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Kasakcmar Pecniybrniukacbl Y¥nmmbiK fbifibiM akademusicel "KP ¥FA Xabapnapbi. Xumusi xoHe
mexHorsoeusi cepusicbl” fbinbiMU XypHarnbiHbiH Web of Science-miH xaHanaHraH Hyckacsi Emerging
Sources Citation Index-me uHOekcmenyzae KabbindaHFaHbIH xabaprnaldbl. byn uHdekcmeny 6apbicbiHOa
Clarivate Analytics komnaHusicel XypHandbl odaH api the Science Citation Index Expanded, the Social
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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.

Key words: graphene, electronic properties, mechanical properties, thermal properties, chemical properties.

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 sp?, 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
— 80 ——
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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 1 atom [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 ma = 2.3% corresponds to the universal value of the dynamic conductivity G =¢e2 / 4h (£ 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).

%o

dual layer

transmission ,

distance, pm

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
(m) 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 cm” » V - 1 » s - 1, and theoretically potential limits of 200,000 cm? ¢ V -1 ¢5s- 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 cm” » V -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 it to 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 1 gram [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 1 to 5 pm 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 of these 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).
i :':‘:ﬂm i:?*-'ui!-_ \L—l

LATATAY l ’{‘.
- %, Ny laser
mmﬁ" lr.Q? (Q ;’.‘1_
-".f':“.“-"%{f'-'!-':'.‘ Graphene e
: based
P ﬁ ~ = biosensors

i'.F:j.j' i J]
4;.‘151,.’:3“&.1’ iy

Graphens based slecirode

",

(E}

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 of the 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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T'PA®EHHIH BIPETE KACUETTEPI

Annoranusi. ['paden — rpaduTTin GipKaOaTThl Kyili, anTeIOYpBINTHI TOpAa OpHANACKAH Sp° OailaHbICKaH
KOMIPTEK aTOMJAPBIHBIH KaJbIHJBIFGI Olp aTOMHAaH TYpaThlH Ka3blK Mapak. ['padeH KeMIpTeK aTOMAapbIHbIH
OaiinaHbICKaH KYPBUIBIMBIHBIH €peKllie KOMOUHAIMACBIHBIH, COHJal-aK CaHChI3 )KoHe Kyplesi (U3MKaJbIK KacHeTi
OosFaHABIKTaH MaTepualTaHy, O3JCKTPOHMKA >KOHE HAHOTEXHOJIOTHS OoJallarblHAa aWTapibIKTail ocep eTyre
KabinerTi. Epekie KypbuUIbIMBI MEH MHHUMAJIBI TUaMeTpiHe OalIaHbICTBI OHBI CEHCOPJIBIK KYPBUIFBI, )KapThlIal
OTKI3Trill HeMece HHTerpalgsl CXeMa KOMIIOHEHTTEpl peTiHxe mnaiinananyra Oonaasl. MyHpmall KeMIpTEKTiH
eKienmeM i (OpPMAaCHIHBIH KaCHETTEPi MEH KOJIIAaHBICHI OONalIaK, KypbUIFBI MEH JKyHere JKaHa MYMKIHIIKTED alllThL.

I'padennin y3mik KacHueTTepi OHBIH PETSATHBUCTIK OONIIEKTEp TOPI3Ai OPEKET eTETiH 3aps TachIMaJIayIIbIChI
OOJIFaHIBIKTAH MHaxa Ooabl.

I'padenHiH 3apsa TachIMaNaylIbUIBIK CUIIATBIHA OallaHBICTBI Tarbl Oip 3ddexr — crmpans GoNFaHIBIKTaH
XMpaJIapl CHMMETPHUS makja Oomamsl. BipkaOaTThl koHE eKiKa0barThl rpadeHmeri 3JIEKTPOHIbI KYHIIH XHPaabl
TaOWFaThl AIIEKTPOHHBIH NMOTEHIUAI/IBI KEAEPTi apKbUIbI 6TY1 0apbIChIHAA MaHBI3IbI POJI aTKApabl.

I'paden eHmipyaiH TypJii oiici 6ap, MbICalibl, «TOTHIFY - KAOBIPIIIAKTaHY - TOTBHIKCHI3IAHY» YIEpICi Ke3iHjae
rpadut TpaduUT OKCHUIIHE aiHaNbI, TpauTTIH Oa3aiblK Ka3bIKTHIFBI KOBAJICHTTI OailJTaHBICKAH OTTEKTI
(hyHKIIMOHAIABI TOOBIMEH ka0blIanbl. byt skarmaiina TOTRIKKAaH rpaduT THAPOGMIBII (BUFANl CYHTINT) KeJeIi )KoHe
YIIBTPaBIOBIC SCEpiHEH CyJIbl epiTiHAine oHail rpadeH KabarrapbslHa KaObIpiiakTaHaabl. MyHnald rpadeH Kakchl
MEXaHHKaJBIK XoHE ONTUKAIIBIK CHITaTTaMara nue, 0ipaKk «CKOTY 9JIiCi» apKbUIbI aJIbIHFAaH rpad)eHMEH CaJIbICThIpFaH/Ia
ANIEKTP OTKI3TIMITIri Hamap.

OyHIaMeHTAIIBI 3epTTEYIIep YIIiH canajibl rpadeH KadaTTapblH, COHIal-aK IEKTPOHIBl MHKPOCXeMa KYpyFa
OarpITTaFaH TpadeH ecipymiH SIUTAKCHAIABI OfIici apKbpUIBI allyFa MYMKIHAIK OepeTiH CKOTY HeTi3iHae
MEXaHHUKaJbIK KaOBIPIIBIKTAHABIPYMEH KaTap, XUMHUKTEp rpadeHi epiTiHAiJeH aly >KOJJapblH KapacTeipyna. by
omic Korapsl OHIMII 9pi ap3aH KeJeTiHAIKTeH, rpadeH KabaTTapblH TYpJi MaTepHaIMeH OIpIKTIpiln, HAHOKOMITO3UT
KYpyFa >KoHE oapbl TYPJIi HAHOKYPBIIBIMAAPFA CHI13yTe MyMKIH/IK Oepesi.

I'pacdeHHiH qucnepCHsIIBUIBIFBIMEH IIGKTENIETIH epeKlie Kacuerrepi O0ap, acipece ruapodoOThl TaOuraThiHA
0alnaHbICTBl TOJISIPJIBIK IOJMMEpP MaTpHLANapbIMEH apajackaH Ke3lle epekiie Kacuerke ue Oosaabel. ['paden
KOIITereH, MbICAJIbl, JJIEKTPOHUKA KOHE (DYHKIMOHAIIBl HAHOKOMIIO3UTTEP CHSKTHI KOITEreH 0acka KOChIMINIAJAa
YJIKEH [TOTEHIMAIMEH KaMTaMachl3 €Te ajla/Ibl.

I'padeHHiH >xOFapbl IEKTPOHABI KO3FAIFBILTHIFE, Olp aTOMHBIH MUHHMAJ/bl KAJIBIHIBIFEl, TOMEH MEHIIKTI
KEZEpricl CHSAKTHl KAacHUETTepl TYpii OMOJNOTHSUIBIK >KOHE XMMISUIBIK CEHCOpJIapAbl KYPYIbIH IEpCHEeKTHBAIAPHIH
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alapl, COHBIMEH KaTap KYH SHEPIUSACHIH TYPJICHIIpyre apHaIFaH (POTORIEKTPIIK KYpPbUIFbIIApAa HEMeCe CeHCOPJIbI
9KpaHAapa KONJAaHyFa OOJNAThIH JKyKa IUICHKAJIapFa TYPJl HYCKanapabl YChIHAMIBL.

I'pachen Herizinme sxorapsl ce3iMTan (OTOIIEHKa acalybl MyMKiH. ['padenzaeri mia3MaiblK TOJKBIHAAP
Teparepl Juana3oH KaObULIAFbIIIBIH KYPY/ABIH MEPCIEKTUBACHIH aliaabl. [ padeH CIHMHIHIH epeKile opeKeTi )KaHa
COUHTPOH/BI KYPBUIFbLIAp Maiina 00Jybl MYMKIH, aJl )KbUTY ©TKI3Till KaCHUeTi )KOFapbl OOJIFaH/IBIKTaH rpadeH Ka3ipri
3aMaHfbl HHTETpaJIIbl CXeMaJlap/ia JKbUTy KaOBULAAFbINI PETIH/IE KbI3MET €Te ajajbl.

I'paden konmanyapH O0acka OarbITTAPHI J1a MEPCIIEKTUBANEI 00JbIT Kopineai. CoHbIMEH, Tpad)eH ImiacTMaccaaan
JKacaJFaH KOCIaJia KOFaphbl TeMIepaTypara Te3iM/li KOMITO3ULMSUIBIK OTKI3TiI MaTepHaigap/bl kacayFa MYMKIHJIIK
Oepeni men OoimkaHamel. ['padeHHIH OepikTiri yiabTpa KyKa, *KEHLT JKOHE MKEMJi jKaHa MEXaHHWKAIBIK TYPaKThI
MaTepHalgapAbl KacayFa MYMKiHAIK Oepenmi. bomamakta rpadeH HeTi3iHOETI KOMITO3UIMSIBIK MaTepHhaiaapIaH
aBTOMOOWIIb, YINAK NEH CIYTHHUK jkacayra OoJyialibl. DHEPrusHbl CaKTay KYpbUIFBUIAPBIHIA — aKKyMYJSTOP XKOHE
CylepKalakaTop, COHIai-aK OTTeri MeH CYTEeKTiH apajacyblHaH »9JIeKTP OHEPIusAChIH OHIIPETiH OTHIH
YILIBIKTapbIHAa TpadeHal KONJaHy JKOCTIapiIaHy a.

Erep rpacden 3eprrey >KYMBICTaphl A97 OCBHIHAANH KapKBIHMEH IAMHTBHIH Oosica, OoHAa 013 OCBHI FaCHIpAAFbI
FBUIBIMU-TEXHUKAIBIK TPOTPECTIH JKaHa Ke3CeHIHE Kyo Oomambi3, an rpadeHai MPaKTUKAJIBIK KOJIaHyFa
KbI3BIFYIIBUIBIK TAHBITATHIH MEMJIEKET KETEKIII TEXHUKAIIBIK KYLIKe aifHaIaIbl.

Tyiiin ce3mep: rpadeH, 3JIEKTPOHIBIK KacHETTep, MEXaHMKAIBIK KACHUETTEP, JKbUIY OTKI3Till, XUMHUSUIIBIK
KacHeTTep.
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YHUKAJIbHBIE CBOMCTBA TPA®EHA

Annotanus. ['paden, ogHocnoiHas Gopma rpadura, mpeacTaBiseT co00i IIaHapHbINA JIUCT TOIIMHONW B OWH
aToM M3 aTOMOB YIJIEPOJA, CBA3AHHBIX SP°, KOTOPBIE PACIOJIOXKEHBI B TekcaroHanbHoi pemerke [2]. Tpaden c
YHHUKaJIbHBIM COYETaHHEM CTPYKTYp CBSI3aHHBIX aTOMOB YIJIepoja C €ro OecYHMCIEHHBIMU W CIIOKHBIMH (pusndec-
KAMH CBOICTBaMM CIIOCOOEH OKa3aTh 3HAUYMTENbHOE BIMSHHME Ha OyIyliee MaTepHasIOBEICHUS, DJIEKTPOHHKH U
HaHOTEXHOJIorui. biaronapsi cBoed crneuuaau3upoOBaHHON CTPYKTYpe W MHUHHMAIBHOMY AMAMETPY, €r0 MOXHO
UCTIONIb30BaTh B KAYECTBE CEHCOPHOT'O yCTPOWCTBA, IOJIYIPOBOAHUKA WM AJSI KOMIIOHEHTOB MHTETPAIbHBIX CXEM.
Coo01aemMble CBOHCTBA M NMPUMEHEHMs 3TOH OBYMEpHOH (OpMBI yriepoga OTKpbUIAa HOBBIE BO3MOXKHOCTH MJIA
OymyIuX yCTPOICTB U CHCTEM.

Bce ot yauBHTENnbHBIE CBOMCTBA rpad)eHa BOZHHMKAIOT M3-32 YHHUKAIBHON MPUPOJBI €ro HOCHTENeH 3apsja,
KOTOpBIE BEAYT ce0sl T0100HO PENSTUBUCTCKUM YaCTHLAM.

Emé oaun 3ddekr, oOYyCIOBICHHBIA XapaKTepoM HOCHTENICH 3apsga B TpadeHe, CBSI3aH C HaIUMYHEM
CHMPAJIBHOCTH, YTO NPHBOAUT K CYIIECTBOBAHHIO TaK Ha3bIBaeMOW KHpaJbHOM cuMMerpuu. KupaipHas mpupona
SJIEKTPOHHBIX COCTOSIHUH B OJHOCIOWHOM M JABYXCIOWHOM Tpad)eHe WUrpaeT BaXKHYIO pPOJIb B IPOXOXKIECHHU
3JIEKTPOHA Yepe3 MOTEHINATBHBIN 0apbep.

CymecTBYIOT pa3iH4yHbIe METOAMKH MOJy4YeHHUs rpadeHa: Hampumep, npeoOpa3oBaHHe Tpadura B OKCHI
rpaduTa, KOrja IPOMCXOAWT IPOIECC «OKCHAWPOBAHHE - PACCIOCHHWE -BOCCTAHOBICHHE», B XOJE KOTOPOTO
6a3ucHBIE TUIOCKOCTH rpadyTa MOKPHIBAIOTCA KOBAJICHTHO CBA3aHHBIMU (DYHKIMOHAIBHBIMH TPYNIIAMH KHCJIOPOA.
IIpn >TOM OKHCIEHHBIH TIpaduT CTAaHOBUTCS THUAPOPWIBHBIM (BJIAroIOOMBBIM) W JIETKO pacclanBaeTcs Ha
OTIeTbHbIE Tpa)eHOBBIE JIUCTHI MOJ JEHCTBHEM YIJIbTpa3ByKa, HAaXOIICh B BOJISHOM pacTBope. Takoil rpaden
o0lagaeT XOpOIIMMH MEXaHHYECKHMMH M ONTHYECKMMH XapaKTepPUCTHKAMH, HO Xy[IIeH 3IeKTpU4ecKon
MPOBOANMOCTBIO TI0 CPABHEHHUIO C TpadeHOM, MOJTYUYEHHBIM C TIOMOLIBIO «CKOTY-METO/IaY.

B nomosiHeHHMEe K MeXaHMYECKOMY OTCIIOCHHIO C MOMOIIBIO CKOTYA, MO3BOJIIOIIEMY IIOJIyYUTh TpadeHOBbIE
CJIOM BBICOKOT'O KadeCTBa JIA (l)yHJIaMeHTaJ'H)HI)IX HCCﬂeﬂOBaHHﬁ, 1 JIHUTAKCUAJIbBHOMY CHOCO6y BbIpalliluBaHUA
rpadeHa, HaIPaBIEHHOMY Ha CO3/1aHHE JJIEKTPOHHBIX MUKPOCXEM, XMMHUKH paboTaloT Haj MoJlydyeHneM rpadeHa u3
pactBopa. IloMMMO BBICOKOH NPOW3BOIUTENIBHOCTH M HHU3KOW CeOECTOMMOCTH, 3TOT METOJ II03BOJIMII OBl
MHTErPUPOBaTh IpadeHOBBIC CIION C Pa3IMYHBIMU MaTE€pUAJIAMH JUISl CO31aHKsI HAHOKOMIIO3UTOB M BHEAPSITH UX B
pas3ingHbIE HAHOCTPYKTYPHI.

I'paden obOmamaeT yHUKAIBHBIMH CBOMCTBaMH, KOTOPBIE MOTYT OBITH OIPaHHYEHBI €r0 ANCIEPTUPYEMOCTHIO,
0COOEHHO B CMECH C TOJSIPHBIMHU TIOJMMEPHBIMH MaTPHIIAMH, U3-3a ero THApopoOHOCTH B Tpuponae. I'paden moxer
obecrieunTh OONBIION MOTEHLIHAT BO MHOTHX IPHUIOKEHHAX, TAaKMX KaK OJIEKTPOHHKA M (YHKIMOHAIbHBIE
HAHOKOMIIO3UTBHI, CPEIN MHOTHX JPYTHX.




News of the Academy of sciences of the Republic of Kazakhstan

Takue cBoiicTBa rpadeHa, Kak BBICOKas MOABM)KHOCTb 3JIEKTPOHOB, MUHMMAaJIbHAs TOJIIMHA B OJUH aTOM,
HHU3KOE YJIEIbHOE CONMPOTHBICHUE OTKPBIBAIOT IIEPCHEKTHUBBI Ul CO3JAHUS PA3IMYHBIX OHOJOTMYECKUX U
XUMHUYECKUX OAaTYUKOB, a TAKKE pa3IMUHbIX BAPHUAHTOB TOHKHUX H.HéHOK, KOTOpbIC MOT'YT HalTH MNpUMEHCHUC B
(hOTOANEKTPUUECKHX YCTPOICTBAX JUIsl IPe0OPa30BaHuUs COTHEYHOM IHEPIHU UM B CEHCOPHBIX DKpaHaXx.

Ha ocHoBe rpadeHa MOryT OBITH CO37aHBI BBICOKOYYBCTBHUTEIbHBIC (OTOMIEHKH. [lIa3MeHHBIC BOJHBI B
rpad)eHe OTKpPHIBAIOT MNEPCIEKTHBBI CO3/1aHMs HCTOYHMKOB M IPHUEMHHMKOB TepareplroBoro auamazona. Ocoboe
MIOBE/ICHHE CIIMHA B rpad)eHe MOXET IIPUBECTH K CO3/IaHHIO HOBBIX MPUOOPOB CITMHTPOHUKH, a O1aromaps cBOMCTBY
BBICOKOH TEIUIONPOBOAMMOCTH I'pa)eH MOXKET CIY)KUTh TEIIOOTBOJIOM B COBPEMEHHBIX MHTETPAIBHBIX CXEMax, B
KOTOPBIX PAa30TPEB SIBIIETCS CEPHbEIHOH MPOOIEMOi.

MHoroo6eImaromuMy IPeICTaBISIOTCS U ApYTHe HalpaBiIeHUs HCIONb30BaHus rpadena. Tak, npeanonaraercs,
YTO B CMECH C IIIACTMAaccaMH rpadeH AacT BO3MOXKHOCTH CO3/1aBaTbh KOMIIO3HUTHBIC MPOBOASIINE MaTEpPHAIbI,
yCTOWYMBBIE K JAEHCTBUIO BBICOKHX Temmeparyp. IIpodHocTs rpadeHa MO3BOIAET KOHCTPYHPOBATH HOBBIC
MEXaHMYECKH YCTOMYMBBIE MaTepHaibl, CBEPXTOHKHE, JITKHE M JJIacTH4Hble. B OyaymeMm H3 KOMIIO3HUTHBIX
MaTepHaloB Ha OCHOBE Ipad)eHa BO3MOXKHO OyleT aesiaTh aBTOMOOWIHM, CaMOJISThl M CIIyTHHKH. YiKe ceidac
NpeAroaraeTcsi UCIoNb30BaTh TpadeH B yCTpOMCTBaX Juisdl XpaHEHUS OHEPrUM — aKKyMyJIiaTopax |
CYNEPKOHACHCATOPAX, a TaKKXC TOIUIMBHBIX JJICMCHTAX, BblpaGaT])IBa}OLLII/IX QJICKTPOIHCPIUIO OT COCAMHCHUA
KHCJIOPOZA C BOJOPOIOM.

Ecnu rpadeHoBast peBosronysi MOWAET TAKMMH K€ CTPEMHUTENLHBIMH TEMIITaMH, TO MBI SIBUMCSI CBUJETEISIMU
HOBOTO BHUTKAa HAy4YHO-TEXHMUYECKOIO MpoOrpecca yx e B ITOM BEKe, a CTpaHa, KOTOpas MpPOSIBUT HHTEpPEC K
MPaKTHIECKOMY IPUMEHEHHUIO TpadeHa, CTaHeT BeAyIIeH TEXHHYECKON TepyKaBOM.

KuaroueBble ciaoBa: rpadeH, DIEKTPOHHBIE CBONCTBA, MEXaHHYECKHE CBOWCTBA, TCPMHUYECKHE CBOWCTBA,
XUMHUYECKUE CBOMCTBA.
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