPYKTypoBaHux rerepoctpykryp TiN/Fe i TiN/Fe/C. 3a manumu TemmeparypHux
1 TOJTBOBUX 3AJICKHOCTEH MarHiTHOTO MOMEHTY IUIIBKH 3 YpaXyBaHHSIM TEMIIEPATypH
OJIOKyBaHHSI MOMEHTY HAHOYACTUHKHM BH3HAuU€H1 iI cepeiHid po3Mip 1 BeTUYMHA
anzorpornii. OTpuMaHi pe3yiabTaTH MIATBEPIKYIOTH  MOMJIMBICTH  1CTOTHOTO
30UIBbIICHHS Koe(dillieHTa aHI30TpOoImii 3aiiza B HAHOCTPYKTYPOBAHOMY CTaHi IS

peaizalii KIHIIeBOT METH - 301IBIIICHHS MIIJIFHOCTI MAarHITHOTO 3aITHCY.
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4. TlpomeMOHCTPOBaHO BH3HAYAIBHUN BHECOK BYIJICIICBUX HAHOCTPYKTYP Y
Mar"iTHy CHOPUUHATIAUBICTH retepocTpykTyp TiN/Fe/C y mopiBHSHHI 3 aHaJOTI4HOIO
BEJIMYMHOIO ISl Ti€l K CTPYKTypH 0Oe3 ByTJIEL0. Y NaHOMY BHUNAAKY peali3yeThCs
MarHeTU3M KOJICKTHBI30BAHHUX €JICKTPOHIB 3 JJOCHTh BEJIMKOIO BETUYMHOIO MaYJIi€BCHKOT
MarHiTHOi CIIPUHHATIMBOCTI.

5. Peamizaiiss CyTT€BO pI3HHX MOJI MEXaHI3MIB OCAJKEHHS BYTJICIIEBUX
HAHOCTPYKTYP (TaHTE€HTAJIbHOI Ta HOPMAJILHOT MO OCAJXKEHHS) 00yMOBJIEHA PI3HUMHU
MIBUIKOCTMU CHHTE3y. OcO0JIMBOI yBaru 3aciyroByIOTh BHUSIBIIEHI Y reTepocHcTeMax
TiN/Fe/C edektu enekTpoHHOI HECTIHKOCTI, SIKI XapaKTepHi Ul CHIIbHOKOPEIhOBAHUX
CJIEKTPOHHUX cUCTeM. E(exTr eneKkTpoHHOI HECTIHKOCTI MPU3BOATH A0 MEPEMUKAHHS
CHCTeMH Tij Hi€l0 CTpyMOBOi imkekiii Mik BucokoomumM (1,3:10% Owm) i
HI36K0OMHEM (310 OM) cTaHam 3 eheKTOM KOJIOCAIBHOTO eIeKTpoomnopy ~ 100.

6. Busasneno gopmyBannsa B rerepoctpykTypi TiN/Fe/C crany 3 excTpemanbHO
BHCOKOIO mpoBinaicTio (R < 107 Om mpu 310 K), mo Moxe 6YTH IepeayMOBOO
OJIep>KaHHS EKCTPEMaIbHO BUCOKOI MPOBITHOCTI MPY KIMHATHUX TEMIIEpaTypax.

PesynbraTti mocmimkeHb BHKIAACHI y myoOmikamisx [119 - 121, 123, 129, 130,
131, 140].
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4 IOHHO-TIJTA3SMOBUMI CUHTE3 IJIIBKOBUX CTPYKTYP AIN HA
HIAKJIAIKAX MOHOKPUCTAJITYHOI'O KPEMHIIO I THYYKUX
IMOJIMEPHHUX IHIAKJIATKAX

4.1 MyJabTHCHIEKTPAJIbHI QlIbTPH

Po3BUTOK HOBOI reHepallli CUCTEM HaBIrallli, MO3UI[IOHYBaHHS 1 TEJIEKOMYHIKaIlli,
takux sk VLBI (Very Long Baseline Interferometry [141]) I'mo6ansHoi CriocTepesxHOT
Cucremun VGOS (VLBI2010) motpebye anTeH BigHOcHO Mayioro (<12 M) miameTpy,
OCHAIEHUX BUCOKOUYTIMBUMU JeTeKTOpamu, pododa Temneparypa skux 10 — 15 K, oo
OpaiiolTs Ha  NOpudoM  1HGOPMAIIMHUX  CUTHATIB Yy  HIMPOKOCMYTOBOMY
MIKpOXBUIILOBOMY 4acTOTHOMY miama3oni 2-36 ['T. [lpu npoMy BakinBO OJIOKyBaTH
BIUTUB (DOHOBOTO TEIUIOBOTO BHUIIPOMIHIOBAHHS BiJ BXIJIHOTO BIKHAa KpiocTara, IO
3HaXOJUThCsl mpu Temmeparypi AoBkuniss = 300 K, Ha poOOTY BHCOKOUYTIUBHX
HU3BKOTEMIIEPATYPHUX JETEKTOPHUX MPUCTPOIB, IO MPAIIOIOTh B JaHUX CHCTEMax
(puc. 4.1). B mpomy Bumaaky HeEOOXiHE CTBOPEHHS KOMIIO3MIIMHUX MartepiajiB 3
BUCOKMMHM  (YHKLUIOHAIBHUMHU TapaMeTpaMH Ta 3aJaHUMH  €JIeKTPO(i3uyHUMU
XapaKTEePUCTHUKAMH - MyJbTHCIIEKTpabHUX QiIbTpiB (MC®). BakuBO0 BUMOTOIO J10
MC® € ix 37aTHICTh NPONYCKATH BUIIPOMIHIOBAHHS y BHU3HAUEHUX CHEKTPATbHUX
Jiana3oHax 1 IpHu bOMY OJIOKYBAaTH BUIIPOMIHIOBAHHSI 3 BUCOKHUM pPiBHEM (DOHOBOTO
rymy.

OnuH 13 HUISAXIB JOCATHEHHS OaKaHUX XapaKTEPUCTUK KPIOTEHHUX JETEKTOPHHUX
CUCTEM MpHU 3a0€3MEeUeHHI iX BUCOKOT HaIMHOCTI Ta CTIMKOCTI 10 30BHILIHIX (aKTOpiB
BIUTUBY, TIOJIATA€ y BUKOPHUCTaHHI iH(padepBoHHX Oap’epHUX (UIBTPIB, SIKI MArOTh
BHUCOKE 3HaueHHs npomyckanHs y ' gianazonax (wamp., y S, X ta Ka gianazonax (~2
-36 I'Tu) 1 ax go 1 TI'a), mo0 3ab6e3neunTy TOCTATHIO MPO30PICTh I MPOXOAKESHHS
MIKPOXBWJIBOBUX 1H(GOpMAIIHHUX cuTHaTIB. Taki PpiabTpu MOBUHHI OJIOKYBaTH BILIUB

[Y BunpomiHIOBaHHS Ha XOJIOHI €1€MEHTH KPIOT€HHUX JIETEKTOPHUX CHCTEM.
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Puc. 4.1 Cxema KpiOr€HHOI JETEKTOPHOI CHUCTEMH Yy KpIOCTaTl 3 XOJOJHUM

b1IBTpOM.

AHani3 eneKTpOMarHiTHOro CHEKTpy B 00yacTi, ¢ po3TalllOBaHUN MaKCHUMyM
BUIIPOMIHIOBaHHS a0coytoTHO yopHoro Tuia (AUT) mpu kiMHaTHIN TemmepaTypi (puc.
4.2), Ta TIPOBEICHI OIIHKK TYCTHHH TOTYXXKHOCTI BUIPOMIHIOBaHHS TOKa3ald, IO Y
CIEeKTpalbHOMY Jiama3oHi A < 5 MKM 4dYacTWHa TYCTHHH TMOTyXHocTi [Y
BUIMIPOMIHIOBaHHS Bil (JOHOBOTO Y 11 JUISHIN €JIEKTPOMArHiTHOTO CIeKTpy (mpu T =~
300 K) ckmnamae ~ 1,2 %. ToOTO yacTuHA CHEKTPY IMpH A < 5 MKM Maibke He mpuiiMae
y4acTh y Ipoiiecax BUIIPOMIHIOBaHHS 00’ €KTiB, 110 3HaxosaThes ipu 1 ~ 300 K, 1 qyxe
MaJio BIUTMBA€ Ha PO3IrpiB HU3bKOTEeMIepaTypHuX aeTektopi. [Ipm A ~ 5 - 10 mMxm
JacTHHA TOTYXHOCTI BiJ (hoHY ckiaanae ~ 26 %, a mpu A ~ 10 - 25 Mkm - 11e = 56 % Bix
3arajibHO1 TYCTHHH MOTY>KHOCTI BUIPOMIiHIOBaHHS (hoHy. 3aranom 1e ckiagae ~ 82 %
TOPIBHSHO 3 TIOTY)KHICTIO BUIIPOMIHIOBAHHS Y BChOMY CIIEKTpaJIbHOMY Jiana3oHi [142].

To6To oOWiHKKM [aTh MiACTaBYy 3pOOMTH BHCHOBOK, IO JUISI 3aXHUCTYy
HU3BKOTEMIIEPATYPHUX JETEKTOpIB MpUKMadviB 3a3HadeHHX cucteM opieHtauii MCO

MOBUHHI OyTU e(PEeKTUBHUMHM Y Jiarna3oHi JOBXKHUH XBUJb 5-25 MKM. [[1s mpakTHYHOTO



137

3acTocyBaHHA I1i (UIBTpM MawTh OyTH BUTOTOBJICHUMH HA TOHKHUX THYYKHX

IiAKTaIKax.
CIIEKTP A.U.T T=300K
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Puc. 4.2 IlpomyckanHs atMocdepu Ta BHUIOpPOMIHIOOYA 3AaTtHICTh AUT

(bonoBoro BunpomintoBanus) mpu 7' = 300 K.

BupinieHHs 3a3HadeHoi MpoOJieMH MOXKIIMBE MLUISIXOM PO3POOKU TEXHOJOTI]
CUHTE3y (DYHKI[IOHAIbHUX TIUIIBKOBUX TOKPUTTIB Ha THYYKHX J1EEKTPUIHUX
nigknaakax (ocHoBi). Takum MarepiaioM Moke OyTH MOJIIMEpHHI Martepiall Te(JoH
(¢pTopommact), MmO MIMPOKO BUKOPUCTOBYETHCS B MIKPOXBHUJIBOBIA TEXHILI Ta
Kp1OT€HHUX MpHUCTposiX. Huxdue HaBeZeHO psii XapaKTepUCTUK TedIioHa:

Temneparypa movarky IiaBieHHs BiANOBiAHO A0 cTaHaapty ASTM D3418 nus
pi3Hux TumiB Teduona - Bix 260 go 327 °C.

Temnomnposignicts - 0,25 — 1 Br/(M-K)

BignocHa gienexkTpuyHa NPOHUKHICTG - Biag 2,1 1o 2,3.

Tednon mae mus3bkuit pierb (~ 0,25 — 1 Br/m-K npu 25 °C) TeruionpoiaHOCTI,
HU3bKHI  piBEHb BTpAaT B  MIKPOXBWJIBOBOMY Jiala3oHi  €JIEKTPOMArHiTHOTO
BUIMPOMiHIOBaHHS. OJHaK, ICHYIOTb CYTT€BI MpOOJeMH MPH OTPUMAHHI IJIIBKOBUX
MOKPUTTIB Ha TehaoHOBUX ((PTOPOIIACTOBUX) MiAKIAIKaX TMPU BUKOPHUCTAHHI

KJIACMYHUX BAaKyyMHHUX TEXHOJIOT1H, TaK K TE(JIOH XIMIYHO 1HEPTHHH 1 yepe3 HU3bKY


https://ru.wikipedia.org/wiki/ASTM
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MOBEPXHEBY €HEPril0 (HACHYCHHA 3B'I3Ky (TOpy Ha TMOBEpPXHI) MAyXKe BaXKKO
3a0e3MeUnTH aare3it0 METaNeBUX IUTIBOK. Takok, fK OyJI0 3a3HAYEHO, IS I[bOTO
MOJIIMEPHOTO MaTepialy XapakTepHa HU3bKa TeMIlepaTypa IJIaBJIeHHS.

[Tomryk iHmKMX MarepiajiiB, IO 3a CBOIMH BJIACTUBOCTSIMH MOXYTh OyTH
BUKOPHUCTAHI SIK AIEJICKTPUYHI MIAKIAIKH, J03BOJIUB 3YyIIMHUTHUCS 1 HA TAKOMY IOJIMepi
sk Mainap. Huxkde HaBeieHO psiji XapakTEepUCTHK Maijapa:

Temmneparypa modatky IiaBieHHs BianoBimHo 1o crangapty ASTM D3418 ms
pI3HUX THUIIIB Maiiapa - Big 121 mo 260 °C.

Temmomnpogianicts — 0,15 - 0,24 B1/(m-K).

BigHnocHa gienexkTpuyHa MPOHUKHICTG - Bij 2,8 10 3,7.

{00 3HM3MTH BILTUB MOTOKY Y BUIpOMiHIOBaHHS B Jiana3oHi A ~ 5 — 25 Mkm y
¢binpTpax Ha OCHOBI Te(JIOHOBUX UM MaWIapOBUX IUIIBOK HEOOXiAHE 3aCTOCYBAaHHS y
SKOCT1 MOKPUTTIB IIMPOKO30HHUX HAIIBIPOBIJHUKIB (JI1€JIEKTPUKIB) 3 JIETKHUX aTOMIB
(a00 HAHOMOKPHUTTIB 3 HHX), HI00 BOHU MaJIM CMYTy 3aJIMIIKOBUX IPOMEHIB
(cmekTpanmbHa 00JIACTP MIXK YacTOTaMH IIOB3JOBXKHIX Ta IIONEPEYHUX ONTHYHHX
¢onoHiB) y [H oOnacTsix coekTpy, B SKMX MOTPIOHO peanizyBaTH (QiabTpu. Y LUX
o0nacTsaX ciekTpy BiaObuBaHHs Moxe csaratu ~ 100 %, 1110 He mpuBee 10 3aTUIITKOBOTO
HarpiBy ()OHOBUM BUIPOMIHIOBAHHSM 1 3aXHCTUTh BUCOKOUYTJIMBI KPIOT€HHI IETEKTOPH
(puc. 4.3).

VYHIKaIbHUN KOMIUIEKC (PI3UYHUX 1 XIMIYHUX BIIACTUBOCTI HITPHUAY QIIOMIHIIO
(AIN) (Tabnuus 4.1) poOuTh 1IeH MaTepial MPUBAOIUBUM I BAKOPUCTAHHS B LIJIOMY
psAl HaMPSIMKIB €NEeKTPOHIKA. Tak KOMITO3HINSI BHCOKOI TETUIOMPOBIAHOCTI, HU3BKHUX
JEJEKTPUYHUX BTpaT, BHCOKOTO PIBHSA 130JIIOIOYHMX XapPAaKTEPUCTUK 3pOOMIH 1ieh
MaTepian MepcneKTUBHUM JJIs 3acTOCyBaHb y HajBHcokoyacToTHuX (HBY) mpuctposix
3 BEJIMKUM PIBHEM TOTYKHOCTI.

bepyun no yBarm BiacTUBOCTI TedJOHY 1 Maiyapy (HU3BKHI pIBEHb BTpaT Y
MIKPOXBWJIHOBOMY Jlialia30Hi, HHU3bKa TMPO30PICTh B YaCTHHI 1H(PAYEPBOHOTO
Jiana3oHy, HU3bKa TEIUIOMPOBIIHICTH) Ta BIACTUBOCTI HITPUAY AaTIOMIHIIO (HU3BKHIA

pIBEHb BTpaT y MIKPOXBUJIBOBOMY Jiala3oHi, YHIKaJbHO BEJIMKA TEIUIOMPOBIIHICTS)


https://ru.wikipedia.org/wiki/ASTM
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cTae AyXke NMpUBaOJIMBHM CTBOPUTH OararomiapoBuii kommosuiiiiHmii matepian AlIN-

teduion uu AIN-maitnap i Bukopucraru iioro sik MCO.

Tabmuus 4.1 ®izuuni Baactuocti AIN

BrnacTtusicth OpuHULIA BUMIPIOBAHHS Bennunna
TeopeTnyHa rycTuHa r/em 3,12
TemnonpoigHicTs mpu 293 K B1/(m-K) 180
TeMmneparypa niaBiIeHHS °C 2400

MinHiCcTE miJ 4ac:

3TUHAHHS 200 —-250
cTHcHeHHS Mlla 1500
po3TATY 270
MIiKpOTBEpAICTh I'Tla 12,0
100
5:?/ 80
% 60
g 40
= 20t \j
3 P TR T T

2 6 10 14 18 22 26 30 34 38
Wavelength (um)

Puc. 4.3 CnekTpaibHi 3alieXHOCTI BimOuBaHHsA MoHOKpuctaiignoro AIN i3

cMyroro 3anuiikoBux npomenis (Restrahlen band) [143].

Hawm He Bpanocst BUSABUTH NMOCHJIAHHS B JIITEpaTypl HA OTPUMAHHS TOHKHX IUTIBOK

OKCHJly QJIIOMIHIIO 10HHO-TUIa3MOBHM HAHECEHHSM Ha TepMOJaOiuIbHI TOHKI MOJIMEpHI

IUTIBKH.
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4.2 @opmyBaHHfl iOHHO-ILUIa3MOBHUX KoOHJAeHcaTiB AIN Ha migkiaagkax
MOHOKPHMCTAJIYHOT0 KPeMHiA 1 THYYKHX MOJIMEPHHX MiaKjJaakax Te@uoH i

Mausap

4.2.1 Moaudikaniss TeXHOJOTiYHUX TMPoIeciB AJs1 OCAJ:KeHHsI IUIIBOK Ha

TEPMOJIa0iIbHI MiIKIAIKH

Sx Oymo 3a3HAuEHO, TMEPCIEKTHUBHOK OCOOIMBICTIO pO3pPOOJECHUX HAMHU
TEXHOJIOTIYHUX TIPOIIECIB € Te, 0 P BaKyyMHO-TYyTOBOMY METO/1 OCAJPKEHHS CHHTE3
IUIIBOK #Ie B CYTT€BO HEPIBHOBAXHMX YMOBaxX I BIUIMBOM 1HTEHCHUBHOIO
BHUCOKOEHEPIe€TUYHOTO TUIa3MOBOTO MOTOKY, SIKUM KOHJEHCYEThCS Ha miakiaaky. Komu
10HM TUTa3MU MOTPATUISIOTh HA TMOBEPXHIO IMIKIAKH, BOHU MalOTh 3HAYHY KIHCTHUHY
eHepris, ska 3HaxoauThes B miana3oni 10-150 eB. Ilomaua moreHIiany Ha MigKIaaKy
MO>Ke 301IBIINTH LI0 €HEPTito. 3a3BUYail, HAaIpyry Ha MiAKIaAL1 3MIHIOIOTh B Jliana3oH1
Bix 10 go 200 B. fkmio nepeBumutu nopir posnuiieHHs (opieatoBHo 300 — 500 B), To
3aMICTh CHHTE3Y IUTIBKM Ha MIAKIAMANI OTPUMAEMO TMPOLIEC PO3MUIICHHS ITiAKIaJAKU
10HHUM my4dkoMm. Taka oCOOJUBICTH JO3BOJISIE BECTU OCAJKEHHSI TUTIBOK Ha MiJKJIaJKU
0e3 ii HarpiBy.

OpHak y BUTIQJKY 3aCTOCYBaHHSI BAKyyYMHO-JTyTOBOT'O METOY OCAPKCHHS ILJIIBOK
Ha TEpMOJIaOlIbHI MIAKIAJKH TIOCTa€ MUTAHHA KOHTPOJIO Ta OOMEXEHHS pIBHSA
TEPMIYHOTO HArpiBy MiJAKIAAKWA BHACIIJOK TUIa3MOBOI O0OpoOKH moBepxHi. Sk Oyio
BCTAHOBJICHO TPH TOMEPEAHIX AOCHIDKCHHSX, 3HA4YHI TEpPMIYHI HABAaHTAKCHHS Ha
MIJKIAAKy, K Ha cTajaii oOpoOKM B TUla3Mi TEIIKOHHOTO JDKepesia, Tak 1 MiJ 4ac
BaKyyMHO-TyTOBOMY OCAJKE€HHS, MOXKYTh MPHUBECTH JO ACCTPYKIIi MiIKIAIKH a0o0 ii
3HAYHOTO TMOILIKO/PKEHHs. ToMy 3acTOCOBYBAIMCH PI3HI TEXHOJOTIYHI NpUHOMU
3HIDKCHHSI TETTIOBOTO HABAaHTAXEHHS. A came:

1. IlepepuBYacTi HMKIM OCAIXKEHHSI, KOJIM OCAJIKEHHS MPOBOJUIOCH B IHTEPBal
yacy 13, a B HACTymHOMY 1HTepBaJi 4yacy t, BigOyBaJIOCsS OXO0JIOKEHHS I IKIAIKH.

2. OcamKkeHHs Ha TIKIAIKY, sika odepTaiach Mij yac mia3MoBoi 00poOKwu.
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3. OcamkeHHs Ha MIOKIAIKY, SKa o0epTajach Iij 4ac TUIa3MOBOi OOpOOKH 3
OJTHOYACHUM CKaHYBAaHHSAM IOTOKY YaCTOK, II[0 OCA/XKyBaJlUCh, 32 PaXYHOK KEpyBaHHs
HaIPsSMKOM BIJIXUJICHHS IJIa3MOBOTO IMOTOKY 3MiHOIO KOH(]Irypallii MarHiTHOTO MO Yy
npetidoBiii kamepi.

3acTocyBaHHSA TEpPEpaxOBAaHUX TEXHOJOTIYHUX TMPUHUOMIB JO3BOJIMIO 3HU3ZUTU
pIBEHb TEPMIYHUX HABAaHTAKECHb HA MIJKIAJKy Ta peali3yBaTH OCAJKEHHS IIJIIBOK Ha
TEepMOJIaO1IbH1 MIAKIAAKA. 3aCTOCYBAaHHS OCa/DKEHHS Ha MIAKIAAKY, siIka oOepranach
miJ 4Yac IJIa3MOBOi OOpOOKM 3 OJHOYACHUM CKaHyBaHHSM IIOTOKY YacTOK, LIO
OCaQ/KyBJIUCh, € HOBATOPCHKUM TEXHOJOTIYHUM pIIICHHSIM 1 JO3BOJUJIO HE TUIbKU
3HU3UTH PIBEHb TEPMIYHUX HABAHTAXKEHb HA MIAKIAAKY, a M peani3yBaTH OCa[KCHHS
IUTIBOK Ha TEepMOJaOUIbHUX MIJKIAAKax 3Ha4yHoi momm. [Ipu mpomy He wMae
NPUHIIMIOBUX OOMEXEHb Ha 30UIbIIECHHS IO OCAJIKEHHS, KPIM pO3MipiB KAMEpH, 1 B
HAIIOMY BHIIAJKY Iis IUIOIA OCAUKEHHS IUIBOK S Moria gocsrati 100 e 2.

[Ipu nocniKeHHS TeMIIepaTypHUX PEXKUMIB CUHTE3Y IUIIBOK HITPUIY aJTIOMIHIIO
IPU TEJIIKOHHO-AYTOBOMY 10HHO-TUIa3MOBOMY (POPMYBaHHI KOMIO3ULIAHUX TOKPUTTIB
Oyra 3acTocoBaHa TepMoIapa XxpoMmelb-aatoMenb. [Ipu 06po0Iti cTommKa s AKIAA0K
B IUTa3Mi TeJIIKOHHOTO JpKepena 3a 3 XB. Horo Temmeparypa 3pocina Ha 50 °C; mpu
o0poO11i CTONMKA JJI MIAKIAA0K B TUIa3Mi TIa3MOBO-IyTOBOT'O TIPUCKOpIOBaya 3a 3 XB.
TeMmeparypa 3pocia Ha 70°C.

Jliist Toro, mo0 OTpUMYyBaTH OJIHO 1 IBOCTOPOHHI IUTIBKM HA MOBEPXHI MPO30PHUX
TEpMOJIA0ITbHUX MaTepianaiB, BUKOPHCTOBYBABCS TMPEAMETHUN CTOJUK, HA SKOMY
KpinuBCcs 3pa3ok. O4YUIIEHHS MOBEPXHI TEPMOJAOUIBHOrO 3pa3ka 3A1MCHIOBATIOCS
TeJIIKOHHUM JDKepeloM TiasMu. [l mbOoTro 3pa30oK MOMIIIABCS HIDKYE OTJISI0BOTO
BIKHA PO3PSIHOT Kamepu. MOXIHBICTE 00€pTaHHS JTO3BOJISIA PO3BEPTATH 3PA30K Ha
360° i 3milicHOBaTH OOpPOOKY B €IMHOMY BaKyyMHOMY LUK TEIKOHHHM JIKEPETOM
IUTa3MHU JIBOX TNPOTUJIICKHUX MOBEPXOHb, 100 OTPUMYBaTH 3pa3Ku 3 HAHECEHHWMU
TJTIBKAMHM CTIOJIYK alTFOMIHIIO 3 OJTHOTO YU 3 JIBOX OOKIB.

VY naHOMy KOHKPETHOMY BMMAJKYy JUIsl OYMILEHHS MOBEPXHI TEPMOJIAOLIBHOIO

MaTepialy BHKOPHUCTOBYBABCS «IIAJHUN» PpEXUM PpOOOTH TEIIKOHHOTO JpKepena
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IUTa3MH, OCKUIbKM HaBITh KOPOTKOYACHUIM BIUIMB Ha TE(PIOHOBY MiJKIAIKY
IHTEHCUBHOTO BHUCOKOEHEPTeTHYHOTO cToBMa «[Ima3mMoBOi KOJOHW» TPHU3BOAUTH MO il
MUTTEBOTO PYHHYBaHHS.

OCOOMMBICTIO «ITAHOTO» PEXUMY € Te, IO peajizaimis TeIIKOHHOTO 10HHO-
1a3MOBOTO po3psiny B pexkumi «llmazmoBa koyoHa» 3IIHCHIOETHCS TMPU TUCKY B
pO3psiaHiil Kamepi TiOPHIHOTO IOHHO-ILIA3MOBOro peaktopa mopsaky 102 Topp i
HU3BKMX 3HAYCHHSX IIOCTIHHOTO CTPyMy, IO IOJAEThCA HA MArHITHY KOTYIIKY
TeJIIKOHHOTO po3psany. CTpyM, IO MOJAETHCS HA KEpyKouy KOTYIIKY, MOBUHEH OyTH
MakcUMalbHUM. Yac, mpoTAroM SKOro mnpoBoAmsiaca oOpoOKa IIa3MOI0 MOBEPXHI
JOCIIJIKYBaHUX 3pa3KiB, cTaHOBUB 20 xBWiuH. [IpoTsroM 1poro yacy mnpu JAaHOMY
peXuMi  poOOTH TEIIKOHHOTO JDKepena IUIa3MH He  BIIOyBajocs  JAerpajarii
JOCIIKYBAaHUX 3pa3KiB. Sk MOKa3anu MOJaiblll EKCIEPUMEHTH, IHTEpBal Yacy,
MPOTATOM SIKOTO BifiOyBanacs oOpoOKa MOBEPXHI 3pa3KiB, 1 «IATHUN» PEKUM POOOTH
TeIIIKOHHOTO JPKepesa TIa3MH SBJISIOTHCS ONTUMAIBHUMU JIJIST OUYHWIICHHS 1 aKTUBAIlil
po00YO0i MOBEPXHI 3pa3KiB 3 TEPMOJIA0IIBHUX MOJIMEPHUX MaTepiaiB.

HonatkoBa o0OnacTh 10HI3AIll Ol MOBEPXHI JOCHIHKYBAHMX 3pa3KiB € TaKOX
001acTIO OJaTKOBOTO HArpiBY, IO MOXE 1 Hal4acTime MPU3BOIUTH IO JOKATHLHOTO
HarpiBaHHS TIOBEPXHI B pa3i 0OpOOKH 10HHOIO MJIa3MOI0 TEPMOIaOUIbHUX MaTepialiB 3

HU3BKOIO TEMIIEPATYPOIO TIJIABJICHHS.

4.2.2 Cunre3 miaiBok AIN Ha miakiaagkax MOHOKPHCTAJIYHOIO KpEMHIilo,

candipy Ta rHy4YKHX JleJIeKTPUYHUX MIAKIAAKAX TedJIOH | Mailjiap

VYcranoBka Ha ocHoBi ['TJIIITP mo3Bonmna peanizyBaTH TEXHOJOTIYHI MPOIIECH
cunare3y 1wiiBok AIN Ha minkmaakax teduioH i Maimap. J[s BUBYCHHS 0COOJIMBOCTEH
cuHte3y miiBok AIN, foro BmiuBy Ha BiracTHBOCTI MiBOK AIN Oyna BimmpaiiboBaHa
TexHosoris GopmyBanHs mIiBoK AIN Ha MoaenbHHUX MiAKIaAKaX MOHOKPHCTAIIYHOIO
KpemHito N-Si ta candipy. JlaHi mpo eKCrnepuMEeHTalbHI 3pa3KH 1 JesKl TEXHOJOT14Hi

pPEKUMH CUHTE3Y HaBeeH1 y Ta0mmii 4.2,



Ta0mui 4.2 TexHOIOTIUHI pekuMH oTpuMaHHs 1iBok AIN

Ne Micue Tuck | CTpyM | [Migxmamka | Yac, XB.
MAOKJIaOKU | Topp AyTH, A

V1 A 3:10° |40A Si 2

V2 A 3-10° | 40A Si 8

V3 A 3:10° | 40A Si 1,5

V4 A 3:10° | 40A Si 2

V5 A 3:10° | 40A Si 2

V6 A 10° 40A Si 2

V7 A 10° 40A Si 8

V8 A 10° 40A Si 4

V9 b 10_2 40A Tednon, maiinap 1

V10 b 102 40A Teduon, maiinap | 8

V11 b 102 40A Teduon, maiinap | 4

V12 b 107 40A Teduon, maiinap | 2

V13 b :|_O'2 40A Tedyon, maitnap | ]

V14 b :|_O'2 40A Tedyion, maitnap | 17

V15 b 107 40A Teduon, maiinap | 30

Vi |A 3:10° | 40A Si 3UUKIH 110 3XB=9

Vi | A 10° 40A Si .

Vis | A 3-10° | 40A Si %

Vi | A 3-10° | 40A Si %

V20 | A 3-10° | 40A Si %

V21 | A 10° 40A Si .

v2 | A 3:10° | 40A Si .

V23 | A 10° 40A Si .

V24 | A 3107 | 40A Si 0

V25 | b 107 A0A Tedion, maiinap | 17

V26 b 310° | 40A Teduon, maitnap | 9

V27A | B 10° 40A | Teduon, maiinap | 101 mo 3x8=30

V27 b 1072 40A Tedon, maitnap | 60

V28 | B 107 40A | Teduon, maiinap | 131 mo3x8=39

V29 | B 107 A40A | Teduon, maiinap | 1311 mo3xB=39

V0 |A 107 40A Si 10

V3l | A 107 48A Si 12

v3s [ C 3-10% | 40A Si 5

V3 | C 3:10° [48A |Si 5

v37? | C 3:10% [40A |Si 10

v3g |[C 3:10° [48A | AlO, 5

v |A 3:10° |48A Si 10

V40 | C 3:10° |48A Si 20
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4.2.3 PeHTreHOCTPYKTYPHI A0CJTi/IzKeHHS IJIIBOK HITPUY AJIIOMiHiI0

dazoBuit ckmam 3paskiB  wiBok  AIN  KOHTpomoBaniM 32 JIOIOMOI'OIO
pentreniBcekoro audpakromerpa “PHILIPS X’pert” ta JIPOH-2. ¥V Bumanky peHTreH
(ha3oBOro aHami3y 3MOMKa IPOBOIUIACK B Aiana3oHi kKyTiB 20 = 10 - 70° 3i mBHIAKICTIO
0,5 rpan/xs.

B sxocti minkmagok juis  ocamkeHHS IDIiBOK  AIN  BHKOpHCTOBYBaHCS
MOHOKpHCTaiuHl migkimaaku N-Si opienramii  (100) 1 (111). 3rigHo aaHuX
mikHapoaHoro nentpy JCPDS, monoxxenHs ocHoBHuX peduiekciB kpuctamiB AIN Ha
mudpaxtorpami, otpuManoi mpu CuKal BumpoMiHIOBaHHI 3 JOBXHHOIO XBWII A =
0,15406 um, mactynne: mis opienranii (100) AIN - 33,36° (002) AIN - 35,91° i (101)
AIN - 38,03° 3 BimHOCHOIO iHTeHCHBHIcTIO peduiekcis |, mo gopisHioe 999, 606 i 914,
BIJIIIOBIIHO.

Ha pentrenorpamax miiBok AIN, ocamkenux Ha migkiaaaky n-Si (100) (puc. 4.4)
He Oyio 3adikcoBano okpemux peduiekciB AIN. ITosiBa pediekcy, po3raiioBaHOMY MPH
KkyTi 44,8°, Moxxe 6yTn mpurmcana pediekcy (200) Al, pu IBOMY TAKOX MOCHIHBCS
pedueke mpu KyTi 20~ 22,5°, mo crniBmagae ¢ monoxeHHsM pediekcy (100) Al

Mo>xHa BiA3HAUUTH TIAHATTSA (OHY B 00MaCTI MalIMX KYTIB, IO CBIAYUTH PO
HasIBHICTh aMOP(HOI CKJIaI0BOT B CTPYKTYpI MIIiBKU. OHAK, BUKITIOYUTH MPUCYTHICThH
KpHUCTaTiuHOl (ha3u TaKoK HE MOXKHA, TaK sK mepimi peduieke miakmaaku N-Si i3 cepil
(L00) - 33,2° mo mosnosxkennro Mir 36irtucs 3 pedexcom (100) AIN - 33,36°.

Ha pentrenorpamax miiBok AIN, ocamkennx Ha migkmaaky n-Si (111) (puc. 4.5),
IpUCYTHI TOJNOBHI pedexcu MmriBok Hitpuny amominiro: - (002) AIN (mpu 35,91°),
(101) AIN (mpu 38,03°%), a takox pediaexc manoi intencusrocti Bix (100) AIN (mpu
33,36°), mo BKasye Ha sBHE NEpeBaXKaHHSA B ILIBII kpucTamiunux 3epen (002) i (101)
opienTamii. OfgHaK CJIia 3ayBa)XuTH, 1110 pu ocamkeHHs AIN Ha migkiaaaky n-Si (100),
YMOBH [Isl YTBOpeHHs 3aponkiB AIN OyayTe 1CTOTHO BIAPIZHATHCS BiJ BHUIAJKY
ocapkeHHs Ha mmigkmaaky N-Si (111) 1 IiIKoM MOXIJIMBO NPHUIYCTUTH IE€PEeBaKaHHS

3epeH AIN opienrarii (100) [144].
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3arajiom J1aHi pPEHTIeHOCTYKTYpHHUX IocCiipkeHb IumiBok AIN maroTh mijgcraBu
BBA)KATH, II[0 OTPUMaHI MIPHU KIMHATHUX TeMIIEpaTypax 3pa3ku Ha migkiaakax n-Si (100)

MaloTh aMOP(HY CTPYKTYpY Ta ckianaroThes, kpiMm ¢daszu AlN, mie 3 dha3u MeraaigHoro

Al.

1000

----(100) Si
——— AIN-(001)Si

800

600 —

400 —

I, (OtH.en.)

200

~
I‘\/'I B DD 14 ~

~
T AN TNl - \\/’ Sc-r,

2IO ' 2'5 ' 3'0 ' 3I5 ' 4IO ' 4l5 ' 5I0
2Tera, (rpaa.)
Puc. 4.4 PentreniBcbka qudpaxiiis ToHkux miiBok AIN Ha migkmagmi n-Si (100)

Ta BUX1IHOT MOHOKpHCTaIiuHOI miakmaaku N-Si (100).

1000
| —— AIN(111)Si |

800

- 600
=
o
jan)
S

= 400 —

200

L) I ¥; 1
30 35 40

2Tera, (rpan.)

Puc. 4.5 PentreniBebka qudpakiiisi ToHkux miiBok AIN Ha miakmamii N-Si (111).
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4.2.4 MopdoJoris noBepxni miaiBok AIN nHa kpemnii

Hocmimkenuss Mopdosorii  moBepxui  miiBok  AIN  Oymm  3pobieni 3
BUKOPDHCTAHHSAM CKaHIBHUX eNeKTpoHHUX MikpockomiB ZEISS EVO 50XVP (3
po3ainbHoI0 37aTHICTIO 2 HM npu 30 kB). Ilpu gociimkeHHl 3pa3kiB 3aCTOCOBYBAIIU
300paxxernss SEI (Secondary Electron Image) ta COMPO (Back Scattered Electron
Image (Composition)).

Sx BimoMo, mpu (PYHKIIIOHYBAaHHI KaTOIHOI IJISIMHA €po3is IMOBEPXHI KaTtojia
MPUBOANUTE 110 TeHEepallli He TUIbKKM 10HHUX TMOTOKIB, ajie 1 MaKpOYaCTUHOK - Kparelb
marepiany karoma [61-66]. Makpouactuaku Mmatoth posmipu  0,1-10 MxwMm, ane
3yCTPIYaKOThCS AK OUIbIN, Tak 1 OLIbII ApiOHI yacTku. s Toro, mo0 IOCHIIUTH
MOKJIMBICTh (PUIBTPYBAHHS TOTOKY IUIa3MH 32 JOMOMOIOK MAarHiTHOro QuisTpy 3
BiIXMICHHSM mOoTOKy Ha Kyr 90° Bim npsMominiiiHOro pyxy, Oyl BHBUYCHI
MiKpocTpyKTypa noBepxHi 3paskiB AIN, ocamkeHnx Ha MOHOKPUCTIIYHIA TTAKIAIII
KpEeMHiIF0 B TmoBepHeHHX (puc. 4.7-4.16) moTOKax TuUTa3MH B 3aJICKHOCTI Bif
TEXHOJIOTTYHUX YMOB OcCajpkeHs. B X0l 1boro JociipkeHHsT OyliM 3MIHEHO JeKijIbKa
PI3HHMX THUIIB TEXHOJOTIYHUX MapaMeTpiB. A came, JUisl pI3HUX 3pa3KiB (IUB. TaOIUIO
4.2) MU 3MIHIOBAJIH:

1 - THCK po6ouoro rasy Py aianazorni 3-10%-3-10" Topp;

2 - CTpyM KaToaHO-IyroBoro po3psay / y aianazoni 40-50 A;

3 - TeMneparypy miakaanaku Tgy mianasoni 20-400 °C;

4 - yac 00poOKHM MIAKIAAKH Yy TeTiKOHHIN tuia3mi Ty mianaszoni 0-300 cexk.;

5 — Yac MocTiiHOI poOOTH Ta IHTEpBaIK CIOKO0 y aiana3oHi 0-90 cek.;

6 - reomeTpUUHE Miclie pO3TalTyBaHHS MAKIAIKHU:

6.1 - miciie A - pamiaabHO B HEHTPI AperidoBoi kamepu mo BucoTi h =25 cM Bif
nHa aperdoBoi kamepu (auB. puc. 4.6) - 1e Micle J¢ HEMae MPSAMOTo MPOJILOTY
YaCTUHOK 13 KaTOJIHOT TJIa3MHU;

6.2 - micie b - Ha xapyceni paaianeHO 3MilleHe Ha 4 cM Bi HEHTPY ApeidoBoi

Kamepu 1o Bucoti h =25 cm Bix aHa aperigoBoi kamepu (auB. puc. 4.6);
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6.3 - miciie C - pamianbHO B IEHTPI JapeidoBoi kamepu mo BucoTi h =10 cm Bix
nHa aperidoBoi kamepu;

/ - mapanenabHe Ta/a00 MOCHIJOBHE 3aCTOCYBAHHS TEJIIKOHHOTO Ta IIa3MOBO-
JYTOBOTO JDKepeJ MIa3Mu Py 0CaIKEH1 TUTIBOK.

Hacammnepen Mu nepeBipuiiv BIUIMB MEPIIMX TPhOX mapameTpiB. Tak Ha puc. 4.5-

4.6 naBeneH1 gaH1 Mmopdoorii noBepxHi 3paskiB V22 ta V24,

AmTeHa

BY || TMpmcrpi
TeHepaTop YITOI&eHERA

JieeKTpHYHe BiRHO

TocTifaER 2d0
ETERTPOMArgiT

Apeiipora kavepa
Maaoso-
AYTOBHE
OPECKOPHEAY

Hanyck rasy

3o0Ex
MimerEs ado
_____________ sarpisanEs

Puc. 4.6 Cxema posramryBaHHS MIAKIAIOK Yy AperdoBiii kamepi TiOpUIHOTO

TeJIIKOHHO-TyTOBOT0 10HHO-TIJIA3MOBOT'0 PEaKTOpa.

SEM HV: 10.0 kV WD: 8.66 mm | | | MIRA3 TESCAN|

View field: 1.61 pm | Det: BSE 500 nm
SEM MAG: 179 kx | NanoMedTech LLC

a 0
Puc. 4.7 Burnsaa noepxHi miiBku AIN 3paska V24., cunTe30BaHOI Ha iK1
n-Si (100) mpu THCKY poGodoro rasy P = 3-10% Topp; Micie po3TalryBaHHS ITi IKIIAKH -

A (ipu pi3HuX Maciirabax a ta 0).
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SEM HV: 10.0 kV WD: 8.97 mm MIRA3 TESCAN

View field: 37.0 ym | Det: BSE View field: 1.61 ym |
SEM MAG: 7.81 kx NanoMedTech LLC SEM MAG: 180 kx NanoMedTech LLC

. 9

‘e 5 2 -
SEM HV: 10.0 kV WD: 8.98 mm

a 0
Puc. 4.8 Bursaa noepxHi miiBku AIN 3paszka V22., cuHTE30BaHOT Ha iK1/
n-Si (100) mpu THCKY poGouoro razy P = 3-10°° Topp; Micie po3TaliyBaHHs I IKIAIKH -

A (pu pi3HEX MacinTabax a) Ta 0))

Ha puc. 4.7 Ta 4.8 MoxHa MOOAYNTH, IO OCHOBHUM T€OMETPHUYHUM EJIEMEHTOM
cTpykrypu noBepxHi € npi6Hi (~ 30 — 200 um), a Takoxk cepenti (~ 0,3 — 3 MK) KpyIIi
ariioMepaTd, SKi MOXYTh OyTH HACHIIKOM TPaHCHOPTYBaHHS OpiOHMX Ta CEepemaHix
HaHOKpareib, M0 MOXYTh 3apspKaTHUCS B IUIa3MI Ta pyXaTHCS CIIAOM 3a 1HIIMMU
3apsKEHUMHU YacTUHKaMU, a00 KOHIIIOMEpaTH, K1 yTBOPIOIOTHCS MPH KOHACHCAIII].

3acTocyBaHHs (HUIBTpaIii MOTOKY IUTa3MH 3a JIOMOMOTOI0 MAarHITHHUX CHCTEM
BIIXWJICHHS JTO30JI5I€ CYTTEBO MEPEUIKOAUTH TONAJaHHIO MIKpOKAalelb Ha TOBEPXHIO
IUTIBKU. AJie, SK MM 0auyuMO y BHUMAJAKYy JIETKOIJIABKOTO KaTOAy 3 alllOMiHII0, YacTKa
Kparejib MOXE CTAaHOBHMTU TOJIOBHY YaCTHHY IOTOKY €pO31HHOro Marepiaily, a TOMY
HEMOXJIMBO HEXTYBAaTH MPOIECaMU KPUBOJIHIHHOTO MOLIMPEHHS MOTOKY HEUTpalIbHOI
KOMIIOHEHTH 3a PaxXyHOK aKTiB BIJIOUTTS YACTUHOK BiJl CTIHOK KaMEpH.

SKu10 MOPIBHATH T'YCTOTY JpIOHMX Ta cepenHix Kpamenb Ha puc. 4.7 Ta 4.8, 10O
MOKHA MOOAYUTH, 10 3MEHIIEHHs THCKYy pobodoro rasy jno 3-10~ Topp mo pi3sHOMYy
BIUIMHYJIO HA iX TycTOTy. Tak B IIbOMY BHUIIaJKy MU 0auMMO CYTTE€BHUU PICT T'yCTOTH
CepeaHiX Kpamejib 3a paxyHOK 30LIbIICHHS JTOBXKHWHU BUIBHOTO MPOOIry y poGoyomy

rasi, a TakoXX, MOXKJIUBO, 1 32 PAXyHOK 3MIHHA KyTOBOTO PO3MOALTY BHIIBOTY HEHTPAIbHOI
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KOMITOHEHTH 13 30HU epo3ii mpu 3MmiHl poOouoro THcKy. [Ipu npomy rycrora ApiOHUX
HaHOKparenb 3MEHIIIaca. TyT MoO)KHa 3alpOINOHYBaTH JBa PI3HUX MEXaHI3MH, IO
MOSICHIOIOTh TaKy 3aliexkHicThb. [lo-mepine, 3a paxyHOK OUIbII BUCOKOT €HEPTii YaCTUHOK
MOTOKY IJIa3MU IPU HU3BKOMY THUCKY POOOYOro ra3y Ha MOBEPXHI MOXE €(PEKTHBHO
BiI0yBaTUCS acoliaiis came ApiOHMX Kpameib 1 (opMyBaTHCs IIUIbHA CTPYKTYpa.
Takox Juist IpiOHMX Kpamneib MOXJIMBHM MpOIEC iX MOAAJIBIIOTO PO3IrpiBy Mija Yac
TPAHCTIOPTYBAaHHSI, IO MOXKE MaTu MicIe A7 HaHOKpanenb po3Mipom 20-50 um. Came
TOMY CTPyKTypa Ha puc. 4.8 O6uibil rpy0a. ['ycToTa BeNMKHUX Kpamenb TyT 30UIblIEHa,
MOKHa TIO0QUUTH HampsM iX pyxy MO BITHOIICHHIO JO MAKIAAKK (BHACIIIOK
TaHTeHIIIaJILHOTO TaJIIHHS Ha MOBEPXHIO), a IPIOHI Kparull acoliifoBaHi MK COOO0 Ta

Jar0Tb BHCCKY Y PO3BUTOK peJ'II)C(l)y HOBCpXHi.

a 0

Puc. 4.9 Burnaag mnosepxui miiBku AIN 3paska V31, cuHTe30BaHOI IpH

OJTHOYACHOMY 3aCTOCYBaHHI T€JIIKOHHOTO Ta JyroBOTO JKEepes IJIa3MHU MPHU O0CaKEeHI
. an2 Lo .

IUTIBOK MPpHU THCKY pobodoro razy P =107 Topp; miciie po3rantyBaHHS IMiIKIaIKH - A

(mpu pi3HEX MacmTabax a Ta 0).

Ha puc. 4.9 npu pi3Hux macirrabax 6aunmo BunIsia nosepxHi mwiiBku AIN 3paska
V31, cuHTE30BaHOT IPU OJJHOYACHOMY 3aCTOCYBaHHI T€JIIKOHHOTO Ta JYTOBOTO JIKepes
Ia3MH TIPH OCa[KCHi ILTIBOK OpH THCKy pobodoro rasy P =10 Topp; micue
posranryBaHHs migkaagku — A. Ilpu ux yMoBax ocakeHHS 11ie OUTBII BUPA3HOIO CTA€E

TEHJICHIIISl TIPUIYIICHHS ICHYBaHHS Ha penbedi moBepxHi ApIOHMX Kpameiab - Tak Ha
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puc. 4.9 6) Mu 6aunmo TiIBKK okpemi HaHokparii 50 Tta 100 um. Ilpu upomy Ha puc.
4.9 a) Tpeba BiIA3HAYUTH 3MEHIICHHS TYCTOTH BEJIMKUX Kpameilb. To0TO pexum
OHOYACHOT pOOOTH TE€IIKOHHOTO Ta JyTOBOIO JKEpEN IIa3MH € €EKTUBHUM METOJ0M
3MEHIICHHS] HEraTUBHOTO BIUIMBY KpamneibHOI KOMIIOHEHTH MPU OCAKEHHI IUTIBOK
HITPUJTY aJTIOMIHIIO.

B Tabmumi 4.3 ta Ha puc. 4.10 HaBeneHi JaHi XIMIYHOTO CKJIaay IUTIBKH 3pa3ka

V31, oTpuMaHi €HeproJUCIepCitHUM aHaIII30M.

Tabmumsg 4.3 Ximiuauii ckiaz 3paska V31

Crextp C N O Al Si [Tincymox

Cnektp 17.60 20.06 20.84 40.94 0.56 100.00

0 02 04 08 08 1 12 14 16

onHaa wkana 423 wan. Kypcop: 0.581 (74 umn.) k3Bl

Puc. 4.10 Jani XxiMi4HOrO CKJaay IUIBKA 3pa3ka V31, oTpumasi

CHEPTOUCTIEPCITHIM aHaTI30M.

[Ipu npoBeneHi JOCHIKEHb XIMIYHOTO CKiIaay 3pa3ok V31 Oy 3adikcoBaHui Ha
JOCIIITHOMY CTOJIMKY 3a JOTIOMOTOI0 BYIJIELIEBOIO CKOTHY, TOMY JaHUMHU PO BMicCTa
BYIVIEIIO B 3pa3Ky MOYKHA 3HEXTYBaTH, ajlé BUCOKMI BMICT KHUCHIO B 3pa3Ky IOBHHEH
MaTH MOsICHEHHS. SIK BiIOMO, XIMIYHA peakKilisi MK aJIFOMIHIEM Ta a30TOM Ma€ 3HAYHUN
aKTUBALIMHAN TOPIT 1 TOMYy TeMIEpaTypy CHHTe3y TpuMaroTh Oiabmioro 700 °C abo

aKTUBYIOTh 30T JI0 aTOMApHOTO CTaHy. SIK CBIJUUTH HAIlll Pe3ylIbTaTd, MPHU LbOMY
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Ba)KJIMBO, 1100 1 amOMiHIl OyB Tako)X B aKTUBHOMY aTOMapHOMY CTaHi, TaK sIK 1HAKIIe
e(eKTUBHO Ie OKHCIEHHS AIIOMIHIIO HaBITh NMPU HE3HAUHUX MapIlialbHUX THCKAaX
3QJIMIIIKOBOTO KHMCHIO, & CHHTE3 HITPHUY aJIOMIHIIO YIOBUILHIOETHCS MPHU BIJACYTHOCTI
aKTUBHOTO CTaHy aJTFOMIHIIO.

Jist Toro, mo0 OPUAYHIMTH MPOIEC MEPEHOCY MIKpPOKparneilb Ha MOBEPXHIO
MIIKJIaJKA, MU 3MIHWJIM pO3TalllyBaHHS MiaKiIaaKy 3 micig A Ha C. 3a paxyHOK IIbOTO
MIEPEHOCY CTaB HEMOKJIMBUH HE TUIBKH MPSIMHA MPOOIr MK KaTOJOM Ta ITiIKJIaIKOTO
JUTSL HEUTpabHUX YaCTOK, & M TPAHCIIOPT 32 PaXyHOK OJTHOPA30BOTO BIJOUTTA MEpecTaB
nocsirati 1ini. Ha mactymamnx puc. 4.11 - 4.16 naBeneHi gani penbedy Ta XiMIYHOTO
ckiany 3paskiB V35, V36 ta V37, saxi oTpuMaHi IpH Pi3HUX THUCKaXx poOOYOro rasy
(V35, V36) Tta npu OJHOYACHOMY 3aCTOCYBaHHI TEIKOHHOTO Ta JIYrOBOTO JDKEpel

T1a3Mu TP OcaKeHi 3paszka V37.

ey

R

SEM HV: 10.0 kV WD: 16.10 mm MIRA3 TESCAN

View field: 11.7 pm Det: BSE

SEM MAG: 24.8 kx NanoMedTech LLC

Puc. 4.11 Burnsan noepxni rwtiBku AIN 3paska V35, cuHTE30BaHOI MpH THUCKY

po6ouoro razy P = 3-10% Topp; Micue posramrysanHs migktagky — C.

Tabmuis 4.4 Ximiuauii ckiaz 3paska V35.

Crextp N O Al Si [Tincymox
Crnextp 10kB [41.86 1543 2399 18.73  100.00

Cnektp 20kB | 38.01 12.80 7.22  41.97 100.00
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Puc. 4.12 Jlani xiMiuHOTO CKJaqy IUIBKA 3pa3ka V31, oTpumasi

CHEPrOIUCIIEPCITHUM aHATI30M.

SEM HV: 10.0 kV WD: 15.75 mm MIRA3 TESCAN|
View field: 64.1 um Det: BSE, SE
SEM MAG: 4.51 kx NanoMedTech LLC

Puc. 4.13 Bunisan nmosepxni Bk AIN 3paska V36, cHHTE30BaHOI MIPH THUCKY

po6ouoro razy P = 3-10° Topp; micie po3rarnyBanss migkmaku — C.

Tabnumsa 4.5 Ximiunuii ckiaz 3paska V36

CriekTp N O Al Si [Tincymox
Crextp 10xkB | 43.95 5.69 18.10 32.26 100.00
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0 02 03 0.4 05 06 o7 0B o 1 14 12 13 14 15 16 17 18 19 2 2]
Nonnas sxans 1358 wan. Kypeop: 1.167 (35 umn.) L=

Puc. 4.14 Jlani XiMIi4HOTO CKJIagy IUIBKH 3paska V36, oTpumadi

CHEPTOJUCIIEPCITHIM aHaTI30M.

SEM HV: 10.0 kV WD: 15.70 mm MIRA3 TESCAN

View field: 3.12 ym Det: BSE, SE
SEM MAG: 92.5 kx NanoMedTech LLC

Puc. 4.15 Burmsng nosepxui miiBku AIN 3paska V37, cuHTE30BaHOI IpH
OJTHOYACHOMY 3aCTOCYBaHHI TeJIIKOHHOTO Ta TyroBOTO JKEepes IJIa3MHu MPHU O0CaKEeHI

IUTIBOK IIPH THCKY po6ouoro rasy P = 3-10 Topp; micie po3ramysasss migknanku — C.

Tabnuisg 4.6 Ximiuauii ckiaz 3paska V37

Criektp N O Al Si ITigcymox
Cnextp 10kB | 52.39 6.44 3450 6.67 100.00
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Dontan wkans 511 wsman. Kypeop: 0.990 (35 v

[+ B3 0.3 0.4 05 06 07 o8 o9 1 14 1.2 1.3 1.4 1.5 16 1.7 1.8 19 J
26

Puc. 4.16 Jlani XxiMi4HOTO CKJIaqy IUIIBKA 3pa3ka V37, oTpumasi

€HEProJUCIEPCITHUM aHaTi130M.

Axmo mopiBHATH penbed moBepxHi 3paskiB V22, V24, V31 ta V35, V36, V37,
K1 OyJau OTpUMaHl B aHAJOTIYHUX TEXHOJOTIYHHUX YMOBAaX, CIIIJI BIJI3HAYUTU CYTTEBE
MOKPAIICHHS IMIOPCTKOCTI MMOBEPXHI, 1, sIK HACTIJIOK, BIICYyTHICTh Oy/lb- SIKOTO KOHTPACTy
Ha puc. 4.11 Ta 4.13. Came BIJCYTHICTh MIKpOKaresb B MOTOI YaCTOK HA MIAKIAAKY €
TOJIOBHUM YMHHUKOM TOKpalIeHHs penbedy 3paskiB. TUIbKK y BUNAAKY OJHOYACHOTO
3aCTOCYBaHHSI TEJIKOHHOTO Ta JyrOBOTO JDKEpEN IUIa3MH TPH OCAHKEHI TUTIBOK Ha
puc.4.15 MoxxHa MOOAYUTU NPUCYTHICTH TOHKOTO penbedy 3 po3Mmipamu 50 HM, SIKUN
MOKHa (PIKCYyBaTH SK y BTOPMHHHMX €JIEKTPOHAax, Tak 1 y BigOMTUX (J1iBa Ta TpaBa
yacTuHa puc. 4.15).

k1o mpoaHanizyBaTH JAaH1 XIMIYHOTO aHaTI3y, CI1Jl 3a3HAYUTH, 1110 JJIS aHATI3y
TOHKUX (TOBIIMHOIO MEHIIOK0 3a 3 MKM) IUTIBOK Kpalle BHUKOPUCTOBYBATH HU3BLKO-
CHepreTUYHe 30y/HKCHHSI XapaKTCPUCTHUYHOTO BHIPOMIHIOBAHHS IS TIOKPAICHHS
TOYHOCTI OTPUMAHUX JTaHHX.

B ycix pocmikeHMX BHMAAKaX MM MAaeMO HAJCTEXIOMETPUYHI CIIOTYKH
amoMiHito. Taki cami JaHI MawTh MiCIle 1 B IHIIMX BHUIIQJKaXx 3acTOCYyBaHb

BHCOKOEHEPIreTHYHUX IUIa3MOBHX IMOTOKIB MPU PEAKUINHUX METOAAX CUHTE3y HITPUIY
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anmoMiHio. Lle moB’s3aHe 3 MOXKIIMBICTIO YTBOPEHHS TBEPAUX PO3UUHIB a30Ty y HITPHUI
3a paxyHOK O0OMOyBaHHSI aTOMaMH Ta MOJICKYJIaMU a30Ty MOBEPXHI KOHIECHCATY TUTIBKH.
Takox ciiJi 3a3HaYUTH, 10 BMICT JOMIIIKOBOTO KHCHIO 32 PaXyHOK aKTHUBAIlil a30Ty MPU
HU3BKUX THCKaxX poO0YOro razy 3MEHIIYEThCS, XO4a B TAKMX BHITAJIKaX HOTO BIJHOCHA
KOHIIEHTpallisl € BHIIOK. ToOTO aKTUBHICTH a30Ty € BHPIMIAJLHUM (PAKTOPOM
KOHKYPEHTHOCTI XIMIYHUX PEaKIliil B TOPIBHIHHI 3 HOTO BIJHOCHOIO KOHIIEHTPAIIEIO.
JlocmiKeHHS 3a JOTIOMOTOI0 CKaHIBHOTO 30H10BOTO Mikpockoma NanoScope Illa
Dimension 3000TM 103BONHIO 3pOOMTH OIIHKY JMCIIEPCHOCTI 3€PEH CTPYKTYPH
wiiBok AIN B Mexax Big 20 10 50 HM Ta 3pOOHUTH OLIHKY PiBHS IIOPCTKOCTI TUTIBOK, SIKa
ctaHoBuTh 1 — 1,5 HM (puc. 4.17), mo Yy3romKyeThCs 3 pe3yabTaTaMH HalluX

MOTEPETHIX 10CIIHKEHb.

Statistics:
Zmax: -484.3 nm
Zmin: -490.5 nm
Rmax: 6.235 nm
Rq: 0.7312 nm
Ra: 0.5841 nm
Rsk: 0.2383
Rku: 3.09

0 200 400 600 800 nm
Line: 191 dX: 37.36 nm dY: 0.3852 nm

c)

Puc. 4.17 TunoBe ACM 300paxenns moBepxHi rmiiBku AIN, Hanecenoi Ha
migkiaaaky Si (111): a) tomosoris, b) TpuBuMipHe 300paskeHHs, ¢) MPOdiIb B3I0BXK

JmHii.
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4.2.5 MopdoJioris noBepxHi miaiBok AIN Ha candipi

B mamomy posnopspkenHi Oynu migknanku carndipy R tumy Al,Oz (-1012), y
AKX OyJI0 He3HAYHE BIIXUJICHHS TUIOIIMHM 3p13y MIAKIAAKUA BiJ KpUCTaiaorpadiqHoro
HampsIMYy, TaK [0 Ha MTOBEPXHI MiIKJIAKNA YTBOPHUIACH BiHilliaJbHA TTOBEPXHS 3 BUCOTOIO
Tepac ~ 5 - 10 HM Ta po3mipamu Tepac ~ 1 MxM. [Ipu 11pomy Tepacu Oynu mapaielbHi
onHa A0 onHoi. Taka miAkiIagka Majga MPUPOIHIO IMIKATY JJISI OLIHKK MIOPCTKOCTI
TUTIBKY, CHHTE30BaHOI Ha ii MOBEpXHi, a came: GopMy Ta BUCOTY BiHiIladpbHUX Tepac. Ha
puc. 4.18 HaBeseHO TpuBUMIpHE 300pakeHHs moBepxHi miiBku AIN, cuHTe30BaHOl Ha

migkaani Al,Oz (-1012) 3 BiHIIIATBHOO TOBEPXHEIO.

Puc. 4.18 TpuBumipne 300pakeHHs moBepxHi miiBku AIN, cuHTe30BaHOi Ha

migkaanii Al,Oz (-1012) 3 BiHIIIaIBHOO TOBEPXHEIO.

Sk MoxHa modauntu Ha puc. 4.19, npu cunTtesi mwiiBok AIN Ha migkmaam Al,O3
(-1012) 3 BiHiIIaTBHOO TOBEPXHEIO, BUXITHHUI Pelbe( MOBEPXHI CITIBIAAE 3 PEIbEPOM
orpumanoi twiiBku AIN. [0J0BHOIO OCOOIMBICTIO HBOTO pelbedy € HAABHICTH Ha
MOBEPXHI MapajelbHUX Tepac. SKIo mpoaHaaizyBaTh BUIVISLA MPO]iI0 MONEepeyHoro
nepetuny rwiiBku AIN Ha okpemux Tepacax (puc. 4.19), To orinka ii mopcTrocti oyze 1

— 1,5 aMm.
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nm Section Analysis

20.0

-20.0

|
a 2.50 5. 00
M

Puc. 4.19 Ilpodine monepeunoro mneperuny tiiBku AIN, cuHTe30BaHOI Ha

migxianii Al,Oz (-1012) 3 BiHiIIaIBHOO TOBEPXHEIO.

OO0pobka B cepeloBUIIl APTOHHOI IUIa3MH TEIIKOHHOTO PO3psAay ICTOTHO HeE
301IbIIy€e HedexTHui map (~ 5 HM) Ha nmoBepxHi miakmaaku N-Si. Bukopucranus BU
IIa3My  TEJIIKOHHOTO PO3psAIy JO3BOJISIE BECTH TMPEIU3iiiHy OOpoOKy MOBEpXHI
MIIKJTAIKA He3aJeKHO Bl PIBHS MPOBIIHOCTI I IKIIAIKH.

JudpakiiiiHi METOIUKU JTOCIIKEHHS TUTIBOK (PEHTTEHOCTPYKTYPHHI aHalli3 Ta
eJIeKTpoHOTpadiuHI JOCTIHKEHHs) CBIIYaTh Mpo amopdHui a00 HAHOAUCTIEPCHUN CTaH
orpuManux 1iiBok AlN.

3actocyBaHHs (UIBTpallli MOTOKY IJIa3MH 3a JOMOMOIOK) MAarHiTHUX CHCTEM
BIIXUJICHHS JIO3BOJISE 3am00IITH IIOIAJIaHHI0 MIKpPOKpamneiab Ha IMOBEPXHIO IUIIBKU 1
MIAKIaAKY. J{s Toro, mo0 IpuAYyIIMTA TPOIIEC MEPEHOCY MIKpOKpareilb Ha TTIOBEPXHIO
MIKIAKA, MU 3MIHWIK pO3TallyBaHHS MiAKIaaku 3 miciisl A Ha C. 3a paxyHOK IIbOTO
JUTSL HEUTpaJIbHUX YaCTOK CTaB HEMOXKJIMBUM HE TUIBKU MPSMUN MPOOIT MIXK KaTOJIOM Ta
MiAKIaIKOI0, a W TPaHCHOPT 3a PaxyHOK OIHOPA30BOTO BIIOUTTS IMEpecTaB AOCATATH
Tl. 3a paxyHOK BHCOKOI €HEprii YaCTMHOK IOTOKY IIa3Mu (OPMYEThCS IIIbHA

crpykTypa miiBku AIN.
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4.2.6 Mopdosoris mnoBepxni miriBok AIN Ha TrHyYkHX mnoJiMepHHX

miIKJIaJKax Mailjiapa

3a 10moMoror aTroMHO-cuiIoBOi Mikpockorii (ACM) mocnimkeHo MOpQoorito
MOBEPXHI 10HHO-TIJIA3MOBUX KOHJICHCATIB Ha OCHOBI HITpHAY altoMiHito. Jlimsa mix
noTpe® BUKOPHUCTOBYBABCSA CKaHIBHUM 30HAOBUH Mikpockon “@emMToCKaH”, SKUM
npu3HaUYeHUH 171 Bizyamizamii Mopdojorii MmoBepXHiI 1 JIOKaJbHUX BIACTUBOCTEH
3pa3KiB 13 CyOHAHOMETPOBOIO MPOCTOPOBOIO PO3LIBLHOIO 3JAaTHICTIO Ha IOBITPI Ta B
piauHax.

Otpumani ACM-300paxeHHsi, 0o BigoOpaxkaroTh Tonorpadilo MOBEPXHI
NiIKIaaKA Mainap, npencrtaBieHi Ha puc. 4.20. Po3mip ckanyBaHHsS 5 X 5 MKM.
CBITIUM KOJBOPOM TMOKa3aHi OUIbII BUCOKI [UISHKKA TOBEPXHI, TEMHI TOHHU
BIJINOBIJIAI0THh HIDKYUM 00JacTsM penbedy. [llkana Bucot npuseneHa nmpaBopyd Big 2D-

300pakeHHS.

Statistics:

Zmax: -450
Zmin: -479.
Rmax: 29.4
Rq: 3.459 r
Ra: 2.707 n.
Rsk: 0.367:
Rku: 3.354

1000 2000 3000 4000

a 0

Puc. 420 ACM 300paxkeHHsT TOBEepxHI Maitmapy (a) Ta ii TpbOXBUMIpHE

300pakeHHs (0).

Ha migxnanku maitnapy Oyiau HaHECEHI IUTIBKOBI CTPYKTYPH 10HHO-TJIA3MOBUX
KOHJICHCATIB Ha OCHOBI HITPUAY aJIIOMIHIIO y TIOPUIHOMY TeIiKOHHO-IYyTOBOMY
peaktopi. MocnimkenHss mMopdosorii moBepxHi Meronamu ACM mnokazano, 110

chopMOBaHUM IUTIBKaM NMPUTAMaHHA T'yCTa PO3BUHEHA MOBEPXHS, KA € TUIIOBOIO AJIS
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KOHJIEHCAIlli PEYOBMHH B yMOBaX CHUJILHOTO OOMOapayBaHHS BHCOKOCHEPTETUIHHUMH
YaCTUHKAMH TIJIA3MH.

Mopdonoris TMoOBEepxHI BCIX 3pa3KiB XapaKTepU3yBajlach HAsBHICTIO JBOX
penmbediB (puc. 4.21): wmikpopenbedy Ta HaHOpenbedy, IO PO3TAMIOBAHWN Ha
Mikpopenbedi. O0uaBa penbepu MatOTh €IEMEHTH CTPYKTYPHU - 3€pHA, KPYTJIOi (OpMHU.
3epHa PIBHOMIPHO PO3MOJIJICHI MO TMOBEPXHI MIAKIAAKA 1 MalOTh Kpyrity ¢opmy.
Po3mipu 1iux 3epeH 3MIHIOBAJIUCS B 3QJICKHOCTI BiJl p0OO0OYOro TUCKY ra3y B KaMepl.

Ha puc. 4.21 npencraBinena Mopdosiorisi MOBEpXHI IIIIBKOBUX CTPYKTYp 10HHO-
IJ1a3MOBUX KOHJIEHCATIB HA OCHOBI HITPUAY AJIOMIHIIO HAa Maiiapi Ta iX TPbOXBUMIPHI
300paKE€HHSI B 3QJIEKHOCTI B1Jl 3MIHU TUCKY poO0o4oro ra3y ais 3paskiB 2M, 4M, ta 8M
(tabmunss 4.7) 3 OIHAKOBUM YacoM ekcmosuiii. Tuck pobGodoro razy B Kamepi
smintoBaBcst Bix 3-10° o 3-102 Topp. Sk Bumuo 3 puc. 4.21 (a) Ta (6), 3MCHIICHHS
THCKY po6ogoro razy 1o 3-10° Topp ams 3paskiB 3 OXHAKOBHMH iHIIMMH ITapaMeTpaMu

HAHECEHHS TMO-PI3HOMY BIUTUHYJIO HA PO3MIPH KPUCTAJIITIB Ta IXHIO TYCTHHY.

Tabmuusa 4.7 TexHONOTIYHI PEeKUMHU POCTY 10HHO-TUIA3MOBUX KOHJICHCATIB Ha

ocHoBl AIN Ha nojgiMepHUX IIETEKTPUYHUX MIJIKJIaIKaX Mauapy.

Homep | Yac unctku Tucky | IloTyx- Cnoci61 | Po6ounit | Ctpym
3pa3ka | MIJKJIaJKWA B | TEIIKOH- | HICTh Jac THUCK rasy, | 1yru, A
TeJTIKOH- HIi reHepa- HAHECEH- Topp
HOMY PO3- Kamepi, |Topa, Bt | Hi, xB.
psil, XB. Topp
2M 5 107 400 3-10° 70
4M 5 107 400 30, 107 70
IUKJIAMH
1o 3 XB.
yepes 3
XB.
8M 5 107 400 3-107 70
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Statistics:
Zmax: -154.2 nm
Zmin: -419.7 nm
Rmax: 265.5 nm
Rq: 41.78 nm
Ra: 32.98 nm
Rsk: 0.9591
Rku: 3.942

2000 3000

Statistics:
Zmax: 298.2 nm
Zmin: -322.5 nm
Rmax: 620.7 nm
Rq: 104.6 nm
Ra: 80.57 nm
Rsk: 0.5103
Rku: 3.683

1000 2000 3000

Statistics:
Zmax: -37.99 nm
Zmin: -407.8 nm
Rmax: 369.8 nm
Rq: 54.9 nm

Ra: 41.56 nm
Rsk: 0.7869
Rku: 4.078

1000 2000

A §
Puc. 4.21 ACM 300pakeHHSI TIOBEPXHI ILIIBKOBUX CTPYKTYp 10HHO-TIA3MOBHUX
koHaeHcariB AIN/maiimap 3paskis 2M (a), 4M (B), 8M (1) Ta iX TpPHOXBHMIpPHI
306pakenns (6, T, €). 3pasKu CHHTE30BaHi IpH THCKY poGodoro rasy 3-10° Topp (a, 6),

107 Topp (8, T), 3-102 Topp (x, ¢).
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[Ipn HallHMKYOMY THCKY poOOYOro Ta3y CIOCTEpIraeThCsi HEPIBHOMIPHMIA
PO3MOT KPUCTAMITIB SIK MIKpopenbedy 3 po3mipamu 3epeH Bix 0,5 mol,2 MM mpu
BucoTi 50 -180 uM, Tak i HaHopenbedy (d ~ 20 - 40 am, h ~ 10 uM) (puc. 4.21, a, 6).

Ipu 36imbmieHHi THCKY poGodoro razy mo 1072 Topp crmocTepiraeThes 3IUTTS
eJIEeMEHTIB Mikpopenbedy, (HOpMYyeEThCS IIIJIbHA CTPYKTYpa 3 BEIUKHM PO3KHIOM
pO3MipiB 3epeH 10 1,5 MKM, ajie HEBEJIMKUMU JIOKATbHUMU NEepexoAamMH M0 BUCOTI 10
50 um Mk 3epHamu (puc. 4.21 B, 1). La cTpykTypa mnokputa OJHOPIAHUM
HaHOpenbedOM 3 3epHaMH TpaBuiIbHOI chepuyHoi dopmu po3mipamu 150-200 HM 1
BUCOTOIO 30-40 HM.

[Tpu HaliBUIIOMY THCKY poO0OYOro ra3y IUIiBKM 10HHO-TIJIA3MOBUX KOHJICHCATIB Ha
OCHOB1 HITPHUIY aJTIOMIHIIO XapaKTepU3YIOThCs, B OCHOBHOMY, HAsIBHICTIO CEpPEIHIX
KpucTaliTiB y mikpopenbedi (puc. 4.21 n, e). [loBepxHs sBisie cO00I0 PO3BUHEHY
CTpYKTYpY y dopmi 3eper 3 po3mipamu 500-800 uMm 1 Bucororo 40-250 am. HeoOxinHo
BIJI3HAYUTH, 10 MK 3€pHAMHU CIIOCTEPIralOThCs Pi3Ki Mepenagy BUCOT.

JleranpHui aHaii3 ckaHy 2X2 MKM penbedy MmoBepxHi 3pazka 8M (puc. 4.22),
CHHTE30BaHOTO IPH THCKY pobouoro rasy P=3-107 Topp, mokasye, mo HaHOpEIbED
OJIHOP1THUM, TIOKpUBAE BCIO TOBEpXHEIO (puc. 4.22, B) 1 Mae naTepalibHi po3mipu 45-50
HM TIpH BucoTi 10 HM.

Otxe, 3MiHA poOOYOro THCKY razy mpu (OpMyBaHHI IUIIBKOBUX KOHJIEHCATIB
BIUTMHYJIa HA PpO3MIPH KPHUCTAIITIB MIKPO 1 HaHOpenbedy, IXHIO TYCTHHY Ta
OJIHOPIIHICTh C(OPMOBAHUX IUTIBOK. Halikpammmu 3a OJHOPITHICTIO € 3pa3ku 4M,

CHHTE30BaHi [P THCKY poGodoro razy P = 107 Topp.
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Statistics:
Zmax: -509.7 nm
Zmin: -615.8 nm
Rmax: 106.2 nm
Rq: 23.1 nm

Ra: 17.83 nm
Rsk: 0.5583
Rku: 3.092

900 1500

a 0

300 600 900 1200 1500 1800 nm
Line: 199 dX: 285.9 nm dY: 47.33 nm

B
Puc. 4.22 ACM 306paxeHHs Tomojorii (a), mpoiiao mepeTuHy B30BX JiHii (B)
Ta TPHOXBUMIpHE 300pakeHHsI (0) MOBEpXHI TUNIBKM 10HHO-TUIA3MOBOTO KOHZCHCATY

AlN/maitnap (3pa3ok 8M), CHHTE30BaHOTO MPH TUCKY poOoYoro razy P = 3-10” Topp.

4.3 OcobumuBocti onTuyHMX cnekTpiB B IY ngiama3oHi I0HHO-IJIA3MOBHX
KoHaeHcaTiB AIN Ha miAKIaIKaX MOHOKPHCTAJIYHOIO KPEMHII0 i TepMoJIadiIbHIX

THYYKHX MIAKJIaaAKaxX Te(JIoH i Mailjiap

IndpauepBony (I4) yacTHy ONTUYHOIO CIEKTPY YMOBHO TMOAIJICHO Ha TpHU
YaCTHHU:

a) KOPOTKOXBUITLOBA 00J1acTh (200 OymkHs yactuHa [Y) - moBxkuuu xBuii (A) Bia
0,75 mxm 110 2, 5 MxM (xBusiboBe unciio 13300 - 4000 CM'l);

0) cepenHROXBWIILOBA 00acTh (200 cepems yactuna [Y) - MOBKUHU XBHIII BiJl

2, 5 MkM 710 50 MM (xBrutboBe urcio 4000 - 200 cm™):;
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B) JIOBFOXBHWJIbOBA 001acTh (200 manmbHsa wactuHa [Y) - moBkmHu xBwm Big S50
MKM 710 1000 MM (xBriboBe wmcio 200 - 10 em™);

B wmexax Omwkaboi dvactTuHu [Y miamazoHy po3TaimioBaHi CMYTH, SIKI
BIJIMOBIIAIOTh KOJMBAHHSAM OOCPTOHIB Ta CKJIAJIOBUX YacCTOT KOJMBAHHS MOJIEKYJ, a
TaKOXX JIHII 1 CMyTH CIEKTpiB aToMiB 1 MOJEKyld. B Mexax cepeaHbOXBUIbOBOTO
niama3zoH (2,5 - 50 MKM) JIOKaJli30BaHI HaWBaXXJIWBIIII CMYTH, IO BiAMOBIIAIOTH
OCHOBHHMM KOJMBAJLHUM YaCTOTaM JIETKUX MOJICKYJ 1 OKpEMHX aTOMHUX Tpym. Tomy
1o yactuny [Y crekTpy 1HO/A1 Ha3UBaIOTh 00JIACTI0O OCHOBHHUX KOJIMBAHb.

Meroauku BUMIPIOBAHHS CIIEKTPIB B cepeaniil o0nacTi [Y 103BoJIAIOTE OTpUMATH
HE TUIBKHM ONTHYHI XapaKTEPUCTUKU (CTIEKTPaJIbHI 3HAYEHHS MOTJIMHAHHS Ta BIIOUTTS
Y BunmpoMiHIOBaHHS), a TaKOX, 3aBISKH XapaKTEpPHUM 3HAUYCHHAM OTpuManux [Y
CHEKTpIB, 1IeHTHU(]IKyBaTH (a30BHI CKJIaJ 3pa3KiB, a TaKOX 1 Kpucrajgorpadpidi
HAIpPSIMKH Y BUTIAJKy MOHOKPHUCTAJIIYHUX 3PA3KiB.

CnexkTpalibHI 3HAa4Y€HHS TMOIJIMHAHHA Ta BiAOUTTS [Y BUNpOMIHIOBaHHS B
cepenniit obnacti IY crnektpy st po3poOTIOBAaHUX KOMIIO3UIIIMHUX TMOKPUTTIB Ha
ocHOBI CcTpykTyp IIiBok AIN Ha TrHYYKHMX TEpPMONIAOUIbHUX MiIKIaJKaxX OTPHMaHI B
I®H HAH VYkpainu 3a nmomomorow iHppauepBoHOTO Dyp’e-CrieKTpoMeTpa MOAei
Spectrum BX-II BupoOnunrBa ¢ipmu Perkin  Elmer, saxuit 0a3syeTscs Ha
OJIHOIIPOMEHEBOMY CKaHiBHOMY iHTepdepomeTpi Dynascan 3 Ge/KBr posnoginbHIKOM
npomeHsa. CurHanm peectpyBaBcsi 3a ponomororo DTGS-perexropa. CnekTtpaiibHa
PO3MiTbHA 3JATHICTH OpHIany — He Tipma, HDK 0.8 cM™, BiZHONICHHS KOPHUCHHIL
curHas/mym — Ouibmie, HiK 15000/1. BOynoBana cucrtema Sure Scan mnepeBipku

npuiiaay 3abesnevyBaia JOCTOBIPHICT OTPUMYBAHUX BUMIPIB.
4.3.1 ®ononni cnextpu AIN
Crpyktypa Bropuuta AIN Mae yotupu aTtomMa B eJeMEHTapHId KOMIpIi Ta

3TiJIHO Teopii Ipyn icHye 6 onTuyHuUX mMoxa - 2 E, 2 By, A; 1 onqun E; mumroc Ta 1Bi

akyctmuHi Moy - A; 1 E; [145, 146]. Ha puc. 4.23 moka3aHi HanpsiMKH aTOMHHUX
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KOJIMBaHb JIJIi KOKHOT MO BiOpariii i KOXKHOTO pexkumy. J[Ba TuUma KOJWBaHb 3
cumetpiero By 3a0oponeHi misi PaMOHIBCHKOI CIIEKTPOCKOITIT, B TOW Yac SK 1HII THITH
cumerpii (E,, A; 1 E;) no3Boseni. BHacmigok aHi30TpoOIii BIOPLHHTAa BHHHKAE

posierieHHs MoA 4; 1 E; na nonepeuyny TO ta mo3gosxkHio LO.

O Al @ N

\ f@d '3

0 o 6

A| E| E:(IOW) E‘_)(hlgh) B|(|0W) B|(hlgh)

Puc. 4.23 Ontruni Mmoau GoHOHHMX KosuBaHb B AIN

B Tabnuti 4.8 HaBeneHi po3paxoBaHi Ta €KCIIEPUMEHTAILHO BU3HAYCHI 3HAUCHHS
(oHOHHMX KoJMBaHb ycix TumiB [145]. Sk 3a3naueHo B [146], ABI Moau KOJIMBaHb, a
came A; 1 E;, maroTh akTUBHICTb HE TIIBKM 1Ji1 PamaHIBChKUX CHEKTpiB, a ¥l mmsa [Y
dypbe-ciekTpoMeTpiB. Tak y crekTpax BIIOUTTS Ta MPOXOJKEHHS Oysu 3adikcoBaH1
xomuBanns E; (TO) 665 oM™ 3 momspmsamiero X(yz)-x ta A; (LO) 884 cm™ 3
nosspusaiiero  zZ(yy)-z. s tmiBok AIN (001) 3 10CKOHAIOK KPHUCTAIIYHOIO
CTpyKTypoio Ha miakmaakax Si (111) B criekTpax MpOXOKEHHS YaCTOTH IIMX KOJHMBaHb
CHIBMAJAIN 3 MAKCUMAJIbHUM MOIJIMHAHHAM, NMpUYOMY mpu 665 em™ dbopma KpuBOi
GiNbII BUpa3HA, B TOM Yac SK Ha CIEKTpax BiAOHTTA mpu 665 cM ™ U CHEKTPaIbHOI
3aIeKHOCTI BIIOUTTS CrIocTepiraBest MAKCHMyM, a Ipu 884 M criocTepiraBest MiHIMyM
[146].

B poborax [147, 148] Oymu mocmipkeHi OomTHYHI BiIAacTHBOCTI mIiBok AIN i3
HEBIOPSIKOBAHOI KPHUCTATIYHOIO CTPYKTYPOIO Ha MOHOKPHCTAIIYHHX MMiTKIankax Si
(111) ta (100). Hacammepen cmig 3a3HaunTd, mo i amopduux mmiiBok AlIN

CrocTepiraad CyTTeBHil 3cyB 4acTOT KommBab E; (TO) Big 665 cm™ 1o 690 cm™ Ta
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posmmpenss JiHid. Cmyry A; (LO) B3arani He imeHTH(iKyBamu. Takox crioctepiraiu
CYTTEBHUH 3CYB IMOJIOKCHHSI (DOHOHHHUX KOJMBaHb MPU AOCTIIKEHHI aMOphHUX IIapiB
AIN Ha nosepxHi Al. IIpu mpomy 3cyB uactot E; (TO) BinGymocs 1o 705 em™ [149]. B
pobortax [147, 148] takwii CyTTe€BUH 3CyB 4acTOT OyJO IMOSICHEHO BHHUKHEHHSIM
BEJIMKUX HAINpyr MpU CHUHTE31 IUIBOK. JliHiCHO, SKIIO TpoaHaIi3yBaTH AaHI poOOTH
[150], sxi mpencraBneni Ha puc. 4.24, To MOKHA MOOAYUTH MOHOTOHHY 3aJICXKHICTh
CIEKTPAIBHOTO 3CYBY ONTUYHUX KOJHMBaHb y CTpyKTypi AIN B 3amexHOCTI BiJ THCKY,
KU MPUKIAAI0Th 10 3pa3ka. Tak nmpu tucky ~ 10 I'Tla BUHKMKae 3cyB OCHOBHHUX JIHIN

Ha ~ 40 - 60 cm ™.

Tabnuus 4.8 Po3paxoBaHi Ta eKCIIEpUMEHTAIBHO BU3HAYEH] 3HAUCHHS (DOHOHHHX

kosimBaHb ycix tumiB y AIN [145].

Mo Teopis Bumipu

AIN T=300K T=6K
E, (low) 252 248.6 248 4
B, (low) 571
A, (TO) 615 611.0 613.8
E, (TO) 673 670.8 6734
E, (high) 667 657.4 660.0
B (high) 778
A, (LO) 881 890.0 894.0
E, (LO) 922 912.0 917.0

Tpeba 3a3HauUNTH 1€ OJIMH BAKJIMBUI YMHHHK, 110 BIUIMBAE HA ONTUYHI CIICKTPH
- 11e Tpanchopmariis kpucraaigaoi rpatku AIN Bij rekcaroHajabHOI THITYy BIOPITUTA JI0
KyO14HOT THITy KaM’sTHO1 COJIL.

Anle He TUIbKM TIPU BEJIUKUX THCKaX MOXJIMBa TpaHcopmarllis KpUCTaTIYHOL
rpatku AIN Bizx rekcaroHabHOI THITYy BIOpLUTA 110 KyOmuHOi. Tak y poboTax [151, 152]

HaBeJICH1 JaH1 Mpo cradumizaiiio KyoiuHoi cTpykTypu AIN mpu cuHTe31 OaratonapoBux
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wriBok AIN/NIN 3 ToBHmIMHOIO mapiB ~ 1-5 HM 3a paxyHOK MDKIIIAPOBHX B3a€MOJii

[151], a Takoxk 3a paxyHOK HAaHOPO3MIPHOTO peibedy miakaaaku [152].

PP PSS I IR oo, b
(a) Eyflow) (b) (2032)() {L0) E0) |
ot YA v e e 75
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e TN 28
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230 250 270 600 700 800 900 950 1000

Xsunbosewucno  (cm’)

Puc. 4.24 CnexrtpanbHi 3a/IeKHOCTI MO (POHOHHUX KoJuBaHb AIN Big THCKY y

TpBOX miamasomax: a) 200-300 cm™ , 6) 560-800 cm™ ¢) 880-1000 cm™ [150].

4.3.2 OnruuHi ciekTpu wiiBok AIN Ha MoOHOKpHCTATIYHUX HigKIagKaxX N-Si

Ta THYYKHX TepMOJIa0iibHUX migkaaakax Teduion i maisiap B I4 gianaszoni

OCKUIbKM KpEeMHIM € HEaKTMBHUM HamiBOpoBiIHUKOM B [Y oOrnacti cnekrpy i
cl1abo MOTIMHAE BUMPOMIHIOBAHHS B Hil, TO JAJIs JOCTIKEHHS ONTUYHUX BIACTUBOCTEH
wiiBok AIN criouatky mocnimkysanucek crpyktypu AIN Ha Si.

Ha puc. 4.25 npencraBieHo crekTpayibHi 3anexHocTi [Y  mpomyckaHHs
KoMmmo3uiiiHux cTpykTyp AIN/Si 3 pi3HOIO TOBIIMHOK HAHECCHHMX IHIAPiB HITPHIY
aloMiHII0. SIK BHUIAHO 3 KOPOTKOXBHWJIBOBOI uacTUHHM crekTpa [Y mnpomyckanHs,
BUMIPSTHOTO TIPY HOPMaJIbHOMY IaJIIHHI BUITPOMIHIOBAHHSI, TaM YITKO CIIOCTEPITal0ThCs

iHTepepeHiiiHi mikn y miiBkax 3 ToBmuHOw d >~ 0,6 MxMm. BoHH Takox MoMmiTHi 1y
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TOBCTIMX TuTiBKax (ax g0 d ~ 6,6 mxm). [Tpu ToBmmHa 1utiBok AIN menmux 3a 0,6
MKM iHTep(epeHIliss He CrocTepiranach, OCKUIBKH I IIbOTO HE OYJI0 BiAMOBIIHUX
ymoB. ToBumHuM HaHeceHux mmapiB  AIN  Bu3HAuanuch 3a  MOJIOKEHHSIM

iHTephepEeHITIHHNX MIKIB 3a CTAaHAAPTHOIO (HOPMYJIOIO:

An—1A
— m—1“/‘m ’ (41)
2n(Am—Am-1)

ne d - TOBIIMHA TUTIBKH, N - KOSPIIIEHT 3aJIOMIICHHS, JTOBXHUHU XBHJIb Am 1 Am g
BIJINOBIJIAIOTh CYCIHIM €KCTpeMyMaM Yy CHeKTpl mnpomyckaHHs. OIliHEeHl 3Ha4YyeHHS

TOBIIIUH TJIIBOK n06pe Y3TrOKYIOTbCA 3 IIPOTrHO30BAHHMMH 34 TEXHOJIOTTYHUMU

peKUMaMu 1X BUPOILYBAHHS.

- Si initial (d = 450 um),
-d=0.45pm,
-d=0.93 ym,
-d=1.05pm,
-d=35pum,
-d=6.6um.

- — . |~ 0,005
[~2
J

(
z
\

s \ Pl £
= AR N 37 - 0.003 &
NN /T =
\\ bb.\_ /4 | =
\\ i
NG/ SN 0.001
4 \
A, um

Puc. 4.25 Cuoexrpanbai 3anexsocti [Y mpomyckaHHs, BHUMIpSHI TIpH
HOpPMaJILHOMY TaJiHHI BUNIPOMiHIOBaHHS Ha migkianku (111) n-Si ToBumwaoro d = 450
MKM (kpuBa 1) i3 pi3HOIO TOBIIMHOK HaHOCTPyKTypoBaHux mapiB AIN, HaHeceHHX Ha
i migkiaaaky (kpuBi 2-6). ToBmuHW mapiB npuBeneHi Ha BcraBmi. Kpusa b.b. —

CreKTpaIbHa BrnpoMiHoBanbHa 3aatHicts AUT mpu T = 300 K (Bt/Mim-CMP).



168

VY Tonkux miiBkax AIN cMyra 3aJuIIKoBUX MPOMEHIB CIIOCTEpiransach ciado, ajie
npu ToBmuHa MmiIiBok d > 1,05 mkMm mupoka cmyra (A ~ 11 - 18 MKM) CHIBHOTO
NOTJIMHAHHA, TIOB’S3aHOTO 13 CMYIOI0 3alUIIKOBHX IPOMEHIB (MK YacTOTaMu
MOB3/JIOBKHIX Ta TOMEPEUYHHX ONTUYHUX (HOHOHIB) Oyma Oulbin BupaxkeHoro. Ha
CHEKTpaNbHUX 3alekKHOCTAX [Y BiOMBaHHS CIOCTEpIraBCsi KOPOTKOXBUIIBOBUN Kpaii
CMYTH 3aJIMIIKOBUX MpoMeHiB mpu A ~ 10,5 mkm. Lle# kpaii y criekTpax mponmycKaHHS i
BIJIOMBAHHS HE TaKUW PI3KO BHUPAXKEHUN y TOBCTUX KpUCTamiuHuX IiiBkax AIN uepe3
HAHOCTPYKTYPOBaHUI XapakTep IUX HU3bKOKPUCTATIUHUX TUTiBOK [153].

I3 3poctanHsaM TOBIIMHU TUTIBOK AIN KOPOTKOXBHIBOBHUN Kpal MpPOIYyCKaHHS
3CYyBa€ThCS TIOBUIBHINIE TOPIBHIHO 3 JIOBrOXBUJIBOBUM KpaeM (muB. puc. 4.25).
JIOBroXBUJILOBE MOTJIMHAHHS, MOYJIMBO, I1OB’SI3aHE 3 HAaHOCTPYKTYPOBAHOIO OYIOBOIO
wriBok AIN, Bupomenux Ha migkiaakax (111) Si, xoua 3cyB JOBrOXBHIBOBOI'O Kparo
CMYTH 3JIUIIKOBUX MPOMEHIB 13 3pOCTAHHSM TOBIIMHU TUTIBOK CIIOCTEPIraBCsi B TOHKHUX
wriBkax AIN/Si 3i ctpykryporo Bropuuty [154]. 3cyB mpo30pocTi JOBrOXBHIBOBOTO
kparo y ToBcTux IriBkax AIN Moxe OyTH CipHuMHEHHH NOBUIBHOIO OpI€HTAIIEIO C-
oceil 3epeH, W0 MalTh CTPYKTYpy BIOPUUTY. Y 1bOMY BHIAJIKy MOXYTb
cnoctepiratucs gouonni mku A;(TO), AL(LO), E(TO), a6o E;(LO) [155]. Cmyra
BIJTHOCHO CHJIBHOTO MOTJMHAHHS Ipu A ~ 16,4 MkMm y ToHkux 1iiBkax AIN mos’s3ana 3
MyJbTH()OHOHHUM TMOTJIMHAHHAM Yy miakmam Si [156]. BuMiproBaHHS CHeKTpalbHUX
3aJICXKHOCTEH MPOIMYCKaHHs 1 BiJOMBaHHS KOMIO3UIiiHuX cTpykTyp AIN, BupomeHux
Ha THYYKHUX TOJIMEPHHX MiAKIaakax TediaoHy 1 maitnapy mposeneni mpu 7=300 K B
CIIEKTpaJIbHOMY Jiana3oHi Bia 2 a0 25 mkMm. CrnekrpalbHi 3ayiexkHocti [H nponyckanHs
Te()JIOHOBUX 1 MaMJIApOBUX IUTIBOK, 3 HAHECCHUMH HA HUX HAHOCTPYKTYPOBAaHUMU
mrapamu AIN, mnokazani Ha puc. 4.26 — 4.28. Sk BUOHO 3 PHUCYHKIB, ICHY€E YiTKa
3aJIeKHICTh TPo30pocTi Komno3uinuux cTpyktyp AIN/redaon (maitnap) Bix TOBIIUHH
HaHeceHoro MOKpUTTS AIN — i3 3poCTaHHSM TOBIIVMHH IUTIBKA HITPUAY AITOMIHIIO
MPOIYCKAHHS CTPYKTYP 3MEHIIYEThCS.

3 anamizy kpuBux Ha puc. 4.27 npu Tayr = 300 K g tedioHoBOi mmiBKu

(ToBmIMHOIO 220 MKM) YacTMHA T'YCTHUHHU MOTY>KHOCTI BUIPOMIHIOBAHHS, MOTJIMHYTOTO
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Ii€10 TUTIBKOIO Y CIIEKTPAJIbHOMY Aiamna3oHi A ~ 5 - 25 MkM, ckiagae ~ 68 % mopiBHSIHO
13 TYCTHUHOIO MOTYKHOCTI BUIIPOMIHIOBAHHS B YChOMY CIIEKTpaJbHOMY Jiarna3oHi i ~ 83

% BiJ TYCTMHU MOTYKHOCT1 BUIIPOMIHIOBAHHS B 00J1aCTi 5 — 25 MKM.

10 15 200 um

Puc. 4.26 Cnextpu Y npomyckanHs TeIOHOBOI MigKIaaku ToBIMHOK 0 ~ 220
MKM (kpuBa 1) i HaHOCTpYKTYypoBaHUX TUIiBOK AIN 3 ToBIMHOIO d ~ 1 MKM (KpHBa 2) Ta

3 ToBIIMHOIO d ~ 15 MKM (kpuBa 3), BUPOIICHNUX Ha TAKIH IMiAKIAIII.

T, %

Black - Mylar ini
Red - V27
AIN/Maylar

T T - 1
15 20 25

A, um

Puc. 4.27 Cnextpu Y npomnyckaHHs MaiaapoBoi migkiIagkd ToBiuHO© d ~ 40

MiM (1) 1 HaHocTpykTypoBanoi Bk AIN (d ~ 15 mxm) Ha mid miakma (2).

[Ipunyctumo, 1o BCA TyCTHHA TMOTY)XKHOCTI BiJl (oHY Oyjae mMorauHyTa B
TeuioHOBIN miiBIi giamerpoM & = 150 MM B miockomy Kyti 0 = 90°. Toni Ha

TeIOHOBY IUTIBKY BHaje ~ 2,2 BT mOTyXHOCTI BUIIPOMIHIOBaHHS. 3 ypaxyBaHHSM



170

topmuHY TiBKH AIN oTpumaeMo mpuOIM3HO Take X 3HAYSHHS MOTYKHOCTI, ane AIN
Mmae Mmaibke B 1000 pa3iB BUILy TETUIOMPOBIAHICTE 1 MOXE O1IbIT €()eKTHUBHO BiIBOIUTH
Terio Ha nepudepio (IuB. puc. 4.1), 100 3HU3UTH BTOPUHHE BUIIPOMIHIOBAHHS BiJ

¢biapTpa, po3irpiTOro GOHOBUM BUIIPOMIHIOBAHHSIM.

1- Mylar, d =40 pm,

2 - Mylar/AIN, d, ~ 3 um,
3 - Mylar/AIN, dAIN ~4 um,
- Mylar/AIN, d,  ~ 8 um.

T, %
3

Puc. 4.28 Cnextpu 4 npomnyckanHs MainapoBoi migkiaaku ToBmuHow d ~ 40
MKM (1) 1 kommo3utiiauX cTpykTyp AlN/maiinap (2-4) 3 pi3HOIO TOBIIMHOI HAHECEHUX

HaHOCTPYKTypoBaHux mrapiB AIN (ToBIIMHM BKa3aHi Ha BCTABIII).

Ha cnektpi nponyckanus T (puc. 4.29) HaBeneHi 3HaYEHHS TMPO30POCTI K IS
miakmaaky N-Si (100), Tak i 3paska - AIN (3-Si) - mniBka AIN ToBmmHOK0 3,3 MKM Ha
migiaam N-Si (100). B T4 cnekrpi otpumanoi crpykrypu AIN (3-Si) mpucyths
XapakTepHa CcMyra MorjidHaHHs, moB'sizaHa 3 TO-konuBanHsMu Al-N  3B's3KiB.
Posmmpennst miei cMmyrn i 3cyB (~ 720 cm) mopiBmsHo 3 (~ 670cm™) mis
kpuctaigiunoro AIN Bka3yroTs Ha amopdHHUI cTaH a00 NOB’sA3aHi i3 HASABHICTIO 3HAYHUX
Hanpyr y cuHTe3oBaHii twiiBmi AIN. Bim3znHauumo, 1o mosa CMyrorw MOTJHHAHHS B
OUTBIII BUCOKOCHEPTETUYHIN YacTuHI crekTpy crpyktypu AIN (3-Si), MoxHa
criocTepiraté €(heKT MPOCBITIACHHS. 301TBIIIEHHS MPO30POCTI KOMIO3UIINHOT CTPYKTYpHU
B CepelHId 4YacTMHI B TOpPIBHSAHHI 3 BHUXIJHUM KpPEMHIEM MOXKHA TOB'SI3aTH 13

30UIBIICHHSAM MIOPCTKOCTI IT1BKU AIN y MOpIBHSHHI 3 BUX1JTHOIO MTOBEPXHEIO KPEMHIIO.
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Puc. 4.29 Crextp npomryckanss T B cepeaapomy [ miana3zoHi 111 TOBKUH XBHITh
BiJ 2 10 25 MM s migkiaaky kpemHito N-Si (100) i 3paska AIN (3-Si) - miiBka AIN

TOBIIMHOIO 3,3 MM Ha migkaazimi n-Si (100).

Crektpu Y BinmOuBaHHS IUIIBKOBHUX 10HHO-TUIa3MoBHX KoHjeHcaTiB AIN/Si Ta
AlN/maitnap Oynu nmocnmifpkeHi TNpW  KyTi TaJaryoro BUIPOMIiHIOBaHHA 15° i

npenacrasiieHi Ha puc. 4.30.

- Mylar,d =40 pm,

- Mylan&IN, d, | ~ 2 pm
- MylarfAlN, d,  ~ 8 pm.
- SifAIN, d,_, ~ 6.6 um F

0,003

B3 ks

{0002

Whmsxem?®

YL 0001

Reflection %

0,000

5

%, um
Puc. 4.30 CnexrtpanbHi 3anexHocti [Y BigOuBaHHS MaWIapoBOi MiAKIAAKU
(kpuBa 1), MaiimapoBOi IUTIBKM 3 HAaHECEHHWM 1OHHO-TUIa3MOBHM KoHaeHcatom AIN
pizuoi TopmuHu (d~4 MM — kpuBa 2, d~8 mkm — kpuBa 3) ta crpykrypu AIN/Si 3
ToBmuHOK0 moJikpucrarignoro mapy AIN d~6,6 mxm mpu T = 300 K. Kpusa bb —

cnekTpainbHa eHepreruyHa ceitumictb AUT mpu T = 300 K.
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Hes3Baxaroun nHa mnomikpuctamiyny crpykrypy AIN, Y crmekrpu BinOuBaHHS
JIEMOHCTPYIOTh XapaKTEPUCTUKH CMYTU 3aJHIIKOBUX MpOMEHIB (kpuBi 3 Ta 4, puc.
4.30). Lle cTrocyeTbes BIIHOCHO TOBCTHX IIAPIB HITPUIY aTIOMIHIIO, 1€ CIIOCTEPITaeThCs
JIOBOJI IIMPOKA CMyTa 3 BUCOKUM BiJOMBaHHIM. Taka ) KapTHHA CIIOCTEPITaeThCs 1 IS
ioHHO-TUTa3MoBoro kKouaeHcaTy AIN/SI, i sSKoro KOpOTKOXBWIIBOBHH Kpall CMyru
3aJIMITKOBUX MPOMEHIB y criekTpi [Y BinOuBaHHs crioctepirases mpu A ~ 10,3 mxMm (puc.
4.30 kpuBa 4).

Sk BugHO 3 puc. 4.30 MOBroXBWIBOBUM Kpail CMYTH 3aJIHMIIKOBUX MPOMEHIB €
3CYHEHUU B 00JacThb OUIBIIMX JOBXKHUH XBWJIb, MOPIBHAHO 3 MOHOKPUCTAJIYHUMU
crpykrypamu [143], uepe3 MOXIMBHH BIUIUB 2-X (AKTOPIB: MOJIKPUCTAIIYHOCTI
ctpykTyp AIN 3 po3ynopsaKoBaHUMH 3epHAMU HAHOMETPOBHUX Ta MIKPOHHHX PO3MIpiB
Ta BKJIQAy MIAKIAJAKA Yy CIEKTPU BIIOMBaHHA. JSIKIIO TOPIBHATH CIEKTPajbHI
3aJIeKHOCTI BiIOMBaHHS 10HHO-TUTa3MOBUX KoHIeHcatiB AlN/maiinap (kpuBi 2 1 3, puc.
4.30), TO 4ITKO BHUIHO, IO JUISl CTPYKTYP 3 MaJuM 4acoMm cuHTte3y (d~4 MKkM — kpuBa 2)
CMyTa 3aJIMIIKOBUX MPOMEHIB MPOSBISETHCSA CI1a00, TOAl K I CTPYKTYP 3 OUTHIINM
gacoM cuHTe3y (0~8 MM — kpuBa 3) YITKO CHOCTEpIraeThbCsi CMyra 3ajMIIKOBHX
npomeHiB. Takox 3 puc. 4.30 BUIHO PO3IIUPEHHS CMYTH 3QJIUIIKOBHX TMPOMEHIB Yy
miamazoni A ~ 10,6 — 20 MM y mopiBHsHHI 3 MoHOKpuctamiyauMm AlN, mo Hamae
nepeBary TakMM HAHOCTPYKTYPOBAaHWUM 10HHO-TJIa3MOBUM KOHJEHCaTaM, OCKUIBKH B
IbOMY BHUIAAKYy MOXJIMBO e(pekTuBHO OnokyBatn [Y BUNPOMIHIOBAHHSA Yy
cnekTpaibHOMY fiana3zoHi ~10 - 20 MKM, BUKOPHUCTOBYIOUH JIUIIIE OJHE MOKPUTTS IS
byHKIIOHATBHOTO (BUTHTPA.

Jist OwiHKKM e(EeKTUBHOCTI OTPUMAHMX IOKPUTTIB BBEIEMO I1HTErpajbHUN
KOe(DIIEHT MPOIMYCKaHHS 175.05 11 BUXITHUX TIAKIAA0K - TUTIBOK Maiinapy (TOBIIUHA
40 mxm) 1 teduiony (ToBmmHa 100 MKM) Ta CUHTE30BAaHUX KOMIO3UIINHUX CTPYKTYP
AIN (4-Mayl) - mniska AIN toBmunO0 4,2 MxM Ha miakiaai maitapy; AIN (8-Mayl) -
wriBka AIN toBmmHoro 8,5 MM Ha migxmann maimapy; AIN (8-Tefl) - mmiska AIN
TOBILMHOIO 8,5 MKM Ha MiJAKJIaal TedIoHy B Aiana3oHi 7,5 - 25 MxM. Takox BBeaemMo

koedineHT mocmabneHHsT Ko, PIBHUN BIIHOIICHHIO IHTETpadbHUX KOe(DIMieHTIB
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MIPOITYCKAHHS T7 525 OTPUMAHUX KOMIO3UIIIMHUX CTPYKTYP 1 MAKIAI0K (JIUB. TAOIHITIO
4.9). BpaxoByrouu BuCOKY TermonpoBigHicte AIN T1uiBok, oTpuMaHi pe3yibTaTH
CBiIYaTh MPO MEPCIEKTUBHICTh BUKOPUCTAHHS OTPUMAHUX KOMIIO3ULIHHUX CTPYKTYpHU
(moxpurtss AIN Ha THy4YkuMX migkiIagkax TeQJIoOH 1 Maiimap), SK I[MacUBHUX

3aropoKyBaibHuX (GinbTpiB B 1Y miamazoni [157, 158].

Tabmuus 4.9 InTerpanbHuil Koe(illeHT NPOMyCKaHHA 77555 1 KOEQILIEHT

nocnadneHHs K., CHHT€30BaHUX KOMIO3UILIIIHUX CTPYKTYP

Maiimap | AIN(4-Mayl) | AIN(8-Mayl) | Tedmon | (AIN(8-Tefl)

T75.25, (%)
63,40 12,46 4,42 7,31 2,89

Kiocn. 1,00 0,20 0,07 1,00 0,40

4.4 XapakTepucTUKU (PYHKIIOHAJTBHUX €JIEMEHTIB 3 MOKPUTTAM HA OCHOBI

ioHHO-TLIa3MOBHX KOHAeHcaTiB AIN y cy0OTeparepuoBomMy Aiana3oHi clekrTpa

OYHKIIOHANBHI €JIEMEHTH, $KI JEMOHCTPYIOTh XapaKTEPUCTUKU Oap’€pHHX
GbUIbTPIB B 1HPpPAYEPBOHOMY CIIEKTpaJIbHOMY Aiana3oHi (A = 5+25 MKM), MOXYTh OyTH
e(eKTUBHUMU /1JIs OJIOKYBaHHSI BUIIPOMIHIOBAHHS 3 BUCOKMM PiBHEM (DOHOBOTO IIyMYy.
Taki GiabTpU MOXKYTh MOKPAIIUTH MMAPAMETPU BUCOKOUYTIUBUX OXONOKyBaHUX TI 11
JIETEKTOPIB (30Kpema, CIIBBIJHOLIECHHS CUTHAI/IIyM), MIIBUIIUTH MNPOAYKTHUBHICTh
CUCTEMU, HANpPUKIAJ, IS PaaioacTPOHOMIYHUX Ta KOCMIYHMX 3acTocyBaHb. [lpum
11OMY, GUIBTPH MAIOTh 100pe MPONMyCcKaTH KopucHUW curHai Tl BUMPOMIHIOBAHHS,
osokyroun napasutHe poHose Y BUIpOMiHIOBaHHS.

JlociakeHl HaMU 10HHO-TIJIa3MOBI KOHJICHCATH HITPUAY aJIOMIHIIO Ha THYYKHUX
MOJIIMEPHUX MIJKJIAJIKaX 3HAYHO 3MEHIIYIOTh PIBEHb MPOIMYCKAHHS BUIIPOMIHIOBaHHS B
cepenuboMy [Y miamazoni cnektpa. ToMmy BakauBUM OyliO BUBYHTH MPO30PICTH

CTBOpEHUX (YHKIIOHAIBHUX €JEMEHTIB y CyOTepareplioBOMY /iama3oHi CHEKTpa.
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BumiproBannas mporyckanHs 3paskiB  AlN/maitnmap mnpoBoamimcs 3a  JIOTIOMOTOO
ONTUYHOI CHUCTEMH, sKa CKIajanacs 3 JpKepena BumpoMiHioBaHHs Ha 270 I'Tn
(remeparop 3BopotHoi xBmii Clinotron) motyxnicTio ~100 MBT, MexaHiuHOTro
MOIYJISITOpA CUTHATY, PO3TAIIOBAHOTO HAa ONTHUYHI OCI CHCTEMH, Ta MIPOCICKTPUIHOTO
nerektopa MI'-30, mpuegnanoro no cuuaxponHoro aerekropa (Stanford Research SR
830). HocmimkyBaHi 3pa3Kd ILUTIBKOBHX KOHJEHCATIB (DIKCYBAIUCS y CIEHIaJIbHOMY
TpUMadl Teped BXOJOM JETeKTopa. 3a JOMOMOTOI0 CHHXPOHHOTO JETeKTOpa
GbikCyBaJIUCh BUMIPSHI 3HAYCHHS HANpPYTH, SKI MPOMOPIINHHI J0 1HTEHCHUBHOCTI
BUINIPOMIiHIOBaHHS. Pe3ynpTaTé JOCHIKEHHS TPOMyCKaHHS [ BUIPOMIHIOBAHHS 3

gacrororo 270 I'T'iy muniBkoBuMu KoHaeHcaTamu AIN/Maiiinap npenacraBieHi y TaOauIl

4.10.

Tabmuus 4.10 IIpomyckanHsi BumpomiHioBaHHsS 3 dyactororo 270 [Tn

¢dyHkmioHansHUME eneMenTamu AlN/Maiinap.

Nozpazka | Uy, 0€3 dinmbtpa, | Uy 3 GUIBTPOM, T, %
MKB MKB
AIN/Mylar 2M 0,45 0,4 89
AIN/Mylar 4M 0,44 0,35 80
AIN/Mylar 5SM 0,44 0,42 95
AIN/Mylar 6M 043 0,42 98
AIN/Mylar TM 0,47 0,45 93
AIN/Mylar 8M 0,49 0,39 80

OTtpumaHi BeJIMYMHHM BHECCHHMX BTpar y cTpykTypi AlN/maiinap Bka3zaroTh Ha
MO>KJIMBICTh 1X BUKOPUCTAHHS y CyOTeparepiioBoMy Jiara3oHi CIIEKTpa Jisl CTBOPEHHS

PI3HUX KBa310NTHUYHHUX MPUCTPOIB.
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BucnoBkmu 10 po3aity 4

1. Po3po01eHo TeXHOMOT14HI OCHOBU (DOpMyBaHHS IUIIBOK HITPUAY aTIOMIHIIO Ha
TEPMOJIAOUTPHUX TOJIMEPHUX MIAKIAIKH 3 3aCTOCYBAaHHSM TIOPUIHOTO TE€IIKOHHO-
JyTOBOTO IJIa3MOBOTO peakTopa. Briepiie cuHTe30BaH1 HAHOCTPYKTypoBaHi miiBku AIN
Ha THYYKHUX TEPMOJIA0IILHUX MOJTIMEPHUX MiAKIaAKax TeduioH 1 maknap. Ha miiBkoBux
(trommHa B 40 10 220 MKM) TiaKiIaakax 3 proporiacty i Maiiapy 0ynu copMoBaHi
IUTIBKU HITPUY AJTFOMIHIIO TOBIIUHOO A0 15 MKM.

2. Jlocmimxenns Mopdororii moBepxHi mmBok AIN, oTpuMaHuX NpHu pi3HHX
TUCKaX poOOYOro raszy i3 3aCTOCYBaHHSAM TEJIKOHHOTO JDKepena Iula3MH B MpoIeci
OCaJIXKEHHS IUTIBOK 1 0€3 HhOTO, MOKA3aJIM, 110 MPU OJHOYACHA pOOOTa T'eJIIKOHHOIO Ta
JIyTOBOTO JPKEpel ILIa3MH, IPU 3MEHIICHHI THCKY pobouoro rasy mo 3-10° Topp, €
¢(heKTHBHUM METOJIOM 3MCHIIICHHS HETAaTUBHOTO BILTUBY MIKPOKpAIEIbHOT KOMITOHEHTH
MaTepialy Karoja.

3. JlaHH1 XIMIYHOTO aHaji3y CBiYaTh MPO TE, MIO MPU OTPUMAHHI TIIBKOBHX
crpykryp AIN BaximBo, mo0 amoMiHil 1 a30T OylnM B aKTUBHOMY aTOMapHOMY CTaHi,
TaKk SK 1HaKme e(QEeKTUBHO i€ OKUCIEHHS aJIOMIHIIO HaBITh TPH HE3HAYHUX
napiiagbHUX THUCKAaX  3aJMIIKOBOTO KHUCHIO 1 CHHTE3 HITPUAY  aJTIOMIHIIO
YHOBUIBHIOETHCA.

4. BcraHoBI€HO, IO MOBEpxHS oTpuMaHux MIBOK AIN Ha mnomgiMepHUX
MIJKIaKaX  XapaKTepU3ye€ThCs HAsBHICTIO JIBOX penbediB:  Mikpopenbeda 1
HaHopenbeda. CTpykTypa penbediB 3aeKUTh BiJ poOOYHMX MapaMeTpiB — THCKY 1 4acy
HAHECCHHSI.

5. Anamiz ganux ACM mns mmiBok AIN Ha miakiagkax maiiapa mokasa,, IO
3MiHa poOOYOro THUCKY Ta3y mnpu (OpMyBaHHI IJIa3MOBUX KOHJICHCATIB BIUIMBAE Ha
pPO3MIpH KPHUCTANITIB MIKpPO - 1 HaHOpeNbe]y, IXHIO TYCTOTY Ta OJHOPIJIHICTh
copMoBaHuX TUTIBOK. Halikpanmmu 3a OJHOPIAHICTIO € 3pa3ku 4M, CMHTE30BaHI MpH
THCKY po6ouoro rasy P = 107 Topp.

6. B mHaHocTpykTypoBaHux IuUliBKax AIN, CHHTE30BaHUX Ha TMOJIMEPHUX

nigKiIaakax 3 TeioHy Ta Mainapy, BOEpIIe BUSBICHO CMYTY 3aJHMIIKOBUX MPOMEHIB
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(miamazon A ~ 10-20 MKM), IO NOPUBOIUTH 10 cHEKTHBHOTO ONokyBaHHS IY-
BurnpoMiHtoBaHHs. [l orpuManux kommo3utie AlIN/matinap 1 AIN/Tedon BusBIEHO
PO3MIMPEHHS CMYTH 3TMIIKOBHUX MPOMEHIB y MOPIBHSAHHI 13 MOHOKpUcTaiyHUM AlN.
CtBopeHi MynibTUCHEKTpaidbHl [Y-(inbTpu HA OCHOBI  10HHO-TIJIA3MOBHX
koHaeHcaTiB AIN Ha THYYKHX TOJIMEPHUX MiAKIaAKaXx 3 Maimapy Ta TedJoHy
HEOOX1HI ISl HOBITHIX HAIYyTJIMBHX KPIOTEHHUX MNPUHMATIbHUX CHUCTEM Iepesadi
1H(opMmarlii, TeJIeKOMyHIKaIlii, HOBOI reHepallii CUCTEM HaBirarii 1 MO3HuI[iFOBaHHS.

PesynbraTu nociimkenp Biqoopaxeni y myomikarmisx [131, 133, 142, 146].
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OCHOBHI PE3YJBbTATHU I BUCHOBKHA

VY naucepraiiii BUpillleHa HayKoBa MpoOjemMa CTBOPEHHS B TeIIKOHHO-AYTOBHUX
1oHHO-TNIa3MOBUX Tporiecax riopuguaux rerepocucteM TiN/Fe, TiN/Fe/C ta AIN,
3’COBaHI OCOOJMBOCTI iX €NEeKTPOHHUX, MAarHiTHUX # ONTHUYHMX BJIACTHBOCTEH Ta
MIKPOCTPYKTYPH; BCTaHOBJIEHI 3aKOHOMIPHOCTI 1 3B’S30K MDK iX (I3UYHUMH
BJIACTUBOCTSIMU Ta MIKPO- 1 HAHOCTPYKTYPOIO.

VY pesynbrari BUKOHAHHS AucCepTaiiiiHoi poOotu mnpu Bukopuctanni ['TIITTP
OTPUMAaHO HACTYITHI OCHOBHI HAyKOB1 PE3yJIbTaTH:

1. Bmepiie BUSBICHO SBUIIE BHCOKOCHEPIE€TMYHOIO PEXHUMY T'EIIKOHHOTO
po3psany «IlnazmMoBa KoI0Ha», MIPU AKOMY IJIa3Ma BUCOKOI T'YCTHHHU PO3MOBCIOIKY€ETHCS
13 PO3PSAAHOT KaMEpPH B TEXHOJIOTIYHY 30HY (KaMepy 00poOKu), Je TOCATHYTO 3HAYCHHS
rycturan mwiasmu ~10™ e, 1o Ha 2-3 HOPSAKY BHUIIE, HIXK y BiZIOMEX UKEpel ILIa3MH,
a TyCTHHAa 10HHOTO CTpyMy B ~2,5 pa3u BHIIA, HIXK JJIs BIIOMOTO 00 ’€MHOIO
T'eJIIKOHHOTO PO3PAY.

2. Brepiie otpumana peryisipHa CTpyKTypa HaHopenbedy po3mipom 2-10 HM Ha
Bl HiTpuay TuTany (TiN) Ha MOHOKPHUCTAIIYHOMY KPEMHIIO, Ha SIKIM CHHTE30BaHI
MarHiTHI MOHOJIOMEHHI HaHOKJIacTepu 3aiiza (Fe).

3. Bmepuie BusiBIEHO cymnepriapaMarHiTHUi edekt B HaHocTpykTypax TiN/Fe 3
TeMIiepaTyporo 0sokyBaHHa Tg = 42,2 K 1 TeMrepaTypoio cyneprnapamMarHiTHOI Mexi
=150 K.

4. Brnepuie BCTaHOBJIEHO, 110 HAHOCTPYKTYPOBAaHHM BYTJElb, CHHTE30BAHUNA Ha
HaHoKJIacTepax 3aiiza (HaHocTpykTypa TiN/Fe/C), B naexiibka pasiB IMiJBHUIIYE
BETMYMHY MArHITHOI CIOPUHAHATIMBOCTI TOPIBHSHO 13 3pa3koM 0e€3 BYTJIEIl0
(manoctpyktypa TiN/Fe), cyTTeBO MiABHILYE CymneprnapaMarHiTHy TeMIepaTypy
omoxyBanns T 10 ~ 180 - 270 K gms H = 100 E 1 no ~ 90-120 K gt H = 1 xE Ta
MIJBUIIYE 1O KIMHATHUX TEMIIEPATYP TEMIEpaTypy CymneprapaMarHiTHOT MEexXi.

5. Brepiie BUSIBIICHO, IO MPU KIMHATHUX TemIiieparypax BAX retepocTpykTyp

TiN/Fe/C neMOHCTpYIOTh BUHMKHEHHSI CTaHIB 3 HYJbOBUM TU(GEPEHLIMHUM OMOPOM 1
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TITAaHTCHKOIO TPOBITHICTIO, MO MOXKE OyTH OOYMOBJIECHHUM TYHEIHHHUM PE30HAHCHO-
MEPKOJISAIIHUM TPaHCIIOPTOM Y HAaHOCTPYKTypoBaHomy C.

6. Bmepmie BusiBieHO e(QEeKTH TEPEeMUKAHHS MEMPUCTOPHOIO THUIY Y
rerepoctpyktypi TiN/Fe/C mix Bucokoomumm (1,3-102 Om) i HuzskoomamM (3107
OwMm) cranamu.

7. Bmepmie CHHTE30BaHI HaHOCTPYKTypoBaHi TIIiBkH AIN Ha TrHy4YKHX
TEpMOJIA0IILHUX MOJIMEPHUX MIIKIAIKaX TeIOH 1 Maiap.

8. BcraHoBieHO, 10 MOBEpXHS OTpuMaHuX IUTIBOK AIN xapaktepusyerbcs
HAsIBHICTIO JBOX penbediB: Mikpopenbeda 1 HaHOpenbeda. CTpykTypa penbedinB
3aJIeKUTH BIJl POOOUMX TTApaMETPIB — TUCKY 1 4aCy HAHECEHHS.

9. B mHaHocTpykTypoBaHux MiiBkax AIN, CHHTE30BaHUX Ha MOJIMEPHUX
nigKiIaakax 3 TeioHy Ta Maillapy, BIEpLIE BUSBIECHO CMYTY 3aJMIIKOBUX MPOMEHIB
(miamazon A ~ 10-20 MKM), MO NPUBOAUTH 10 €PEKTUBHOTO OJOoKyBaHHs [Y-
BUIIPOMIHIOBaHHSI.

OpepxaHi (yHIAMEHTAIbHI HAyKOBI pe3yJbTaTH MalOTh BAXKJIUBE IMPAKTHYHE
3HAYCHHS.

Ha oCHOBI TeNKOHHO-AYTOBUX JIKEpEN IIa3MOBUX MOTOKIB BHUCOKOI T'YCTHHHU
po3pobsieHo (dizuyHl 3acaau  (OpPMYBaHHS 10HHO-IJIA3MOBUX KOHJEHCATIB IS
cTBOpeHHS (QpyHKIIOHAIbHUX riopuaaux rerepocuctem TiN/Fe, TiN/Fe/C ta AIN.

PesynbTaTn  AOCHIDKEHHS  MarHiTHUX 1 pellakCaliHuX  SIBUIL Yy
HAHOCTPYKTYPOBaHUX rerepocTpykTypax TiN/Fe BkazytoTh Ha MOXJIHMBICTH CYTTEBOTO
301IbIIEHHS. MIUIBHOCTI MArHITHOTO 3alMcy 3a pPAaxXyHOK ICTOTHOTO 3pPOCTaHHS
Koe(ilieHTa aHI30TpOMii 3aji3a B HAHOCTPYKTypoBaHOMY cTaHi. CMHTE3 Ha MOBEpXHI1
HAHOCTPYKTYpOBaHHOTO 3amiza ByriieneBux HaHOCTPYKTYyp (TiN/Fe/C) no3Bonse
HAOJM3UTHUCS A0 BUPILIEHHS MTPOOJIEMH MO0JIAHHS CyliepIapaMarHiTHOT MexI.

Bussnena acumerpuuyHa rictepe3ucHa mnoBeaiHka BAX  rerepocTpykTyp
TiN/Fe/C no3Bonsie peanizyBaTu Ha iX OCHOB1 HOBI MPHUCTPOI I 3anucy iHdopmarii —

MEMPHUCTOPH.
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CrBopeni MynbTUcnieKTpanbHi  [Y-pinbTp Ha OCHOBI  10HHO-TJIA3MOBHUX
KoHaeHcaTiB AIN Ha THYYKMX TOJIMEPHUX MMAKIAIKaX 3 Maijgapy Ta Te(oHy
HEOOX1IH1 Il HOBITHIX HAJUyTJIMBUX KPIOTEHHUX NPUHAMAaIbHUX CHCTEM IMepenadl

iHbopMaIlii, TeTeKOMyHIKaIliii, HOBOI reHepallii CHCTEM HaBiraiii 1 MO3UI[IIOBAHHS.
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