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AnHotanus: CHUHTE3 AUDICKTPUYECKUX IUICHOK HAaHOMETPOBBIX TOJIIMH HPEICTABISET COO0H OIHY
U3 KIIOYEBBIX 3a/ad B HAHO- M ONTORJIEKTPOHMKE, YTO CBS3aHO C PACTYIIMMH TPEOOBAaHMAMH K
MUHHATIOpU3aMd ¥ (QYHKIMOHAIBHOCTU YCTPOWCTB. B naHHO# paboTe mpencTaBieHbI Pe3yNbTaThl
UCCJIEZIOBAaHUS ONTHYECKUX M DJIEKTPUYECKHX CBOMCTB rpadeHa, (pTOPHPOBAHHOTO HWHIYKTHBHO
cBs3aHHON TUIa3mMon CF,. dTopupoBaHuEe MPOU3BOAMIOCH B INIa3Me MOIMHOCTHIO OT 125 mo 200 Bt
JUIUTENBHOCTHIO 10 1 MuH. Mcmonb3oBaHbl 1Ba crocoba pachoioKeHUsl 00paslioB B peaKklMOHHOMN
Kamepe Iua3Mbl: 1) rpad)eHOBOM IJIEHKOH B CTOPOHY IUIa3Mbl U 2) MOJUIOKKOM B CTOPOHY IJIa3MBI.
HccnenoBanust TPOBOIMINCH METONAMH CIEKTPOCKONHMH KOMOMHAIIMOHHOTO pPAacCesHHs CBeTa,
PEHTTEHOBCKOM  SHEPrOJMIICPCHOHHON  CIIEKTPOCKONIMM M BOJBT-aMIIEPHBIX  XapaKTEPHCTHK.
[TokazaHo, 4To B pe3yJbTaTeé HEMOCPEICTBEHHOTO IUIa3MEHHOTO BO3JEHCTBUS Ha o00pas3unbl B
HOJIOKEHUH | TIPOUCXOAMT TpaBJeHUE rpadeHa BIUIOTH 0 MOJIHOTO yIaleHUs IUICHKU. B monoxeHnn
2 WHTEHCHBHOTO TpAaBJICHHS NpU 00paboTKaxX JUIMTETBHOCTHIO 10 1 MUH He HabOmonanocek. B stom
cllydae IpOUCXOIUT (PTOpUpOBaHUE rPa)eHOBOM MICHKH W OTHOIICHHE KOJIMYECTBA aTOMOB (TOpa K
yraepogy nocturaer 3HaueHuss ~0,2. B pesynprare mmasMeHHOH 0OpaOOTKH MPOHMCXOAUT
3HAUUTENBHBII POCT COMPOTHBIECHUS TpadeHa, KOTOPOE COCTaBHIO OT HECKONBKHMX KOM/KB IS
ucxogHoro rpadena mo coreH ['Om/kB u necsitkoB MOM/KB st 00pasioB, HOABEPTHYTHIX
TUIa3MEHHOMY BO3ACHCTBHIO B TOJIOKEHHAX | M 2, COOTBETCTBEHHO. YBEIWYCHHUE CONPOTUBICHUS
MOXKET MHUIMUPOBAThCS KaK BBEICHUEM JIe(EKTOB NPH ITa3MEHHOW 00OpaboTKe, TaKk M MpPOLECCOM
dropupoBanns, dopMupyromero sp’-ruopuamsoBanEbie  C-F CBA3M MCKAKAONIMX  IUIOCKYIO
CTPYKTYpy rpadena. [lToBTOpHBIE OLIEHKH CONMPOTUBIICHHH, TIPOBEJCHHBIC Yepe3 TPU HEJeNH, ToKa3alu
yYMEHBIIEHHE CONPOTUBIICHHS Ha JIBa MOPSIKa JIs 00pa3noB, 00pabOTaHHBIX B IUIA3ME B TOJIOKECHUH
2. JlaHHOE yMEHBIICHHE MOXKET OBITh BBI3BAHO MpoleccaMH Ae(GTOPHPOBAHUS M BOCCTAHOBJICHHS
IUIOCKOM CTPYKTYphI rpadeHa.
Kniouesvie cnosa: epaghen, xumuueckoe ocadxcoenue uz 2azogoi gasvl, pmopuposanue, niasma,
yemuipexgpmopucmulii yenepoo, onmuyeckue C60UCmed, 1eKmpuieckoe conpomugieHue.
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Abstract: Synthesis of nanometer-thick dielectric films is one of the key tasks in nano- and
optoelectronics, which is associated with growing requirements for miniaturization and functionality
of devices. This paper presents the results of a study of optical and electrical properties of graphene
fluorinated by inductively coupled plasma CF;. Fluorination was carried out in plasma with a power of
125 to 200 W for duration of up to 1 min. Two methods of arranging samples in the plasma chamber
were used: 1) with a graphene film facing plasma and 2) with a substrate facing plasma. The methods
of Raman spectroscopy, X-ray energy-dispersive spectroscopy, and current-voltage characteristics
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were used in the study. It was shown that the direct plasma action on the samples in position 1 results
in graphene etching until the film is completely removed. In position 2, no intensive etching is
observed during treatments lasting up to 1 min. In this case, fluorination of the graphene film occurs.
As a result, the ratio of the number of fluorine atoms to carbon reaches a value of ~0,2. As a result of
plasma treatment, there is a significant increase in the electrical resistance of graphene. The increase in
surface resistance was from several kQ/sq for the initial graphene to hundreds of G€/sq and tens of
MQ/sq for the samples subjected to plasma action in positions 1 and 2, respectively. The increase in
the electrical resistance may be due to both the appearance of defects during plasma treatment and the
fluorination process, which forms sp*>-hybridized C-F bonds that distort the flat structure of graphene.
Repeated conductivity assessments carried out after three weeks showed a decrease in resistance by
two orders of magnitude for samples treated in plasma in position 2. This decrease may be due to the
processes of defluorination and restoration of the flat structure of graphene.

Keywords: graphene, chemical vapor deposition, fluorination, plasma, carbon tetrafluoride, electrical
resistance.
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1. BBenenue

@dTopupoBaHHBI TpadeH SBISETCS OJHUM M3 BaXKHBIX IMPOU3BOIHBIX
rpadeHa u objamaeT OOJBIIMM IOTEHIMAJIOM IS NMPUMEHEHUS B HAHO- H
onTodNeKTpoHuKE [1, 2]. YHUKAIBHOCTH CBOMCTB (PTOpUPOBAaHHOTO rpadeHa BO
MHOT'OM CBsI3aHa C 00pa30BaHHEM PA3JIMUHBIX BUAOB F —C -CBSI3€ OT MOHHBIX
0 KOBaJeHTHbIX [2]. XapakTep CBA3M BO MHOIOM 3aBHCHUT OT YpPOBHS
GTopupoBaHMsA, MEPEXOMAINIETO OT HOHHOrO  (sp’-KoH(uUryparms) K
KOBaJICHTHOMY (sp’ -KOH(PHUTYpaIUsi) ¢ yBEIUUYCHHEM OTHOIICHHUS aTOMOB (propa
K atromaMm yriaeponaa (F/C) [2, 3]. ®opmupoBanue sp’ - THOPUIN3UPOBAHHBIX
CBsI3el, HapyIIaeT IIOCKYI0 CTPYKTYPY sp’ -CBsi3eil rpadeHa u COmpoBOKIaETCS
3HAYUTEIbHBIM CHUXKEHHUEM 3JIEKTPONpoBOAHOCTH [4, 5]. B HacTosimee BpeMms
MpeaararoTcsl pa3auvyHbie MeToAbl (pTopupoBanus rpadeHa, pacCMOTPEHHBIC B
0030pHBIX padoTtax [2, 6-8]. Cpeau 3TUX METONIOB IJIa3MEHHOE (PTOpUpOBaHHE
BBITOIHO OTJIMYAETCA MPOCTOTON, 3()PEKTUBHOCTHIO M MACIITAOUPYEMOCTHIO
nporiecca [9, 10]. BmecTe ¢ TeM, BO3eHCTBUE TIJIa3Mbl IIPUBOJAUT HE TOJIBKO K
byHKIMOHATM3auK TpadeHa, HO U K yBEIUYCHHUIO (PU3HUECKOT0 Oecropsika B
pemetke [11]. CrpykTypHbBlE HapylleHUs PELIETKH NPUBOIAT K W3MEHEHHIO
criekTpoB koMOuHanmonHoro paccessuus (KP) cBera rpadena B Buue
BO3pACTaHUsl WMHTEHCUBHOCTU D -nuka (/,) oTHocuTenbHO G -nuka (1),

KOTOPBIE MOKHO HCTOJB30BaTh KaK TIOKa3aTelb YypOBHA (TopupoBaHMs
rpadena [12]. VHTeHcHBHOCTH (U3HUECKOTO BO3JEUCTBHS IIJIa3Mbl MOYKHO
3HAYUTETFHO YMEHBIIUTh 3a CYET CHWXCHHUS DSHEPruu OoMOapaupyrommx
MIOBEPXHOCTh HOHOB. B 3TOM OTHOILIEHHH, WCHOJIB30BAHUE WHIYKTUBHO
ces3anHor 1asmbl (MCII) siBnsercss 6onee mpeAnoUYTUTENIbHOW B OTIUYHUE OT
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11a3Mbl, T€HEPUPOBAHHOM €MKOCTHBIMH MCTOYHUKAMH, 00ECIeYnBas BBICOKYIO
KOHLEHTPAIMIO 3apsyKEHHBIX YacTUIl MPU HU3KOM JABJIEHUU B OTCYTCTBHUHU
yCcKopsitouiero Hampsbkenus. Kpome Toro, ucnosib3yercs pacnoJioKeHHe
00pa3loB B IUIA3MEHHOM KaMepe <«IMIEBOI» CTOPOHOW B MPOTHUBOMOJIOKHYIO
CTOPOHY OT 0O0JacTM BO3TOpaHMs IIIa3Mbl, 4YTO YyOeperaer MpsIMylo
OoMOapIMPOBKY MOBEPXHOCTH rpad)eHa MpoyKTaMH peakiui B tiazme [13].
Haubonee  momynspHeIMH ~ HOpeKypcopamMu A IIJIa3MEHHOIO
(¢ToprpoBaHuUs ABIAIOTCS TaKHe rasbl, Kak TeTpadropun yraepoaa (CF,) [11,14-

171 u rekcabropun cepbl (SF,) [17-20]. Ilpumenenue CF, B KauyecTBe

(GTOpUPYIOIIETO areHTa IMO3BOJISIET MPOBOAUTH KOHTPOJIUPYEMYIO HACTPOUKY
KoHIleHTparuu ¢Ttopa B rTpadene [14]. MmeHHO 3TO ABISETCS OTHOW U3
KITFOUEBBIX TIpoOseM (yHKIMOHAIM3anuu rpad)eHa, CBSI3aHHONW C TOYHOCTHIO
KOHTPOJISI KOJMYECTBA U TUIOM (DYHKITMOHAIBHBIX TPYMI, MPUKPETUIIEMbIX K
NOBEpXHOCTH TpadeHa. B ciydae mpumeHeHHs 1a3Mbl SF, CoJep)KaHue

aToMOB ()TOpa MpPHU HAYAJIbHBIX BpEMEHax OOpaOOTKM YBEITMUYMBAETCS, a 3aTEM
cagaer [20]. Takum o6pa3zoMm, HaOmomaeTcs OoJiee CIOKHAS 3aBUCHUMOCTD
cojiepkanus propa oT BpeMeHH 00padboTku. cxos u3 3Toro, /Ui MOBBIIIECHUS
TOYHOCTH KOHTpoyst C/F T1enecooOpa3Hoil sBIsSETCS wWCHoib3oBanue CF,-
npeKypcopa.

B nannoit pabote npuBeeHbI pe3yabTaThl MJIa3MEHHOT0 (TOPUPOBAHUS B
CF, TUICHOK MajocioWHoro rpadena. MerogamMu CTPyKTYpHOTO aHalu3a M

EKTPODU3UIECKUX  UBMEPEHUM  OMpEAENICHO  BIUSHUE  IUIA3MEHHOTO
dbTopupoBaHus Ha CBOMCTBa rpadeHa MpU JBYX IMOJOXKEHUAX 00pasmon: 1)
rpadeHOBOM IUIEHKOW B CTOPOHY IIa3Mbl U 2) TEPEBEPHYTOM (TOJJIOKKA
MOBEPHYTA B CTOPOHY IUIA3Mbl), B KOTOPOM rpad)eH dKPaHUPYETCs TOTI0KKOM
OT HETIOCPEACTBEHHOTO O0IyUYEHUS TPOTyKTAMU PEAKIIUA B IJIa3Me.

2. MaTtepuaJjbl 1 MEeTOAbI

I'padenoBbie TIEHKM OBUTM CHUHTE3UPOBAHBI METOJIOM XHMHUYECKOTO
ocaxkieHns u3 razoBod Gasel (CVD).CVD-rpadeH HAHOCUIM Ha MEIHBIE
MOJIOKKH, KOTOPhIE MPEABAPUTEIHLHO OYHUIIAIN MTOTOKOM aproOHO-BOJAOPOIHOM
cmecu. [Ipomecc ocaxaeHus MmpoBoawics B aTMocdepe aprona, Bojopoaa H
MetaHa B auamnazone temmeparyp 1040-1050°C B Teuenme 10 muH. Pacxop
coctaBisut 5-10 cm®/muH st merana u 100 cM?/MuH s aproHO-BOJAOPOIHOM
CMECH, COOTBETCTBEHHO. 3aTeM oOpas3laM Jali OCThITh €CTCCTBCHHBIM
CIocoOOM 70 KOMHATHOM TeMIIepaTyphl. BIIOCIEACTBHM, HUCIONB3YS METOJ
«MOKpoTo» nepeHoca [21], muieHku rpadeHa ObUIM MEPEHECEHBI HA TOIOXKKH
Si/ Sio,. [Tna3zmenHast 00paboTka MIPOBOINIIACH Ha YCTaHOBKE

ma3Moxumudeckoro TpasiaeHus «ItHa-100I1T» (HT MJT), ocHaiieHHOM
pamuovyactoTHeiM (13,56 MI') renepatopom MCII. Yacte o00pasion
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yCTaHaBIMBAJIUCh  TaK, 4YTOOBl  TOJUIOXKKA Si/ SiO, DKpaHHUpoOBaJia

HEMOCPEJICTBEHHYI0 00MOapIMpPOBKY TOBEPXHOCTH TpadeHa MNpoayKTaMH
peakumii B masme (mosutus 2). [lepen miazMeHHONH 00pabOTKOM peaknOHHYIO
KaMmepy,  CoJepkalryro  oOpasibl, OTKauuBaid  (POpPBAKYyyMHBIM |
TypOOMOJIEKYISPHBEIMU HacocaMu 10 aaBieHus 4x107 m6ap. IMocme sToro B
KaMepy BBOIWJICS ra3000pasHblii CF, cO CKOpOCTbIO motoka 100 cm’/mMun, B

pe3yJibTate KOTOporo pabouee pgaBieHue yBenuuuBasiocb 10 0,4 wmOap.
JlnurensHOCTE BO3AEHCTBHS Iasmbl CF, MOmHOCTBIO OT 125 Bt mo 200 Bt

coctaBisia 70 1 MuH. HarpeB o0Opa3iioB Ha MPOTSKEHUM BCErO Mpoliecca He
npesbiman 50°C. Ontuueckre U 3JIEKTPUUECKUE CBOMCTBA, XUMUYECKHUI COCTaB
IJICHKA UCCIIEIOBAIM METOJAMH PEHTTEHOBCKOM  3HEPTrOJAMCIEPCHOHHOMN
cnektpockonuu (POJIC) («Inca Energy»), cnektpockonuu KP cBera («Ntegra
Spectray) u BonbT-amnepHbix Xxapakrtepuctuk (BAX). U3mepenus metogom KP
BBITIOJTHEHBI MTPU KOMHATHOW TeMIIepaType ¢ UCIOJIb30BAHUEM BO30YKIAOIIETO
U3JIy4eHus ¢ IIuHOM BoJHBI 532 M (2,31 3B). [{ns npegorBpallieHus HarpeBa
oOpasiia MOIIIHOCTh M3JIy4eHHs Ja3epa He npesbimana 1 MBT, pa3mep nquamerpa
nyuka coctaBisul 0,5 MkM. BAX u3mepsnuce ABYX30HIOBBIM METOIAOM IIPH
KOMHATHOM Temreparype. B KkauecTBe KOHTakTHOro MmaTepuana Obuia
UCIIOJIb30BaHa cepeOpsiHas macra.

3. Pe3yabTaThl U 00CyXKIeHHUE
Crnextpsl KP cBera 10 (1) 1 mocie o0paboTku B tutazme CH, MOIIHOCTHIO

125 Bt (2) npu pacnonaoXeHuu 00pa3IoB JIUIEBON CTOPOHON BHHU3 (TTO3HIUS 2)
nokazansl Ha puc. 1. [lIs MCXOQHOW IUJIEHKH NpU PamMaHOBCKOM CHBUTE
~1580 cm™! mabmomaercs ocHoBHas nosnoca KP mepsoro mopsaka B rpadene
(G -nonoca). CaMbIM MHTEHCHUBHBIM NMHKOM B TpadeHe sBisercs nosnoca 2D
npu 2700 cm! (2 D -nuk), sBnsrommiics obepronom D -nuka [22]. ®opMa u
OTHOILIEHUE MHTEHCUBHOCTEW 2D U G TOJIOC COOTBETCTBYET JBYXCIOMHOMY
rpadeny [22]. Tlocme mnma3meHHo o0O0pabOTKM G -IUK CMENIAeTCS B
JJTMHHOBOJIHOBYIO 00s1acTh 10 ~1600 cM! U MOSIBISIFOTCS MHKH, CBSI3aHHBIE C
nepexramu (D -muk) npu ~1350 em! m D+G npu ~2930 cm!. Amanoruunoe
cMeleHne G -mMKa, HO B MEHbBIIEH CTeneHW HaOMI0Janoch W MOpH
pacroyiokeHnuu 00pa3oB B mo3ulivu 1. B kauecTBe n1e(eKTOB MOTYT BBICTYNATh
Jr00ble HAapylIEHUs pelleTku rpadeHa, B TOM YHCIIE CBS3aHHBIE C HAIMYHUEM
npuMeceil. OTHOIIIEHHE WHTETPaJbHBIX MHTEHCUBHOCTEM D U (G TIUMKOB
(A4,/A,) wucrionb3yeTcss s OIEHKU KOJUYEeCTBA JCPEKTHOCTH CTPYKTYpPHI

rpadeHa mpu uxX BHICOKOW KOHIIEHTPAIMU U pa3Mepax KPUCTAJUIUTOB MEHBIIE 2
oM [23]. Tlocme mnazMeHHOW OOpPaOOTKHM IIOTHOCTH AC(PEKTOB BBICOKA W
03TOMY OBLJIO UCIIOJIb30BAHO OTHOIIEHUE A, / 4, KoTopoe aocturano 1,9 u 1,4

IIpH IOJIOKCHUN O6p33HOB I 1 2 COOTBETCTBEHHO. YBEIMUCHUE MHTCHCUBHOCTHU
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D -niika MOXeT OBbITh BBI3BAHO HE TOJIKO POCTOM Je()EKTHOCTU PELIETKU MpHU
BO3JICMCTBUM IUIa3Mbl, HO Takxke QyHKIHOHaNIM3auuer ¢ropom rpadeHna,
CONPOBOXIaeMOe (POPMUPOBAHUEM sp’ -CBSI3CH, HCKAKAIONIMX IUIAHAPHYTO
cTpykTypy rpadena. Mamepenne merogom POJIC mokasbiBaeT cojiepKaHue
dtopa ot 0,5 at.% nmo 2 ar.%. Cnekrp POJIC B omgHO# M3 TOYEK M3MEPECHUS
nmokasaH Ha puc. 3. Kpome ¢ropa coaepxkarcs yriaepon (~9,5 at.%), Kuciopon
(63,2 ar.%) u kpemuuit (25,2 ar.%). Hamuume kpemHHs U Kuciopona
00yCJIOBJIEHO BIIMSHHEM TNOJJIOXKKM SiO, Ha cnektpsl POJIC, a Ttaxxke

a7copOMpPOBAHHBIX ATOMOB KHUCJIOpPOJa Ha MOBEPXHOCTU IpadeHa U MOJJI0XKKU
[14]. Ecnu UCKIIIOYUTD BIWSIHUE MOMJIOKKHU Si0,, TO OTHOILLIEHUE aTOMOB F/C B

rpadere Oymer cocraBiare ~0,2. M3mepenus merogom POJIC mns rpadena,
00pabOTaHHOTO B MO3UIMU |, HE MO3BOJIWIM BRIIBUTH HAIMUKUE PpTopa. MoxkHO
NPEANOJIONKUTh, UYTO  KOJMYECTBO  (Topa  Jiekajao  HWKE  mopora
YyBCTBUTEJIbHOCTH YCTAaHOBKH.

Haunbonee 3HauMTeNnbHOE BO3pacTaHWE COMPOTHBIICHUS TpadeHOBBIX
IJICHOK MOcCJie BO3JEHCTBUS IUIa3Mbl CF, HaOMIOAQIOCHh MPHU PACIOJIOKEHUU

oOpa3uoB B no3unuu 1. ConpotuBienus: 00pa3oB ObuUIK omnpeaenensl u3 BAX.
Ha puc. 3 a npeacrasnensl BAX ucxoanoro manocnoinoro rpadpena CVD u Ha
puc. 36 u 3 B 00paboTaHHbIX B a3Me CF, B Te4eHUE | MUHYTbI MOIIHOCTBHIO

125 Bt u 150 BT, coorBercTtBeHHO. BAX pemoHcTpupoBanu Onu3Koe K
JUHEHHOMY TIOBeICHHME, HeOOnbIIoN w3rud mus rpadeHa, oOpabOTaHHOTO
mia3mMoil momHocThio 150 BT (cMm. puc. 4 B), CBsi3aH C BBIIPSIMIISIONIAM
adpdexktom koHTakTa rpaden-metain [24]. Kak cnemyer u3 puc. 3
MOBEPXHOCTHOE COMPOTUBJICHUE IpadeHa Bo3pacTeT oT 5,6 KOM/KB 70 IE€CATKOB
TOM/kB mociie miasMeHHon 00paboTku MomiHOCTRI0 150 BT B Teuenue 1 muH.
[Tocme BO3AEWCTBUS IUIA3MOM  MOIMHOCTRIO 125 BT  compoTruBieHue
yBenuuuBaeTcs 10 equnuil TOM/kB. [1pu pacnonoxkenuu 00pas3ioB B NO3UIUHU 2
CONPOTHUBIICHUE YBEJIMYEHUE COMNPOTUBICHUE HE CTOJb 3HAUYHUTENBHO U
nocturaer gecatkoB MOM/kB. MeHblue 3HAY€HHSI COMPOTUBJICHUS IPU
PacIoJIOKEHUH TUICHKU TpadeHa JUIEBON CTOPOHOW BHHM3 OOBSCHSAIOTCS MEHEE
3HAUYUTETFHBIMU HAPYIICHUSIMU KPHUCTAIUIMYECKOW pemieTku rpadena. B
JAHHOM CJIy4yae yBEJIUYEHUE COMPOTUBIICHUS MPOUCXOIUT B OCHOBHOM 3a CYET
XUMUYECKOHN (yHKIIMOHaNM3auu rpadena Gropom.

Crenyer OTMETHTB, 4YTO NOBTOpPHBIE HM3MepeHHuss BAX, mnpoBeneHHbIE
yepe3 3 Helenu, OKa3adl YMEHbIIEHHE CONPOTUBIIEHU rpadeHa Ha 2 MopsiIKa.
AHQJIOTUYHOE YMEHBIIICHUE COMPOTUBICHUS TrpadeHa, (TopupoOBaHHOTO
razoo0pa3HbIM XeF,, HaOtoqan0ch B padore Craiina u ap. [25]. B aToit pabote

YMEHBIIICHUE COMPOTHUBIICHUS HAOMI0JaI0Cch B ciabodTopupoBaHHOM rpadeHe
(<10-20 ar.% F') u conpoBOXKAAIOCH Ne()TOPUPOBAHNEM M BOCCTAHOBIICHUEM
yriepoaa B sp’-COCTOSHUAX. IIpH pacroioKeHnd o0pasloB B IOJOKEHHH 1
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YMEHBIIEHUS! CONPOTHUBJIEHUS He npoucxoauno. Haubosiee BEeposATHO, YTO 3TO
CBA3aHO C OOJIBIIMM KOJHMYECTBOM CTPYKTYPHBIX J€(EKTOB PEIIETKH,

BBOJIMMBIX IIPU TaKOH 00paboTKe.
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Puc. 1. CnexTtpsl KOMOMHAIIMOHHOTO pacCesHUsS CBETa MCXOMHOW TUieHKH rpadeHa (1) u

nocsie oopadotku B mazme CF, momHocThio 125 BT B Teuenue 0,5 MUH Npu pacrioyioKeHUN

rpadeHoBoil meHky B mo3uiuu 2 (2).

0 0,5 1 1,5 2

Puc. 2. Cnextp P3JAC rpadena
no3unuu 2, odpaboranHoro B miazme CF,

MoOITHOCTBHIO 125 BT B Teuenne 30 c.

4. 3akaoyeHue

Coexrp 1
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Puc. 3. Bonbr-ammepHbie XapaKTepHCTUKU
ucxogHoro CVD -rpadena (a) wu mocie
obpabotok B utazme CF, momHocThio 125 Bt

(6) m 150 Bt (B) B Teuenue | MuH B
MOJIOXKEHU! 1.

B crarbe mnpencraBneHo wuccienoBanue rpadeHoBoit mienku CVD
dbropupoBanHoil 1a3Moil CF,. YCTaHOBJIEHO, YTO YyBEIWYEHHUE BPEMEHU

Bo3aeiicTBus minasmel (P= 150 BT) Gosnee yem Ha 1 MUHYTY WIM yBEJIUYCHUE
MomHOCTH 1wia3Mbel 10 200 BT mNOMHOCTBIO yJanseT OJHOCIOWHBIE WA
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JIBYXCIIOMHBIE Tpa)eHOBBIE TUIEHKH C MOBEPXHOCTH MOIOXKKU Si/SiO,. Ilpu

pacCIlONIOKeHUH 00pa3lioB JIMIIEBOM CTOPOHOM BHHM3 TAaKOTO AaKTUBHOTO
TpaBjeHUs He HaOmoganock. B To ke Bpems, OTHOIIeHHE aToMOB F/C B
mwieHke rpadena moxeT gocturarb ~20%. AHaau3 U3MEHEHHUS CONPOTUBIICHUIMA
00pa3IoB Mocie BO3ACHCTBUS IJIa3Mbl TIOKA3bIBAE€T 3HAUYUTEIHLHOE BO3PACTAHHE
0 3HAYeHWW ONM3KMX M JaudsekTpuka. HamOonbimee yBenmuueHue [0
necsatkoB TOm/kB HaOmromanock misi rpadeHa, oOpabOTaHHOTO B TUIa3ME B
nosniokenuu 1. [lpu mepeBepHyTOM pPaCHONOKEHUU 00pa3lioB MOBEPXHOCTHOE
CONPOTHUBJICHUE BO3pacTaio 10 aecatkoB MOwm/kB. Kpome Toro, B 3TOM ciydae
C TeUYeHHEM BpeMeHHU (3 HeJeau) CONPOTURIICHUE YMEHBIIIACTCSl Ha B MOPsIKa
3HAUYCHUHM, HM3MEPEHHBIX Cpa3y IMocle Iula3MeHHol oOpabotku. HaubGoinee
BEpPOSITHO, 4YTO OO0Jie€ 3HAUYUTEIbHOE BO3PACTAHUE COMPOTHBIICHHUS B IEPBOM
ciydae oOycCJIOBJICHO OOJBIINM BKJIAJOM Je(pEKTOB, TaK KaK B JAHHOM Cllydae
BO3JICHCTBUE IJIa3Mbl IPUBOAUT K MHTCHCUBHOMY TPaBJIEHUIO TUICHKU rpadeHa
BILIOTH JIO €€ MOJIHOTO yAaBjeHus. Bo BTopom ciydae npeo6iaaatoT MpoIecChl
XUMUYECKOTO (PTOPUPOBAHUS C MEHBIINM (U3UYECKUM BO3JCHCTBMEM Ha
pemerky. B To ke Bpems Takoil mporecc (TOPUPOBAHUSA — SIBISIETCS
HEYCTOMYMBBIM M C TEUYEHUEM BPEMEHHU NPUBOJUT K YMEHBIICHUIO
compoTuBieHUs. JlaHHBI TPOIECC MOXKET OBITh CBs3aH C IMPOIECCAMHU
neTOpUPOBAHUSA, COMPOBOXKIACMBIX BOCCTAHOBJICHHEM IUIOCKOW CTPYKTYPHI
rpadena.

Paboma  ewinonnena npu noooepacke Poccuiickoeo  nayunoeo  gounoa  (npoekm
Ne 23-79-00065, https://rscf.ru/en/project/23-79-00065/).

Bub6auorpadguyeckuii cnucok:

1. Ao, Z. Enhancement of the stability of fluorine atoms on defective graphene and at graphene/fluorographene
interface / Z. Ao, Q. Jiang, S. Li et al. / ACS Applied Materials & Interfaces. —2015. - V. 7. — 1. 35. — P. 19659-
19665. DOI: 10.1021/acsami.5b04319.

2. Feng, W. Two-dimensional fluorinated graphene: synthesis, structures, properties and applications / W. Feng,
P. Long, Y. Feng, Y. Li // Advanced Science. — 2016. — V. 3. — . 7. — Art. Ne 1500413. — 22 p. DOI:
10.1002/advs.201500413.

3. Zhou, S. Chemical bonding of partially fluorinated graphene / S. Zhou, S.D. Sherpa, D.W. Hess,
A. Bongiorno // The Journal of Physical Chemistry C. — 2014 — V. 118. — 1. 45. — P. 26402-26408. DOI:
10.1021/jp508965q.

4. Nair, R.R. Fluorographene: a two-dimensional counterpart of Teflon / R.R. Nair, W. Ren, R. Jalil et al. //
Small. —2010. — V. 6. — 1. 24. — P. 2877-2884. DOI: 10.1002/smll.201001555.

5. Withers, F. Tuning the electronic transport properties of graphene through functionalisation with fluorine /
F. Withers, S. Russo, M. Dubois, M.F. Craciun // Nanoscale Research Letters. — 2011. — V. 6. — I. 1.
— Art. Ne 526. — 11 p. DOI: 10.1186/1556-276X-6-526.

6. Ahmad, Y. Preparation and applications of fluorinated graphenes / Y. Ahmad, N. Batisse, X. Chen,
M. Dubois // Journal of Fluorine Chemistry. —2021. — V. 7. — L. 1. — Art. Ne 20. — 23 p. DOI: 10.3390/c7010020.
7. Padamata, S.K. Fluorination of two-dimensional graphene: A review // S.K. Padamata, A. Yasinskiy,
S. Stopic, B. Friedrich // Journal of Fluorine Chemistry. — 2022. — V. 255-256. — Art. Ne 109964. — 14 p. DOL:
10.1016/.jfluchem.2022.109964.

8. Chen, X. Recent advances in fluorinated graphene from synthesis to applications: critical review on functional
chemistry and structure engineering / X. Chen, K. Fan, Y. Liu et al. / Advanced Materials. — 2022.
—V.34.—1. 1. — Art. Ne 2101665. — 44 p. DOI: 10.1002/adma.202101665.

9. Felten, A. Controlled modification of mono-and bilayer graphene in O,, H, and CF4 plasmas / A. Felten,

115



Du3uko-xumuueckue acneKkmul U3yueHus Kiacmepos,
Hanocmpykmyp u Hanomamepuanos. — 2025. — Boin. 17

A. Eckmann, J.J. Pireaux et al. // Nanotechnology. — 2013. — V. 24, — Ne 35. — Art. Ne 355705. — 8 p. DOI:
10.1088/0957-4484/24/35/355705.

10. Heyctpoes, E.Il. Monudukaiiys TepMOBOCTaHOBICHHOTO OKCHIa rpadeHa noj aeiictBueM 1asmbl SFe/Ar /
E.Il. Heyctpoes, M.B. Horosuusina, B.U. ITonos, B.b. Tumodeer // IlepcnekruBubie marepuansl. — 2017.
—Bem. 1. — C. 61-68. DOI: 10.1134/S2075113317050215.

11. Shen, C. Thinning and functionalization of few-layer graphene sheets by CF4 plasma treatment / C. Shen,
G. Huang, Y. Cheng // Nanoscale Research Letters. — 2012. — V. 7. — . 1. — Art. Ne 268. — 8 p. DOL:
10.1186/1556-276X-7-268.

12. Baraket, M. The functionalization of graphene using electron-beam generated plasmas / M. Baraket,
S.G. Walton, E.H. Lock et al. / Applied Physics Letters. —2010. — V. 96. — 1. 23. — P. 231501-1-231501-3. DOI:
10.1063/1.3436556.

13. Tahara, K. Effect of radical fluorination on mono-and bi-layer graphene in Ar/F, plasma / K. Tahara,
T. Iwasaki, A. Matsutani, M. Hatano, // Applied Physics Letters. — 2012. — V. 101. — 1. 16. — P. 163105-1-
163105-4. DOI: 10.1063/1.4760268.

14. Cheng, L. Partially fluorinated graphene: structural and electrical characterization / L. Cheng, S. Jandhyala,
G. Mordi et al. / ACS Applied Materials & Interfaces. — 2016. — V.8. — 1. 7. — P. 5002-5008. DOI:
10.1021/acsami.5b11701.

15. Wang, B. Fluorination of gGraphene: a spectroscopic and microscopic study / B. Wang, J. Wang, J. Zhu //
ACS Nano. —2014. - V. —8.-1. 2. — P.1862-1870. DOI: 10.1021/nn406333f.

16. Chen, M. Layer-dependent fluorination and doping of graphene via plasma treatment / M. Chen, H. Zhou,
C. Qiu // Nanotechnology. — 2012. — V. 23. — L. 11. — Art. Ne 115706. — 6 p. DOIL: 10.1088/0957-
4484/23/11/115706.

17. Struzzi, C. Probing plasma fluorinated graphene via spectromicroscopy / C. Struzzi, M. Scardamaglia,
N. Reckinger et al. // Physical Chemistry Chemical Physics. — 2017. — V. 19. — 1. 46. — P. 31418-31428. DOI:
10.1039/C7CP05305C.

18. Chen, M. Fluorination of edges and central areas of monolayer graphene by SF¢ and CHF; plasma
treatments / M. Chen, C. Qiu, H. Zhou et al. // Journal of Nanoscience and Nanotechnology. — 2013. — V. 13.
—1.2.-P. 1331-1334. DOI: 10.1166/jnn.2013.5996.

19. Zhang, H. Spectroscopic investigation of plasma-fluorinated monolayer Ggraphene and application for gas
sensing / H. Zhang, L. Fan, H. Dong et al. / ACS applied materials & interfaces. — 2016. — V. 8. — 1. 13.
—P. 8652-8661. DOI: 10.1021/acsami.5b11872.

20. Sherpa, S.D. Photoelectron spectroscopy studies of plasma-fluorinated epitaxial graphene / S.D. Sherpa,
S.A. Paniagua, G. Levitin // Journal of Vacuum Science & Technology B. — 2012. — V. 30. - L. 3. — P. 03D102-
1-03D102-7. DOI: 10.1116/1.3688760.

21. Yoon, M.A. Surface properties of CVD-grown graphene transferred by wet and dry transfer processes /
M.A. Yoon, C. Kim, JH. Kim // Sensors. — 2022. — V. 22. — 1. 10. — Art. Ne 3944, — 11 p. DOI:
10.3390/s22103944.

22. Ferrari, A.C. Raman spectrum of graphene and graphene layers / A.C. Ferrari, J.C. Meyer, V. Scardaci et al.
/" Physical review letters. — 2006. - V. 97. - 1. 18. - P. 187401-1-187401-4. DOI:
10.1103/PhysRevLett.97.187401.

23. Anusuya, T. Deconvolution and quantification of defect types from the first order Raman spectra of
graphene oxide derivatives / T. Anusuya, D.K. Pathak, R. Kumar, V. Kumar // FlatChem. — 2022. — V. 35.
— Art. Ne 100422. — 9 p. DOI: 10.1016/j.flatc.2022.100422.

24. Liu, W. A study on graphene—metal contact / W. Liu, J. Wei, X. Sun, H. Yu // Crystals. — 2013. — V. 3.
—1.1.—P. 257-274. DOI: 10.3390/cryst3010257.

25. Stine, R. Chemical stability of graphene fluoride produced by exposure to XeF, / R. Stine, W.K. Lee,
K.E. Whitener Jr et al. // Nano Letters. —2013. — V. 13. —1. 9. — P. 4311-4316. DOI: 10.1021/n14021039.

References:

1. Ao Z., Jiang Q., Li S. et al. Enhancement of the stability of fluorine atoms on defective graphene and at
graphene/fluorographene Interface, ACS Applied Materials & Interfaces, 2015, vol. 7, issue 35, pp. 19659-
19665. DOI: 10.1021/acsami.5b04319.

2.Feng W., Long P., Feng Y., Li Y. Two-dimensional fluorinated graphene: synthesis, structures, properties and
applications, Advanced Science, 2016, vol. 3, issue 7, art. no. 1500413, 22 p. DOI: 10.1002/advs.201500413.

3. Zhou S., Sherpa S. D., Hess D. W., Bongiorno A. Chemical bonding of partially fluorinated graphene, The
Journal of Physical Chemistry C, 2014, vol. 118, issue 45, pp. 26402-26408. DOI: 10.1021/jp508965q.

4. Nair R.R., Ren W., Jalil R. et al. Fluorographene: a two-dimensional counterpart of Teflon, Small, 2010,

116



Du3uko-xumuueckue acneKkmul U3yueHus Kiacmepos,
Hanocmpykmyp u Hanomamepuanos. — 2025. — Boin. 17

vol. 6, issue 24, pp. 2877-2884. DOI: 10.1002/smll.201001555.

5. Withers F., Russo S., Dubois M., Craciun M. F. Tuning the electronic transport properties of graphene through
functionalisation with fluorine, Nanoscale Research Letters, 2011, vol. 6, art. no. 526, issue 1, 11 p. DOI:
10.1186/1556-276X-6-526.

6. Ahmad Y., Batisse N., Chen X., Dubois M. Preparation and applications of fluorinated graphenes, Journal of
Fluorine Chemistry, 2021, vol. 7, issue 1, art. no. 20, 23 p. DOI: 10.3390/c7010020.

7. Padamata S. K., Yasinskiy A., Stopic S., Friedrich B. Fluorination of two-dimensional graphene: a review,
Journal of Fluorine Chemistry, 2022, vol. 255-256, art. n0.109964, 14 p. DOI: 10.1016/j.jfluchem.2022.109964.
8. Chen X., Fan K., Liu Y. et al. Recent advances in fluorinated graphene from synthesis to applications: critical
review on functional chemistry and structure engineering, Advanced Materials, 2022, vol. 34, issue 1,
art.no. 2101665, 44 p. DOI: 10.1002/adma.202101665.

9. Felten A., Eckmann A., Pireaux J.J. et al. Controlled modification of mono-and bilayer graphene in O, H» and
CFs plasmas, Nanotechnology, 2013, vol. 24, issue 35, art. no. 355705, 8 p. DOI: 10.1088/0957-
4484/24/35/355705.

10. Neustroev E.P., Nogovitcyna M.V., Popov V. 1., Timofeev V.B. Modification of thermally reduced graphene
oxide by the SF¢/Ar plasma treatment, Inorganic Materials: Applied Research, 2017, vol. 8, issue 5, pp. 763-
768. DOI: 10.1134/S2075113317050215.

11. Shen C., Huang G., Cheng Y. et al. Thinning and functionalization of few-layer graphene sheets by CF4
plasma treatment, Nanoscale Research Letters, 2012, vol. 7, issue 1, art. no. 268, 8 p. DOI: 10.1186/1556-276X-
7-268.

12. Baraket M., Walton S.G., Lock E.H. et al. The functionalization of graphene using electron-beam generated
plasmas, Applied Physics Letters, 2010, vol. 96, issue 23, pp. 231501-1-231501-3. DOI: 10.1063/1.3436556.

13. Tahara K., Iwasaki T., Matsutani A., Hatano M. Effect of radical fluorination on mono-and bi-layer graphene
in Ar/F, plasma, Applied Physics Letters, 2012, vol. 101, issue 16, pp. 163105-1-163105-4. DOI:
10.1063/1.4760268.

14. Cheng L., Jandhyala S., Mordi G. et al. Partially fluorinated graphene: structural and electrical
characterization, ACS Applied Materials & Interfaces, 2016, vol. 8, issue 7, pp. 5002-5008. DOI:
10.1021/acsami.5b11701.

15. Wang B., Wang J., Zhu J. Fluorination of graphene: a spectroscopic and microscopic study, ACS Nano,
2014, vol. 8, issue 2, pp. 1862-1870. DOI: 10.1021/nn406333f.

16. Chen M., Zhou H., Qiu C. et al. Layer-dependent fluorination and doping of graphene via plasma treatment,
Nanotechnology, 2012, vol. 23, issue 11, art. no. 115706, 6 p. DOI: 10.1088/0957-4484/23/11/115706.

17. Struzzi C., Scardamaglia M., Reckinger N. et al. Probing plasma fluorinated graphene via
spectromicroscopy, Physical Chemistry Chemical Physics, 2017, vol. 19, issue 46, pp. 31418-31428.
DOI:10.1039/C7CP05305C.

18. Chen M., Qiu C., Zhou H. et al. Fluorination of edges and central areas of monolayer graphene by SFs and
CHF; plasma treatments, Journal of Nanoscience and Nanotechnology, 2013, vol. 13, issue 2, pp. 1331-1334.
DOI: 10.1166/jnn.2013.5996.

19. Zhang H., Fan L., Dong H. et al. Spectroscopic investigation of plasma-fluorinated monolayer Ggraphene
and application for gas sensing, ACS Applied Materials & Interfaces, 2016, vol. 8, issue 13, pp. 8652-8661.
DOI: 10.1021/acsami.5b11872.

20. Sherpa S.D., Paniagua S.A., Levitin G. Photoelectron spectroscopy studies of plasma-fluorinated epitaxial
graphene, Journal of Vacuum Science & Technology B, 2012, vol. 30, issue 3, pp. 03D102-1-03D102-7.
DOI:10.1116/1.3688760.

21. Yoon M.A., Kim C., Kim J.H. et al. Surface properties of CVD-grown graphene transferred by wet and dry
transfer processes, Sensors, 2022, vol. 22, issue 10, art. no. 3944, 11 p. DOI: 10.3390/s22103944.

22. Ferrari A.C., Meyer, J.C., Scardaci V. Raman spectrum of graphene and graphene layers, Physical Review
Letters, 2006, vol. 97, issue 18, pp. 187401-1-187401-4. DOI: 10.1103/PhysRevLett.97.187401.

23. Anusuya T., Pathak D. K., Kumar R., Kumar V. Deconvolution and quantification of defect types from the
first order Raman spectra of graphene oxide derivatives, FlatChem, 2022, vol. 35, art. no. 100422, 9 p. DOI:
10.1016/j.flatc.2022.100422.

24. Liu W., Wei J., Sun X., Yu H. A study on graphene—metal contact, Crystals, 2013, vol. 3, issue 1, pp. 257-
274. DOI: 10.3390/cryst3010257.

25. Stine R., Lee W. K., Whitener Jr, K. E. et al. Chemical stability of graphene fluoride produced by exposure
to XeF,, Nano Letters, 2013, vol. 13, issue 9, pp. 4311-4316. DOI: 10.1021/n14021039.

117





