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Ha 6ase ckaHupyloLero 30HA0BOro Mmkpockona "®emtoCkaH" U 6bICTPOAENCTBYIOWEr0o MUKPOCKONa

"®emTtOoCkaH X"

pa3pa60TaHa 3KCnepuMeHTa/ibHas YyCTaHOBKa Ana peaavsauun CKaHVIleOLIJ,Eﬁ

KanuinsipHOM MUKPOCKOMUW, CKAaHUPYIOLLEN 3/IeKTPOXMMUYECKOA MWUKPOCKOMUM U  CKaHUpYIOLen

I'Ib9303HEKTPOXI/IMI/I‘-IECKOI7I MUKpOCKONnu.

On the basis of FemtoScan scanning probe microscope and FemtoScan X high-speed microscope an
experimental facility to implement a scanning capillary microscopy, scanning electrochemical microscopy

and scanning piezoelectric microscopy was developed.

TIIMYUTE/TbHOM YePTOH COBPeMEHHOM CKaHUPYIOIeH

30HJ0BOM MHKPOCKOIIMU SBJISIETCS BO3MOKHOCTD

OJHOBPEMEeHHOI0 MCC/Ie[JOBAHH I IOBePXHOCTH MaTe-
PHAJIOB Pa3TMYHBIMHU CIIOCO6AMHU.

CKaHUPYIOMAsl HOH-TIPOBOASIAS MUKPOCKOIIHSI, KOTO-
pas B ee IIHPOKOM IIPHMeHeHHH Tak>Ke Ha3bIBaeTCsl CKa-
HUPYIOIel KaIli/IIPHOR MUKPOCKOIIHeH, BIlepBble Obl1a
peanusoBaHa Ilonom Xancma B 1989 rozy [1]. CymectseHHOe
IasbHelIlee Pa3BUTHeE OHA [OTy4YHIa B paboTax HayuHOM
rpynmsl npodeccopa F0.Kopuesa [2, 3]. CKaHUpYIOIUI
HOH-TIPOBOASIIIUE MHKPOCKOII II03BOJIsIeT HabM0aTh
00BeKThl B KUAKOCTH (3/1eKTPOIKTE) C MUKPOHHBIM
Y HAHOMEeTPOBBIM IIPOCTPAaHCTBEHHBIM pa3pelleHHeM.
[IlppuMeHeHHe MHOTOKaHAJIbHBIX KAIlHJIISPOB Cylle-
CTBEHHO PaCUIMPsieT BO3MOKHOCTH 3TOM Pa3HOBHIHOCTH
MMKPOCKOIIMH. OOUH KaHa/l MOKeT C/Iy>KUTb AJIS II03K-
LIMOHUPOBaHUSI KaIlM/UISIpa Ha/l [IOBEPXHOCThI0 06pasiia,
B TO BpeM$ KaK [;pyTrHe KaHaJIbl MOJKHO MCII0/Ib30BaTh /151
HaIlpaB/IeHHOT'O MacCoIlepeHoca BeIeCTB ~ aTOMHOM UTH
MOJIeKy/ISIpHOM 3D-TledaTH. 3amonHAs KaHal Kalli/Iapa
IIPOBOAAIIMM MaTe€PHUaJIOM, MOKHO C IOMOIIBIO TAKOI0
37IeKTpoJa Peai30BaTh PeXKUM CKaHUPYIOIIEL 3/1eKTPo-
XMMHYeCKOM MUKPOCKOIIHH.

CKaHUpYOIIAs [1be303JIeKTPOXUMHUYeCcKast MUKPO-
ckonust (CIIM) peann3syeTcsi B aTOMHO-CHUJIOBOM MHKpPO-
CKOIIMH CJIeIYIOMIUM 06pa3oM. [IJ1 N3MepeHHUH UCIIOo/b-
3yeTcsl IPOBOASIUKN KaHTH/IeBep, HaXOASIIHUKCS
B KOHTAaKTe C [I0BEPXHOCTBIO HCC/IeyeMoro obpasua.
[IpukIaApiBaeMas pa3HOCTh [IOTEHIIMAJIOB MeXKAY IIPOo-
BOJSIIIMM KaHTHJIEBEPOM 1 06pa3LioM ITPUBOLUT K ITepe-
MeIleHHI0O HOHOB, KOTOpOe BBI3BIBAET JepOopMalHIo
MIOBepPXHOCTH 06paslia, peruCTPUPYyeMyI0 C HAHOMETPO-
BBIM IIPOCTPAHCTBEHHBIM pa3pelleHHeM I10 OTKJIOHe-
HHUIO KaHTHJIeBepa. [TonydaeMoe H306paskeH e TOBOPUT
0 XapaKTepe HOHHBIX II0TOKOB B IIOBEPXHOCTHOM CJIO€
obpaswa. ITOT MeTof, SIBIseTCsS BeCbMa HHOOPMATHB-
HBIM IIPH M3y4YeHHUH CBOKCTB II0BEPXHOCTH 3HEProHa-
KOIIUTEJIeH, TUTHN-UOHHBIX 6aTaper, KOHJEHCAaTOPOB
u 1p. Hanpumep, CIIM 1103BoS€T 3aMeTUTh H3MEHe-
HMe [1apaMeTpa pelleTKH KaTofHoro Matepuasnia Li,CoO,
BJI0/Ib HOPMAJIH K IIOBEPXHOCTH Ha BeJIMYHHY B 40 IIM
B ITpoLiecce 3apsSAKU/ pa3psaaKy TUTUH-HOHHOIO UCTOY-
HUKa ToKa [4].

Ecnu opHOBpeMeHHO II01aBaTh Ha obpa3el] IOCTOSH-
HOe U IlepeMeHHOe HaIlpsDKeHHe, U3Mepsis [I0JI0KeHHe
KaHTHJIeBepa U BeIMYKUHY TOKA, IIPOTEKAIOLIETo I10 LIelTH
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obpa3sel-KaHTHJIEBEP, KaK YKa3aHO Ha PHUC.1, TO MOKHO
0/Ty9aTh HHPOPMAIIHIO KaK O BeJIMYMHE TOKa, TaK U 0
COITy TCTBYIOIIMX AepOpPMaIIHSIX TOBEPXHOCTH.
Ammapatypa /s peaau3aliiy CKaHUPYONIek KaIlk-
JISPHON MHKPOCKOIIMH, CKAHHPYIOIIEH 3IeKTPOXUMH-
YeCKOM MHUKPOCKOIIMH U CKAHUPYIOIeH Ibe303/1eKTPo-
XUMHYeCKOH MUKPOCKOIIHH JOJKHA 00eCIieYHBaTh BO3-
MO>KHOCTH M3MePeHHUs 37IeKTPUYeCKUX TOKOB B ITHKO-
1 cybIIMKOoaMITepHOM JHAIIa30HaX U PeTHCTPALIUH Ilepe-
MelleHHs 06pasIia B IMKOMETPOBOM JHaIla30He YacToT.
[l 3TUX Lielell aBTOpaMHU pa3paboTaHa 3KCIIepUMeH-
Ta/IbHAsI YyCTAHOBKA Ha 6a3e CKAaHUPYIOIIEro 30HJ0BOI0
MuKpockomna "®eMToCKaH" U OBICTPOEHNCTBYIOLIETO
MuKpockora "PeMToCKaH X", KOTOpas XapaKTepH3yeTcs
C/Te/ly oMM MH ITapaMeTpPaMHu:
* TOYHOCTB ITO3UI[UOHHPOBAHU S [10 HOPMAJIH K 06pasiyy
Ha ypoBHe 0,1 1M (CpelHeKBaIpaTUYHOe 3HaUeHUe);
* IIOIPeIIHOCTb U3MepPeHHUsI BXOZHOIO TOKa Ha YPOBHe

o

nepemen —_—]

Puc.1. Dnekmpuyeckas cxema 0As 00HOBPEMEHHO020 U3mepe-
Hus depopmayuu nosepxHocmMu 0bpasud u 8eAU4UHbI npome-
Karouiezo nekmpu4ecko20 moxka

Fig.1. Electrical diagram for simultaneous measurement of defor-

0,1 1A (cperHeKBaIpaTHYHOE 3HAYEHUE);

he characteristic feature of

the modern scanning probe

microscopy is the ability to
simultaneously study the surface of
materials in a variety of ways.

A scanning ion conductance
microscopy, which in its broader
application is also called a scan-
ning capillary microscopy, was
first implemented by Paul Hansma
in 1989 [1]. Works of research group
of professor Yu.Korchev [2, 3] have
provided her substantial further
development. A scanning ion con-
ductance microscope allows to
observe objects in a liquid (the elec-
trolyte) with micron and nanome-
ter spatial resolution. The use of
multi-channel capillaries greatly
enhances the capabilities of this
type of microscopy. One channel
can be used to position the capil-
lary above the surface of the sam-
ple, while the other channels can
be used for directional mass trans-
fer of substances, atomic or molec-
ular 3D printing. After filling of
the capillary channel with con-
ductive material, it is possible by
using such electrode to implement

the mode of scanning electro-
chemical microscopy.

Scanning piezoelectric micros-
copy (SPM) is implemented in
atomic force microscopy in the fol-
lowing way. A conductive cantile-
ver that is in contact with the sam-
ple surface is used for the measure-
ments. The applied potential differ-
ence between the conductive can-
tilever and the sample leads to the
displacement of ions and deforma-
tion of the sample surface that is
registered with nanometer spatial
resolution by the deflection of can-
tilever. The resulting image reflects
the nature of the ion fluxes in the
surface layer of the sample. This
method is highly informative in the
study of surface properties of energy
storage, lithium-ion batteries,
capacitors, etc. For example, SPM
allows to notice a change in the lat-
tice parameter of the cathode mate-
rial Li,CoO, along the normal to the
surface on the magnitude of 40 pm
in the process of charging/discharg-
ing of Li-ion power source [4].

If simultaneously to apply
DC and AC voltage to a sample,

mation of sample surface and of electric current

measuring the position of the can-
tilever and the amount of current
passing through the sample and
the cantilever, as shown in Fig.1,
it is possible to obtain information
on both value of current and associ-
ated surface deformations.
Apparatus for implement-
ing a scanning capillary micros-
copy, scanning electrochemical
microscopy and scanning piezo-
electric microscopy should enable
the measurement of electrical cur-
rents in the pico- and subpicoam-
pere ranges and the registration of
the sample movement in picome-
ter frequency range. For these pur-
poses, the authors have developed
an experimental system based on

FemtoScan scanning probe micro-

scope and FemtoScan X high-speed

microscope, which is characterized
by the following parameters:

« positioning accuracy along the
normal to the sample is about
0.1 pm (RMS);

« measurement error of the input
current is about 0.1 pA (RMS);

« the range of DC voltage applied
between the probe and the
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Puc.2. MexaHuyeckue cucmembl CKAHUPYIOLWLX 30HO08bIX MUKPOCKONos "®emmoCkan" (caeda) u "®emmoCkan X" (cnpasa)
Fig.2. Mechanical systems of FemtoScan (on left) and of FemtoScan X (on right) scanning probe microscopes

e [OHaIla30H IIOCTOSSHHOIO 3JIeKTPHUYeCKOT0 HaIlps-
SKeHU s, IPUIOKEHHOT0 MeXy 30HIOM M obpas-
110M, — 0T 0 10 9 B IIpH TOYHOCTH YCTAHOBKH 16 6UT;

e JMalla30H epeMeHHOT0 HAMPSKeHUS, IIOCTY-
Malolero Ha mepexop 30HA-o6paser, - ot 0,001 I'1y
110 10 MTI'11 ITpy¥ TOYHOCTH YCTAHOBKY YaCTOTHI 32 6UT;

* [UaIla3oH aMIUIMTYIbI IepeMeHHOI0 HallPssKeHU s
0-500 mB.

ITporpaMMHpPOBaHHE YCTAHOBKH [AJI51 COBMeEIlleHHOMU
MHKPOCKOITHMH BBIIIOTHEHO Ha KPOCC-TIATPOPMEHHOU
cucteme Qt Ha g3bIKe C++. TaKoe pelleHUe [103BO/IsSIeT
3aIlyCKaTh CO3/laHHOE IIporpaMMHoOe obecIieuyeHHe
B IIOZABJISIOIIEM DOIBIIMHCTBE COBPEMEHHBIX OIlepa-

LIMOHHBIX CCTeM. [Ip1 3TOM He BO3HHKaeT Heobxonu-
MOCTH B M3MEHEHHHU KoJa sl KaK/I0M KOHKPeTHOM
OIepaIMOHHON CUCTEeMBI.

15 ompeneneHHUs TOYHOCTH IO3UIIMOHHPOBA-
HUS Ha ypoBHe 0,1 IIM HCII0JIB30BaICS pa3paboTaH-
HBIU pPaHee 3TaJIOH HaHOMeTpa [5, 6], OCHOBaHHBIN
Ha obpaTHOM mbe303ddexTe. [Ipy NPUTOKEHUH Pa3HO-
CTH IOTeHIIManoB U K 3/1eKTPoiaM I1be30ITaCTHHKHU
ee TOJNIIMHA U3MeHseTCsl Ha BeJIMYKUHY Z B COOTBET-
CTBUHU C cOOTHOIIeHUeM Z=d3;+ U, rae dy; - BeTUYKHA
nbe3oMonysi. [IpM MalblX YIOPaBISIONIUX HaIIpsi-
KEHHUSIX JaHHOe COOTHOLIeHHe MMeeT TUHEeHHBIN
XapakTep. JTO I103BO/IsIeT Peall30BaTh IlepeMelleH1e

sample is from 0 to 9 V with the

accuracy of 16 bit;

« the range of AC voltage applied
between the tip and the sample
is from 0.001 Hz to 10 MHz with
the accuracy of 32 bit;

« amplitude range of AC voltage is
from 0 to 500 mV.

The programming for combined
microscopy system is performed
using Qt cross-platform software
and C++ language. This solution
allows to use the created software
in most modern operating systems.
And there is no need to change the
code for a specific operating system.

To determine the accuracy of
positioning at the level of 0.1 pm
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we have used previously devel-
oped standard of nanometer [5,
6] based on the reverse piezoelec-
tric effect. At the application of
potential difference U to the elec-
trodes of piezo-plate its thickness
is changed to the value Z in accor-
dance with the ratio Z=d;;- U,
where d;; is the value of the piezo-
module. At low operating voltages
this relation is linear. It allows
to carry out displacement by an
amount which is substantially
less than a nanometer. For exam-
ple, if voltage applied to the elec-
trodes of the plate (standard) is
reduced by 1000 times, we obtain
displacement of 1 pm.

Measurement of all input sig-
nals, as well as control of all out-
put signals in FemtoScan X scan-
ning probe microscope is carried
out at a frequency of 1 MHz. High-
speed multiplexer that is used
at the input, allows to measure
simultaneously up to 16 incoming
signals, which is especially impor-
tant in such applications as the
integrated measurement of char-
acteristics of materials.

The image of the mechanical
systems of scanning probe micro-
scopes is presented in Fig.2. [ |

The present project is supported by RFBR
(project No.16-29-06290 OPH-M).
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Ha CyI[eCTBEHHO MeHBIIYI0 BeJIMYHHY, YeM HaHO-
MeTp. Tak, yMeHbIlas IPUKJIAAbIBAEMOe K JIeKTPO-
JaM IUIACTHHKHU (3Ta/I0OHa HAHOMeTpa) HallpsskeHHe
B 1000 pa3, MeI ITo/Iy4aeM IepeMelnieHue Ha 1 M.

B cxkaHHpylolleM 30HJ0OBOM MHKPOCKOIIe
"®emToCKaH X" M3MepeHHe BCeX BXOASIIUX CUTI-
HaJIOB, a TaKXKe yIIpaBJieHHe BCeMU BBIXOISIIHMU
CHUTHAJIaMHK OCYyIIeCTBJEHO Ha 4dacTtoTe 1 M.
Hcronb3yeMbIi Ha BXOZie ObICTPOEHCTBYIOIIU K MYJTh-
THIIJIEKCOP II03BOJISIeT U3MEPSITh OLHOBPeMeHHO 710 16
BXOJSIIIMX CUTHAJIOB, YTO 0COOEHHO Ba>KHO B TAKHUX
IIPUMeHEeHHIX, KaK KOMIIJIEKCHOe H3MepeHHe XapaK-
TEPUCTUK MAaTEpPHAJIOB.

H306paskeHHe MeXaHHUYeCKUX CUCTEM CKAHUPYIO-
IIMX 30H/I0BBIX MU KPOCKOIIOB IIPeJICTAB/IEHO Ha PHUC.2.

Hacmoauwas paboma sbinoaHena npu nodoepskke PODU (npoekm
Ne16-29-06290 OPH-M).
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