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AHHOTa1Ms. Y aTOMHO-CH/IOBOIO MUKPOCKOIIA eCThb K [IPyTroe Ha3BaHUe - CKAHHUPYIOII M CHJIOBOM MHUKPOCKOIL.
IIpu mony4vyeHUU H300paskeHUH C ero MoMOILIbI0 HeobX0AMMO HUCII0/Ib30BaTh 0OPATHYIO CBSI3b I/ISI KOHTPOJIS
CHUJIBI B3aUMOJIEHICTBH ST MeKY 30HI0M U 06pa3iiom. Kak IIpaBUJIO, ee HY>KHO IO JeP>KMBaTh HAa MUHKMa/IbHOM
3HaueHUH, 4To6bI He JeGOpMUPOBaTh 06pasel] 1 30H/ B IIpoliecce U3MepeHUN. HalpoTUB, B HAHOIUTOrpaduu
Y HAHOMH/IEHTHPOBAHUU C/le[lyeT IIPH/IaraTh 60/IBLIYIO CHITY, YTOOBI IOTYUUTh YeTKHUE PUCYHOK Ha IIOBEPXHO-
CTH. B JaHHOI cTaTbe pacCMaTpUBaeTCs, KaKKe CHJIbl BOSHHUKAIOT U CKOJIBKO 3HePIUHU 3aTpauKBaeTCsl IPH BO3-
HUKHOBEHHU TUIIMYHOrO fedeKTa B BUe IeCTUKOHEUHOK 3Be3/Ibl Ha rpadure.

KnroueBsle c/10Ba: aTOMHO-CUIOBOK MU KPOCKOII, CKAaHH PYIOIIMH CUI0BOKM MUKPOCKOII, CHJIOBasi KpUBas, Irpa-
duT, nepexTrl
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Abstract. The atomic force microscope has still another name - the scanning force microscope. When imaging with
it, feedback must be used to control the interaction force between the probe and the sample. Cenerally, it must be
kept at a minimum value so as not to deform the sample and probe during measurements. In contrast, in nano-
lithography and nanoindentation a large force must be applied to produce a clear pattern on the surface. In this
paper we consider the forces that are generated and how much energy is expended when a typical defect in the form
of a six-pointed star on graphite occurs.
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Puc.1. lLlecmukoHe4yHas 36e30a HA nogepxHocmu 2padu-
ma. N306paxceHue noay4yeHo Ha mukpockone "®emmoCkaH"
(LleHmp nepcnexmugHbIx mexHoAo2ul, Poccus) u 06pabomaHo
8 NPo2pammHomM obecneveHul "GemmoCkaH OHAalH" [2]
Fig.1. A six-pointed star on the surface of graphite. The image was
taken with a FemtoScan microscope (Advanced Technologies Center,
Russia) and processed in FemtoScan Online software [2]

BBE/JLEHUE

CornacHO OgHOM M3 TUIIoTe3, PUIypa B BUJE 3Be3/ bl
obpasyeTcs IpU CKaJBIBAHUU rpaduTa B MecTax,
rae ecTb JedeKTHl, CBSI3bIBAIONIME yIIePOLHBIe
cinou Mexnay coboi. Ympyras sHeprus gedop-
MaIlUH, BO3HUKAIOIAs B 3TUX MeCTax IIPH pac-
CT0eHUH TrpaduTa, TPATUTCS B JajJbHEHIIEM
Ha pa3BUTHe TPelluH U 3aTrub nenecTkos. Ilocie
CKOJIa Ha KaJpaxX MOTYT IPHUCYTCTBOBATh Cpa3sy
HeCKOJIbKO 3Be3/i U FOQPHUPOBAHHBIX IIOJIOCOK.

Co3maTh TaKkOH HedpeKT MOXKeT U CaM 3KCIIepH-
MeHTaTop. Hampumep, MOKHO BHIIIOTHHUTH He
OYeHb aKKYPaTHBIH IOJABOJ 30HIA C obpa3Lom.
30H/[ IPH MOABOJE KacaeTcsl IIOBEPXHOCTH Ipa-
duTa, a motoMm, IOA AeHCTBHeM O0OpaTHOM CBSI3H,
pe3Ko oT/ieTaeT. B MOMeHT KacaHHUS MOXKeT IIPOH-
30MTH 3a/IMIIAHUe 30H/a 3a CUeT CHUJI afiTe3UHU, YTO
INPUBOJMT K YBJIeUeHUIO BePXHEro cJosl rpaduTra
30HJIOM C IIOC/IeVIOIMKUM pa3pbelBOM €105 rpaduTa
o KpUcTa/torpapudecKuM ocsiM. Tak BO3HHUKAeT
"3Be3ma”. M306paskeHHe TaKOro fedeKTa IpeacTaB-
neHo Ha puc.l. [TonpobHee o fedekTax Ha rpadure
MOSKHO ITPOYHTATh B cTaThe [1].

B aTOMHO-CH/IOBOM MHKPOCKOIIEe CHUJIBI H3Me-
psAIOT mmo U3ruby KaHTHUIeBepa. 3Has U3rub KaH-
THJIeBepa dZ U ero MeXaHUYeCKYI0 KeCTKOCTH K,
OIpeneNsIoT CUNY F UX mepeMHOXeHHeM F=kdZ.
CrnenyeT MOMHHTH, YTO H3MepeHHOE TaKUM
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Puc.2. Cunosas kpusas. CuHsIsi AUHUSI 0mobpaxiaem cuAy 83a-
umodelicmaus npu nod8ode, opaHxKeaas AUHUSI — Npu omeode
Fig.2. Force curve. The blue line shows the interaction force at
approach of the probe and the orange line at retraction

INTRODUCTION

According to one hypothesis, the star-shaped defect is
formed when graphite splits in places where there are
defects binding the carbon layers together. The elastic
strain energy arising in these areas during graphite cleav-
age is then spent on cracking and bending the lobes. After
clevage, several stars and corrugated stripes may be pres-
ent in the frames at once.

The experimenter can also create such a defect. For
example, it is possible to approach the probe with a sam-
ple inaccurately. The probe touches the graphite surface
during the approach and then under the influence of
feedback abruptly flies away. At the moment of touching
the probe can get stuck due to adhesive forces that lead to
entrapment of the upper graphite layer by the probe with
the subsequent tearing of the graphite layer along its crys-
tallographic axes. This is how a "star" defect appears. An
image of such a defect is shown in Fig.1. It is possible to
read more about graphite defects in [1].

In the atomic force microscope forces are measured
by the cantilever deflection. As the cantilever deflection
dZ and its mechanical stiffness k are known, it is easy to
determine the force F by multiplying F=kdZ. It should be
remembered that the force value measured in this way
does not determine the magnitude of the force occurring
at the probe-sample contact point. In order to keep this
in mind, one should watch the video clip "Atomic Force
Microscope. How does it work? What is it made of?" about
atomic force microscopy on Youtube channel "An insight
into the nanoworld" [3].

Let's measure the force curve in an atomic force
microscope. A typical view is shown in Fig.2. At first,
there is no interaction between the probe and the sample
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o6pa3om 3HaueHHe CHJIBl He OIpefeisieT Beau-
YKMHY CHJIBl, BOSHUKAIOIIEHN B TOUKe KOHTAKTA 30H/-
obpaser. YTobrI He 3a6bIBaTh 06 3TOM, C/Ie/lyeT II0CMO-
TPeTh BUJEOPOJHK "ATOMHO-CHJIOBOM MHKPOCKOIIL.
Kaxk paboraet? M3 yero cmenaH?" 06 aTOMHO-CHJIO-
BOI MHKPOCKOIIMH Ha KaHase "B3risn B HAHOMHUP'
B Youtube [3].

JlaBanTe mpoBefieM U3MepeHHe CUI0BOM KPUBOU
B aTOMHO-CHJIOBOM MHUKPOCKOIle. TUIIMYHBIN BU] ee
npHBeJeH Ha puc.2. IIpu nozaBoze ¢ 60/bIIOro paccTo-
sHUS (0K0JI0 1 MKM) BHauajle HEeT B3aUMOMEHCTBUS
MeKly 30HJ0M UM 06pasioM. 3aTeM 30H], cJieTKa MpH-
TATHUBaAeTCs K 00paslily 3a cueT cu/I BaH-iep-Baanbca.
Jlanbire 30HA U obpasel] COBepUIAIOT CUHXPOHHOE
OBUKeHHUe. [Ipu 0OpaTHOM [IBH>KeHUHU 30H], yBJIe-
KaeTcsl B obpaTHOM HaIlpaBJIeHHU Ha 6osibllee pac-
CTOSIHHeE 3a CUeT IIOSB/IeHUS CHJI aiTe3UH. B MOMeHT
OTPBIBA yIIpyTasi CHjla CO CTOPOHBI KAHTHJ/IeBepa CTa-
HOBUTCS 6o/bllle CYMMBI CUJI aJiTe3UH U BaH-mep-
Baanbca. Ilnomanap o6pa3oBaBIIerocsi Tpeyroab-
HMKa paBHa paboTe CHJIbI, OTPhIBAIOIEL KaHTHIEBEP
oT obpasia. [I/1s1 CHJIOBOk KPUBOM Ha PHC.2 OHA COCTaB-
7151eT 0Koj10 1,2 K3B, T.e. 3TO Ta S3Heprusi, KOTopasi MOIIa
IIOMTH Ha pa3phlB CBsSI3el B rpaduTe U obpa3oBaHHUe
"3Be3bl .

3Has IepUMeTp 3Be3/ bl K KOJTMYeCTBO COCTABIISIO-
IIUX ee CJI0eB, MOSKHO OLIeHUTh 9Hepruio ob6pa3oBaHUs
3Be3JIbl ISl IBYX C/Iy4YaeB, KOI/la pa3phlB CI0eB UIeT
c obpa3oBaHHeM CTyIleHel TUIIA 3UT'3aTl U THIIa KPeciIo
(puc.3). IlepuMeTp 3Be3/bl, IIOKA3aHHOM Ha pHC.1,
cocTasiisgeT 6079 HM, ¥ OHA COCTOMT M3 5 yIIIepoJHBIX
CJI0eB. DHEPTUs CBSI3H MeXAY aTOMaMHU yIlepoaa ~
53B. TakuM 06pa3oM, 3Heprusi obpa3oBaHUs I10A00-
Horo fedeKTa c KpasiMH THIIA 3Ur3ar paBHa ~ 300 K3B,
C KpasgsMH THIIa Kpecsio ~ 350 K3B. BUAHO, YTO pa3iu-
YiMe B 3Hepruu obpa3oBaHUs 3Be3/] C ABYMS TUIIAMU
KpaeB BecbMa HebobIIOe, U, C/Ie[J0BaTe/IbHO, O1H3Ka
BePOSITHOCTb BCTPe4Hr 060UX fepeKTOB IPU CKaHHPO-
BaHHUHU [IOBEPXHOCTH rpaduTa.

Eciu cpaBHUTB 3HepPruo ob6pa3oBaHUS 3Be3[ bl
U paboTy CHIBI AAT€3UH, TO B HallleM 3KCIIEPHMEHTe
C IIOMOIIbIO 30H/A aTOMHO-CHI0BOIO MHUKPOCKOIIA
Moria 6bITh CO3/IaHa O HOC/IOMHAS 3Be3/1a C pa3MepoM
JIeTIeCTKOB OKOJIO 5 HM.

BbIBO/Lbl

B maHHOU CTaThe MBI PpACCMOTpPENIH, KaK IIPOHUCXOAHT
CHJIOBOe B3aHMMOJEeHCTBHe MesK/y 30H/I0OM U II0BEPXHO-
CTbI0 06paslia Ha IIpuMepe 06pa3oBaHUS TUIIMYHOIO
IedeKTa B BUJle IIeCTUKOHEYHOM 3Be3/Ibl Ha I0BePXHO-
CTU IrpaduTa.

BIATOAAPHOCTHU
HccnenoBaHUe BBIIIOJIHEHO IPU GUHAHCOBOM IIOA-
gepxke POOPH u JIoOHZOHCKOTO KopoaeBCKOTO
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Puc.3. Cxema cmyneHek muna 3uz3dz (KpacHas AUHUS) U Kpec-
A0 (CUHSIS AUHUS) Ha nosepxHocmU epapuma. YepHoli cemkoli
NoKa3aHbl 08a 8epXHUX CA0S AMOMO8 y2Aepodd: N08epxXHOCM-
Hbil (cnAowHOL AuHuUel) U npunogepxHocmHbill (NYHKMUpHOL
AUHUel)

Fig.3. Schematic diagram of zigzag steps (red line) and armchair
(blue line) on the surface of graphite. The black grid shows two
upper layers of carbon atoms: the surface layer (solid line) and
the near-surface layer (dotted line)

at a large distance (about 1 pm). Then the probe is slightly
attracted to the sample by Van der Waals forces. Thereafter
the probe and the sample move synchronously. When the
probe retracts, it is drawn further in the opposite direction
due to adhesion forces. At the moment of detachment the
elastic force on the cantilever side becomes greater than
the sum of the adhesion and Van der Waals forces. The
area of the formed triangle equals the work of the force
that pulls the cantilever away from the sample. For the
force curve in Fig.2 it equals about 1.2 keV, i.e. this is the
energy that could be used to break bonds in graphite and
forma "star".

Knowing the perimeter of the star and the number of
its constituent layers, it is possible to estimate the energy
of star formation for two cases when the breaking of lay-
ers occurs so as to form zigzag and armchair type stages
(Fig.3). The perimeter of the star shown in Fig.1is 6,079 nm
and it consists of 5 carbon layers. The bond energy between
carbon atoms is about 5 eV. Thus, the formation energy of
such a defect with zigzag edges is approximately 300 keV,
with armchair edges about 350 keV. It is evident that a dif-
ference in the formation energies of stars with two types
of edges is very small and, consequently, the probability of
occurrence of both defects when scanning the surface of
graphite is great.

If we compare the energy of star formation and the
work of the adhesion force, a single-layer star with a lobe
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CTBUS HMHHOBAaLMAM, IIpoeKT Ne 71108, moro-
Bop 0071108 1 MUHMCTePCTBA HayKH U BbICIIETo 06pa-
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NHOOPMALIUA O PELLEEH3UPOBAHUK
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(pelLieH3eHTOB) 3a UX BKJIaJ, B pelleH3lPOoBaHUe 3TOM
paboThl, a TakKe 33 pa3MelleHHe CTaTell Ha canTe
SKypHaJIa U Ilepefavy UX B 3JIeKTPOHHOM Bu e B HOb
eLIBRARY.RU.
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size of about 5 nm could be created in our experiment
with the aid of an atomic force microscope probe.

CONCLUSIONS

In this paper we have studied how the force interaction
between the probe and the sample surface occurs, using
the formation of a typical six-pointed star defect on the
surface of graphite as an example.
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CIIEKTPOCKOIIMAA

Mocksa: TEXHOCDEPA, 2021, - 528 c., ISBN 978-5-94836-220-5

CHeKTPOCKONNA KaK CPeiicTBO ONMMCAHMA ATOMOB, HOHOB M MOMEKY ¢ NOMOUBK THIOBbIX
IUTHH BOAH, H3MEPASMBIX OPH BO3GYAIeHNH, OPHHAMMEHNT Cerofia K BUsHeRIIMM 0 CaMblM
PACOPOCTPAHEHHBM METONAM MHCTPYMEHTANBHON aHannTHEN. CHelHANbHbIE H3MEPHTENbHbLE
YETPORCTED, B TOM YHcne aGcopOLUMOHHbEE M MHCCHOHHELE CIEKTPOMETPR, 0OecneMHBANT TO4-

... HOE DIPefelcHie KOTHYECTEEHHOTD H KaMECTBEHHOTD COCTaRa Iaﬂﬂﬂﬁpﬂﬂ-ﬂbﬂiﬂ AHOEHMX W TBEP-

NbLIX BELIECTE.

B kxure gaerca 0630p pasHbIX METONOR ATOMHOR M MONCKYAAPHOR CICKTPOMETPHA W PACCMATPHBATCA MHOIHE AHANN-
THHECKHE npodieMbl, peliaeMble B 1afopatopHAx NPOMBILACHHBIX TPEATPHATHE, B CCTECTBCHHOHAYMHBIX M TEXHHMECKNX
YUPCHICHHAR, 3 TAKKE NpofneMp M3YICHHA H 3AUIHTH 00BEKTOR OKPYRAIER cpeibl. B KHHCe NpeIcTapneHa wnpokan
FaAMMa CYMECTRY MK METOMOR HCCASORAHNA, & TAKAE NEPLIeHb NPUGOPOR ¢ PYKOBOICTEOM M0 HX NPHMEHCHUED,

KAK 3AKA3ATE HALLW KHWUIKU?
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