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NccnepoBaHo BAUSHUE BIAXXHOCTU BO3AYXa U HACTPOMKY 3BeHbeB 06paTHOM CBA3M HA pe3yabTaThbl

TpaBJieHNaA nNoBepXHOCTU

rpa¢uTa WrnoM CKaHUPYIOLLEro TyHHe/NbHOroO MUKpockona. [lo

pesy/ibTaTaM >3KCNEePMMEHTOB MpeasioXkeHa runoresa O CMeEWaHHOM MexaHu3Me TpaB/iieHus
rpaguTa, BK/IOYaKOLWEeM paspylieHue NOBepPXHOCTU 3/IeKTPOHAMU, SMUTUPOBAHHBIMU C KOHYUKA
MI/1bl MUKPOCKONMNA, U 3/1eKTPOXMMUYECKoe OKUC/IeHne.

The influence of air humidity and adjustment of the feedback links on the results of etching of the
graphite surface by the needle of a scanning tunneling microscope is studied. Based on the results
of the experiments, a hypothesis is proposed about a mixed mechanism of graphite etching,
including the destruction of the surface by electrons emitted from the tip of the microscope needle,

and electrochemical oxidation.

KAHUPYIOIINH TYHHEJIBHBIH MHKPOCKOII

MO>KHO PacCMaTpPHBATh He TOIBKO KaK HHCTPY-

MeHT A5 HabnrwoneHus penseda MOBEPXHO-
CTU, HO U KaK YCTPOHCTBO [JIs1 HAHOJIUTOTpaduu.
B mocneniHee BpeMsI MHOTO BHHUMAaHHUS yAe/sieTCs
HAHOJIUTOrpadUH YIIepOAHBIX MaTepHuasoB (rpa-
deHna, orcupga rpadpeHa, BOCCTAHOBIGHHOIO OKCHAA
rpadena u gp.) [1], MomenbHBIe 3KCIIePHUMEHTH
4acTo HNPOBOASTCSA Ha rpadute. M3BeCcTHO, UTO
CKaHHUPpOBaHUe rpaduTa INPHU BHICOKHUX TYHHE/b"
HBIX HaNPsRKeHU X (MTI7Ia 3apsikeHa OTPUILIATETBHO
OTHOCHUTEJIBHO IIOBEPXHOCTH) COIIPOBOXKIAETCS
TpaB/leHHeM IIOBEPXHOCTHU [2]. BaskHBIMHU IIPeUMY-
IeCTBAMH CKAHUPYIOIIel TYHHeJIbHON MUKPOCKO-
nuu (CTM) OTHOCUTe/IPHO APYIUX 30HA0BBIX METO-
JIOB SIBJISIIOTCS. BBICOKOE IIPOCTPAHCTBEHHOE paspe-
meHHe [3] ¥ BOSMOKHOCTD HCIIO/Ib30BAHU S IeJIbHO-
MeTa/IMYeCcKUX 30HI0B, KOTOPble 60/lee yCTOMYUBEL
K M3HOCY B IIpollecce nuTorpadmu, 4eM 30H[HI
C MeTaJIZIMYeCKUM HaIlblJIeHHeM.

B HacTosimmee BpeMs HeT IIOJHOTO IOHHUMAaHUS
MexaHH3Ma TpPaBJeHHUS IIOBEPXHOCTH rpadura
c nomompio CTM. Tak, B pabote [4] cnenaHo mpen-
[OJIO’KeHHe 0 TOM, YTO IIOBePXHOCTb pa3pylIaeTcs

BCJIeACTBUEe 60MOApOUPOBKH SMUTHPOBAHHBIMU
C MIJIBI 37IeKTPOHAMH. BOJIBIIHMHCTBO HCCIefoBaTele
IpefaaraloT MeXaHH3M 31eKTPOXUMHUYEeCKOro OKHU-
CJIEHU S IIOBePXHOCTH. B paborax [5, 6] ykaseiBaeTcs
Ha CYH_IECTBGHHOE IIOHH>KeHHe TYHHGHBHOI’O HarIips-
SKeHH 1, He0OXOIMMOT0 11 TPABJIEHU I [IOBEPXHOCTH,
B IIPUCYTCTBUHU BOASHBIX [1apoB. Ilpenmosnaraercs,
YTO aTOMBI yIJIEPO/Ia PeaTUPYIOT C MOTIEKYIaMH BOZBI
1 06pa3yoTcs ra3006pa3Hble OKCHIBI YITIePOaa:

C(rpadut) +H,0 (K.) » CO(ras) + H,(ras),
C(rpadurt)+2H,0 (k.) » CO,(ras) +2H,(ra3).

B pab6orte [7] coobmaeTrcst 0 CHUSKEHUU TyHHeb-
HOTO HAIIPSKeHUS A5 TPaBIeHHUsS rpaduTa IpHU
IIpOBeJleHHUH SKCIIePHMEHTa B aTMoChepe MeTaHoIa.
ABTOPBI IIpeAIoNaraioT CleAyoIlue XUMUYeCKHe
peaKLuu:

CH;0H (k.) +C (rpadur) » CH, (ra3)+CO (ras),
2CH;0H (k.)+C (rpadut) » 2HCHO (ras) + CH, (ra3s).

HPEI/IMYI.LIECTBO HCIIOJIB30BAHHS MeTaHOJIA CBS-
34HO C €T0 HU3KHM IIOBEPXHOCTHBIM HATAKEHHEM,
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CONTROL AND MEASUREMENT

YTO JIOJIKHO IIPUBECTHU K YMEHBbIIeHUI0 pa3MepoB
MeHHCKa U YIy4lleHHUIO Pa3pelleHUs TUTOrpaduu.

Hawnbosnee gacto B CTM BeTHYHHA 3a30pa MeXAY
30HJOM U 06pa3IioM IMOAMEPKHUBAETCS CUCTEMOU
06paTHOM CBSI3H NPH yCJIOBUU IIOCTOSHCTBA TYH-
HeJIbHOro ToKa. OJHaKo B IIpoLiecce TUTOrpaduu Kak
BeJIMYHMHA NPOTEeKaloUero 31eKTPUUecKOro Toka,
Tak U pelbed MOBEPXHOCTH MOIYT CYLeCTBEHHO
MeHSTBCS, YTO TpebyeT 0coboro BHUMaHHUS K IIOJ-
6opy 3BeHbeB 06paTHOM CBsA3U. HacTosmas pabora
MOCBsIeHa MCCAeJ0OBAaHHUIO IIpollecca TpaBIeHHUSs
[IOBePXHOCTHU rpadura 3o0Hg0M CTM u sdppexram,
CBSI3aHHBIM C 0COOeHHOCTSIMU paboThl ob6paTHOM
CBSI3U MUKPOCKOIIA.

METO/1bl U MATEPWA/IbI

IKCIIePUMEHTHI OCYIIeCTBIEHBl C IIOMOIBIO CKa-
HUPYIOIero 30HA0BOro MUKpocKkomna "®emMToCKaH"
(LleHTp MepCHeKTHBHBIX TeXHOJOTHI), OCHAIIeH-
Horo CTM-ronoskou [8]. M3MepeHHSsI IPOBOLHU-
JHCh Ha BO3/lyXe C KOHTPOJHUPYeMOH BIa>KHOCTBIO
IIPY KOMHATHOM TeMIlepaType. B KadecTBe 30H/0B
HCII0/Ib30BajIach MeXaHUYeCKH 3a0CTPeHHasl IIPOBO-
JIOKa K3 CIJIaBa IJIATHHBL K UPUAUS. McceoBaHUS

BBITIOJIHSJIUCH C MCII0/Ib30BaAHHEM BBICOKOOPHUEHTH-
POBaHHOTO HHUPOJIUTHUYECKOTO rpaduTa C MO3aKu4-
HocTbhio 0,4° (OO0 "Atomrpad-kpucrann"), mosep-
XHOCTb KOTOPOI'0 CKaJIBIBAJIACh ITepe/l SKCIIepHMeH-
ToM. CKaHHPOBaHHe IIPOBOAUIOCH IIPH TYHHEIbHOM
Toke 300 ITA 1 Hanpsi>KeHUH —50 MB. Beibupasics yua-
CTOK IIOBEPXHOCTH pa3mepom 200 HM, He cofepsKa-
MUK AedeKToB. JInTorpadus BHIIOMHAIACH C HACTO-
TOM CKaHHPOBaHUSA 7,3 ['l] IpU TYHHeJIBHOM TOKe
300 mA. Pasmep Kazgpa cocTaBiasaa 512x512 To4exk.
Hamnps>keHre MeHS/IOCh B AHaria3oHe oT -4 1o -8,5 B.

B MHKpOCKOIle peajl30BaHa CHCTeMa 0b6paTHOM
CBSI3H C IPOIIOPLIMOHAIBHBIM (K,) H MHTErPaIbHBIM
(K;) 3BeHBSIMH, paboTa KOTOPOI OITHCHIBAETCSI GOPMY-
nown (1):

U(Y) = K, E(0) +K; | E(0)dt, o)

rie U(t) - cMTHAJ Ha z-MaHUIIYIATOpe, a E(t) - curaan
OmKU6KHM, KOTOPBIH MPOIIOPLIMOHANIEH OTKIOHEHHUIO
TYHHEeJIBHOTO TOKA OT BEIOPAaHHOI'O B 3KCIIEPHMEHTe
3HavYeHHUs. [Ipu mpoBeeHUU TUTOrPadU U HUCII0Ib30-
BQIMCh Pa3/IMYHbIe 3B€HbsI 0OPAaTHOM CBSI3H.

he scanning tunneling

microscope is not only a

tool for observing the sur-
face relief, but also a device
for nanolithography. Recently,
much attention has been paid
to nanolithography of carbon
materials (graphene, graphene
oxide, reduced graphene oxide,
etc.) [1], and model experiments
are often carried out on graph-
ite. It is known that the scan-
ning of graphite at high tunnel
voltage (the needle is charged
negatively with respect to the
surface) is accompanied by etch-
ing of the surface [2]. Important
advantages of scanning tunnel-
ing microscopy (STM) in com-
parison with other probe meth-
ods are high spatial resolution
(3] and the possibility of using
all-metal probes that are more
resistant to wear during lithog-
raphy than metal-sputtered
probes.

At present, there is no com-
plete understanding of the mech-
anism of etching the surface of
graphite using STM. Thus, in [4]
it was assumed that the surface
is destroyed by electrons emitted
from the needle. Most research-
ers suggest a mechanism for elec-
trochemical surface oxidation. In
(5, 6], a significant reduction in
the tunnel voltage required for
etching the surface in the pres-
ence of water vapor is indicated.
It is assumed that carbon atoms
react with water molecules and
form gaseous carbon oxides:

C(graphite) + H,0 (1.) »
CO(gas) + H,(gas),
C(graphite) + 2H,0 (1.) »
CO,(gas) + 2H,(gas).

Paper [7] reported a decrease
in the tunnel voltage for etching
graphite during an experiment
in an atmosphere of methanol.

The authors suggest the following
chemical reactions:

CH,OH (l.) + C (graphite) »
CH, (gas) + CO (gas),
2CH;O0H (l.) + C (graphite) »
2HCHO (gas) + CH, (gas).

The advantage of using metha-
nol is associated with its low sur-
face tension, which should lead
to a reduction in the size of the
meniscus and an improvement in
the resolution of lithography.

Most often in the STM the gap
between the probe and the sam-
ple is maintained by a feedback
system provided that the tunnel-
ing current is constant. However,
in the process of lithography, both
the magnitude of the flowing elec-
tric current and the surface relief
can vary substantially, which
requires special attention to the
tuning of the feedback links. The
present work is devoted to the
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Puc.1. 3asucumocmu 2ay6uHbl NPOMPABAEHHbIX NOAOCMeEL OM MYHHEAbHO20 HANDSIKEHUS, U3MepPEeHHbIe NpU pa3AUu4HbIX 3HAYEHUSX
OMHOCUMEeAbHOU BAAXKHOCMU 8030yXd. ToUKU COEAUHEHbl NPSMbIMU AUHUSMU 0451 y0o6cmea HabAodeHus. [laHHble noAy4YeHsl npu
MUHUMAAbHOM nponopyuoHanbHom 38eHe (0,016) u HyAesom UHMezpanbHOM 38eHe 06pamHol ces3u

Fig.1. Dependences of depth of etched cavities on tunnel voltage, measured at different values of relative air humidity. Points are con-
nected by straight lines for convenience of observation. Data were obtained with minimum proportional link (0.016) and zero integral

link of feedback

O6paboTka maHHBIX U MOCTpPOeHHe H306paxke-
HHUU NPOBOJUIHCEH B IPOrPAaMMHOM obecIrieYeHUH
n -~ "
®emToCKaH OHnanH" [9].

PE3YNIbTATbI U OBCYXAEHUE

JKCIOePUMEHTHI [IOKAa3a/JIx, YTO TUIIMYHbBIE 3HAUe-
HUS 3BeHbeB 0OpPaTHOMN CBSI3U, UCIIOJIb3yeMble A1
nonyueHus CTM-u3obpakeHUH, BeJIUKH JJIsI IIPO-
BelleHHs TUTOrpaduu. Jlake Npu MUHHUMAJIbHOM

3Ha4YeHUHU IIPOIOPIHMOHAIBHOIO 3BeHa U HYJIeBOM
3HAaYeHHUHM HUHTerpajbHOTO 3BeHa HabimiomaroTcs
CKa4KH HUIJIBl OTHOCHUTE/IBHO [IOBEPXHOCTH C aMILJIU-
TyZou no 10-20 HM, U COOTBETCTBEHHO CKa4K0O-
Opa3Ho Bo3pacTaeT TyYHHe/IbHBIH TOK. IIpu HyIe-
BOM 3HA4YeHMHU IIPOIOPLIMOHAIBHOIO 3B€Ha U MUHHU-
MajIbHOM 3Ha4YeHHH MHTerpajbHOrO 3B€Ha MIJIa
TepsieT IIOBEPXHOCTh. [I0f0OHbIe CKAaUKH HUIJIBI IIPU
nUTOrpadHuM MOTYT IIPUBOLUTE K JOIIOTHUTEIBHOMY

investigation of the etching of
the graphite surface by the STM
probe and the effects associated
with the peculiarities of the feed-
back of the microscope.

METHODS AND MATERIALS

The experiments were carried
out using the FemtoScan scan-
ning probe microscope (Advanced
Technologies Center), equipped
with an STM head [8]. The mea-
surements were carried out in
air with controlled humidity at
room temperature. As probes, a
mechanically sharpened wire was
used from the alloy of platinum
and iridium. The studies were
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carried out using highly oriented
pyrolytic graphite with a mosaic
structure of 0.4° (Atomgraph-
Crystal LLQO), the surface of which
was chipped before the experi-
ment. The scanning was per-
formed with a tunnel current of
300 pA and a voltage of -50 mV.
A surface area of 200 nm in size,
free of defects, was selected.
Lithography was performed at a
scanning frequency of 7.3 Hz with
a tunnel current of 300 pA. The
frame size was 512x 512 pixels.
Voltage varied in the range from
-4to-8.5V.

A feedback system with a pro-
portional (Kp) and integral (K;)

links is implemented in the
microscope, whose operation is
described by the formula (1):

U(Y) = K, E(0) + K [ E(©de, (M)

where U(t) is the signal on the
z-manipulator, and E(t) is the error
signal, which is proportional to
the deviation of the tunnel cur-
rent from the value chosen in the
experiment. During the lithogra-
phy, various feedback links were
used.

Data processing and imaging
were carried out in the FemtoScan
Online software [9].



CONTROL AND MEASUREMENT

HM
nm

100

50

HM | nm

60]

20]

0 100 200 300 400 500 600

HM | nm

Puc.2. Monocmb Ha nogepxHocmu 2paguma, copmuposan-
Has npu myHHeAbHOM HanpspkeHuu —8,5 B, moke 300 nA, mu-
HUMAAbHOM nponopuuoHaabHom 38eHe (0,016) U Hynesom
UHmMezpanbHoOM 38eHe obpamHol ces3u. Beepxy — 3D CTM-
uzobpaxkeHue, 8Hu3y — npoduab nogepxHocmu

Fig.2. Cavity on graphite surface formed at tunnel voltage of
-8.5 V, current of 300 pA, minimum value of proportional link
(0.016), and zero integral link of feedback. At top is 3D STM
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Puc.3. Monocmpb Ha nosepxHocmu 2pagpuma, CGOpMUpPOBAH-
Hag npu myHHeAbHOM HanpsykeHuu -8,5 B, moke 300 nA, Hy-
Ae60M NPONOPULOHAABHOM 38€HE U MUHUMAAbHOM UHMez-
panbHom 3eeHe (0,016) o6pamHoli cas3u. Baepxy — 3D CTM-
u3zobpaxkeHue, 8HU3y — npodub nogepxHocmu

Fig.3. Cavity on graphite surface formed at tunnel voltage of
-8.5 V, current of 300 pA, zero proportional link and minimum
value of integral link (0.016) of feedback. At top is 3D STM

image, below is surface profile

RESULTS AND DISCUSSION

Experiments have shown that
the typical values of the feedback
links used to obtain STM images
are large for lithography. Even
with the minimum value of the
proportional link and the zero
value of the integral link, needle
jumps are observed with respect
to the surface with an amplitude
of up to 10-20 nm, and accord-
ingly the tunnel current increases
abruptly. At the zero value of the
proportional link and the mini-
mum value of the integral link,
the needle loses the surface. Such
needle jumps during lithography
can lead to additional mechanical

image, below is surface profile

fracture of the surface and unsta-
ble etching results. Therefore,
the data presented in Fig.1 were
obtained with the minimum pos-
sible values of feedback links.

In the case of low voltage mod-
ulus, etching of the surface was
not observed. When the voltage
modulus was increased, at first,
individual points appeared in
the lithography region, which,
in our assumption, are vacan-
cies in the upper carbon layer of
graphite. With further increase
in the voltage modulus, the for-
mation of cavities was observed.
The increase in air humidity led
to an increase in the etching rate

of the surface. Thus, at -6 V and
25% relative humidity, the cav-
ity depth was 7 nm, and at 55% -
55 nm. It should be noted that the
bottom of the formed cavities is
not atomically smooth, as the ini-
tial surface of graphite. It can be
assumed that fragments of the
destroyed graphite lattice remain
at the bottom, since when scan-
ning the cavity with the help of
STM, multiple failures appear on
the images.

Taking into account the depen-
dence of cavity depth on air
humidity and the character of
the bottom relief, we can assume
a mixed etching mechanism
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MeXaHHYeCKOMY pa3pyIlleHHI0 IIOBEePXHOCTH U Hec~
TabHIBHBIM pe3yabTaTaM TpaBieHHUs. [103TOMy HaH-
HbIe, ITpe/ICTaBJIeHHbIe Ha PHC.1, OBITH [TOTyYeHbI IPH
MMHHMAaJIbHO BO3MOKHBIX 3BeHbsIX 0OPaTHOM CBSI3H.

B cnydae HU3KHX 10 MOAYJIIO HANIPSI)KEHU U TPaB-
JleHHe IIOBEPXHOCTU He Habnromanocs. IIpy MmoBsliIe-
HUH MOJY/ISl HAIIPSDKeHU 1, BHadasle B 06/71acTH JIMTOT-
paduu MoABISNIKCH OTHE/NIbHBIE TOUKH, KOTOPhIE, I10
HalleMy IIPeAIloI0oKeHUIO0, SIBISITCS BAKAHCUIMHU
B BePXHEM yIJIEPOLHOM cjioe rpadurta. IIpu ganbpHen-
IIeM yBeTHYeHUH MOAY/IS HaIlpsKeHU 1 HabIIonanoch
dopMHpOBaHHeE [T0JIOCTEL. YBeIUYeHHe BIaKHOCTH
BO3/yXa IIPUBOJMIJIO K BO3PACTAHUIO CKOPOCTH TPaB-
JIeHH s IIOBePXHOCTH. Tak, IIpK —6 B M OTHOCHTe/IbHOM
BJIaKHOCTH 25% T1y6HHA MOTOCTH COCTABHIIA 7 HM, a
npu 55% - 55 HM. CTOUT OTMETUTh, YTO JHO GOPMHU-
PYeMBIX IIOJIOCTell He SIBSIeTCS aTOMApHO INIaAKHM,
KaK HMCXOJHas IIOBEPXHOCTh I'padpuTa. MOKHO IIpes-
IIOJIOKUTh, YTO Ha JHE O0CTAIOTCS QparMeHThl paspy-
HIeHHOM rpadHTOBOU PelleTKH, TakK KaK IIPH CKaHH-
POBaHMH MOJIOCTH C moMo1ibio CTM Ha H306paskeHU X
TOSIBJISIFOTCST MHOKeCTBEHHBIe COOH.

YYUTHIBAS 3aBUCHMOCTbD IJIYOHMHBI II0JIOCTEH OT
BJIA>KHOCTH BO3ZyXa M XapaKTep penbeda fHA, MOKHO
NpeAIo0oXKUTh CMeIIaHHBIM MeXaHH3M TpaBie-
HUS TpaduTa: SMUTHPOBAHHEIE 3JIEKTPOHBI C MIJIbI
Co3maroT JedeKkThl B pellleTKe rpaduTa, I10 KOTOPHIM
Jablie UAeT 3/IeKTPOXMMHYeCKOe OKHCIeHHe.

Ocoboe BHUMaHHe CTOUT OOpPAaTHUTh Ha IOJIOCTHU
c rnybuHo 6onee 10 HM (puc.2). x dopma HammoMu-
HaeT oTnedyaTok CTM-UT/IBI, CeJaHHBIN B II0Bep-
XHOCTH rpaduTa. 31ech BasKHYIO Posib UTpaeT o6pat-
Hasg CBA3b, TaK KaK BbICOTA KOHYMKA HIJIBL HaJ

[IOBEPXHOCTHIO JOJIKHA IOCTOSHHO YMEHBIIATHCS,
4yTOOBI OHA yCIIeBaJa C/Ief0BaTh 3a M3MeHSIOIMHMCS
penbedoM ITOBEPXHOCTH B IIPOLIeCCe TPABIEHHS.

ITpu mpoBeeHUM 3KCIIEPUMEHTOB IIPH TeX >Ke
ImapameTrpax OKHCJIEHHS, HO C HYJIeBBIM IIPOIIOP-
LIMOHA/JIbHBIM 3BEHOM, KOIZa II0JIO’KeHHe MUIJIBl He
MeHsIeTCs IO BBICOTe, INIybHMHA IOJ0CTeH OKa3bl-
BaeTCs CyLeCTBeHHO MeHblle (pHC.3). B 4acTHOCTH,
IIPH HaIPsDKeHUHU -8,5 B M OTHOCHTE/IBHOL B/IaKHO-
CTH 15% IOBEPXHOCTH TPABUTCS TAKUM 06Pa3oM, UTO
paccTossHHE MeXKAY KOHYHMKOM MIJIBL M FPAQUTOM CTa-
HOBHTCS paBHBIM 10+3 HM. Ha puc.3 HOBEPXHOCTh
rpaduTa MMeeT HAK/IOH, [I09TOMY INTyOHMHA MOIOCTH
M3MeHseTCs 0T 4 1o 12 HM cJieBa-HaIlpaBo.

Bo BpeMsI TpaB/IeHU S MEKAY 30HAOM K 06pa3IioM HeT
IIOCTOSSHHOI'O TOKA, XOTS IIPOTEKAHHE JJIeKTPOXUMHUYe-
CKOM PeaKIMU JOJI’KHO COIIPOBOXIATHCS €ro IOsBJIe-
HueM. 3HayeHHe TOKA B IIPeIOI0OKeHHH OTCYTCTBU S
NOBOYHBIX TeKTPOXHMHUYECKUX PeaKLIUE MOKHO olLle-
HHUTH KaK OTHOILIEHME KOJIMYeCTBa IIPOTEKIIero 3apsaia
(AQ) Ko BpeMeHH TpaBJIeHHU S [TOIOCTH (AL):

1=AQ/At, )
AQ=-4en(V,y/Vgrapn), (3)

Ie e - 3apsaj 3JIeKTPOHA, N — CTelleHb OKUC/IeHHU S
yriueposa, Vo, — 06beM MonocTH, Vi, ~ 06beM s1e-
MEeHTapHOH g4eHKU rpaduTa. [lapaMeTpsl rekcaro-
HaJIPHOM sSiYeMKku rpaduTa: a=0,246 M, c=0,67 HM
[10]. Sluerika comepsKUT UeThlpe aToMa. Eciu npen-
IIOJIOKUTB ITTy6HHY TpaBieHUs 10 HM U OKHC/IeHHe

rpaduta fo CO (n=2), To BeIMYKHA TOKA PAaBHA OKOJIO

of graphite: emitted electrons
from the needle create defects
in the graphite lattice, which
are followed by electrochemical
oxidation.

Particular attention should be
paid to the cavity with a depth
of more than 10 nm (Fig.2). Their
shape resembles the imprint of
an STM needle made in the sur-
face of graphite. An important
role is played by feedback, since
the height of the tip of the needle
above the surface must constantly
decrease so that it can follow the
changing surface relief during
etching.
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When carrying out experi-
ments with the same oxidation
parameters, but with a zero pro-
portional link, when the position
of the needle does not vary in
height, the depth of the cavities
is much smaller (Fig.3). In par-
ticular, at a voltage of -8.5V and
a relative humidity of 15%, the
surface is etched in such a way
that the distance between the
tip of the needle and the graph
becomes equal to 10 + 3 nm. In
Fig.3, the graphite surface has a
slope, so the depth of the cavity
varies from 4 nm to 12 nm from
left to right.

During etching, there is no direct
current between the probe and
the sample, although the electro-
chemical reaction must be accom-
panied by its appearance. The cur-
rent value, assuming no side elec-
trochemical reactions, can be esti-
mated as the ratio of the amount of
leakage charge (AQ) to the time of
etching of the cavity (At):

I = AQ/At, )
AQ =-4en(Vo/Vgrapn),  (3)

where e is the electron charge, n
is the degree of carbon oxidation,
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0,2 mA. C yyeToM IIyMa MUKPOCKOIIA (oxkosio 10 A)
TaKOM TOK He MOKeT ObITh 3aperucTPHPOBaH.

IIpu TpaBieHuU 6e3 06PaTHOM CBSI3M CKAYKH HUIJIBI
BO/IH3H [T0OBEPXHOCTH OTCYTCTBYIOT. HecMOTps Ha 370,
JTHO II0JIOCTel OKa3bIBaeTCsl HEPOBHBIM, UTO JOIOJ-
HHTEe/JIbHO IIOATBEPKAaeT HAIy THIIOTEe3Y O Xapak-
Tepe MeXaHH3Ma TpaBJ/IeHHU.

BbIBO/bI

Ha ocHOBe MmoyueHHBIX 3KCIIePUMEeHTaTbHBIX JaH-
HBIX IIPe/ITIONIOKEeHO0, YTO TPaBJIeHHe [T0BEPXHOCTH
rpagura c momoiupo CTM B yC/IOBUSX IIPUCYTCTBUS
IIapOB BOABI B aTMochepe UMeeT CMEeIIaHHBIN MeXa-
HH3M, COUYeTAIOIHNI pPa3pylleHHe I0OBePXHOCTH 3MH-
TUPOBAHHBIMH C UIJIBI 3/IeKTPOHAMHU H ee JIOKaIbHOe
aHOJHOE OKHCTIeHHe.

[Togbop mapameTpoB 0OpaTHOM CBSI3H MHUKPOCKOIIA
HMeeT BakHOe 3HadeHHe 0cO6eHHO IpY TPaBIeHUH
rny6oKuX CTPYKTYyp. [/ yl1ydlleHHs: BOCIIPOU3BO-
OUMOCTH Pe3y/IbTaToB IIPH MaJIbIX Iy6HHAX TpaBile-
HHA (10 10 HM) Liesiecoobpa3HO MPOBOAHUTE IIPOLIeCC
6e3 06paTHOI CBSI3K IIPU IIOCTOSTHHOM BBICOTE KOH-
YMKa UIJIBL 10 KOOPAMHATe Z HaJl I0OBEPXHOCTBIO.

HccaedosaHue sbinoaHero npu ¢unarcosoli noddepskre POPH
8 pamMKax Hay4Hozo npoekma Ne 17-52-560001.
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V. is the volume of the cavity,
Vgraph 18 the volume of the unit
cell of graphite. Parameters of
the hexagonal cell of graphite:
a=0.246 nm, c = 0.67 nm [10].
The cell contains four atoms.
Assuming an etching depth of
10 nm and oxidation of graphite
to CO (n = 2), the current value
is about 0.2 pA. Taking into
account the microscope noise
(about 10 pA), this current can
not be registered.

When etching without feed-
back, needle jumps near the
surface are absent. Despite
this, the bottom of the cavities

is uneven, which addition-
ally confirms our hypothesis
about the nature of the etching
mechanism.

CONCLUSIONS

On the basis of the experimen-
tal data, it was suggested that
the etching of the graphite sur-
face by STM under the condi-
tions of the presence of water
vapor in the atmosphere has
a mixed mechanism combin-
ing the destruction of the sur-
face by electrons emitted from
the needle and its local anodic
oxidation.

The selection of the feedback
parameters of the microscope is
important, especially when etch-
ing deep structures. To improve
reproducibility of results at small
etching depths (up to 10 nm), it is
expedient to carry out a process
without feedback at a constant
height of the tip of the needle
along the Z coordinate above the
surface. [ |
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