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INPUMEHEHHUE DVD-IUCKA B KAYECTBE TECT-OBBEKTA
JIJIA OUEHKHU PA3PEIIAIOIIEN CIIOCOBHOCTH
CKAHUPYIOUETI'O KAIMMWIJIAPHOI'O MUKPOCKOIIA

[TokazaHa BO3MOXHOCTh NPUMEHEHHMS MOJIMMEPHBIX TecT-CTpYKTyp DVD-anckoB, npeacraBistonux coboit pery-
JSIPHBIE PSIBI BBICTYNAIONIMX U YIIIYOJEHHBIX 3JIEMEHTOB (PUKCUPOBAHHOW IIMPUHBI U TITyOUHBI, JJIsI OLEHKH pa3-
pemaromeii crrocoOHOCTH M TMHEWHBIX pa3MepoB B CKaHUPYIOMEM KanmmusipHoM Mmukpockomne (CKM). Cosmeme-
HHUE CEYCHHUH, TIOTyIEHHBIX METOIOM aTOMHO-CHIIOBOH MuUKpockormuu (ACM) u 8 CKM, 103BOIHIIO BHITIONHUTH Ka-
TMOpPOBKY JIMHEHHBIX pa3MepoB CKaHepa M oLeHnTh paspemienne B CKM 3a cuer u3MepeHus yIIMpEeHUs TPaHMIIbI
nepenajga BBICOTHI PETYISPHBIX CTPYKTYp Aucka. IToka3saHa BO3MOMKHOCTB ITPOBOJUTH OLIEHKY NMPOCTPAHCTBEHHOTIO
paspeleHus ¥ NPOHUKAIoIIel ClIOCOOHOCTH HAHOIMIIETOK C Pa3HBIMU allepTypoil U YIJIOM CXOXKJICHUS.

Knroueswie cnosa: CKaHUpYIOoIasa KalujijigspHasd MUKPOCKOIIN, aTOMHO-CUJIOBass MUKPOCKOIIWA, HAHOIIUIICTKA, 30H/,

TECTOBBIE CTPYKTYPBI, TIOJINKapOOHAT

BBEJEHUE

TecToBbIE CTPYKTYPHI U KaTHOPOBOYHBIE 0Opas3IIbl,
MPUMEHSEMbIE B CKAHUPYIOLIEH 30HI0BOH MUKPOCKO-
nuu (C3M), urparoT KIIFOYeBYIO POJb B 00ECIIEYeHUH
KOPPEKTHOM PabOThl U3MEPHUTEIBHBIX CHUCTEM, MOBBI-
IIEHUH TOYHOCTH IIOJIyYaeMbIX IaHHBIX M OLICHKE
npejienbHoro paspemenus [1]. [Ins pexxuMoB aToMHO-
cuoBoit mukpockonmu (ACM) paspaborano ©60b-
I0€ KOJMYECTBO KOMMEPYECKH JIOCTYIHBIX TECT-
PELIETOK M 3TAJOHOB, IO3BOJIIOUIMX BBIIOIHATh
KaJUOPOBKY JIMHEWHBIX Pa3MEpOB, OLICHUBAThH pa3pe-
HIAIOUIYI0 CIIOCOOHOCTh M KOHTPOJHPOBATH COCTOSI-
Hue 30H1a [2-5]. OgHako Ayl MEHee pachpOCTpaHeH-
HBIX MeToauK C3M, B KOTOPBIX B3aMMOJICHCTBUE 30H/1a
¢ o0Opasnom ompenensercss He TOJIBKO MEXaHHYECKH-
MU, HO H DJCKTPOXUMHYCCKUMU HJIU (I)I/I?:I/IKO-
XUMHYECKHMH TIPOLIECCAMH, 3a/lada CO3JaHMs CIienua-
JIM3UPOBAHHBIX TECT-CTPYKTYP OCTAETCSI aKTyaIbHOM.

OI[HI/IM 13 TaKUX METOAOB ABJIACTCA CKaHUPYIOIIas
karmusipHas Mukpockonus (CKM), u3BecTHas B 3a-
pyOexHOI nuTepatype kak scanning ion-conductance
microscopy (SICM), B KOTOpOl B KauecTBe 30H/1a HC-
IMOJIb3YIOTCA CTCKIIAHHBIC ITUIICTKHA C CY6MI/IKpOHHI>IMI/I
1 HaHOpa3MepHbIMHE anepTypamu [6]. B CKM peruct-
pauus B3alUMO/IEHCTBUSA "30H]1 — MOBEPXHOCTH"
OCYILECTBIISIETCS [0 U3MEHEHHSIM HOHHOIO TOKa, IIpo-
Tekaromero uepe3 ameprypy HaHonumetkn (HII).
B otiauune ot ACM, rae curHai onpeaensercs B oc-
HOBHOM MEXaHHYECKUMU cuinamu, n3meperns B CKM
YYBCTBUTEIIbHBI K IEJIOMY Psy (aKTOPOB: 3apsijio-
BBIM COCTOSIHUSIM MIOBEPXHOCTH
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U CTEHOK ITUIETKH, 3JIEKTPOXUMHUUYECKUM IIpoleccam
Ha 3JIEKTPOJAAX, HEIUHEHHOCTH [-V XapakTepucruk,
W3MEHEHUIO KOHIEHTPALUH MOHOB M BS3KOCTH 3JIEK-
TPOJIUTA B y3KUX 3a30pax. OTH OCOOCHHOCTH TPUBO-
1T K ToMy, 9T0 CKM-1300pakeHns 9acTo HCKaKEHBI
a¢hekTaMu, HE CBS3aHHBIMU HEMOCPEICTBEHHO C TO-
morpadueil, a oOmnpeAeNeHHe JHHEHHBIX pa3MepoB
O6’BCKTOB M0 TaKWM OaHHBIM SBJIACTCSA HCTPUBHUAJIb-
HOH 3a7a4ueil.

HeoGxonumocTh co3maHMs CHeLUaNbHBIX TECT-
oobekToB st CKM oOycnoBnena cpa3y HECKOJbKH-
MU IpuunHaMmu. Bo-nepBrix, ctexiasiHabie HIT oTiu-
YarTCsl XPYMKOCTHIO, TIOATOMY HCIIONB30BAHUE TBEP-
IObIX  KPEMHHEBBIX  CTaHIAPTOB, HPUMEHSIEMBIX
B ACM, MOXET NPUBOAUTH K Pa3pyIICHUIO 30HJA.
Bo-BTOpsIX, mapamerpbl B3aumozeiicteus B CKM Ha-
HOPSIMYIO 3aBUCAT OT T'€OMETPHUHU IHIETKH, BKIIOYast
TOJIIIMHY CTEHKH, (OpMYy amepTypsl B KOHYCHOCTb,
U 3TH MapaMeTpbl TPYJHO KOHTPOJIMPOBATh IPHU U3rO0-
TOBJIEHUU. B-TpeTbuX, OTCYTCTBHE TECT-CTPYKTYP,
NPEeJHAa3HAYECHHBIX CIEHUAIbHO IJISI METOIOB, OCHO-
BaHHbBIX HA MOHHOM NPOBOJMMOCTH, 3aTPYAHSET MPO-
BEJICHUE KaJIMOPOBKH, CPAaBHEHUS Pa3IMYHBIX 30HIIOB
Y OTITUMU3AIUIO PEXUMOB PabOTHI Mpubdopa.

Panee Hamu ObUTa MPOIEMOHCTPHPOBAaHA BO3MOXK-
HOCTh CO3JaHMs MOJMMEPHBIX PEIUIMK CO CTaHIapT-
HOW KanuOpOBOYHOW Si-pelieTKky Ha IpuMepe CTPYK-
Typel ~ BBICTYNAIOUIMX  HEPUOAMYECKHX  IOJIOC
TGZO02 [7]. Taxke APYrHMHU HCCIEIOBATEISIMHU OBbLIH
MPEIJIOKEHBI TTOIX0AbI K KOCBEHHOM OLIEHKE I'eOMeT-
pun 30H1a-HII ¢ ucnosnb3oBaHUEM BOIBTaAMIIEPHBIX
XapakTepUCTUK U MOJCIUPOBAHMS PpaCIpeleICHHs
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TOKa B 3a30pe "mumetka — oopazen” [8, 9]. Kpome To-
ro, CYIIECTBYIOT THMOpHIHBIE PpEIICHHs, Takhue Kak
3oHA0BBIe cucteMbl FluidFM, mo3Bomstomue pabo-
Tath kKak B ACM-, Tak u B CKM-110j100HBIX pekuMax
[10]. OmHako WX W3roTOBIEHHE TpedyeT (oToIHTO-
rpaduueckoro o0OpYIOBaHHWS W HE peliaeT 3a1ady
KaTMOPOBKM TpaAWIUOHHBIX cTekiustHHbIX HII. Bos-
MOXHOCTHb COBMCHIICHUA HECKOJBKUX BHJIOB MUKPO-
CKOTIMH B OJJHOM IpHOOpe Takke HE 3aMeHsieT He00-
XOJMMOCTb B IIPSIMOM IIPOBEPKE METPOJIIOIMYECKUX
xapaktepuctuk umMmeHHo B CKM-pexume [11].

B cBa3u ¢ atrM pazpaboTka MATKUX perbedHBIX
CTPYKTYP, CIOCOOHBIX CIYXHUTh T€CT-O0BCKTaAMH JIJIsi
OIIEHKH pa3pelieHus 1 JuHeHHo kanmnopoBkn B CKM
0e3 pucka noBpexaeHus HII, sBnsieTcst akTyanbHOMN
Hay4yHO-TeXHUYEeCKOM 3amayeil. IlommmepHble Mare-
pHanbl, Takue Kak IOJMKapOOHAT, MPENCTABISIOT
0coObIii MHTEpec Oiarofaps MX HU3KOH YKECTKOCTH,
TEXHOJIOTHYHOCTH M BO3MOKHOCTH IOJYYEHUs Pery-
JISIPHOTO MHUKpOpeibeda METOAOM IITAMITOBKH.

B nmannoii paboTte paccmarpuBaeTcs MPUMEHEHHE
noauMepHbix DVD-cTpykTyp, colepxamux peryisp-
HBbIE BBICTYIIBI U YriyOsieHHs (DUKCHPOBaHHOM Treo-
METpHUH, B KauecTBe TECT-00pa3LOoB ISl OLCHKH pa3-
pemraromieil  CrIoCOOHOCTH W JIMHEHHBIX pPa3MepoB
B CKM.

PA3PABOTKA 1 OBCYXXJIEHUE

B kadectBe TecTOBBIX 00pa3LOB MOATOTOBJIEHBI
IIBE CTPYKTYPHI Ha MOJHKapOOHaTe: Habop yriryOieH-
HBIX TIMTOB M COOTBETCTBYIOIIUE MM BBICTYIBI ((pa3o-
Basg AU(paKkIUOHHAs pemeTka), chopMHUPOBaHHBIC
METOAOM IITAMIIOBKH CO CTEKJISIHHOW MacTep-(OpMBbI.
Jus momydeHus penbeda HCMONB30BAICS IUPPOBON
Buaeoauck (DVD) BbICOKOI MIOTHOCTH 3alMcH, pas-
JeJICHHBIH Ha JBa cJiog B 0OJAacTH 3alHCH IIMTOB
(puc. 1). OTmeTnM, 4TO Ja3epHAas 3aMrCh HE IMOJXO-

a

MUTBI

OBPATHAA CTOPOHA

LAAAL AAAAN

IAT IS W3TOTOBJIEHHS ITOJOOHBIX TECT-OOBEKTOB,
MOCKOJIBKY TIPH 3TOM H3MEHEHHE CBOICTB MPOHMCXO-
IUT BHYTPH I1€PE3alUChIBAEMOTO CJIOS, a JUIsl pabOoTEhI
B CKM TpebytoTcs penbedHblE CTPYKTYpHl Ha TO-
BEPXHOCTH MOJIMMEPA.

Kontpone mopdonoruu BeimosiHeH pedepeHTHBIM
METOJIOM — TONyKOHTakTHOH ("tapping") wmomoi
ACM; nmns Busyanuzanmu B CKM wucnonb3oBaiach
coBpeMeHHas npepKKoBast ("hopping') monma [7]. Hdus
CKM mnpumensimuce 6opocunukataeie HIT ¢ BHYT-
penneit ameptypori 100 £20 HM, chopmMUpoBaHHBIE
METOAOM TEIUIOBOW BBITSKKH. V3MepeHHs] NpoBOAU-
JUCh KaK CO CTOPOHBI MIHTOB, TaK U CO CTOPOHBI BBI-
cTymoB (0OpaTHOM CTOPOHBI) CIOS AMCKA.

Uzo0paxkennsi, momydeHHble B pexkumax ACM
n CKM, mokazay cormocTaBUMyIo TOTIOTpa(uio peb-
epHbIX CTpyKTyp. [locKoNIbKY IaHHBIE CTPYKTYpHI
MMEIOT OJIMHAKOBYIO TJIYOMHY/BBICOTY, IIUPUHY U Pe-
TYJISPHBII IEPHOJ, MX MOXKHO MCIIOJIb30BATh ISl KOH-
TpOJIL JIMHEWHBIX PA3MEPOB MO TPEM KOOPAHHATAM
XYZ npu pabdote B pexnme CKM. CoBmerenue ce-
YeHUH, nosydeHHbIX 1o gaHHsiM ACM u CKM, no-
3BOJIMIIO OTKANMHOpoBaTh ckanep B pexknme CKM
(puc. 2).

JUist BBICTYNAIOIIUX CTPYKTYp CpeAHee 3HaueHHUe
YIIUPEHUs] TPAaHULbI MEperasa BhICOTHI MO CEUYEHHIO
OKa3aJioCh ~MPUMEPHO OAMHAKOBBIM st  ACM
u CKM — AX = 80 um. s nutoB B maHHBIX CKM
Ha0JII0/IAJIOCh 00JIee 3HAUYUTEIIBHOE yITUpeHue obJac-
1 HakinoHa — AX = 200 M. YXyzuieHue paspenie-
HUS [IPH BU3yaJHM3alliy Mepernajaa BbICOThI YIiTyOeH-
HeIX cTpykTyp B CKM MOXeT OBITh CBS3aHO C OTrpa-
HUYEeHHOH crocobHocThio HII mpoHmKaTth B y3kue
30HbI (y‘II/ITI)IBaﬂ TOJIIIUHY CTCHKU MUIICTKHU Ha TOPLEC
MMOMHMO amepTypbl) W/WIM C HAKOIUICHHEM 3apsja
BHYTPH YTIyOJICHHI, YTO MOKET BIUSATH HAa MOHHBIH
MOTOK.

\
LB

Puc. 1. Cxemsl penbeda moBepxaoctr coeB DVD-nucka (a) 1 ero BU3yanu3aiuy pa3HbIMU THIIAMA 30HIIOB (0).
Ha (a): 1 — 3amuTHBIH cioit monukapOoHata, 2 — oTpakarolui ciioil Al, 3 — 3aIUTHBIN CI0i 1 HaKJIelKa;
0 — cxemaTHyHOe M300pakeHHe pa3HbIX TUIOB 30HIO0B: ACM-30H1, pedepentnsiii (A), HII ¢ manoii aneprypoii (b),

HIT ¢ 6omnbmI0it anepTypoii (B)
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Puc. 2. Uzo6paxenus ctpykryp mutoB DVD-aucka B monukapOoHare.

a — CKaH, NONy4YeHHBIN B "tapping" mone ACM; 6 — ckaH, nonydeHHbIH B "hopping" mone CKM; B — cpaBHEHHe ceue-
HuH u3 (a) u (0) mocie KaTnOPOBKH; T — M300paKeHHEe BHICTYAIOIINX CTPYKTYP ¢ 00paTHOM CTOPOHBI CIIOS OTHOCHUTEIEHO
MMUTOB Ha (a), 1 — H300pakeHUe BBICTYIAIOMINX CTPYKTYpP C 0OpaTHOH CTOPOHBI CJIOS OTHOCHTEIBHO MUTOB Ha (0); € —
CpaBHEHHE ceueHuit u3 (T) u (1) mocie kamuopoBku; AX — yIIupeHue Ha TPAHUIIC [TEPEeraia BHICOThI
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Puc. 3. T'ucrorpaMMbl BRICOT, TOTYYCHHBIE ¢ H300paKeHUH ¢ JaTepadbHBIMH pa3MepaMu 4 X 4 MKM (BCTaBKH) JUIS TITOB
B ACM (a), B CKM (0) u BricTynaromux cTpykTyp B ACM (B) 1 CKM (1)
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I'mcTorpamMmbl BBICOT Uil BOTHYTBIX M BBITYKJIBIX
CTPYKTYpP UMEIOT XOPOLIYI0 KOPPEJSLHUIO: AJIS IUTOB
OCHOBHOW CJIBOGHHBIM MHK PACIOJIOXKEH OKOJO
0.2 mMxwm, ipu 3tom it ACM HabmogaeTcst BCIIOMO-
ratenpHbli ik Ha (0.02—0.03 MKM (COOTBETCTBYET
BeICTynam) (puc. 3). Jist BBITYyKIIBIX CTPYKTYpP OCHOB-
HOW cJBOeHHBIM MWK — okojio 0.02-0.03 MxwM,
B ACM Tarke HaOIOaeTcss BCIIOMOTATENbHBIA MUK
okoyio 0.2 MkM. CABOGHHOCTh OCHOBHBEIX ITMKOB, BE-
POSITHO, CBSI3aHA C OCOOCHHOCTSIMU TONOTpaduu Mo-
BEPXHOCTH MEKIY MUTaMH.

B pabote Takke W3y4eHBI YIIMPEHHS MHUTOB IMPH
ucnonb3zoBanuun HII pasHoro auamerpa aneprypsl
(puc. 4 a, 6) o ycpenHeHHBIM ceueHusM 1o 10 u3me-
penmsm. Kak BugHO u3 ceuennit (puc. 4, B), Ipu yBe-
nmuueHun BHenHero nuamerpa HIT ¢ ~ 180 um (yron
cxoxaeHuss ~ 3°) mo ~ 280 HM (Yroa CXOXACHUS ~
4.5°) ymmpenune Ha TpaHune nmuTa AX yBETUYHIIOCH
¢ ~ 150 uM mo ~ 200 HM, a TIIyOMHA TPOHUKHOBEHUS
noHu3unack ¢~ 170 aM 10 ~ 120 HM, YTO KOCBEHHO
MO3BOJISIET OLEHHUTH pa3pelieHue MeToja, amnepTypy
HII u ee mpoHUKAIONIYO0 CTOCOOHOCTB.

B psge SkcnepuMEHTOB BBISBIECHBI apTe(akThl,
CBSI3aHHBIE C OCOOEHHOCTSIMH HM3MEPUTEIBHOTO TPO-
necca. B wacTHOCTH, TP MHOTOKPAaTHOM CKaHHPOBa-
HUU OJTHOW W TOW e 00JIacTH (TpeX MOJHBIX IMPOXO-
JIOB) HAOJIO1aJI0Ch CHIKEHUE BBICOTHI U Pa3MbIBaHHE
CTPYKTYpbI THTOB. [10 1aHHBIM OBUIO BBISBIEHO ITO-
HWKeHHe 0a3oBoro ypoBHs Ha ~ 50 HM. Takxe 3ame-
YeHBl JIOKAJIM30BAaHHBIE HIyMBl Ha Kpasx Mepernaja
BBICOT, MPOSIBIISIONINECS] IPU HEOPTOTOHAIBHOW OpH-
entanmu Si-3oHna wim HIT k oOpasiy kak B ACM
(puc. 5, a), Tak 1 CKM (puc. 5, 6). DTH IIymMbl JTOKaJIA-
30BaHbI U CBSI3aHBl C MHOTOKPATHBIM KaCaHUEM 30H]a
0 CTEHKH CTPYKTYp C OJHOTO Kpas IPH ero HaKJIOHE,
YTO COIVIaCYeTCsl C JMTepaTypHbIMM JaHHBIMH [12].
Jnst CHIKEHUsSI yPOBHS IIYMOB CIIEyeT OPHEHTUPO-
BaTh 30HJ MaKCHMAaJbHO OPTOTOHAJBHO K 00pasiy,
BBICTABJISATh PA00YYI0 TOYKY OJIM3KO K PEXKUMY Ha-
ChINeHNs (CUTHAT 0€3 B3aMMOJAEWCTBHUS) U TIPHU HEO0O-
XOAMMOCTH yMEHbBIIATh KO3()(UIMEHT ycuieHus: o0-
paTHOM CBSI3H.
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Puc. 4. COM-u3o6paxxenue HII ¢ BHemHIM quamerpom aneptypsl Da ~ 280 um (a), Da ~180 uMm (0) u ceueHus nepenaga
BBICOTHI Ha TpaHulle nuta, noayuyeHHsie B CKM ¢ nomomnsto HIT ¢ pasubiMu nuamerpamu BHeHe# anepTypsl Da (B)

0

Puc. 5. 3D-n300paxceHus ¢ apTeh)akToM Ha rPaHULIE ITUTOB, BBIPAKAFOLIMMCS B BUJIE ITYMOB C OJHOT'O Kpas IPH HEOPTOTo-
HAJIBHOW OpHeHTaIu 30H1a B "tapping" moxe ACM (a) u "hopping" mone CKM (0)
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3AKJIFOYEHUE

[loka3aHo, YTO TMOJNMKApOOHATHBIE CTPYKTYPBI
DVD-gaucka, umeronye (GUKCUpOBaHHBIE T€OMETpPU-
YecKHe MapaMeTpsbl, HOAXOIAT ISl POBEPKH JIMHEH-
HBIX pa3MepoB H omneHku paspemenuss B CKM npu
npumenenun HII pasHoil reomerpuu. [lns BBICTY-
NAOIIMX CTPYKTYpP HOJY4eHbl OJM3KHE 3HAUYEHHS
VIIUPEHHsI TPaHUIIBI TIepenaja BEICOT B JaHHBIX ACM
n CKM, 9TO yKa3pIBaeT Ha CONOCTAaBUMOCTh METO/IOB
NPy U3MEpPEHHSX TOBEPXHOCTU BBICTYMOB. st yr-
ny6neHHbix cTpykTyp B CKM HaOmromatotcs 601b-
IMe YIIUpeHHs, 4To TpeOyeT ydera crenuduku
NPOHUKAIOUIEH CIIOCOOHOCTH 30HAa M BO3MOXKHOTO
BIIMSAHUSI HaKoIUleHHs 3apsina. CTOMT OTMETHTh, YTO
JaHHasi CTPYKTypa HE SIBJSIETCS METPOJIOTHYECKUM
3TAJOHOM, OJHAKO MOJKET NPHUMEHSTHCA B KauecTBE
YI0OHOTO TECTOBOr0 00pasiia, C MOMOIILI0 KOTOPOrO
MOKHO TIPOBOJWTH OIeHKy paspemenns B CKM
u mudpdepennuanuro HIT mo mapamerpam ux amepry-
PBl ¥ IPOHHKAOIIEH CTIOCOOHOCTH (Yroyl CXOXKICHHUS
Y BEpILHHEI).

[Ipu ucnonb30BaHUM TOIUMEPHBIX TECT-CTPYKTYP
Ba)XHO YUUTHIBaTh BO3MOXKHBIE 3()(heKThl Aerpasanuu
MaTtepuajga IpH MHOTOKPaTHOM  CKaHHUPOBaHUH
W BIMSHUE DIIEKTPUYECKOTO 3apana. OTH (PaKTOpHI
MOTYT OrpaHHYMBATh BOCIPOMU3BOANMOCTH H3MeEpe-
HUH U TpeOYIOT COOTBETCTBYIOIIMX NPOTOKOJIOB H3-
MEPEeHUH 1 KaTHOPOBKH.

Hccneoosanue svinonneno 3a cuem epanma Poccuiicko-
20 HayuHoeo ¢ponoa Ne 24-79-00169,
https://rscf.ru/project/24-79-00169/
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APPLICATION OF A DVD DISC AS A TEST OBJECT
FOR ASSESSING THE SPATIAL RESOLUTION
OF A SCANNING ION-CONDUCTANCE MICROSCOPE

M. V. Zhukov!, A. A. Bankov" 2 S. Yu. Lukashenko!, S. V. Pichakhchi!

'nstitute for Analytical Instrumentation of RAS, Saint Petersburg, Russia
2[TMO University, Saint Petersburg, Russia

The feasibility of utilizing polymer test structures on DVD discs, which consist of regular arrays of convex
and concave elements with fixed width and depth, for evaluating the spatial resolution and linear dimensions in
scanning ion-conductance microscopy (SICM) is demonstrated. The combination of cross-sectional measure-
ments obtained via atomic force microscopy (AFM) and SICM enabled calibration of the scanner's linear di-
mensions and assessment of the resolution in SICM by measuring the broadening of height transition boundaries
of the disc's regular structures. The study also shows the potential for evaluating the spatial resolution and pene-
trating capability of nanopipettes with varying aperture sizes and convergence angles.
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INTRODUCTION

Test structures and calibration standards used in
scanning probe microscopy (SPM) play a key role in
ensuring the correct operation of measurement sys-
tems, improving the accuracy of obtained data, and
assessing the ultimate resolution [1]. A large number
of commercially available test grids and standards
have been developed for atomic force microscopy
(AFM) modes, enabling calibration of linear dimen-
sions, assessment of resolution, and monitoring of
probe condition [2-5]. However, for less common
SPM techniques, in which the interaction between the
probe and the sample is determined not only by me-
chanical but also by electrochemical or physicochemi-
cal processes, the task of creating specialized test
structures remains relevant.

One such method is scanning capillary microscopy
(SCM), known in the international literature as scan-
ning ion-conductance microscopy (SICM), which uses
glass pipettes with submicron and nanoscale apertures
as probes [6]. In SCM, probe-surface interactions are
detected by changes in the ion current flowing through
the nanopipette (NP) aperture. Unlike AFM, where
the signal is determined primarily by mechanical
forces, SCM measurements are sensitive to a number
of factors: the charge states of the pipette surface and
walls, electrochemical processes at the electrodes,
nonlinearity of the I-V characteristics, changes in ion
concentration, and electrolyte viscosity in narrow
gaps. These characteristics mean that SCM images are
often distorted by effects not directly related to topo-
graphy, and determining the linear dimensions of ob-
jects from such data is a non-trivial task.

The need to create special test objects for SCM is
due to several factors. First, glass NP are brittle, so
using the hard silicon standards used in AFM can lead
to tip failure. Second, the interaction parameters in
SCM directly depend on the pipette geometry, includ-
ing wall thickness, aperture shape, coincity, and these
parameters are difficult to control during fabrication.
Third, the lack of test structures specifically designed
for ionic conductivity-based methods complicates ca-
libration, comparison of different probes, and optimi-
zation of instrument operating modes.

Previously, we demonstrated the possibility of
creating polymer replicas from a standard Si calibra-
tion grating using the example of the structure of pro-
truding periodic stripes TGZ02 [7]. Other researchers
have also proposed approaches to indirectly assessing
the geometry of the tip-NP using current-voltage cha-
racteristics and modeling the current distribution in
the pipette-sample gap [8, 9]. In addition, there are
hybrid solutions, such as FluidFM probe systems,
which allow operation in both AFM- and SCM-like
modes [10]. However, their fabrication requires pho-
tolithographic equipment and does not solve the prob-

lem of calibrating traditional glass NPs. The possibili-
ty of combining several types of microscopy in a sin-
gle device also does not replace the need for direct
verification of metrological characteristics in the SCM
mode [11].

Therefore, the development of soft relief structures
capable of being test objects for assessing resolution
and linear calibration in SCM without the risk of da-
maging the NP is a pressing scientific and technical
challenge. Polymer materials such as polycarbonate
are of particular interest due to their low rigidity, pro-
cessability, and the ability to produce a regular micro-
relief by stamping.

This paper examines the use of polymer DVD
structures containing regular protrusions and depres-
sions of fixed geometry as test specimens for assess-
ing resolution and linear dimensions in SCM.

DEVELOPMENT AND DISCUSSION

Two polycarbonate structures were prepared as test
specimens: a set of recessed pits and corresponding
protrusions (a phase diffraction grating), formed by
stamping from a glass master mold. To obtain the re-
lief, we used a high-density digital video disc (DVD),
divided into two layers in the pit recording area
(Fig. 1). It should be noted that laser recording is not
suitable for the fabrication of such test objects, since
the property changes occur within the rewritable layer,
whereas SCM imaging requires relief structures on the
polymer surface.

Fig. 1. Schematic diagrams of the surface topogra-
phy of DVD layers (a) and its visualization using
different types of probes (0).

(a): 1 — protective polycarbonate layer, 2 — reflec-
tive Al layer, 3 — protective layer and sticker.

(6) — schematic diagram of different types of
probes: AFM probe, reference probe (A), small-
aperture NP (b), large-aperture NP (B)

Morphology control was performed using a refer-
ence method — the tapping mode of an AFM; for vi-
sualization in the SCM, a modern hopping mode was
used [9]. Borosilicate NP with an internal aperture of
100 £20 nm, formed by thermal drawing, were used
for the SCM. Measurements were conducted from
both the pit side and the protrusion side (the back
side) of the disk layer.

Images obtained in the AFM and SCM modes
showed comparable topographies of the relief struc-
tures. Since these structures have the same
depth/height, width, and regular period, they can be
used to inspect the linear dimensions in the three XYZ
coordinates when operating in SCM mode. Superim-
posing the cross-sections obtained from the AFM and



SCM data allowed us to calibrate the scanner in SCM
mode (Fig. 2).

Fig. 2. Images of DVD pit structures in polycarbo-
nate.

a — scan obtained in the "tapping" mode of AFM;
6 — scan obtained in the "hopping" mode of SCM;
B — comparison of cross-sections from (a) and (b)
after calibration; r — image of protruding structures
on the back side of the layer relative to the pits in (a),
o — image of protruding structures on the back side
of the layer relative to the pits in (0); e — comparison
of sections from (r) and () after calibration; AX —
broadening at the boundary of the height difference

For protruding structures, the average broadening
of the height difference boundary across the cross-
section was approximately the same for both AFM
and SCM: AX = 80 nm. For pits, a more significant
broadening of the tilt region was observed in the SCM
data: AX = 200 nm. The deterioration in resolution
when visualizing the height difference of recessed
structures in the SCM may be associated with the li-
mited ability of the NP to penetrate into narrow zones
(taking into account the thickness of the pipette wall
at the end in addition to the aperture) and/or with the
accumulation of charge inside the recesses, which can
affect the ion flow.

The height histograms for concave and convex
structures show good correlation: for pits, the main
double peak is located around 0.2 pm, while AFM
shows a secondary peak at 0.02—0.03 pm (correspond-
ing to protrusions) (Fig. 3). For convex structures, the
main double peak is located around 0.02-0.03 pm,
AFM also shows a secondary peak at around 0.2 pm.
The duality of the main peaks is likely due to surface
topography features between the pits.

Fig. 3. Height histograms obtained from images with
lateral dimensions of 4 X 4 pum (inserts) for pits in
AFM (a), in SCM (0), and protruding structures in
AFM (B) and SCM ().

The study also examined, based on averaged cross-
sections in 10 measurements, pit broadening when
using NPs with various aperture diameters (Fig. 4 a, 0).
Considering cross-sections (Fig. 4, B), one can see an
increase in the outer diameter of the NP from
~180 nm (convergence angle of ~3°) to ~280 nm
(convergence angle of ~4.5°), and that the broadening
at the pit boundary AX increased from ~150 nm to
~200 nm, while the penetration depth decreased from
~170 nm to ~120 nm, which indirectly allows us to
evaluate the method's resolution, the NP aperture, and
its penetrating power.

Fig. 4. SEM image of NP with an external aperture
diameter Da~ 280 nm (a), Da ~180 nm (6) and cross-
sections of the height difference at the pit boundary
obtained in SCM using NP with different external
aperture diameters Da (B).

In a number of experiments, artifacts related to the
specific features of the measurement process were
identified. In particular, with multiple scanning of the
same area (three full passes), a decrease in height and
blurring of the pit structure were observed. The data
revealed a decrease in the baseline by ~50 nm. Loca-
lized noise was also observed at the edges of the ele-
vation gradient, this noise manifested itself when the
Si probe or NP is oriented non-orthogonally to the
sample in both AFM (Fig. 5, a) and SCM (Fig. 5, 0).
This noise is localized and is associated with repeated
contact of the probe with the structure walls at one
edge when tilted, which is consistent with literature
data [12]. To reduce noise levels, orient the probe as
orthogonally to the sample as possible, set the operat-
ing point close to saturation (signal without interac-
tion), and, if necessary, reduce the feedback gain.

Fig. 5. At the pit boundary, 3D images with an arti-
fact as noise from one edge in the event of a non-
orthogonal probe orientation in the "fapping" AFM
mode (a) and "hopping" SCM mode (0).

CONCLUSION

It has been demonstrated that DVD polycarbonate
structures with fixed geometric parameters are suita-
ble for verifying linear dimensions and assessing reso-
lution in SCM using NP of different geometries. For
protruding structures, similar values of the height dif-
ference boundary broadening were obtained in the
AFM and SCM data, indicating the comparability of
the methods for measuring the surface of protrusions.
For recessed structures, larger broadenings are ob-
served in SCM, requiring consideration of the specif-
ics of the probe's penetrating ability and the possible
influence of charge accumulation. It is worth noting
that this structure is not a metrological standard; how-
ever, it can be used as a convenient test sample for
assessing resolution in SCM and NP differentiating
based on their aperture and penetrating ability (con-
vergence angle at the apex).

When using polymer test structures, it is important
to consider the possible effects of material degrada-
tion during multiple scanning and the influence of
electric charge. These factors can limit the reproduci-



bility of measurements and require appropriate mea-
surement and calibration protocols.





