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C NOMOLbIO CKAHUPYIOLLEN PE3UCTUBHOW MUKPOCKOMUM M3MepeHa JIoKasibHas 3/1eKTPONpOBOAHOCTb
oKcMaoB rpadeHa, BbIPALLEHHbIX METOAOM JIOKaJIbHOrO aHOAHOIO OKMCIEHUS Ha MOBEpPXHOCTU
rpaduTa U NoJiy4YeHHbIX XUMUYECKUM MeTogoM. CKOpPOCTb pocTa OKCUAA Ha NMOBepXHOCTU rpadumta
KOHTPOJINpOBaniach BE/IMMUHON 3/1EKTPUYECKOro HamnpshkeHUs MexXay urion v obpasuom. [ins cnoes
OKCMAQ, BbIPaleHHbIX MPU HU3KUX HamMpsHKeHUsX, o6HapyXeHa CyliecTBeHHas MpOCTPaHCTBEHHas
HEOAHOPOAHOCTb 3/IeKTPONMPOBOAHOCTU. OKCuAbl rpadeHa, NoslyYeHHbIe NMPU BbICOKUX HaMPSHKEHUSIX
M XMMUYECKUM METO/,0M, XapaKTepmU30BaJINCb OAHOPOAHOM JIOKAIbHOW 3/1eKTPONPOBOAHOCTDIO.

Using the scanning resistance microscopy, the local electrical conductivity of graphene oxides
grown by the local anodic oxidation on the graphite surface and obtained by the chemical
method was measured. The growth rate of oxide on the graphite surface was controlled
by the magnitude of the electrical voltage between the needle and the sample. For oxide
layers grown at low voltages, a significant spatial inhomogeneity of electrical conductivity
was observed. Graphene oxides obtained at high voltages and by chemical method were

characterized by homogeneous local electrical conductivity.

ePCIeKTUBHBIM MaTepHaJOM [AJIs CO3Aa-

HUS 371eKTPOHHOro Hoca Ha 6a3e pe3uCTHB-

HBIX CEHCOPOB, 3IeMeHTOB HePrOHAKOIIHUTe-
Jel U CYIepKOHAEeHCATOPOB SBJSETCS OKCHJ I'pa-
dena [1] - HecTexHMOMeTpHUUeCKOe COeJUHEHUEe, KOTO-
pOe COCTOUT U3 HACTUUHO OKHCIEHHBIX I'PadeHOBBIX
CEeTOK, COTEePsKaIlUX IMOKCUIHBIE, THIPOKCHUIbHbIE
TPYIIIIB, @ TaK>Ke KapbOHUIbHbIE U KaPOOKCHUIBHbIE
T'PYIIIIBI ITO KpasiM. IIpu aficopOLIMK MOJIEKYIT IIPOHC-
XOAUT IepPeHoC 3apsifia Ha YIIePOAHYI0 MATpHUIY
OKCHJa rpadeHa, YTO 3HAUYMUTEJIBHO BIHSET Ha ero
37IeKTPUYECKYI0 IIPOBOAMMOCTh. [IpeuMymiecTBa
3TOT0 MaTepHasia: BHICOKOe OTHOUIEHHE IIONALH
IIOBEPXHOCTH K 06beMy, obecIiedyrBaloIiee BHICOKYIO
YYBCTBUTEIBHOCTB CEHCOPOB U 3 PeKTHUBHOCTD IHEP-
TOHAKOIUTeJeH; HU3Kasi CTOMMOCTh; BO3MOKHOCTh

BapbUPOBAHUS PHU3UKO-XMMHUYECKHUX XapaKTepH-
CTHK (371eKTPOIIPOBOAHOCTb, aICOPOII ), MeH s cTe-
IleHb OKMCJIeHHS. B 3TOM CBA3U MHTepec IIpeCcTaB-
JsieT U3y4YeHHe [IPOCTPAHCTBEHHBIX HeOAHOPOJLHO-
CTeM B pacIpefe/leHUH JIOKaTbHOU 3/1eKTPOIIPOBOJ-
HOCTH OKCHJOB rpadeHa. [Isi 3TUX LieJIeH Lieecoob-
Pa3HO IpUMeHeHHe CKaHUPYOIlell pe3UCTHBHOM
MuKpockonuu (CPM) [2].

OnHHUM M3 LIHPOKO MCIIONb3yeMBIX B HCC/Ie0Ba-
TeJbCKUX LieJsIX CII0c060B GOPMHUPOBAHHUS HAHO-
CTPYKTYP SIBJISIeTCS JIOKAJIbHOE AaHOLHOEe OKHUC/IeHHe
(JIAO), koTopoe MOKeT 6BITh IPUMeHEHO IJIsi Gpop-
MHPOBaHUS OKCHJA rpadeHa Ha rpaduTe U rpadpeHe
(3, 4]. B HacTosAIIeH pa60Te HCCJIe0BaJIach TOIIOrpa-
b1 U ToKaIbHAA 3/IeKTPOIIPOBOSHOCTD BhlpallleHHBIX
IJIEHOK OKCHJA rpadeHa. Pe3ynbTaThl CPABHUBAIKChH
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C JaHHBIMH, IIOJIYy9YeHHBIMH IJIS 9aCTHUL, OKCH A I'Pa-
c])eHa, CHHTE3HPOBAHHBIX XMMHUYECKHUM METOOM.

CKAHUPYIOLLAS 30HAOBAA MUKPOCKOMNUA
B paboTe MCII01b30BasICSI CKAHUPYIOMME 30H/I0BBII
MHUKpockon "®eMToCKaH" MPOMU3BOACTBa 'LleHTpa
MepCIeKTUBHBIX TeXHOJIOTUH . IlolyuyeHHBIe HaH-
Hble 06pabaTbIBaIMCh U aHAJIU3HUPOBAIHCH B IIPO-
rpamMe "®PemToCKaH OHMAMH". MccneqoBaHHe TOIIO-
rpa¢uu IIOBePXHOCTH IIPOBOAMIIOCH METOLOM aTOMHO-
CHUJIOBOM MHUKPOCKONHH (ACM) B II0JIyKOHTaKTHOM
pe’XHMe Ha BO3Ayxe IIPH KOMHATHOH TeMIlepaType.
Hcrionbp30Baniuch KaHTHIeBephl HR11 c pe30HaHCHBIMU
4JacTtoTaMH B 380 U1 230 KI'LI, C pafHUyCcOM 3aKpyIJIeHHUS
oCTpusi 0KomIo 10 HM. M306paskeHHUs pacIpeseeHHs
JIaTepaJIbHBIX CUJI II0JIy4YeHbl B KOHTAKTHOM PeKHMe
ACM c moMoLIbI0 KaHTHUIeBePOB Mapku CSGII.
Metogom CPM M3MepeHH S IPOBOAUINCH B KOHTAKT-
HOM peXXHMe C IIOCTOSIHHOM CHUJIOH. [IpUMeHSIIHCh
KaHTHJIEBEPHI C 30JI0THIM IIPOBOASIIHUM IIOKPBITHEM

CNC/Aull c >xectkocTbio 1,0 11 1,5 H/M 1 ¢ mpoBoasilum
IIOKPBITHEM U3 Kapbua Bonbdpama FM/W2C11 ¢ kecT-
KOCTBIO 6 ¥ 3,5 H/M. B Ka’kI0H TOUKe IIOBEPXHOCTH
O HOBPeMEeHHO C Tororpaduer U3Mepscs 3/eKTpude-
CKHU TOK, IPOTEKAIOIMH Yepe3 KOHTAKT MeXKAY 30H-
JIOM ¥ 06pa31ioM. KOHTaKTHOe COITPOTUBIIEHHE PACCYU-
TBIBAJIOCh KaK MOJY/Ib OTHOIIEH M HAIIPSKeHU S, TIPHU-
JIOSKEHHOT'0 MeK/1y 30HJ0M 1 00pa3LioM, K CHJIe TOKA.

JIOKAZIbHOE AHOAAHOE OKWUCJIEHUE
JIAO 1OBepXHOCTH BBIIIOJIHAJIOCE B KOHTAKTHOM
PeXXHMe IpU IPUJIOKEHHUH Pa3HOCTH MOTeHIHa-
7I0B M@Ky 30HI0M U o6pastiom oT 3 1o 9 B (obpaser
3apsi>KeH IOJIOKUTEIbHO), CHJIa BO3/IeHCTBHS 30HIa
Ha II0BEPXHOCTH BhIOMpanack B AuamnasoHe 1-10 HH
B 3aBHCHMOCTH OT 0CO6@HHOCTEH HCII0Nb3yeMOro
KaHTH/IeBepa, CKOPOCTb ABHKeHHe 30HAa — 2 MKM/C.
OTHOCHTe/IbHAS BIaKHOCTb BO3[[yXa — OKOJIO 60%.
Vcrionp30BaaKCh IPOBOASILKE KAHTH/IEBEPEL C 30710~
TeIM NOKpbITHeM CNC/Aull u CSG11Au co cpemHel

promising material for the

creation of an electronic nose

based on resistive sensors,
elements of accumulators and
supercapacitors is graphene oxide
(1], a non-stoichiometric compound
that consists of partially oxidized
graphene grids containing epoxy,
hydroxyl groups, and carbonyl
and carboxyl groups at the edges.
When molecules are adsorbed, the
charge is transferred to the carbon
matrix of graphene oxide, which
significantly affects its electrical
conductivity. Advantages of this
material: high surface-to-volume
ratio, which provides high sensi-
tivity of sensors and efficiency of
energy storage; low cost; the pos-
sibility of varying the physical-
chemical characteristics (electri-
cal conductivity, adsorption) by
changing the degree of oxidation.
In this connection, it is of inter-
est to study spatial inhomogene-
ities in the distribution of the local
electrical conductivity of graphene
oxides. For these purposes, the use
of scanning resistance microscopy
(SRM) is appropriate [2].

One of the widely used meth-
ods for the formation of nano-
structures is local anodic oxida-
tion (LAO), which can be used to
form graphene oxide on graphite
and graphene [3, 4]. In this paper,
the topography and local electrical
conductivity of grown graphene
oxide films were studied. The
results were compared with the
data obtained for graphene oxide
particles synthesized by the chem-
ical method.

SCANNING PROBE MICROSCOPY

The FemtoScan scanning probe
microscope produced by the
Advanced Technologies Center was
used in the project. The received
data were processed and analyzed
in the FemtoScan Online soft-
ware. Surface topography was
studied by atomic force microscopy
(AFM) in the tapping mode in air
at room temperature. The cantile-
vers HR11 with resonant frequen-
cies of 380 and 230 kHz were used,
with a tip radius of about 10 nm.
Images of the distribution of lat-
eral forces were obtained in the

AFM contact mode with the help of
CSG11 cantilevers.

By the SRM method, the mea-
surements were carried out in a
contact mode with a constant force.
Cantilevers CNC/Aull with a gold
conductive coating and a stiffness
of 1.0 and 1.5 N/m and FM/W2C11
with conductive coating of tung-
sten carbide and a stiffness of 6 and
3.5 N/m were used. At each point of
the surface, simultaneously with
the topography, an electric current
was measured, flowing through
the contact between the probe and
the sample. The contact resistance
was calculated as a modulus of the
ratio of the voltage applied between
the probe and the sample to the
current.

LOCAL ANODIC OXIDATION

LAO of the surface was performed
in contact mode when a poten-
tial difference from 3 to 9 V was
applied between the probe and
the sample (the sample was posi-
tively charged), the probe’s impact
on the surface was selected in the
range of 1-10 nN depending on the
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Puc.1. Tonozpagus (a) u kapma AokaabHol 3nekmponposodHocmu (b) nosepxHocmu zpagpuma
Fig.1. Topography (a) and map of local electrical conductivity (b) of the graphite surface

skecTKocThio 0,03 1 0,11 H/M ¢ paguycom 3akpyrie-
HHS OCTpHUA OKoyio 35 HM. Ilepend sKCcIlepHUMEH-
TOM IIPOBOJsIee IOKPhITHE YAAJIAI0Ch HEIIoCpe/-
CTBEHHO C KOHYHKA OCTPHS IIyTeM TPeHH S O II0BePX-
HOCTb. YBeJIMYeHMEe PAaCCTOSHUA MEXKAY 3JIEKTPO-
JaMU (KpasiMU IIPOBOASINEr0 IIOKPBITHS Ha 30H[e
Y II0BePXHOCTBIO rpaduTa) IPUBOSUIIO K YaCTHUU-
HOMY OKHCJIEHHIO IIOBEPXHOCTHU C GOPMHUPOBAHUEM
CTPYKTYP OKCHJa rpadeHa ¥ OKCHIA IpadrTa BMECTO
IIOTHOTO OKHCJIEHHSI C 06pa3oBaHHeM ra3000pa3HbIX
OKCHM/[IOB yI/IepoJia K SIMOK TpaBjeHH . JIokaTbHOMY
OKHCJIEHHUIO II0JIBEPrajaach IOBEPXHOCTh CBEKECKOJIO-
TOI'0 BBICOKOOPHUEHTHPOBAHHOIO MU POTHUTHYECKOTO
rpagura (BOIIT) ¢ Mo3au4YHOCTHIO 0,8° IIPOM3BOJACTBA
"ATomrpad-kpuctani’.

NOArOTOBKA OBPA3LIOB OKCUAIA TPADEHA,
NOJNYYEHHOIO XUMUYECKUM CUHTE3OM

Obpasern okcuja rpadeHa, mpeaocTaBIeHHBIH
A.Tpuropbeson (PHM MI'Y uM. M.B.JloMOHOCOBa),
nonydeH no mertony Typa [5]. KoHIeHTpanus
okcHuaa rpadpeHa B pacTBope JHUMeTHUIPOpMa-
muza - 0,001 r/mi. O6pasLel 15 30HI0BOKM MHKPO-
CKOIMIUHU TOTOBUJIUCH HAa IOBEPXHOCTH CJIIOJBI
C HalblJIEHHBIM IpoBoAsmUM cinoeM (Cr - 5 HM,
Au - 50 HM).

PE3Y/IbTATbI 30HA0BOW MUKPOCKONMK

NOBEPXHOCTU FPAOUTA

OcHoBHble HedeKkThl, HabaioJaeMble B TOIOTpa-
duM Ha IOBePXHOCTHU CKoj10B BOIII - 3TO CTyIleHHU

features of the cantilever used, the
probe movement speed was 2 pm/s.
Relative air humidity was about
60%.

Conductive cantilevers CNC/Aull
and CSG11Au with a gold coating
and average stiffness of 0.03 and
0.11 N/m with a tip radius of about
35 nm were used. Before the exper-
iment, the conductive coating was
removed directly from the point
of the tip by rubbing against the
surface. Increasing the distance
between the electrodes (the edges of
the conductive coating on the probe
and the surface of the graphite) led
to partial oxidation of the surface
with the formation of graphene

HAHO MHDVCTPUA #7/78/2017

oxide and graphite oxide struc-
tures instead of complete oxidation
with formation of gaseous carbon
oxides and etching pits. The surface
of freshly cleaved highly oriented
pyrolytic graphite (HOPG) with
the mosaicism of 0.8° produced by
Atomgraf-crystal was subjected to
local oxidation.

PREPARATION OF GRAPHENE OXIDE
SAMPLES OBTAINED BY CHEMICAL
SYNTHESIS

A sample of graphene oxide pro-
vided by A.Crigorieva (Lomonosov
Moscow State University), was
obtained by the Tour method [5].
The concentration of graphene

oxide in a solution of dimethylfor-
mamide is 0.001 g/ml. Samples for
probe microscopy were prepared on
the surface of mica with a depos-
ited conductive layer (Cr - 5 nm,
Au - 50 nm).

RESULTS OF PROBE MICROSCOPY
OF GRAPHITE SURFACE
The main defects observed in
topography on the surface of the
cleaved HOPG are the cleavage
steps, edge and screw dislocations
with the Burgers vector perpen-
dicular to the basal plane, grain
boundaries.

According to the SRM data, the
contact resistance for graphite and
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CKOJIa, KpaeBble U BUHTOBbIE JTUC/IOKALIUH C BEKTOPOM
Broprepca, nepreHANKY/ISPHBIM 6231 CHOM INIOCKOCTH,
MesK3epeHHbIe TPAHHUIIBL.

Ilo ganHsIM CPM, COmpOTHBIeHHE KOHTAKTA A/
rpadura ¥ KaHTHJIeBepa 3aBHCeJI0 KaK OT UCXOJHOI0
COCTOSIHM Sl ITPOBOAAIIErO0 IOKPBITHS Ha OCTPHe, TaK
K OT M3HOCAa 30H[Ja U BapbUPOBAJIOCH B JHAIla30He
oT 1 MOM 10 1TOM. Ha n306paskeHU X, IIOTyUeHHBIX
MmeTomoM CPM, BBHISB/ISIOTCS BCe 37IeMeHTHI TOIIOT pa-
duu c pe3KMM H3MeHeHHeM penbeda. XapaKTepHOU
0c06eHHOCTBIO TaKKe SBJISIETCSI BAPHALIKS COMPO-
TUBJIEHUS] aTOMHBIX Teppac: TeppacaM c 6oblIen
BBICOTOH COOTBETCTBYeT MeHbllee COIPOTHUBIIeHHE
(puc.1). JaHHBIA 30 deKT 06BSICHIETCS TUCTEPe3U-
coM 06/1aCTHU KOHTAKTa IIPH U3MeHEeHHUSIX CHJIBI 1aB-
JIeHHU s 30H/Ia IIPU IIPOXOXK/IEHUH Pe3KHUX 0CO6eHHO-
cTelt penbeda, Ha KOTOPHIX oOpaTHas CBsA3b He obe-
CIledMBaeT IIOCTOSHCTBA CHJIBl BO3JIeHCTBUS 30HMA
Ha II0BePXHOCTh. B MecTax IIPoXoKeHHU s Me>K3epeH-
HBIX TPAaHUI] JIOKAJIbHOE 3/IeKTPHUYeCKoe COIIPOTHUB-
JIeHHe MafaeT OTHOCUTEIbHO aTOMHBIX Teppac, 4To
II03BOJIMJ/IO OLI@eHUTE JTMHEeHHbIe Pa3Mephl KPHUCTAJLIH-
TOB (1,5-10 MKM).

TOMOrPA®USA U TIOKA/IbHASA IEKTPONMPOBOAHOCTD
MNEHOK OKCUAA TrPA®EHA, NONYYEHHDIX
CMOMOLLbIO NTIAO

AHanu3 gaHHBIX ACM [Jid OKHC/IeHHBIX Y4aCTKOB
MeTtonom JIAO 1O3BOJIMJI BBIAETHUTH ABa 3Tala
YaCTUYHOIO OKHCJIeHUS IIOBePXHOCTH IpaduTa
B 3aBUCHMOCTH OT IIPUJIOKEHHOIO HaIlPSI>KeHHU .
IIpy HHU3KUX HANPSIKeHUAX (MeHee 4-6 B) BbICcOTa

a)

wu | WH 00T

9 Am
0,6
0,4
0.2+

0 60 120 180 240 wm|nm

Puc.2. OxucaeHHbIl yyacmok Ha zpadume npu HAnps-
>KeHuu 4 B: a — monozpadus; b - npopuab nogepxHocmu;
¢ - 3D-kapma AoKanbHOU 3AeKMponpo8ooHOCMU

Fig.2. Oxidized area on graphite at voltage of 4 V:
a - topography; b - surface profile; c - 3D map of local electri-
cal conductivity

[IOBePXHOCTH IIPaKTHYeCKHM He MeHseTCs, HO
yBeJIHYHUBACTCA KOSQPULIMEHT TPeHHUS MeXIY
30HIOM H IIOBEPXHOCTRIO B 1,5-2 pasa. Ilpu
IIOBBIMMEHHWH HAIIPpSA>KeHHS yBe/JIHYeHHe BbICOTHI
IOBEPXHOCTH IPOUCXOLHUT HEOLHOPOILHO,
06pasyIoTcs OTAe/IbHBIE BBIITYKJIble TOUKK U TMHUH.
[Ipu fganbHeHIIeM yBeJlH4YeHHUH HaIpSIKeHHUS

cantilever depended both on the
initial state of the conductive coat-
ing on the tip and on the wear of the
probe and varied in the range from 1
MQ to1GQ. The images obtained by
the SRM reveal all the elements of
topography with a sharp change in
the relief. A characteristic feature
is also the variation in the resis-
tance of atomic terraces: terraces
with a higher height correspond to
a lower resistance (Fig.1). This effect
is caused by the hysteresis of the
contact area when the impact of the
probe changes during the passage
of sharp relief features, on which
the feedback does not ensure the
constancy of the force of the probe’s

impact on the surface. At the loca-
tions of the grain boundaries, the
local electric resistance decreases
relative to the atomic terraces,
which allowed to estimate the lin-
ear dimensions of the crystallites
(1,5-10 pm).

TOPOGRAPHY AND LOCAL
ELECTRICAL CONDUCTIVITY

OF GRAPHENE OXIDE FILMS
OBTAINED BY LAO

Analysis of AFM data for oxidized
areas by the LAO method allowed
us to distinguish two stages of
partial oxidation of the graphite
surface depending on the applied
voltage. At low voltages (less than

4-6 V), the surface height remains
practically unchanged, but the
friction coefficient between the
probe and the surface increases
by a factor of 1.5-2. With increas-
ing voltage, the increase in the
surface height occurs non-uni-
formly, and individual convex
points and lines are formed. With
a further increase in the voltage
to 7-9 V, homogeneous regions
are formed, the height of which
increases linearly on the voltage.
When the height of the oxidized
regions is 1-1.5 nm, cracking of
the upper carbon layer is observed.
It can be assumed that in the first
stage of partial oxidation, only

#7/78/2017 NANO INDUSTRY
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Puc.3. Yewylika okcuda 2padeHa, NoAy4yeHHAas Xumu4eckum
OKUCAEHUeM HA noeepxHocmu cA0bl, NOKPpbIMOoU 30A0MOM:
a - monozpaus; b — nokanbHas 3nekmponposodHOCMb

Fig.3. Flake of graphene oxide obtained by chemical oxidation on
surface of mica covered with gold: a - topography; b - local elec-
trical conductivity

oo 7-9 B GopMHPYIOTCS OLHOPOAHBIe 0b61acTH,
BBICOTA KOTOPEIX PACTeT OT HaIlPSyKeHU S THHeLHO.
IIpu OOCTHUKEHUU BBICOTHI OKHCIEHHBIX obacTen
1-1,5 um HabnlomaeTcsi pacTpeCKUBaHHe BePXHETo
yIJIepoOgHOIrOo CJoss. MOXHO IPeAIIONOXKHUTE,
YTO Ha IePBOM 3Talle YaCTUYHOIO OKMCIEHHUS
IIPOMCXOOMT TOMBKO XMMHYECKAs MOAUPUKALKA
BepXHero cjosA rpapura C DpUCOeAHMHEHHEM
KHCI0pOoAcomepXKalluX rpynm. Ha BTopoM 3Talme
OKHCJ/IEHH S YBeJH4YeHHe BBICOTHl IMOBEPXHOCTHU
MOXKeT ObITb 00BsICHEHO HHTEePKa/sLhel MOJIeKY
BOZbI B MEXKCJIO@BOE IIPOCTPAHCTBO.

Pe3ynbTaThl CPM MOKa3bIBAIOT, YTO Ha IIePBOM
3Talle YaCTUYHOI0 OKKC/IeHHU S IOSIB/ISIIOTCS 00/1acTH
pasmepom 10-30 HM, B KOTOPBIX KOHTaKTHOE COIIPO-
THBJIEHHe Bo3pacTaeT MpUOIKU3UTeNbHO B 10 pa3s 1mo
CPaBHEHHIO C HROKHMC/IeHHBIMH y4YacTKaMHU I'padpuTta
(puc.2). Takue ob1acTH 3aHUMAIOT MeHee 50% I1J10-
maau MOAHUGUIIMPOBAHHOIO YYaCTKa IIOBEPXHOCTH.
MO>KHO IPeAIIoNoKUTh, YTO Ha IIEPBOM 3Talle OKKC-
JIeHH I apoOMaTH4ecKas CTPYKTypa rpadeHoBOM CeTKHU
pa3pymaeTcst TONbKO JIOKaAbHO. B ocTanpHBIX 0671a-
CTSIX KOHTAKTHOE COIIPOTHBJIEHHE OCTAeTCS TaKUM
>Ke, KaK /15 HEOKHCIeHHOro rpadurTa.

Ha BTOpOM 3Talle YaCTUYHOTO OKHC/IeHHUS IPU
MOBBIIIEHU M HaMPsDKeHU s HabmomaeTcst obbenuHe-
HHMe OTIe/JbHBIX YYaCTKOB C IIOBBIIIEHHBIM KOHTAaKT~
HBIM COITPOTHB/IEHHEM, U IIPH AOCTHUKEHMH BBICOTHI
OKHCJIEHHBIX 00/1aCcTe BeJIMYHUHBI OKOJIO 1 HM 3TH
y4acTKU 3aHUMAIOT [I0YTH BCIO IJIOIAAb MOAUPUIIH-
PYyeMo¥ IOBepXHOCTH. IHTepecHO OTMeTHUTb, YTO IIpH
CyIlleCTBeHHOM MPOCTPAaHCTBEHHOU HeOAHOPOLHO-
CTH KOHTaKTHOTO COITPOTHMBJIEHM S /151 OKHUCIeHHBIX
obacTes ¢ BBICOTOM B MHTepBaJe ot 0,3 1o 1,0 HM, UX
Tororpadus oCcTaeTCs JOCTATOYHO INIAJKOM CO Cpef-
HeKBa/IPaTUYHOL LIepOX0BaTOCThIO Ha ypoBHe 0,1 HM.

CpaBueHue gaHHbBX ACM u CPM mosBonser
cAaenath IpenIOJOXKeHHe, YTO yBeJlHUYeHHEe
PacCTOSHHA Me>XIOYy IMOBePXHOCTHBIM CJIOEM
rpa¢puTa U COCeAHUM CJIOeM, a, CIe[0BaTejIbHO,
U MHTePKaJAsL MU MOJIeKYJ BOAbI, IIPOUCXOOAT
PaBHOMePHO BO BCell MoAHULIMPYyeMOk 061acTH,
TOr[a KaK paspylleHHe apoMaTHUeCKOH CTPYKTYPHL
BepXHero yIJIepoJHOrO CJIOS HOCHUT OCTPOBKOBBIHU

the chemical modification of the
upper graphite layer with the addi-
tion of oxygen-containing groups
occurs. In the second stage of oxi-
dation, an increase in the height
of the surface can be explained by
the intercalation of water mole-
cules into the interlayer space.
The results of the SRM show
that at the first stage of partial oxi-
dation, areas of 10-30 nm in size
appear, in which the contact resis-
tance increases by approximately 10
times in comparison with the unox-
idized areas of graphite (Fig.2). Such
areas occupy less than 50% of the
area of the modified surface. It can
be assumed that at the first stage of
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oxidation the aromatic structure of
the graphene grid is destroyed only
locally. In other areas, the contact
resistance remains the same as for
unoxidized graphite.

In the second stage of partial
oxidation, when the voltage is
increased, the combination of indi-
vidual sections with an increased
contact resistance is observed, and
when the height of the oxidized
regions is about 1 nm, these areas
occupy almost the entire area of the
surface being modified. It is inter-
esting to note that with a signifi-
cant spatial inhomogeneity of the
contact resistance of oxidized areas
with a height in the range from

0.3 to 1.0 nm, their topography
remains fairly smooth with a RMS
roughness of about 0.1 nm.

Comparison of the data of AFM
and SRM allows to make the
assumption that an increase in
the distance between the surface
layer of graphite and the adjacent
layer, and, consequently, the inter-
calation of water molecules, occur
evenly throughout the entire modi-
fiable region, whereas the destruc-
tion of the aromatic structure of
the upper carbon layer is of an islet
character. There were no changes
in the nature of the LAO process in
the areas of passage of the cleavage
steps.



CONTROL AND MEASUREMENT

xapakTep. Kakux-11ubo u3MeHeHUH B XapaKkTepe
npoTeKaHM4 npouecca JIAO B MecTaX IPOXOKAeHUS
CTyIIeHeH CKOJIa BBISIBJIEHO He 6BLIIO.

30H0BASl MUKPOCKOMNWSA YELWYEK OKCUAA TPAGEHA,
MONYYEHHbIX XUMUYECKUM METOAOM

HccnemoBanne MetogoM ACM II0Ka3aio, YTO pa3Mephl
YelllyeK OKCHJIA rpadeHa B IJIOCKOCTH IIOAJIOKKHU
HaXOOUIUCh B guamna3oHe oT 400 7o 1700 HM, BBICOTa
yemyexk coctaBuia 1-15 Hm. IIoBepXHOCTh YaCTHIL
XapaKTepH30BaIach CpelHeKBAAPATUUHOM IIePOoX0-
BaTocThio 0,5-0,9 HM, comep>kaa BBICTYIIBI C BHICOTOH
1-3 HM ¥ pa3sMepoM B IIJIOCKOCTH demryek 50-90 HM.
HccinegoBaHUe 06pa3u0B MeTomom CPM mokasaio,
YTO KOHTAKTHOE COIIPOTUBJIEHHE IIPU IIPOXOKACHH U
30HJO0M YaCTHYeK OKCHIA rpadpeHa YBeJIHUYHBAIOCH
¢ 80 MOM o 3TOmMm, mpuyeM IIPOCTPAHCTBEHHOE pac-
IpenejeHre KOHTAKTHOI'O COIIPOTHUBIIEHU S SIBJISJIOCH
omHOpOoAHBIM (puc.3). [Io MOPOIOTHU IIOBEPXHOCTH
U XapaKTepy pacrpeeneHUs JIOKaJIbHOM 3/1eKTPOIIPO-
BOJHOCTH OKCHJ I'PadeHa, IOTyUYeHHBIH XUMHUUECKUM
MeTOLOM, 6JIM30K K C/I0SIM OKCHUIa rpagena, popmu-
pyemMbIM MeTomoM JIAO ITpHU BRICOKMX HAIIPSIDKeHU X,

BbIBO/bl

B paboTe ycTaHOBIe€HO, YTO Ha HaudaJIbHBIX 3Ta-
rnax GopMHPOBaHUS OKCHUAA rpadpeHa MetomoM JIAO
IIPOMCXOAUT OCTPOBKOBOE OKHC/IeHHE IIOBEPXHOCTH
c 06pa3oBaHHEM YYaCTKOB C IIOHM>KeHHOM JIOKAIbHOK
3JIEKTPOIIPOBOJHOCThIO. MeXKIy 3THUMHU y4YaCTKaMH
CTPYKTypa BepxHero cjaosl rpapuTra COXpaHseTcCs.
ITpu 6oslee MHTEHCUBHOM OKHC/IEHHUH IIEPOXOBATOCTh

[IOBEPXHOCTH PacCTeT, U IIOHHU KeHMe 3JIeKTPOIIPOBO-
HOCTH HabiomaeTcs Ay1sl Bcel 061acTu MoAHHKa-
LMK, 3 MOPPOIOTHS U JIOKA/IbHAS 3JIeKTPOIIPOBOJ-
HOCTh OPMHUPYEMBIX C/I0€B OKCHIA I'padeHa oKa3hl-
BaeTcs 6/1M3KOM K JaHHBIM [TapaMeTpaM /I OKCHJA
rpadeHa, I10JIy4eHHOT0 XUMHUYECKHM CII0CO60M.

Hccaedosarue eblnonHeHo npu ¢punarcosoii noddepskke POPH
8 pamkax Hay4Hwlx npoexmos N2 16-33-00866 moa_a CunuypiHoil O.B.,
Ne17-52-560001 Mewkosa I.B. u N 16-29-06290 SAmunckozo H.B.
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PROBE MICROSCOPY OF GRAPHENE
OXIDE FLAKES OBTAINED

BY CHEMICAL METHOD

The AFM study showed that the
dimensions of flakes of graphene
oxide in the substrate plane were
in the range from 400 to 1700 nm,
the height of the flakes was
1-15 nm. The surface of the parti-
cles was characterized by a RMS
roughness of 0.5-0.9 nm, con-
tained protrusions with a height of
1-3nm and a size in the flake plane
of 50-90 nm. The study of samples
by the SRM method showed that
the contact resistance when the
probe passed particles of graphene
oxide increased from 80 MQ to

3 CQand the spatial distribution of
the contact resistance being homo-
geneous (Fig.3). According to the
morphology of the surface and the
nature of the distribution of local
electrical conductivity, the gra-
phene oxide obtained by the chem-
ical method is close to the layers of
graphene oxide formed by the LAO
method at high voltages.

CONCLUSIONS

It is established that at the initial
stages of formation of graphene
oxide by the LAO, island surface
oxidation occurs with the forma-
tion of areas with a reduced local
electrical conductivity. Between

these areas the structure of the
top layer of graphite is preserved.
With more intense oxidation, the
surface roughness increases, and
a decrease in the electrical con-
ductivity is observed for the whole
modification region. The morphol-
ogy and local electrical conductiv-
ity of the obtained graphene oxide
layers are close to those parameters
for the graphene oxide obtained by
chemical method.
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