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OpHa u3 npobsieM HAHOMETPOJIOr MU 3aK/IK4aEeTCS B CO3AAHUU NPOCTOro U AOCTYINHONO 3TAJIOHA AJ/INHbI
B HAHOMETPOBOM AuanasoHe [1]. Ha gaHHbI MOMEHT He cylecTByeT MasorabapmMTHOro 3TaJioHa AJIMHOM
POBHO B 1 HM, C TOMOLLbIO KOTOPOIO MOXHO 6b110 6bl NPOBOAUTL KA/IM6POBKY CKAHUPYIOLLLETr0 30HA0BOI0
Mukpockona (C3M) HemocpeAcTBEHHO B Mnpouecce cKaHMpoBaHusa [2]. Ero cospaHue 3HAuYMTENIbHO
ynpowaeT npouecc KaJM6poBKM MMUKPOCKOMA, a CaM 3TaJioH C/YXXWT MPOYHbIM METPOJIOrMYeCcKUM
$pyHpaMeHTOM 419 pa3sBUTMS NEPCNEKTUBHbIX HAHOTEXHOJTOMUNA.

One of the problems of nanometrology is to create simple and affordable standard of length
in the nanometer range [1]. At the moment there is no small-sized standard with a length
of exactly 1 nm, with which it would be possible to carry out the calibration of the scanning
probe microscope (SPM) directly in the scanning process [2]. Its creation greatly simplifies
the calibration of the microscope, and the standard itself is a solid metrological basis for the
development of promising nanotechnologies.

2012 ropy npu moamepskke MeTposoru4yeckoro
neHTpa POCHAHO 6511 pa3paboTaH 3TanoH
BBICOTHI As1s1 C3M Ha OCHOBe BHpYyca TabauHOU
MO3aHKH, PaCIIOJ0KeHHOTO Ha IIOBePXHOCTH BBICO-
KOOPDHEHTHPOBAHHOIO IMPOJIUTHYECKOrO TpaduTa
(puc.1). Bupyc TabauHOM MO3aUKH CIYKUT 3TAJIOHOM

BBICOTHI B 17 HM. DTa BeJIMUHMHA MeHbIlle, YeM HU3BeCT-
HOe 3Ha4YeHHe JuaMeTpa Bupyca (18 HM), IIosyueHHOe
I10 JAHHBIM IIPOCBEYHBAOLIEH 37IeKTPOHHOK MUKPO-
CKOITMHU. PasHHUIIA B HA6MI0aeMbIX 3HAUEHHIX MOKeT
6BITH 06yC/IOBIEHA T€M, YTO IIPH AACOPOLIK BHPYCA
Ha I‘paq)I/ITe IIPpOUMCXOAUT YyIIJIOIIeHHEe YaCTHUIBI,

Puc.1. M306paxkeHue supyca maba4Hol Mo3auku, NoAy4eHHoe
Ha ckaHupyrowem 30Hdosom mukpockone "®@emmoCkaH"
Fig.1. Image of tobacco mosaic virus obtained using FemtoScan SPM

Puc.2. Cmamuyeckas pewemka ¢ 3a2psi3HEHHOU NOBepXHO-
cmbto
Fig.2. Static grid with dirty surface
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Puc.3. Bud 8b1Xx00H020 cuzHana naamel Arduino, noay4eHHsll
¢ nomouibto ocuuanozpacda c deaumenem 1/10 Ha 8xode

Fig.3. Output signal of Arduino board, obtained by oscilloscope
with 1/10 divider at input

IpUBOJsIIIee K YMeHbIIeHHI0 HabnogaeMon B ACM
BBICOTHI [3].

B kauecTBe M3MepUTe/NbHON MepBl TaKKe MOTYT
OBITh MCII0/Ib30BaHbI CTATHYECKHE PeLIeTKH, [Ipe/ICTaB-
nsoIKe cob0i UCKYCCTBEHHO CO3JaHHbIe HA IIOBep-
XHOCTH CTPYKTYPHI C 3aJaHHBIM npoduneM. Takue
PelleTKy, U3rOTOB/IeHHbIE U3 KPeMHHUS U IPYTUX MaTe-
pHanoB, MOABEPKEHBI Aerpafalliy, 3arpsa3sHeHUIM

Puc.4. 3manoH HaHomempa 6 Memaau4eckom Kopnyce 0As Uc-
nonb308aHus e C3M

Fig.4. Nanometer standard in metal casing for use in scanning
probe microscope

MIOBEPXHOCTH, M3HOCY (pHcC.2). Kpome Toro, oHU 10CTa-
TOYHO JOPOT'H M, YTO OYeHb CYIIeCTBeHHO, He [103B0-
JISIIOT 1<an1/16posaTb C3M HemocpeACTBEHHO B IIpoliecce
HM3MepeHU s, HallpHuMep, OH0I0rnYecKUuX 06beKTOB.

Xopouleil aJlbTepHATUBON IIPUPOSHBIM 00BeK-
TaM M CTaTHYeCKHUM pelleTKaM SBISIOTCS HU3Me-
pUTenbHBIEe MePBl Ha OCHOBe Ibe30KepaMHUUYeCcKOH
IIJIACTHHBI.

n 2012, with the support of the

RUSNANO’s Metrological Center,

a height gauge for SPM was devel-
oped, which was based on a tobacco
mosaic virus located on the surface
of highly oriented pyrolytic graph-
ite (Fig.1). Tobacco mosaic virus is
used as a height gauge of 17 nm.
This value is less than the known
value of the diameter of the virus
(18 nm) obtained from transmis-
sion electron microscopy. The dif-
ference in the observed values may
be caused by the fact that the par-
ticle flattens when the virus is
adsorbed on graphite, leading to a
decrease in the height observed in
the AFM [3].

Static grids, which are struc-
tures with a given profile that are
artificially created on the surface,

can also be used as a measuring
gauge. Such grids, made of silicon
and other materials, are subject to
degradation, surface contamina-
tion, wear (Fig.2). In addition, they
are quite expensive and, very sig-
nificantly, do not allow to calibrate
the SPM directly during measur-
ing, for example, biological objects.

A good alternative to natural
objects and static grids are measur-
ing gauges based on a piezoceramic
plate.

MATERIALS AND METHODS

If a voltage (U) is applied to the
piezoelectric plate in the form of a
step signal (Fig.3), then its thick-
ness will change by virtue of the
inverse piezoelectric effect. SPM
allows to register a change in

thickness (Z), which is determined
by the formula:

Z=d,U,

where d;; is the piezoelectric mod-
ulus. Using software, we can select
the value of the voltage amplitude,
so that the change in plate thick-
ness is exactly 1 nm.

As a material for the measur-
ing gauge it is convenient to use
a piezoceramic plate in the form
of a round tablet with a thick-
ness of 0.5-2.0 mm and a radius of
5-15 mm. The connecting wires are
attached to the electrodes located at
the ends of the plate (Fig. 4). If the
piezoelectric module of the CTS-
19 piezoceramics, which we use
in our work, is d3; =200 - 1012 C/N,
then after application of the voltage
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Puc.5. Annapamuas naamgopma Arduino Mega 2560
Fig.5. Arduino Mega 2560 hardware platform

MATEPUAJIbI U METO/1 bl

Ecnu Ha mpe3omIaCTHHY HOAATh HanpsskeHue U
B BHJe CTyNeH4YaToro CurHaua (puc.3), To B CHIY
obpaTHOro npe3o3bderTa U3MEHUTCS ee TONMIUHA.
C3M 1o3BoJIgeT 3aperuCTPUPOBATh U3MeHeHHe TOJI-
IIUHBI Z, KOTOPOe oIlpefensieTcss GOpMYIoH:

Z:d33 U,

rae dy; - mbe3031eKTPUYeCKUE MOAYIIb. [lanee MOSKHO
IporpaMMHO Iofo6paTh TaKoe 3HaUeHHe aMILIU-
TyZABl HaIlpSIKeHUsI, 4TOOBl M3MeHeHHe TONIIHHBI
IIJIACTHHBI COCTABUJIO POBHO 1 HM.

Puc.6. C3M "®emmoCKaH" ¢ onmuyeckum MUKkpocKkonom
Fig.6. FemtoScan SPM with optical microscope

B KauecTBe MaTepHasa A1 U3MEPUTEIbHON Mephl
yoo6HO HCIIONB30BaTh IIbe30KepaMHUUYECKYyIO IJIa-
CTUHY B BHJe KPYIJION TableTKU TONIHUHON 0,5-
2,0 MM ¥ paguycoM 5-15 MM. K HaX0AAIMMCS Ha TOP-
LlaX IIJIACTUHBI 3JIEKTPOAAM IIPHUKPeIlISIOTCS COel -
HUTe/IbHbIe IpoBofa (puc.4). Ecu nbe3osnekTpuye-
CKHH MOAYJb IIbe3oKepaMUKHU 1TC-19, KOTOpYIO MBI
Hcrone3yeM B pabote, paBeH dy; = 200 - 1072 Kn/H, To
IIocJie Imofa4yy HanpssrkeHus U = 5 B usMeHeHHe TOM-
IIMHBI [IJIACTHHBL Z COCTAaBUT POBHO 1 HM.

B KadecTBe HCTOYHMKA HAIlPSIKeHU I XOPOILO I10/1-
XOIUT amnapartHas miarpopma Arduino mega 2560

Arduino

LIPS ——

C3M PemTOCKaH
OHnanH

Puc.7. O6was cxema 3kcnepumMeHmanbHol yCmMaHosKku, 8KAKYAOWLAS KOMNbIOMep C YyCMAHOB8AeHHBIM NPO2PAMMHBIM 06ecnede-

Huem, naamy Arduino, 3manoH HaHomempa u C3M "®emmoCkan"

Fig.7. General scheme of experimental system that includes computer with software, Arduino board, nanometer standard and

FemtoScan scanning probe microscope
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(puc.5) ¢ MIUPOTHO-UMIY/IbCHON MOAYISALIHEHN
(Pulse Width Modulation) BeixogHOro Hamps-
sKeHud [4]. s UCHOONb30BaHUA IIIaTh Arduino
Tpebyetcs becmmaTHas mporpaMMHas 0o6omo4Kka
Arduino Software.

ITpu KCIIOABb30BAHUH U3MEPUTEIbHOM Mephl B C3M
(puc.6) Ha n306paskeHU Y MOSIBISIOTCSI BEPTHUKAJIbHbIE
1os10chl. IIIMPUHOM 3TUX I10JI0C MOKHO yIIPaBISTH,
H3MeHSsISl HaCTOTY HaIlpsiKeHUs1, IIPUK/IAbIBA€MOTO
K 9JIeKTPOJIaM U3MEPUTEIBHOM MepHl. [T HCIIOTb30-
BaHMS B MHKPOCKOIIE 3TAJIOH BBIIIOJIHEH B MeTaJIIH-
YeCKOM KOPITyce, IIPH TOM Ha BeIMYHUHY B 1 HM I1epe-
MeIllaeTcsi BEPXHsIS KPbIIIKA KOPIIyca.

NMPOBEAEHUE SKCMEPUMEHTA

M3MepHUTe/bHYIO MePy Pa3MeIlaloT Ha IIpeiMeTHOM
CTOMHKe MHKPOCKOIA. Pa3beMbl H3MepUTeIbHOMN
MePpBI IIOAKJII0YAIOT K BBIX0AAM IIIaThl Arduino, KoTo-
past MOAK/IIOYAeTCs K IIePCOHATIBHOMY KOMIIBIOTEPY
(puc.7) c yCTAaHOB/IEHHOM IIPOrPaMMHOK 060/10UKOH.
Ko mporpaMMmbl, II03BOJSIIOIIEH BbIIABATh IIOCTOSTH-
HOe I10 aMIIJIUTYAe U YacToTe HallpsikeHHe, IIPUBe-
JleH Ha puc.8.

B nmporpamme BbI6MpaeTcs 3HaueHHe input_
voltage = 5, uTo obecrmeynBaeT 3HaUeHHEe aAMIIJIH-
TyZbl HAIIPSIKeHU I, paBHoe 5 B. YacToTy CKaHHUPOBa-
HHS MHKPOCKOIIA yCTaHaBIMBAIOT paBHOU 0,636 'L
(qactorta mopynsuuu frequency = 3x0,636).

B mmporjecce CKaHMPOBAHHU S Ha SKPaHe IOSIBIISIOTCS
napasesnbHble M0J0CH (pUC.9), KOTOpble COOTBET-
CTBYIOT JBYM 3HaYeHHSM TOJLIMHBI I1be30IJIa-
CTHHBI ~ 3Ta/IOHa HAHOMeTpa.

intvoltage=0;
intthisPin=13;
floatfrequency=0.636*3;
int ddelay=500/frequency;
void 0

{

pinMode (thisPin, OUTPUT);
}

void loop()

intinput_voltage=1.633;
intvoltage=input_voltage/5*255;
analogWrite(thisPin, voltage);
delay(ddelay);

analogWrite (thisPin, 0);

delay (ddelay);

}

Puc.8. Kod npozpammei, ucnonbsyemol 8 pabome
Fig.8. Program code used in work

Ba>kHO 3aMeTHTh, UTO, TaK Kak mjarta Arduino
HCII0Nb3yeT /sl PeryJlHpoBaHUS HAaIPSAKeHUS
MUPOTHO-UMIIYJIBCHYI0 MOAYISLIMIO, Heobxo-
OUMO IIPUMEHSTh QUIBTP HHU3KUX YaCTOT B BHJE
RC-11emuy, 4TOOBI TOMIIMHA [IJIACTUHBI He M3MeHs1/Iach
IOJ BIHSHHEM BbICOKOYACTOTHOM COCTaB/IAIOLIEH
HaIPsSOKeHHU .

JI71s1 onipesiesieHU sl U3MeHeHU ST BBICOTHI IIJIACTHHBI
[IOCTPOeHa TUCTOrpaMMa ToIorpaduueckoro u3o-
bpaskeHUs (pacrpeneneHHs ToUeK H300paskeHUS
[IOBEPXHOCTH II0 BBICOTEe), HA KOTOPOM ABa IIHKa

U =5V the variation of the thick-
ness of the plate (Z) is exactly 1 nm.
The Arduino mega 2560 hardware
platform (Fig.5) with pulse-width
modulation of the output voltage is
well suited as a voltage source [4].
To use the Arduino card, you need
the free Arduino Software.

When using the measuring gauge
in the SPM (Fig.6), vertical bands
appear on the image. The width
of these bands can be controlled
by changing the frequency of the
voltage applied to the electrodes of
the measuring gauge. For use in a
microscope, the gauge is made in a
metal casing, while the top cover of
the casing moves by 1 nm.

CONDUCTING EXPERIMENT
The measuring gauge is placed on
a microscope stage. Connections of
the measuring gauge are connected
to the outputs of the Arduino
board, which is connected to a per-
sonal computer (Fig.7) with the
installed software. The code of the
software allowing to produce a volt-
age that is constant in amplitude
and frequency is shown in Fig.8.
The value "input_voltage= 5" in
the program provides a voltage
amplitude of 5 V. The scanning fre-
quency of the microscope is set to
0.636 Hz (frequency= 3x0.636).
During scanning, parallel bands
appear on the screen (Fig.9), which

correspond to two values of the
thickness of the piezo plate - the
nanometer standard.

It is important to note that, since
the Arduino card uses pulse-width
modulation for voltage regulation,
it is necessary to use a low-pass fil-
ter in the form of an RC circuit so
that the thickness of the plate does
not change under the influence of
the high-frequency component of
the voltage.

To determine the change in
plate height, a histogram of the
topographic image (the distri-
bution of the points of the sur-
face image in height) is plotted on
which two peaks correspond to two
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Puc.9. Tonozpaduueckoe u3obpaxieHue nepemeLeHus nosep-
XHOCMU 3MAaAoHa HAHOMempa no 8bicome

Fig.9. Topographical image of vertical moving of surface of
nanometer standard

COOTBETCTBYIOT [IByM 3HaUeHHSIM BBICOTHI ITbe30I1/1a-
cTUHBI. [IpoBeJs anmpokCUMalMIo rpaduka (puc.10),
IIOCTPOEHHOTO Ha OCHOBE JaHHBIX THCTOTPAMMEBI,
MO>KHO OIpe/le/IUTh TOUHble 3HaUeHHUsI KOOpAKUHAT
IBYX MHKOB. PAa3HOCTb MeXJy KOOPAUHATaAMH JaH-
HBIX IIMKOB II0 TOPHU30HTA/IBHOM OCH eCThb CpefiHee
M3MeHeHMe BBICOTHI I1be30ITIaCTHHEL.

3AKNIOYEHUE
B pe3ynbTaTe npofenaHHON paboTsl CO3/IaH IIPOCTOH
Y JOCTYIHBIM 3TaJIOH HAaHOMeTPa, KOHCTPYKIIUS

___ AnnpokcvMmaums nepsoro nvka no rayccy
Gauss' approximation of first peak
___ AnnpokcvMmaums BToporo nuka no rayccy
Gauss' approximation of second peak
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Puc.10. l'paguk pacnpedeneHusi mouex no evicome. Jleabill U npasbiti
nUKU coomeemcmayom Haubonee 8eposIMHOMY pacnoNOXKEHUH No-
8EPXHOCMU 3MAAOHA HAHOMEMPA 8 HUXKHEM U 8EpXHEM NOAOXKEHUSIX
Fig.10. Graph of distribution of points along height. Left and right
peaks correspond to most probable location of surface of nanometer
standard in lower and upper positions

KOTOPOTO AOIyCKaeT MHOrOKPAaTHOe MCIIOIb30Ba-
HHe. C3M criocobeH HOCTUTaTh TOUHOCTH U3MepeHHU I
nopsigka 0,001 HM, YTO FOBOPHUT O BEICOKOM TOUHOCTH
3TaJIoOHA.

values of the height of the piezoc-
eramic plate. The approximation
of the graph (Fig.10) created on the
basis of the histogram data, allows
to determine the exact values of
the coordinates of the two peaks.
The difference between the coordi-
nates of these peaks along the hor-
izontal axis is the average change
in the height of the piezoceramic
plate.

CONCLUSION

As aresult, a simple and affordable
nanometer standard was created,
the design of which allows multiple
uses. SPM is able to achieve mea-
surement accuracy of the order of

HAHO MHDYCTPUA #5/ 76/ 2017

0.001 nm, which indicates the high
accuracy of the gauge.

It should be noted that such dis-
advantages of ceramics as creep,
nonlinearity and hysteresis do not
affect the accuracy of measure-
ments, since a constant amplitude,
frequency and polarity signal is fed
to electrodes of nanometer standard.

The sizes of many objects of the
"nano-world" are in the range of
0.1-100 nm. Accurate measurement
of these dimensions is important
in modern technology, biology and
medical diagnostics [5]. This fact
confirms the relevance of the pro-
posed version of the length gauge of 1
nm. Manufacturing of the proposed

measuring gauge does not require
expensive equipment or materials,
which indicates the accessibility of
the standard.

In conclusion, it should be noted
that on the basis of a nanometer
standard it is possible to create a
picometer standard, reducing the
applied voltage by several orders
and using a material with a smaller
value of the piezoelectric module, for
example, crystalline quartz. Thus,
the method used to create the stan-
dard can be considered as promis-
ing. [ |

The study was carried out with the finan-
cial support of the REBR within the frame-
work of the scientific project 16-29-06290.
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CilemyeT OTMETUTD, UTO TaKHUe HeJOCTATKH Kepa-
MHKH KakK KpHUI ([013y4ecTh), HeJTHUHEHNHOCTH
U THCTepe3MC He BIHAIOT Ha TOYHOCTb M3Mepe-
HHUMH, [IOCKOJBKY IIPH MCIOJb30BAHUU CTaHAAPTa
HaHOMeEeTpa Ha ero 3JeKTPOIbl II0JaeTCs CUTHAJI
[IOCTOSSHHOM aMIIJIMTY/bl, YaCTOTHL U IIOJISIPHOCTH.

Pa3mepsl MHOTHX 00€KTOB HAaHOMHPA HaXO-
oat1csa B fuamnas’oHe 0,1-100 HM. TouHOoe H3MepeHHe
3THX pa3MepoB MMeeT Ba>kKHOe 3HayeHHe B COBpe-
MEHHBIX TeXHOJIOTUIX, OMOJIOrUY U MeAUIMHCKOHN
nuarHoctuke [5]. JaHHBIHN GaKT MOATBEpPXKIAeT
aKTYya/JIbHOCTD IPeJJIOKeHHOI0 BApHaHTa 3TaJ/IoOHa
JUIMHBL B 1 HM. [l CO3MaHUS IIPe/iIo’KeHHOM U3Me-
pUTeNbHOM MepHl He TpebyeTcs moporocrosiiiee 060-
pyLoBaHUe UJIM MaTepUajbl, YTO FTOBOPHUT O JOCTYII-
HOCTH 3TaJIOHA.

B 3aKkJII0OYeHHE XOTeJoChb 6Bl OTMETUTH, YTO
Ha OCHOBe 3Ta/IOHA HaHOMeTpa MOXHO CO3IaTh
3TaJIOH NHKOMeEeTpa, YMeHbIIas HoJaBaeMoe
HaIlpsi>)KeHHe Ha HeCKOJIBKO IIOPSAKOB MU KMCIIONb-
3yd MaTepHaJ C MEeHBIIHMM 3HaYeHHEeM IIbe30-
3JIEKTPUYECKOTO0 MOAY/SA, HAIIPUMep KpPUCTAJIIU-
YeCKHUH KBapl. TaKUM ob6pa3oM, HCIIOIb3yeMbIH
IIPU CO3JaHHHU 3Ta/IOHA METOJ MOXKHO CUMTATh
[IePCIeKTHBHEIM.

LleHa 975 py6.

KOHTPOJIb HOBbIX TEXHOJIOTUH
B TBEPAOTEJIbHOVI CBY SJIEKTPOHUKE
py3nos B.B., KonkoBckuii F0.B., KoHuesoi [0.A.

HccaedosaHue 8binoaHeHo npu ¢uHancosoll noddeps ke
POOU pamkax Hay4Ho20 npoekma 16-29-06290.
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B KHure mpezcTaBneHo 0606LLeHIe HAKOMMEHHOMO OMbITA MO CO3AAHNIO METO0B BXOAHOTO W TEXHOMOTMYECKOro
KOHTPOAS Npu pa3paboTke v npou3BOACTBE CBY TpaH3WCTOPOB Ha OCHOBE LUMPOKO30HHbLIX MATepUAsIoB, B YACTHO-
CTW, TPH3MCTOPOB Ha reTepocTpykTypax T1na AIGaN/GaN. PaccMOTpeHbI CUCTEMbI OTEYECTBEHHDIX 1 3apYOEXHbIX
CTAHAAPTOB, Ha OCHOBE KOTOpbIX MPOBOASTCS pa3pabotki CBY TpaH3ucTopoB. MoapobHo onucaHbl puanyeckie
OCHOBbI FETEPOCTPYKTYP, OMMCaHbI CBOVICTBA LUMPOKO30HHbIX MOYMPOBOAHMKOB, METOZbI M3r0ToB/eHNs CBY TpaH-

31CTOPOB. [JIET/IbHO aHAM3MPYETCS TEXHONOT S MPOM3BOACTBA TPAH3UCTOPOB C Y4ETOM UMEOLLErocs OmbiTa UX
PeaIbHOr0 U3roTOB/IEHNS. PACCMOTPEHDI 3MeKTpUYECKIMe, ONTUYECKVE, PEHTFEHOBCKYE, JeKTPOHHO-MMKPOCKONM-
YECKVIE 1 aHAMTHYECKUE METO/bI, KOTOPbIE MPUMEHSIOTCA NPY BXOBHOM M TEXHONOrMYECKOM METOAAX KOHTPOJIS.
PaccmoTpeH onbiT co3aanms B OAO "HIM “Mynbcap” CBY TpaH3ucTopoB 1 CBY 6710K0B Ha X OCHOBE.

KHura byger nonesHa cmeuyanuctam B 06MacTW NEKTPOHWKY, UCCIeAOBATENAM, MHXeHepaM-MpakTUKam
1 pa3paboTynKkam pagvoaNeKTPOHHOM annaparypbl.
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