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B cratbe paccMoOTpeHb! aKkTyasibHble
BOMpPOCbI COBEpPLLUEeHCTBOBaHUS
BJ/IeKTPOHUKU U rnepexoaa Ha HOBbIV
TEeXHOJIOrn4ecKkui yksiana, CBsi3aHHbIA

C HaHOTexHosornen. OTMe4eHo, 4To
rnaBHbIM HaripaBJIeHUEeM Pa3BUTUS
HaHO3/1eKTPOHUKMU SIBJISeTCH cO3[aHue
HOBbIX MaTepuasioB Tuna rpageHa.
lNMpoaHannsnpoBaHa BO3MOXHOCTb
3amMeHbl OCHOBHOIO cen4Yac B 3TOM
coepe PpyHKUNOHaANIbLHOIro maTepuana
KpeMHusi Ha rpageH. lNpuBegeHsb!
KpaTKkue cBegeHus o npevMmylLlecTtBax,
crnocobax N3roToBsiIeHns, a TaKkxe
MeToaax OTKpPbITUS 3anpeLyeHHON
30HbI — nepeBoa rpageHa

B nosiynpoBogHuk. lNMpennoxeH crnocob
N3roToBJieHUs oJ1yrnpoBO4HUKOBOIo
rpageHa, Nno3BonaOLNI OPraHN30BaTh
€ero rpombiLLIeHHOEe NpPou3BOA4CTBO.

KnwouyeBbie cnoBa: TpaHCrnopT, Hayka,
QYHKLMOHAasIbHBIV MaTtepuasl, rpageH,
rpauT, 371eKTPOHNKA, HAHOI/IEKTPOHMKA,
HaHOTEXHOJIOMU.
|
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a3paboTKa U peanu3alnus J0Jroc-
POYHOM MPOrpaMMBbl Pa3BUTHUS XKe-
JIE3HOJOPOXKHOM CBSI3M HEPa3pbIBHO
CBsI3aHBI C BONPOCAMM COBEPIIEHCTBOBA-
HUS KayeCTBEHHBIX MOKa3aTesieil 6a30BbIX
3JIEMEHTOB BOJIOKOHHO-ONTUYECKUX CHUC-
TeM mnepegayn MHGOpMaluKu. YIydileHue
OMNTOBJIEKTPOHHBIX XapaKTePUCTUK ITOJIY-
MPOBOJIHUKOBBIX JIa3epPOB, (OTOTIPUEMHU -
KOB, OIITUYECKUX MOJYJISITOPOB HAIIPSIMYIO
BJIMSIET HA KA4€CTBO Iepeaauu CIyKeOHOoM
uHGOpPMALIMU, OTIEPATUBHOCTD YIIPaBICHUS
TEXHOJOTMYECKUMU IpoleccaMu U 6e3-
OIMMACHOCTHIO ABUKEHUS 1T0e310B. B HacTo-
slee BpeMsl TJIaBHBIM HallpaBJIeHUEM I10-
BBIIIEHUSI TEXHUYECKOTO YPOBHS 3JIEMEHT-
HOIi 6a3bl ONTO3JEKTPOHUKU CTAHOBUTCS
BbIOOp (PYHKIIMOHAABHOTO MaTepuasa
(yBenmueHue OBICTPOACICTBUS HOCUTEEH
3apsija, CHUXKEHUE MHEPLUUMOHHOCTH Cpe-
nbl). OOIWMH M3 caMBbIX MEPCHEKTUBHBIX
31ech — rpadeH.
Ipapen — nBymMepHast aJuIOTPOITHAS MOIM-
dukanusa yriepoaa, oopa3oBaHHasl cIoeM
aTOMOB yIjiepoja TOJIIMHON B OIMH aTOM,
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HaXOISAIIUXCS B SP>-TMOpUAM3ALIUA U COE-
TUHEHHBIX B T€KCAaroHaJbHYIO TBYMEPHYIO
KpUCTaJIUUYEeCKylo peleTky. Ero MoxHo
MPEACTaBUTh KaK OIHY IUIOCKOCTb Tpacdura,
OTIEJIEHHYIO OT 00bEMHOTO KpucTaia [1].

Marepuan codyeraer B cebe YHUKAJIbHbIC
CBOWICTBA: BBICOKYI0O MEXaHUYECKYIO TIPOY-
HOCTb, 2JIEKTPO- M TETUIONIPOBOIHOCTD, HE-
TPOHUIIAEMOCTb TSI Ta30B, TPO3PAYHOCTh TSI
CBeTa U T. /., 4TO JIeJIaeT eTo MPUBJIeKaTeTh-
HBIM JJIS1 MHOTUX TMPUJIOXEHWI, BKIIIoUast
TPAHCITOPTHBIE MEXaHU3MbI U MAIITUHBI.

Tak, TOIBUKHOCTB 3JIEKTPOHOB y TpacheHa
MpY KOMHATHOW TeMIIepaType com3MeprumMa
co ckopocTblo cBeTa [2], moayab KOHra —
1 TIla, BHyTpeHHee coMpoTUBeHUe aedop-
mauuu — 130 Tma, Tena1onpoBOAHOCTH BhILIE
3000 BT, oH criocoOeH MoaaepKuBaTh Ype3-
BBIYAHO BBICOKYIO TUIOTHOCTH DJIEKTpUYE-
CKOTO TOKa (B MWJTMOH pa3 BBIIIIE TTO CPaBHE-
HUIO ¢ Menblo). OTHAKO HEKOTOPBIE U3 3TUX
XapaKTepUCTUK 3a(pUKCUPOBAHBI TOJHKO
Ha oOpasliax BICOYAKIIIeTro KauecTBa, Mojy-
YEHHBIX B YCJIOBUSIX MEXaHUUYECKOTO OTCTIau -
BaHWUS yellryek rpadeHa (puc. 1) ¢ moMolbio
TMOKOI JIEHTBI W TIOCJIEAYIOIIETO HaHEeCEHUST
WX Ha CIelMaJbHbIe TTOIIOKKHU U3 TeKcaro-
HaJIbHOTO HUTpHUJa 6opa.

CBoiicTBa rpadeHa 1 0061acTU €ro MpuMe-
HeHUs (puc. 2) oYeHb 3aBUCST OT KauyecTBa
Marepuaa, IoUTOXKH, TUTIa 1e(heKTOB U T. 1.,
KOTOpPBIE TTIPOU3BOIHBI BO MHOTOM OT METO/Ia
U YCJIOBUI TPOU3BO/CTBA.

WHTerpanbHbie MMKPOCXeMbI

a3oHenpoHuLaemMble NOKPbITUA

MopucTbie rpadeHoBbIE MOHHbIE
membpaHb!

JleTeKTopbl OTAENbHbIX MOIEKY rasa

Puc. 1. lpageH.

Maciurabbl 1 CpoKM BHeApeHUs rpadeHa
Kak (yHKIIMOHAJIbHOTO MaTepraja B KOHeY-
HYIO IIPOAYKIIMIO, IIPEKJIE BCETO AJIEKTPOHUKY,
CBSI3aHBI C IPOOJIEMaMU IPOMBIIIIEHHOIO
IPOU3BOACTBA B OOJIBIINX KOJIMYECTBAX Ipa-
(beHOBBIX JIMCTOB pa3MepaMK B HECKOJIBKO
caHTUMeTpoB. [1pr 5TOM CIOCOOBI ITOTYYeHUS
rpadeHa MOXHO pa3[e/IuTh Ha TPU KJlacca:

— rpadeH WIK XJI0MbeBUIHbII BOCCTAHOB-
JIGHHBIA oKcuI rpadeHa ajiss KOMIIO3UTHBIX
MaTepuayioB, IIPOBOMISILKUX KPACOK M T. II.;

— IJIOCKUIA rpadeH [J1s1 HU3KOIIPOU3BOAM -
TeJIbHbIX U HEAKTUBHbBIX YCTPOICTB;

— IUIOCKMUIA rpadeH Uik BBICOKOIIPOU3BO-
JIATEIbHBIX 3JIEKTPOHHBIX YCTPOMCTB.

[TpoMbllUIEeHHBIE METObI IPOU3BOACTBA
rpaeHa mpeacTaBieHbl B Tadauie 1.

ImaBHOIT cepoii mpuMeHeHUs rpadeHa
SIBJISICTCSI HAHOJIEKTPOHMKA (BBICOKOYACTOT-
HbI€ TPAH3UCTOPBI, (DOTOAETEKTOPHI, ONTHU-
YeCKUE MOIYJISITOPBI, JIa3ePhl C CHHXPOHU3a-
HUei MOJ, ONTUYECKUE MOJIIPU3aTOPbI
uT I.) [3].

padeHoBbIE
HaHONEHTbI

CeHcopHble u KK aKkpaHb!

Puc. 2. O6nactv npumeHeHus rpageHa.
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i Ta6mmua 1
E ITpoMmbInIeHHBIE CIOCOObI MOJIy4eHns rpadena

Meron Pazmep Pazmep [MoaBuxHOCTH HOCUTE- Cdepa nmpumMeHeHUsT
KpucTaJuluTa |oOpasua |Jeil 3apsiaa (KOMHATH.
(MKM) (MM) temit.) (cm?B-'c!)
Mexanunueckoe | >1000 >1 >2+10° u 10°(rtput HU3- HUccnenoBanus
oTcIauBaHKe KOIi TeMIL.)
Xumuueckoe <0,1 — 100 (mu1st cost U3 nepe- TTOKpBITHS, KpACKK/JepHMIIA, KOM-
OTCcIanBaHNe KPBIBAIOLIMX APYT APYTa | MO3UTHBIE MAaTePUAIIbl, IPO3paYHBIE
XJIOTIbEB) TMPOBOASILUE CIIOU, KOHIEHCATOPHI,
OUOTIPUIIOKEHUS
Xumnueckoe ot- | ~100 — 1 (n1s1 cnost u3 mepe- TTokpweITHsI, KpacKK/4epHUIa, KOM-
cllanBaHKe yepe3 KPBIBAIOIIUX JAPYT APYTa | MO3UTHBIE MAaTepUAaJIbl, IPO3pAYHBIE
okcuj rpadeHa XJIOTILEB) MPOBOJISIIINE CJIOU, KOHAEHCATOPHI,
OUOTIPUIIOXKEHUS
CVD 1000 ~1000 10000 dDoTtoHUKa, HAHOZJIEKTPOHUKA, ITPO-
3pavyHble TPOBOJSILINE CIOU, CEHCOPBI,
OUOTIPUIIOXKEHUS
SiC 50 100 10000 BricokouacTOTHBIE TPAH3UCTOPHI
U IpyTUe JIEKTPOHHbIE YCTPOiicTBa

Oco0eHHO clieyeT OTMETUTh 3HaYeHUE CO-
3maHusT (POTOAETEKTOPOB Ha OCHOBE rpadeHa.
B omimume ot rosryrmpoBOIHMKOBBIX (DOTOAETEK-
TOPOB, UMEIOIINX OrPAaHUUYEHHYIO IIIMPUHY TT0-
IJIOIIEHMSI CBETa, rpacdheH MOKET IOIJIOIIATh CBET
Joboro 11BeTa (Bech criekTp). [1pu atoM rpaceH
00J1a1aeT BEICOKOI ITPOITYCKHOI CIIOCOOHOCTHIO,
YTO JIeJIaeT er0 He3aMEHUMBbIM MaTepraioM JIIst
BBICOKOCKOPOCTHBIX CUCTEM Tepeaayr MHhOp-
Mal1H 110 ONTUYECKOMY BOJIOKHY.

OnHako rpadeH CMOXKET 3aMEHUTh KPeM-
HUI TOJBKO B CIydae OTKPHITHUS B HEM 3aIipe-
IIEHHO# 30HBI (Mpeodpa3oBaHUs rpadeHa-
MmoJiyMeTajaa B rpacheH-MoTyIPOBOIHUK).
Hy:XHO He TOJBKO OTKPBITH 3aMpPeIIeHHYIO
30HY, HO U C/IeJIaTh €€ COU3MEPUMOIA C M PU-
HO¥ 3ampelleHHol 30HbI KpeMHus. CylecTt-
BYeT HECKOJbKO CITOCOOOB CO3MaHUs IOy~
MPOBOAHUKOBOTO rpadeHa. B yuactHocTH:

1) HaHeceHure Ha MOJIOCKH IrpacheHa XUMM-
YECKHUX 3JEMEHTOB, BIUSIONIMX Ha 3JIEKTPO-
MPOBOAHOCTh rpadeHa;

2) MexaHN4eCKOe OTHOOCHOE HaPSIKeHE
Ha TI0JI0CKY TpadeHa.

OCHOBHOI HEIOCTATOK ATUX METOIOB —
CJIOXXHOCTh peain3allii B MPOMBIIIIEHHBIX
YCIIOBUSIX.

MNotok HefiTpoHoe
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Puc. 3. Cxema 06n1y4eHusi 3arotoBku us rpacura.
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Jl51st MaccoBOTO BBITTYCKa MOJTYIPOBO/I -
HMKOBOI'0 MaTepuasa u3 rpageHa Haubosee
MOAXOIS UM BUIUTCSI M30TOMUUECKUMN
crmoco0 (M3MeHeHue Yucjiaa HEHTPOHOB
B Ape MPU HEM3MEHHOM YHCJIe TPOTOHOB).
C nobaBieHUEeM OJHOTO HEHWTpPOHA B SAPO
yriepojaa MpOUCXOAUT MEePEHOPMUPOBKA
9JIEKTPOHHOM 9HEPIUU U yBeJIUYeHUe (MU
OTKpPBITHE) 3ampelleHHOW 30HbI. Tak, 3a-
MeleHue Jerkoro usorormna *C 0osnee Ts-
KeJbiM 3C yBeTMYMBaET SHEPTUIO MEXK30H -
HBIX TIEPEX0I0B, UTO MIPUBOAUT K U3MEHE-
HUSM 4aCTOThl ONTUYECKOW (POHOHHOI
MOJIBI.

WM3BecTHO, UTO MEXaHMYECKOE OTHOOC-
HOe HampsikeHue, paBHoe 1% OT coOTBeT-
CTBYIOILIE MAaKCUMAJbHOM IIJIsI MEXATOM-
HBIX CBSI3€il, TPUBOAUT K 00pa30oBaHUIO
3anpelleHHo 30HbI BeanunHoit B 300 maB.
OO0 3TOM CBUIETEIBbCTBYET KPACHBIM YacTOT-
HBIU CABUT ONITUYECKOTO (POHOHA B CIIEKTPE
KOMOMHAIIMOHHOTO pacCesiHUS, paBHBIN
14,2 cm™! [4]. AHalOTMYHBIE CIBUTU UMEIOT
MECTO MPU M30TONMUYECKOM 3aMEIleHUU
B rpaene uzotorna '*C Ha nzoron C. Be-
JIMYMHA CABUTa 3aBUCHUT OT MPOIEHTHOTO
conepxXaHUs 0ojee TSIXKeIoro M30ToIla.
OTcrofa MOXHO caesaTh BBIBOM, UTO MpPU
M30TONMMYECKOM 3aMEILIeHUU B rpadeHe
0oJiee TSIXKEJbIM M30TOMOM MPOU3OHAET
OTKpPBITHE 3ampelleHHOM 30HbI [4]. Takoe
3aMelIeHHe CIeAYyeT OCYIIECTBUTD C TIOMO-
10 METOMa HEUTPOHHOTO OOJIyYeHMS.
HaubGonee moaxoasgmumu 1Jisi o0JydeHUs
SIBJISIFOTCS TEMJIOBBIE HEUTPOHBI C SHEPTUEH
ot 0,025 no 1 3B (puc. 3).

Xypaeneea J1. M., Hukynuna 0. A., Jlebepneea A. K. NepcnekTuebl rpadpeHOBO HAHOSNEKTPOHUKN



Tak, cpegHee 3HaAYeHUE TITyOMHBI TIOTJIO-
IIEHWST HEUTPOHOB 3ar0TOBKOM 13 rpacduta L
ompeessieTcs o hopmye:

L=1/K, (1)
riae K — uncio atomos rpacgura B 1 cM?, pas-
Hoe 3,402 « 10%at/cM?;

oi=0,0033 6apH — ceueHUe NOTJIOLIEHUS
usoromna 2C.

IToce nmoxcTanoBku 3Havenuit K, u oi
B (popmyiny (1) moayyuM ri1yOuHY MOLJIONIE-
HUSI HEUTPOHOB, KOTOpas cocTaBUT L =
8,91 M. DTa uudpa cBUAETEILCTBYET O TOM,
YTO Ha TIyOMHE B HECKOJIBKO CAHTUMETPOB,
HarmpuMep, Kaxablid BTopoit uzotorn 2C oyaer
TepeBeieH C BBICOKOI BEPOSITHOCTHIO B M30-
ton 3C. Ilpu 3TOM BeIMYMHA 3aIIPEILeHHOM
30HBI B 'pacdeHe nocturHet 6ojyee 600 MaB.

Bpewmsi, koTopoe TpebyeTcst IS TTOBBIIIIe-
HUSI KOHIeHTpauuu u3otorna *C B 3aroToBKe
n3 rpaduTa, MOKHO pacCUMTaTh 1o hopmysie
(2). ByacTHOCTH, UHTErpATbHBII TOTOK ¢f 15T
50% nepesona >C B uzoron *C paBeH:
¢r=0,5/0i, 2)
e ¢ — MTHTEHCUBHOCTb HEHTPOHHOTO MTOTOKA;

t — BpeMs O0JIydyeHUs .

ITp1 THTEHCUBHOCTH HEUTPOHHOTO MOTO-
ka 10" H/c cM? Bpems ¢ cocTaBuT 175,365 cy-
ToK. C yBeJITMueHNEM MHTEHCUBHOCTH Ha I10-
psioK IJist o0sryueHus morpedyercst 17,54
cytok. [TomyueHHble TUMPHI MOATBEPXKIAIOT
PeaTbHOCTD TIOJTYYeHUST TTOTYTTPOBOTHUKOBO-
ro rpaeHa ¢ IMOMOIIIBIO TeTUIOBBIX HEUTPO-
HOB. BenmmunHy 3ampeieHHO# 30HbI MOXHO
BBIBECTHU U3 CIIEAYIOIIEH TTPOITOPIIAN:

x = [32(cm ')+ 300(Mm3B)]/14,2(cm™)
=676 (M3B),

rae 32 ¢cM™' — 4aCcTOTHBIN CABUT ONTUYECKOTO
(oHoHa npu 50-NpOLIEHTHOM 3aMelleHUr
M30TOTIOB.

OO01y4yeHHYIO 3arOTOBKY U3 rpaduTa Mexa-
HUYECKUM ITyTEM CJIeIyeT pacilleliTh Ha OT-
JieJIbHbIe aTOMapHbIE MTOJIOCKK rpacheHa, KOTO-
phble c1a00 CBsSI3aHbI MeXXAy co0oit. [Tpu conpu-
KOCHOBEHWM C XUMWYECKU YMCTOU U POBHOM
TTOBEPXHOCTHIO TTOJTOXKKHW U3 OKMCH KPEeMHUST
Ha TIOBEPXHOCTU OCTaHETCs ol rpadeHa,
TUIOIIAAh KOTOPOTO CITOCOOHA MTOCTUTHYTh
1 cm?. HeitTrpoHHOE 00J1ydeHE MOXKHO OCYILE-
CTBUTH Ha MCCIIEAOBATEILCKUX peakTopax PD.

C 3amycKoM MPOMBIIIIEHHBIX MOIIHOCTEM!
10 BBIMTYCKY TOJYIPOBOIHUKOBOTO rpadeHa
HACTYITUT 3pa rpadeHOBON HAHOJIEKTPOHUKH.
TakoB BapuaHT peleHust 3anadn. M oH ke
OITHOBPEMEHHO Halll TTIPOrHO3.
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ABSTRACT

The article with regard to transport developments
deals with topical issues of improving electronics
engineering and of transition to new technological
structures associated with nanotechnology. It is noted
that the main direction of evolution of nanoelectronicsis
linked to new electronics components based on new
materials like graphene. Possibility and prospect of

nanotechnology.

Background. Development and implementation
of a long-term program of railway network
development is inextricably linked to the issues of
improving the quality indicators of basic elements of
optical fiber information transmission systems
(OFITS). Improving optoelectronic characteristics of
semiconductor lasers, photodetectors, optical
modulators directly affect the quality of transmission
of service information through operational and
technological communication, process control
efficiency and traffic safety. Currently, the main focus
of raising the technical level of the element base of
optoelectronics is to improve the quality of the
functional material (increasing the speed of the
charge carriers, reducing the inertia of the
environment). One of the most promising materials
of optoelectronics is graphene.

Objective. The objective of the authors is to
review advantages and to consider prospects of
graphene use in transport-related nanoelectronics.

Methods. The authors use general scientific and
engineering methods, comparative analysis.

Results. Graphene is a two-dimensional
allotropic modification of carbon, formed by a single
atom thick layer of carbon atoms in the state of sp*-
hybridization and connected within a two-dimensional
hexagonal crystal lattice. It can be represented as a
single graphite plane, separated from the bulk crystal
[1].

Graphene combines unique properties: high
mechanical strength, electrical and thermal
conductivity, gas impermeability, transparency to
light, etc., making it an attractive material for many
applications, including transport equipment and
machinery.

Thus, the mobility of electrons in graphene at
room temperature is comparable to the speed of light
[2], Young’s modulus is equal to 1 TPa, internal
resistance to deformation — 130 GPa, thermal
conductivity is above 3000 W, the ability to maintain

Pic. 1. Graphene.
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an extremely high density of current (a million times
higher than copper). However, some of these
characteristics are fixed only in samples of highest
quality obtained under mechanical delamination of
graphene flakes (Pic. 1) using a flexible tape and
through their subsequent application to special
substrate of hexagonal boron nitride.

Properties of graphene and its use (Pic. 2) are
very dependent on the quality of material, substrate,
type of defects, etc. which are derivatives for the most
part of the method and conditions of production.

Extent and timing of implementation of graphene
as a functional material in the final product, especially
electronics, are connected to the problems of
industrial production in large quantities of graphene
sheets with dimensions of a few centimeters. Thus
methods for obtaining graphene can be divided into
three classes:

— Graphene or flake-shaped recovered graphene
oxide for composite materials, conductive inks, etc .;

— Flat graphene for low-performance and inactive
devices;

— Flat graphene for high-performance electronic
devices.

Industrial methods for graphene production are
presented in the table 1.

The main area of application of graphene is
nanoelectronics (high-frequency transistors,
photodetectors, optical modulators, lasers with mode
synchronization, optical polarizers, etc.) [3].

Of particular note is the importance of creating
graphene-based photodetectors. In contrast to
semiconductor photodetectors having a limited width
of the light absorption graphene can absorb light of
any color (full spectrum). Thus, graphene has high
capacity, which makes it an indispensable material
for high speed data transmission systems built with
optical fiber components.

However, graphene could replace silicon only in
the case of opening in a band gap (conversion of
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«QO

Integral microcircuits

lonistors (supercapacitors)

Gas-impermeable coating

Porous graphene ion membrane

Detectors of specific gas molecules

Graphene nanoribbons

Touch and LCD screens

Pic. 2. Areas of application of graphene.

Table 1

Industrial methods for obtaining graphene

Method Crystallite size | Sample size | Mobility of charge carriers Area of application
(microns) (mm) (room temp.) (cm? V-'s™")

Mechanical >1000 >1 >2+10° and 10°(at low Research

flaking-off temperature)

Chemical <0,1 — 100 (for a layer of flakes, Coatings, paints / inks,

flaking-off overlapping each other) composite materials,
transparent conductive layers,
capacitors, bioapplications

Chemical ~100 — 1 (for a layer of flakes, Coatings, paints / inks,

flaking-off overlapping each other) composite materials,

through graphene transparent conductive layers,

oxide capacitors, bioapplications

CVD 1000 ~1000 10000 Photonics, nanoelectronics,
transparent conductive layers,
sensors, bioapplications

SiC 50 100 10000 High-frequency transistors and
other electronic devices

grapheme-semimetal into graphene-semiconductor).
It is necessary not only to open a band gap, but also
to make it commensurate with the width of the band
gap of silicon. There are several ways to create a
semiconductor graphene:

1) coating strips of graphene with chemical
elements affecting electrical conductivity of graphene;

2) mechanical uniaxial stress on the strip of
graphene.

The main disadvantage of those methods is
complexity of implementation in industrial
environment.

Isotopic method (changing number of neutrons
in the nucleus while number of protons is constant)
seems to be most appropriate method for mass
production of semiconductor material from graphene.
With addition of one neutron in the carbon nucleus, a
renormalization of the electron energy and the
increase (or opening) in a band gap occurs. Thus, the
replacement of the light isotope '°C with a heavier '*C

increases the energy of interband transitions, which
leads to changes in the frequency of the optical
phonon mode.

Itis known that uniaxial mechanical tension of 1%
of the corresponding peak for atomic bonds leads to
formation of a band gap with a size of 300 meV. This
isindicated by the red optical phonon frequency shift
in the Raman spectrum, equal to 14,2 cm-" [4]. Similar
changes occur in isotopic substitution in graphene of
'2C isotope by the isotope °C. The magnitude of the
shift depends on the percentage of the heavier
isotope. It can be concluded that in case of isotopic
substitution in graphene by a heavier isotope opening
of the band gap will occur [4]. Such replacement must
be done using the method of neutron irradiation.
Thermal neutrons with energy from 0,025to 1 eV are
most suitable for irradiation (Pic. 3).

Thus, the average value of neutron absorption
depth by graphite preform L is given by:

L=1/K, (1)

Oci’
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Flow of neutrons

Pic. 3. Scheme of irradiation of graphite preform.

where K, is number of graphite atoms in 1 cm?®, equal
to 3,402+ 10%at/cm?;

oi = 0,0033 barn — absorption cross-section of
isotope 'C.

After substituting values K, and i in the formula
(1) we obtain the neutron absorption depth which will
be L =8,91 m. This figure indicates that at a depth of
several centimeters, for example, every second
isotope '?C will be transferred with a high probability
into isotope °C. The value ofthe band gap in graphene
will reach more than six hundred meV.

The time required to increase concentration of
the isotope '°C in the graphite preform can be
calculated according to the formula (2). In particular,
the integrated flow ¢t for 50% transfer of *2C into the
isotope °C is equal to:
ot =0,5/ci, (2)
where ¢ is intensity of neutron flow;

t is time of exposure.

When the intensity of neutron flowis 10'° n/s cm?
time tis 175,365 days. If intensity is increased by an
order (by 10times), then irradiation will require 17,54
days. These figures confirm the reality of obtaining
semiconductor graphene using thermal neutrons. The
magnitude of the band gap can be deduced from the
following proportion:
x=[32(cm)-300(meV)]/14.2(cm’") =676 (meV),
where 32 cm! is frequency shift of the optical phonon
at 50 percent substitution of isotopes.

Conclusion. The irradiated preform of graphite
should be split mechanically into separate atomic
strips of graphene that are poorly linked. Once in
contact with a chemically clean and smooth surface
of the substrate of silicon oxide, a graphene layer
remains on the surface, which is able to reach an area
of 1 cm?. Neutron irradiation can be performed on
research reactors RF. With the launch of industrial
facilities for production of semiconductor graphene
an era of graphene nanoelectronics will come.

This is an option for solving the problem. And it is
at the same time our forecast.
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