News ofthe Academy ofsciences ofthe Republic o fKazakhstan

OF THE NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

SERIES CHEMISTRY AND TECHNOLOGY

ISSN 2224-5286 https://doi.org/10.32014/2020.2518-1491.68
Volume 4, Number 442 (2020), 80 - 88

UDC 620.22-022.532
IRSTI 31.15.35

R.M. Kudaibergenova I, AX Nurlybayeva I, S.M. Kantarbayeva I,
G.K Matniyazova |, E. Baibazarova I, G.K. Sugurbekova 2

IM.Kh. Dulati Taraz State University, Taraz, Kazakhstan;
A aboratory of Material Conversion and Applied Physics, National Laboratory of Astana,
Nazarbayev University, Nur-Sultan, Kazakhstan

UNIQUE PROPERTIES OF GRAPHENE

Abstract. The article is devoted to the unique material graphene (carbon modification), discovered in 2004 by
immigrants from Russia Andrei Geim (Andre K. Geim) and Konstantin Novoselov (Konstantin Novoselov), who
won the Nobel Prize in physics for this discovery in 2010. Graphene a two-dimensional monoatomic thick carbon
block allotrope building, has attracted enormous attention due to its remarkable physical properties and chemical
functionalization capabilities. Graphene is a potential nanofiller that can significantly improve the performance of
polymer-based composites at extremely low loading. The article is an excursion through the publications of foreign
and domestic authors, revealing the unique properties and prospects of using graphene, in particular, in
nanotechnology and nanocomposites. Also, this review presents various mechanical, thermal and electrical, as well
as other important properties of graphene, which were also discussed along with their potential applications.

A graphene-based technical breakthrough is possible because this is the finest substance in the world and can
simultaneously possess several very important and unique electronic, electrical properties. Firstly, this substance can
be an excellent conductor, since it consists of chains of carbon hexagons, through which electric current is very
easily transmitted. Secondly, with some modification, graphene can be an effective insulator. You can make a
microcircuit, which consists of conductors, semiconductors and insulators. Each of these characteristics of a
substance can be achieved based on graphene.
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Introduction. Graphene is another manifestation of the unique chemical properties of carbon.
Graphene is one of the most promising materials for the 21st century. Graphene, a single-layer form of
graphite, is a planar sheet one atom thick of carbon atoms bound by sp2 which are located in the
hexagonal lattice [1]. Graphene can be described as a monatomic layer of graphite. This is the main
structural element of other allotropes, including graphite, charcoal, carbon nanotubes, and fullerenes. It
can also be considered as an indefinitely large aromatic molecule, the limiting case of a family of flat
polycyclic aromatic hydrocarbons.

Research on graphene has expanded rapidly since the substance was first isolated in 2004. The studies
were based on theoretical descriptions of the composition, structure, and properties of graphene, which
were calculated decades earlier. High-quality graphene has also proven to be surprisingly easy to isolate,
which makes further research possible.

Andre Geim and Konstantin Novoselov received the Nobel Prize in Physics in 2010 "for pioneering
experiments with two-dimensional matter graphene™ [2].

Figure 1- Idealized structure of a single graphene sheet
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The remarkable properties of graphene are unique mechanical, thermal, electrical and optical
properties. The conductivity, mechanical strength and chemical stability of graphene determine the
prospects for its application in various fields (Fig. 2) [4]. That is, due to the aforementioned properties,
graphene is widely used as conductive nanoelements for high frequency transistors, solar cells, sensors,
supercapacitors, and various composite materials [3-5].

Among the remarkable properties of graphene are unique mechanical, thermal, electrical and optical
properties. Most of these features are ideal, intact graphene sheets.
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Figure 2 - Properties and applications of graphene

Optical Properties. The ability of graphene to absorb quite large 2.3% of white light is also a unique
and interesting property (Fig.3), especially considering that its thickness is only 1atom [6]. This is due to
the aforementioned electronic properties; Electrons act as massless charge carriers with very high
mobility. It was proved several years ago [7, 8] that the amount of absorbed white light is based on a
constant fine structure, and does not depend on the characteristics of the material. Adding another layer of
graphene increases the amount of white light absorbed by about the same amount (2.3%). The graphene
opacity na ~ 2.3% corresponds to the universal value ofthe dynamic conductivity G = e2 / 4ft (£ 2-3%) in
the visible frequency range. Because of these impressive characteristics, it was noted [9] that as soon as
the optical intensity reaches a certain threshold (known as saturation fluence), saturable absorption takes
place (very high-intensity light causes a decrease in absorption).
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Figure 3 - Light transmission by mechanically exfoliated graphene
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This is an important feature with regard to fiber laser mode locking. Due to the graphene properties of
the wavelength-insensitive ultrafast saturable absorption, full-band mode locking is achieved using an
erbium-doped dissipative soliton fiber laser capable of tuning a wavelength of up to 30 nm [10].

Electronics Properties. One of the most useful properties of graphene is that it is a semimetal with
zero overlap (with holes and electrons as charge carriers) with a very high electrical conductivity [11-13].
In graphene, each atom is bonded to 3 other carbon atoms in a two-dimensional plane, leaving 1 electron
freely available in the third dimension for electron conductivity. These very mobile electrons are called pi
(n) electrons and are located above and below the graphene sheet. These pi-orbitals overlap and help
increase carbon-carbon bonds in graphene [14]. Fundamentally, collaborative studies over the past
50 years have proved [15-19] that at the Dirac point in graphene, electrons and holes have zero effective
mass. This is because the ratio of energy and motion (excitation spectrum) is linear for low energies near
6 separate angles of the Brillouin zone [20]. These electrons and holes are known as Dirac fermions or
decanters, and the 6 angles of the Brillouin zone are known as Dirac points. Due to the zero density of
states at the Dirac points, the electronic conductivity is actually quite low. However, the Fermi level can
be changed by doping (with electrons or holes) to create a material that potentially conducts electricity
better than, for example, copper at room temperature [21]. Graphene has a lower resistivity than any other
known material at room temperature, including silver [22].

Tests have shown that the electronic mobility of graphene is very high, with previously reported
results exceeding 15,000 cm2+V - 1+ s - 1, and theoretically potential limits of 200,000 cm2eV - 1es- 1
(acoustic photons limited by scattering of graphene) [ 23-25]. Graphene electrons are said to be very
similar to photons in their mobility due to lack of mass. These charge carriers can travel distances less
than a micrometer without scattering; a phenomenon known as ballistic transport. However, the quality of
graphene and the substrate used will be a limiting factor [26]. For example, when using silicon dioxide as
a substrate, mobility can be limited to 40,000 cm2eV -1 ¢ s -1 [27]. Although all this makes graphene the
fastest and most efficient conductor, it cannot be easily used for the manufacture of transistors, since it
does not have a forbidden zone [28]. There are several ways to open the forbidden zone that exist, and
some are under development [29-32].

Mechanical Properties

Graphene is one of the thinnest materials in the world - its thickness is only one carbon atom (about
0.34 nm). It is also recognized as the most durable two-dimensional material - much harder than steel or
diamond with the same dimensions [33]. Graphene has a tensile strength (the maximum stress that a
material can withstand when stretched or stretched to fracture or fracture) in excess of 1 TPa. There is
only one material that can be stronger than graphene — carbine [34], which is a chain of carbon atoms,
mainly a graphene ribbon, one atom wide. Carbin is very difficult to synthesize.

Since this is a single 2D sheet, it has the highest surface area of all materials. When left to their own
devices, graphene sheets will fold and form graphite, which is the most stable three-dimensional carbon
form under normal conditions [35]. Graphene sheets are flexible, and in fact graphene is the most
extensible crystal — you can stretch itto 20% of its original size [36-39] without breaking it. Finally, ideal
graphene is also very impenetrable, and even helium atoms cannot pass through it [40]. Because of the
bond strength of 0.142 Nm carbon bonds, graphene is the most durable material ever discovered, with a
tensile strength of 130,000,000,000 Pascals (or 130 gigapascals) compared to 400,000,000 for A36
structural steel or 375,700,000 for Aramida (Kevlar) [41-43]. Graphene is not only unusually strong, but
also very light - 0.77 milligrams per square meter (for comparison, 1 square meter of paper is about
1000 times heavier). It is often said that one sheet of graphene (only 1 atom thick), sufficient in size and
sufficient to cover the entire football field, will weigh less than 1gram [44].

What makes this especially special is that graphene also has elastic properties that can retain their
original size after deformation. In 2007, atomic force microscopes (AFM) were carried out on graphene
sheets that were suspended above silicon dioxide cavities [45-49]. These tests showed that graphene
sheets (with a thickness of 2 to 8 Nm) had constant springs in the region of 1-5 N / m and Young's
modulus (different from three-dimensional graphite) of 0.5 TPa. Again [50], these excellent figures are
based on theoretical perspectives using flawless graphene, which does not contain any flaws and is
currently very expensive and difficult to reproduce artificially, although production methods are
constantly being improved, ultimately reducing costs and complexity.
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Thermal management

The stable operation of electronic devices is highly dependent on temperature. There is a constant
search for materials capable of dissipating the heat released during the operation of instruments and
devices. Graphene is an ideal heat conductor - it has a record thermal conductivity. Graphene conducts
heat in all directions - it is an isotropic conductor [51-53]. When measuring the thermal conductivity of
suspended graphene, the thermal conductivity at room temperature was 5000 W / m « K (obtained from the
measurement of the Raman spectra), i.e. 2.5 times more than that of diamond, whose thermal conductivity
was considered the largest of the materials known today. Such a value could solve the problem of heat
removal in nanoelectronics [54].

It is believed that the high thermal conductivity of graphenes is due to the structural perfection of
those small samples on which it was measured. Unfortunately, this value decreases with increasing size;
Thus, the thermal conductivity of graphenes with a length of 1to 5 “m decreases in the range from
5000 to 3000 W / m « K; Such a dependence is usually associated with the phonon mechanism of thermal
conductivity. However, in other experiments, single-layer graphene is usually fixed on substrates, usually
dielectric, which leads to scattering by the phonons of the substrate and impurities. So, the graphene layer
on the SiO2 surface had a thermal conductivity of only 600 W / m « K [55], which, however, is still
greater than that of copper; its thermal conductivity is 400 W / m « K at room temperature, but really thin
films are used, whose thermal conductivity is lower (less than 250 W / m « K). For thermal conductivity in
the direction perpendicular to the graphene plane, see [56].

Biosensors

It is known that graphene as a two-dimensional material has a unique set of electrophysical properties:
high mobility of charge carriers in combination with their low concentration; the maximum possible ratio
of area to volume; low noise [57]. The combination ofthese properties leads to the fact that the adsorption
of a minimum amount of impurities on the surface of graphene can significantly change its overall
conductivity. Thus, graphene is a very promising material for the manufacture of various types of sensors
(figure 4).
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Figure 4 - Graphene based biosensors

In [58], it was shown that graphene is capable of sensing the adsorption of even one molecule. The
attached gas molecules, depending on their charge and type of conductivity of the graphene film, behave
as donors or acceptors, i.e., they change the concentration of mobile charge carriers. As a result,
depending on the type of adsorbed molecule, a decrease or increase in the film resistance was observed
[59-60]. It should be noted that one of the serious drawbacks of the graphene gas sensor is the lack of
selectivity. Indeed, by a change in conductivity it cannot be said which molecule was adsorbed onto the
surface of graphene. Moreover, some molecules contribute the opposite sign; thus, the total change in
resistance can be close to zero. The problem of selectivity of the graphene-based sensor can be solved by
using the antigen - antibody reaction. The components of this pair can only interact with each other and
with no other proteins. t is known that at certain stages of many human diseases in the blood, antigen
markers appear that are specific for one or for a group of diseases. These antigens can interact with
specific antibodies previously applied to the surface of the graphene sensor. The reaction, as in the case of
a gas sensor, leads to a change in the resistance ofthe graphene film. The use of an antigen - antibody pair
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allows one to solve the biosensor selectivity problem and opens up very wide possibilities for the use of
graphene-based sensors in medicine and biology. This approach can lead to the creation of portable
biosensors capable of detecting diagnostically significant disease markers in biological fluids that are
currently detected only using a laborious and lengthy enzyme-linked immunosorbent assay [61].

Chemical Properties. Despite the fact that all graphene atoms are exposed to the environment, it is an
inert material that does not react with other atoms. However, graphene can “absorb” various atoms and
molecules. This can lead to changes in electronic properties, and can also be used for the manufacture of
sensors or other applications [62].

Graphene can also be functionalized by various chemical groups [63-64], which can lead to various
materials, such as graphene oxide (functionalized by oxygen and helium) [65, 66] or fluorinated graphene
(functionalized by fluorine) [67]. Great interest in studying the functional properties of graphene, due to
the fact that it is a promising material for many industries, has a high commercial potential [68].

Findings. In this review, we have described some of the distinguishing properties of graphene,
such as mechanical, thermal, electrical, and optical properties. Because of these unique properties,
graphene is widely used as conducting nanoelements for high-frequency transistors, solar cells, sensors,
supercapacitors, and various composite materials. The electrical conductivity, mechanical strength, and
chemical stability of graphene determine the prospects for its use in various fields.
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MPA®EHHLL B1PEFEN LACUETTEP1

AHHoTauma. MpageH - rpauTTLy 6GipKabaTThl Kyll, anTblOypbllTbl TOPAa OpHanackaH Sp2 GaiinaHbiCKaH
KemipTeK aTOMAapblHbLL, KanblHAbITbI 6ip aTOMHaH TypaTbiH Xa3blK napak. 'paeH KemipTek aTtoMapblHbLL,
6aiinaHbICKaH Kypbl/bIMbIHbIH e€peKLle KOMOUHAUMACBIHbIH, COHAan-aK CaHCbI3 XaHe KYPgeni (msnkanbik KacueTi
6onraHAbIKTaH MaTepuaiTaHy, 3MeKTPOHMKA >K3He HaHOTeXHONorus OonawlarbiHa anTapnbiKTail acep eTyre
KabineTTi. Epekile KypblibiMbl MEH MUHUMANgbl AMameTpiHe GalifaHbICTbl OHbl CEHCOP/bIK KYPbIArbl, XapTbinai
eTKI3rill Hemece WHTerpangbl CXema KOMMOHEHTTEpi peTiHAe naiiganaHyra 6onagbl. MyHfgaih KemipTeKTiH
ekienwemai (hopMacbIHbIL, KaCUETTepi MeH KONAaHbIChI 6onallaK Kypbinrbl MeH xYWere xaHa MYMKIHAIKTep aLuTbl.

"pacheHHIH Y34iK KacveTTepi OHbIH PeNATMBUCTA OeneKTep TIPI3ai SPEKeT eTeTiH 3apsd TackiMangayLbiChl
6onraHbIKTaH nanga 6onagp..

pacheHHLY 3aps4 TacbiMasigayLbliblK cMnaTbiHa GainaHbICTbl Tarbl 6ip adekT - cnupanb 6onraHAbIKTaH
Xvpangbl cUMMETpUs Maiiga 6onagpl. bipkabaTTbl »aHe eklkabaTTbl rpadeHAeri 3NeKTPOHAbl Kyhaw, xupangbl
Taburatbl 3/IEKTPOHHLIH NOTEHUMaNAbl KeJepn apKbl/bl eTyi 6apbICbiHAa MaHbI3Abl Pen aTkapagpbl.

patheH eHAipyaiH TYpni agra 6ap, Mbicanbl, «TOTbIFY - KabObIPLIAKTaHy - TOTbIKCbI3AaHy» Y/epici KesiHze
rpagmT rpamT OKcwuawe aiHanbin, TPaPuTTIH 6asanblK Ka3bIKTbirbl KOBa/IEHTTI 6ainaHbiCkaH OTTeKTI
(yHKLOHaN b TOBLIMEH Xabblnaabl. Byn »araiifa ToTbikkaH rpadmT rugpodmnbai (binran CYWAriLL) Kenepi xaHe
YNbTPaabIbbIC 3CepiHEH Cynbl EPTHALE OHail rpadeH KabaTTapblHa KabbipliakTaHagbl. MyHfal rpageH »akcol
MeXaHVKasbIK XX3He ONTUKa/IbIK cunaTTaMara ue, 6ipak «CKOTY 3fjra» apKblfbl ablHraH rpaeHMeH cabICTbIpraHia
3NeKTP eTLW3NWTT Halap.

dyHaameHTangpl 3epTTeyep YLiH cananbl rpadeH KabaTtTapbiH, COHAali-aK 3M1eKTPOHAbI MAKPOCXeMa Kypyra
GarbiTTairaH rpajeH ecpyjll anuTakcuMangbl 34ici apkblibl anyra MYMKIHAIK 6epeTiH CKOTY  HerisiHge
MEXaHVKabIK KabbIpLbIKTaHABIPYMEH KaTap, XMMWUKTep rpadeHAi epiTiHgiAeH any »ongapblH KapacTbipyga. byn
34ic >Xorapbl eHimMAi 3pi ap3aH KeneTiHAIKTeH, rpadeH kabaTTapbiH TYpi MaTepuasiMeH GipiKTipin, HaHOKOMMO3NT
Kypyra >xaHe onapfbl TYPi HaHOKYpbIIbIMAAPra eHrisyre MYMKIHAiIK 6epei.

"paheHHiH gucnepcuanbIibITbIMEH LUEKTENeTiH epeklle KacueTTepi 6ap, acpece ruapodobTbl TaburarbiHa
6aiinaHbICTbl NONAPALIK MOMMMEP MaTpuuanapbIMeH apasackaH Kesfe epekile kacueTke ue 6onagpl. [pageH
KenTereH, MbiCasibl, 3/EKTPOHWNKA X3He (hYHKLUMOHa/AbI HAHOKOMMO3UTTEP CUSAKTbI KenTereH 6acka KocbiMLIada
Y/IKeH NOTeHLUMaNMeH KaMTamachI3 eTe anajbl.

I"paceHHIH Xorapbl 3NMeKTPOHb! KO3TarbIWThIrbl, 6ip aTOMHbIH MUHUMaNbl Ka/lbIHAbIMbI, TEMEH MEHLUIKTI
Kefeprici CUAKTbI KacueTTepi TYPi GMOMOTMANBIK X3HE XUMUAMBIK CeHcopnapibl KypyAblH nepcrekTuBanapbiH
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awafpl, COHbIMEH KaTap kyh 3HEpruscbiH TYpreHgipyre apHanraH OTO3NeKTP/ILL K¥PbINrbliapaa HEMEeCe CEHCOp/bl
3KpaHAapaa KongaHyra 6onatblH X \Ka niaeHkanapra TYpAi wekanapbl ~cblHagpbl.

patheH HerisiHAe orapbl cesimTan POTOMNNEHKA >kacanybl MYMKIH. [padeHferi nnasMasblKk TONKbIHAAP
TeparepL, AvManasoH KabblngarbilblH K¥py/abll, NePCrneKTUBAacbiH aaabl. FpadeH CNMHIHIH epekLie 3peken >kaHa
CPUMHTPOHABI K¥pbINTbIIap Nanga 60/ybl MyMKLL, a Xblay €TLI3MLW KacWeTi Xorapbl 601raHabIKTaH rpadeH Kasipri
3aMaHrbl MHTerpangpl cxemanapaa Xblny Kabblngarbiw peTiHae Kbi3MeT eTe anafpl.

I"patheH KongaHyabIH 6acka 6arbITTapbl Aa nepcnekTuBasbl 60/bIM KepiHeai. CoHbIMEH, rpadeH nnacTmaccagaH
acasraH Kocnaga xorapbl Temneparypara Te3imMmai KoMno3uumanbiK eTKisril matepuangapipl xxacayra MyMKLLATK
bepeni fen 6omkaHagbl. padeHHiH Gepuinn ynbTpa X™Ka, XKEeHiNn X3He MKelad KaHa MeXaHuKanblK TepaKTbl
matepuanfapibl >kacayra MyMwHAwW 6Gepedi. bonawakra rpadeH Henswgen KOMMO3WLMANBIK maTepuanfapiaH
aBTOMO6MNb, Ak MeH CMYTHUMK >xacayra 6onafpl. SHeEprusHbl CakTay K¥pbIArbiiapbiHia - akKyMynsTop XaHe
cynepkanakaTop, COHfaii-ak OTTen MeH CyTeKTiH apanacyblHaH 3M1eKTp 3SHEpPruacbiH eHAipeTiH OTbIH
AqLbLTapbiHAa rpadieHAl KonfaHy xocnapnaHyga.

Erep rpadeH 3epTTey X“MbICTapbl 431 OCblHAa/ KapKbIHMEH AamuTbiH 60nca, oHAa 6i3 Ocbl racbipgarbi
rbIfILIMA-TEXHUKA/IbIK  MPOTPECTiH HKaHa KeselwHe Ky3 6onambi3, an rpadeHgi nNpakTUKabliK - KongaHyra
KbI3bIryLUbI/IbIK TAHbITATbIH MEMIEKET XXeTeKLUi TeXHUKabIK KYLLKe aliHanagpl.

TYViiH cesmep: rpadeH, 3neKTPOHAbIK KacueTTep, MeXaHUKaiblK KacueTTep, Xbily eTKI3rill, XUMUAMbIK
KacueTTep.
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YHUKAJIbHbIE CBOWCTBA FTPAGEHA

AHHOoTauwms. NpadeH, ogHoCcnoOMHas opma rpadmTa, NPeAcTaBNAeT COb0i NnaHapHbIA ANCT TONMLMUHON B OAUH
aToOM W3 aTOMOB Yr/epofa, CBA3aHHbIX SP2, KOTOpble PacrofioKeHbl B rekcaroHaibHON pelleTke [2]. MpageH ¢
YHUKa/IbHbIM COYETaHVEM CTPYKTYP CBs3aHHbIX aTOMOB Yr/iepoja C ero 6ecUMcieHHbIMU U CAOXHBIMK (3nyec-
KMV CBOWCTBaMM CMOCOGEH OKasaTb 3HauMTeNbHOE BAMsHME Ha Oyayllee MaTepuanoBefeHUs, 3MEKTPOHUKKU U
HaHOTexHonorvin. bnarogapsa cBoel Crneuvanv3vpoBaHHOW CTPYKTYpe U MUHUMaIbHOMY AWMaMeTpy, ero MOXHO
MCMO/Mb30BaTh B KAYECTBE CEHCOPHOr0 YCTPOICTBA, MOAYNPOBOAHUKA UAN A5 KOMMOHEHTOB MHTErPa/IbHbIX CXEM.
CoobLyaemble CBOCTBA M NPUMEHEHUs 3TOW [BYMEPHONM (OpMbl yrnepoja OTKpblia HOBblE BO3MOXHOCTW /1S
6y oyLLMX YCTPOICTB 1 CUCTEM.

Bce 3Tn yauBuTENbHbIE CBOWCTBA rpapeHa BO3HMKAIOT M3-3a YHUKANbHOW MPUPOLbl ero HocuTeneld 3apaja,
KOTOpble BefyT cebsl MoA06HO PensTUBUCTCKAM YacTULaM.

Ewé oanH adidpekT, 06YCNOBMEHHbI XapakTepoM HocuTeNeil 3apsafa B rpadeHe, CBA3aH C HaMUMEM
CMYPaNIbHOCTK, YTO MPUBOAWT K CYLLECTBOBAHMIO TaK Ha3blBaeMON KupasbHOW cummMeTpumn. KupaibHas npupoga
3NIEKTPOHHbIX COCTOSAHUIA B OLHOCMOMHOM W [ABYXCMOWHOM rpadeHe WrpaeT BaXHYK PO/b B MPOXOXKAEHUM
3M1eKTPOHA Yepe3 NoTeHLMabHbI Gapbep.

CyLLeCTBYIOT pas/MuHble MeTOAMKW MOAyYeHUs rpageHa: Hampvmep, npeobpasoBaHvie rpauta B OKCUf
rpauTa, KOrga MPOMCXOAWT MPOLECC «OKCMAMPOBAHWE - PACC/OeHWe -BOCCTAHOB/EHME», B XOAe KOTOpPOro
6asncHble NI0CKOCTM rpagmTa NOKPbIBAOTCA KOBANEHTHO CBA3aHHbIMW (PYHKLMOHAIbHBIMU FPYNnamm KWC/o0poaa.
Mpn 3TOM OKWUCMEHHbIA rpauT CTAHOBMTCA [UAPOMUAbHLIM (BMarontobmBbiM) 1 /IETKO pacc/lavBaeTcs Ha
OTAefbHble rpafeHoBble NWUCTblI MOA AEWCTBMEM YNbTpasBYKa, HAaxofAaCb B BOAAHOM pacTBOpe. Takol rpageH
06/13jaeT  XOPOLUMMU  MEXAHWYECKMMW U ONTUYECKUMU XapaKTEPUCTUKaMW, HO Xy[lel  3MeKTPUYECKol
MPOBOAMMOCTbIO MO CPABHEHWIO € FpatieHOM, MOMYUYEHHBIM C MOMOLLbH «CKOTY-METOAa».

B pononHeHve K MexaHW4YecKOMy OTC/I0EHMIO C MOMOLLBIO CKOTYa, MO3BOMSIOLLEMY MOAYYUTh rpadeHoBble
CNou BbICOKOTO KayecTBa AN18 (hyHAAMEHTa/IbHbIX WCCNeAOBaHWA, W 3NUTaKCUaibHOMY CMOCO6Y BblpallyBaHUS
rpadyeHa, HanpaeneHHOMY Ha CO34aHue 3/1IEKTPOHHBIX MUKPOCXEM, XUMUKU paboTatoT Haf NonyyeHreM rpageHa 3
pactBopa. [OMMMO BbICOKOI MPOWM3BOAUTENBHOCTM W HU3KOM CeBECTOMMOCTM, 3TOT MeTof MO03BOAUA  Obl
MHTErpupoBaTh rpaeHoBbIe C/ION C Pa3/IMYHbIMK MaTepuanaMu AN CO3L4aHNA HAHOKOMMO3UTOB W BHEAPATb WX B
pasnuyHble HaHOCTPYKTYPbI.

paheH 06nafaeT yHUKa/IbHbIMKU CBOMCTBAMU, KOTOPbIE MOMYT ObiTb OFpaHUYeHbl ero AMCneprupyemMocTbio,
0CO6GEHHO B CMECK C MONAPHLIMU NOUMEPHBIMW MaTpMLAaMK, M3-3a ero rugpodobHocTy B npupoge. padeH MoxeTt
obecneunTb 6GOMbLLOA MNOTEHUMAN BO MHOMMX MNPWUIOXKEHUAX, TaKMX KaK 3MeKTPOHWKA W (PYHKLUMOHa/IbHbIE
HaHOKOMMO3UTbl, CPEAN MHOTUX APYTUX.
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Takue cBolcTBa rpaeHa, Kak BbICOKasi MOABMXXHOCTb 3M1EKTPOHOB, MUHMMaNbHas TO/MWMHA B OAWH aToM,
HW3KOE YAeNbHOEe COMPOTUB/EHWE OTKPLIBAOT MEPCMEKTUBbI ANS CO3A4aHWA Pas/IMYHbIX OMONOTMYECKUX U
XVMMYECKNX AATUMKOB, & TakKe pas/IMYHbIX BapUaHTOB TOHKWMX MAEHOK, KOTOPbIE MOFYT HailTu NPUMEHEHVE B
(hOTO3NEKTPUYECKMX YCTPOCTBAX f/151 NPe06pasoBaHus CONHEYHOWR 3HEPrN UMK B CEHCOPHBIX 3KpaHax.

Ha ocHoBe rpadeHa MOryT 6biTb CO3[aHbl BbICOKOUYBCTBUTENbHbLIE (POTOMMEHKW. [MnasMeHHble BOJSHbI B
rpaceHe OTKPbIBAOT MEPCMEKTMBbLI CO34aHUs WCTOYHMKOB M MPUEMHWMKOB TeparepLoBoro AvanasoHa. Ocoboe
MoBefieHNe CMMHA B rpadieHe MOXET MPMBECTM K CO3JaHMI0 HOBbIX MPMOOPOB CIMHTPOHMKK, a 6rarogaps CBOMCTBY
BbICOKOI TEMI0MPOBOAMMOCTY TpaeH MOXKET C/YXKMTb TEMI00TBOAOM B COBPEMEHHBIX WHTErpaibHbIX CXemax, B
KOTOPbIX Pa30rpeB SIBNSETCSA CEPbE3HOI NPOGIEMOIA.

MHOroo6eLLatoLLMMK NPeaCTaBNAOTCSA U APYT1e HanpaB/ieHNs UCMOMb30BaHNSA rpadieHa. Tak, npegnonaraercs,
YyTO B CMECK C MnacTmaccamu rpadeH facT BO3MOXKHOCTb CO34aBaTb KOMMO3UTHbIE MPOBOASLUME MaTepuasbl,
YCTOWUMBbIE K [ENCTBUIO BbICOKMX TemrepaTyp. [Mpo4YHOCTb rpadeHa MO3BOMSET KOHCTPYWMpOBaTb HOBble
MEXaHWYECKN YCTOMUMBLIE MaTepuasibl, CBEPXTOHKWE, JErKMe W 3nacTuyHble. B 6ygyliem 13 KOMMO3UTHbIX
MaTepuanoB Ha OCHOBe rpadeHa BO3MOXHO OyAeT Aenatb aBTOMOGMAWM, CaMOfETbl M CNYTHWKU. Y>ke ceidvac
npeanonaraeTcs WCMoMb3oBaTb rpaeH B YCTPOWCTBAX [A1S XPaHEHWs 3HEPTMU -  aKKyMy/asTopax W
CynepKoHAEeHcaTopax, a Takke TOM/MBHbLIX 3/eMeHTaX, BblpabaTbIBAIOLMX 3NEKTPOSHEPTUIO OT COEAMHEHNS
KuCnopoga ¢ BOJOPOAOM.

Ecnn rpadeHoBas peBonOLMS MOMAET TaKMMU XKe CTPEMUTE/bHBIMU TEMMNaMM1, TO Mbl SBUMCS CBUAETENSMM
HOBOFO BMUTKA Hay4HO-TEXHWYECKOr0 MPOrpecca y)e B 3TOM BeKe, a CTpaHa, KOTOpas MpOSBUT WHTEPEC K
MPaKTUYEeCKOMY MPUMEHEHNMIO rpadieHa, CTaHEeT BeAyLLeld TEXHUUECKO AepXKaBoi.

KntoueBble cnoBa: rpadeH, 3MeKTPOHHble CBOMCTBA, MEXaHWYECKMe CBOIACTBA, TEPMMWYECKME CBOICTBA,
XVIMUYECKME CBOMCTBA.
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