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CO3JAHHME U UCCIEJOBAHUE IHOJMMEPHBIX TECTOBBIX
CTPYKTYP JJIsdI CKAHUPYIOIIEN KAINTMWJIJIAPHOU MUKPOCKOIIMHN

Co3/1aHbI 1 MCCIIE0BAHBI TIOJIMMEPHBIE TECTOBBIE CTPYKTYPHI JUIS MCHOJIb30BaHUS B KA4ECTBE TECTOBBIX 00pa3IoB
B CKaHMpYIomeH kammusipaoid mukpockonuu (CKM). Mcnoiap30BaH METOI UIMITPUHTHHTA HAa TOBEPXHOCTH 3THIICH-
BUHMIAIETaTa. B KauecTBe MCXOAHONW MaTPHIBI HCIIOJIB30BaHa IEPHOANUECKas KPEMHUEBAs CTPYKTypa C BBICTYIIA-
MU/IyHKaMH Kpyriioro npo¢uis. ['eomerprieckie mapaMeTpsl HCXOJHOM KPEMHHMEBOW MaTpPHUIBI M CO3aHHOMN
MIOJIMMEPHON CTPYKTYPHI ONpPeEENIEHbI C MOMOIIBI0 aTOMHO-cHIIoBOro Mukpockomna (ACM). MccnenoBaHbl HCKaxe-
HUsL (OPMBI M TEOMETPHYECKUX Pa3MepOB IOJHUMEPHOW TECTOBOI CTPYKTYpPBI, OOYCIIOBJIEHHBIE TEXHOJIOTHEH
HUMIIPUHTHHTA. DTUJIEH-BUHHUJIALETATHBIEC MTOJUMEPHBIE TECTOBBIE CTPYKTYPBI, TOJY4YE€HHbIE METOI0OM UMIIPUHTHHTA,
MIO3BOJISIIOT MPOBOJUTH KaMOpoBKY ckaHepa B CKM B narepanbHoii miockoctu (X, Y). I[IpeanoxkeH MeTos OleHKH
anepTypsl 30H/a-HAHOMMIETKH TPH HCIOJIb30BAHUM CYOMUKPOHHBIX JIyHOK. YUHTBHIBAsT W3MECHEHHE DPa3MEpOB
MIOJIMMEPHOI TECTOBOM CTPYKTYPHI CO BPEMEHEM, HEOOXOAMMO MPOBOIUTH MEPHOINUECKYIO TIOBEPKY €€ pa3MepoB

¢ nomomsio ACM-MmeTona.

Kniouegvie cnosa: cxkanupyromas KanuUIIpHAs MUKPOCKOIINS, AaTOMHO-CHJIOBAst MUKPOCKOIIHS, HAHOIIUIIETKA,
KaIHOpOBKa, TeOMETPUS 30Ha, JIYHKH, NOJUMEPHbIE PETTUKI

BBEJJEHUE

CkaHupymoomas:  KalWUIIpHas  MHKPOCKOIHS
(CKM, B 3apyOexHOll nuTeparype scanning ion-
conductance microscopy — SICM) sBisercss omHUM
13 HauboJiee IMEPCICKTHBHBIX METOJOB OECKOHTAKT-
HOM BU3yalM3aluy IIOBEPXHOCTH B JKHIKOU Cpele
C HaHO- U MHUKPOMETPOBBIM MPOCTPAHCTBEHHBIM pa3-
pemieHreM. MeToj; OCHOBaH Ha pETUCTpaIlid HOHHOTO
TOKa 4epe3 amepTypy CTCKJISIHHOH HaHOIMIIETKH
(HIT), uto nmo3BoussieT popmupoBath nzodpaxkenue 6e3
MEXaHMUYECKOI'0 KOHTaKTa ¢ oOpasuom. biaromaps
stoMy CKM mmpoko NpUMEHSETCs MpPU HCCIEN0Ba-
HUM MATKHX M OMOJIOTMHYECKUX OOBEKTOB — JKUBBIX
KJIETOK, MEMOPaHHBIX CTPYKTYp, MOJMMEPHBIX MaTe-
puanos u ruaporeneit [1—4]. OrcyTcTBHE MeXaHUYe-
CKOTO B3aMMOJEICTBUS HPUHIMIIMAIBLHO OTIMYAET
CKM ot aromHO-cuinoBoil Mukpockonuu (ACM)
U JeNaeT €ro NpearoYTUTENIbHBIM METOJIOM B 3ala-
Yyax, Tl BaXXHO MHMHUMH3HPOBATH Je(OopMaIiio
MIOBEPXHOCTH.

3a mocneaHue oAbl HAOMIOAAETCs] aKTUBHOE pas-
BUTHE amlapaTHbIX M aJrOPUTMHYECKHX pELICHUI
B obmactu CKM, Bkirouass MyJIbTUMOJANBHBIE KOH-
¢urypanuu, ycoBeplIeHCTBOBAHHBIC PEKUMBI CKaHH-
POBaHUsI U METOABI MOBBIMLIECHUS MPOCTPAHCTBEHHOIO
paspetenus [5—8]. OgHako HECMOTPSI Ha TEXHOJIOTH-
YeCKMH Iporpecc, METPOJIOrHdeckoe obecrieueHue
METOAa OCTaeTcs OrpaHWYeHHBIM. B uwacTHOCTH, OT-
CYTCTBYIOT  CTaHIApTHU30BAaHHBIE  KaJIMOPOBOYHBIE
00pa3ipl 1 YHUUITUPOBAHHBIE MTPOILIEAYPHI TPOBEPKU
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TOYHOCTH HM3MEPEHUS JIMHEHHBIX pa3MepoB. DTO 3a-
TPYIHSET COMOCTABIIEHUE PE3YJIbTATOB, IMOIYYEHHBIX
Ha Pa3HbIX YCTAHOBKAaX, U OIPaHUYMBAET IPUMECHEHHUE
CKM B 3agauax, TpeOyIOUIMX KOJIMYECTBEHHOH I0C-
TOBEPHOCTH.

B ACM mnpobnema kamuOpOBKH peEIIeHa 3a CUET
WCTIONB30BaHMs  CePTHU(PHUIMPOBAHHBIX IEpUOIUYE-
CKUX PEIIETOK, CTYIIEHYaThIX CTPYKTYp M CTaHIApTOB
BBICOTBI, MO3BOJIAIOINHUX IIPOBOAUTL HE3aBUCHUMYIO
MPOBEPKY MAacUITa0OB MO TPEM OCSIM, a TaKKe H3Me-
PATH Paluyc 3aKpyTICHUS HCIIOIB3yeMoro 30Ha. s
CKM mpsiMoe mpuMeHEHHE TBEPABIX KaTHOPOBOYHBIX
KPEMHHUEBBIX CTPYKTYP CBSI3aHO C PUCKOM IIOBpPEXIie-
Hus crekisinHoi HII, ocoOenHo mpu pabote BOJIM3U
nosepxHocTH. KpoMe Toro, He0OXOQMMO YUHUTHIBATH,
yro (opmupoBanue curHaia B CKM omnpenensercs
HE TOJIBKO I'e€OMETpHEN 30HAa, HO U paclpeaeIeHueM
WOHHOTO TOKa BOJW3M amepTypbl, YTO MPUBOIUT
K JIOTIOJIHUTEIbHBIM T'€OMETPHUECKUM HCKaKEHUSIM
n3mepsiemoro npodws [4, 9].

O[[HI/IM U3 BO3MOXKHBIX pe]_[ICHI/Iﬁ SABJISICTCA HUC-
M0JIb30BaHUE MATKHUX MOJUMEPHBIX PEIUIMK IEPHOAN-
YECKHX KPEMHHUEBBIX CTPYKTYp, MOJYYEHHBIX METO-
noM wuMrpuHTHHTA. [logoOHBIN TOIXOA TO3BOJSET
cHH3UTH pHck noBpexaenus HIT B mponecce kanu6-
pokn CKM u amanTupoBaTh TE€OMETPHIO TECT-
oOpa3ma Kk ocoOeHHOCTSIM Merona. OmHako BBIOOP
($opMBI KaMHOPOBOYHON CTPYKTYpHI TpeOyeT OTAEIb-
Horo aHanmn3a. ®opma ¢ y3KUMHU WK IITyOOKHUMH BIIa-
AVHAMU MOXET MPUBOJUTH K CUCTCMATUYCCKOMY 3a-
HIDKEHHUIO M3MepsieMO IIyOMHBI BCIEICTBHE KOHEY-
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HOTO pajiyca anepTypsl 1 HEBO3MOXHOCTH TOJIHOTO
MPOHUKHOBEHHS 30HAa BriayOs Bhamuusr [4, 10, 11].
IIpu 3TOM OLIEHKa BBICOTBI OOBEKTOB MOXKET HCKa-
JKaThCsl M BCJIEJCTBHE HEITMHEWHOTO M3MEHEHHsI HOH-
HOIO TOKAa Ha Ppe3KHX Iepenagax penbeda
Ha BBICTyMawOImUX oObektax [12]. Takum oOpa3zom,
B ClIydae BU3yaJIM3allMU YYacTKOB PE3KOro Iepenana
BBICOT CTPYKTYpa MOXET OBbITh NMPHUTOJHA ]ISl JaTe-
paTbHOM KaIMOpPOBKH, HO HE 00ECTIeYnBaTh KOPPEKT-
HOW KaIMOPOBKH 1O OocH Z.

B Hacrosmieit paboTe B Ka4eCTBE KAIMOPOBOYHOIO
obpazma mnss CKM paccmarpuBaroTcsi TOJMMEpPHBIS
PEeIUIMKH C BBICTYNaMM WJIN JYHKaMH KpYTJIOro Mpo-
¢bus, CHATBHIE ¢ NIEPUOANYECKUX KPEMHUEBBIX CTPYK-
Typ. ACM wucnons3yercst B KauecTBe pedepeHTHOTo
MeToza AJs onpezeneHus GaKTHIECKUX reoMeTpuye-
CKHUX [apaMETPOB HUCXOJHOM KPEMHUEBON CTPYKTYpbI
U ee noJuMepHoi peruuki. OCHOBHAS 11eJb UCCIIEN0-
BaHUsSI — KOJHMYECTBEHHO OLEHHUTh NPUMEHUMOCTD
JJAHHOW T'eOMETPUU JUIsl KAJIMOPOBKU JIMHEHHBIX
pasmepoB B CKM 1 BBISIBUTH OTpaHUYEHUS, CBI3aH-
Heie ¢ reomerpuein HIT u ocobeHHOCTSIMU pacrpeje-
JIEHHS1 HOHHOT'O TOKa.

MATEPHAIJIBI U METO/1bI

B kadectBe MacTep-o0pas3moB Ui UMIPUHTUHTA
UCIIOJIb30BANINCE JIBE KPEMHHUEBBIE IEPHOIMYECKUE
CTPYKTYpHI: KannOpoBouHas pemerka TGTO1 ¢ mac-
cuBoM BeIcTynarommx wrn (tem 1) [13], a Takke
CTPYKTypa ¢ MacCHBOM JIYHOK (Tum 2). Obe CTpyKTy-
PBl XapakTepU3yloTCs PETYIAPHBIM IMEPUOLOM U KO-
HYCHOHM TeoMeTpHel 3IeMEHTOB penbeda, 4TO IMocie
pEeIUTUKAIMKA TIPUBOAUT K (OPMHPOBAHHIO MaccHBa
KOHYCHBIX BBICTYIIOB U YTITyOJICHHH.

HOHI/IMepHI)Ie PCIUIMKU U3TrOTaBJIMBAJIMCh METOI0OM
TEPMHYECKOT0 MMIPUHTHHTA C UCIIOIb30BAaHUEM TEp-
MOIUTaCTUYHOTO CONOJIMMEpa I3THJICH-BHHHIJIAIETAaTa
(3BA), BbIOOp KOTOpOro OOYCIIOBIIEH €ro OTHOCH-
TEITBHO HU3KUM MOJYJIEM YIIPYTOCTH, JIaCTUYHOCTHIO
U cTabuinbHOCTBIO QopMBI TocKe oxnaxkaeHus. [po-
IIeCC PEIUTMKAINK OCYIIECTBISIICS CIEAYIOIIM 00pa-

l t~170°C wfl

>

3oM (puc. 1): DOBA pasmemancs Ha MOBEPXHOCTHU
KPEMHHEBOW MacTep-CTPYKTypsl M HarpeBajicsi [0
temmeparypsl ~170 °C, mocne gero mpoBOIMIOCH Me-
XaHWYeCKOE TMpIKaThe TOoNuMepa K IOBEPXHOCTH
mramna. [Ipu HarpeBe monumep nepexonu B BA3KO-
TUTACTUYHOE COCTOSIHUE M 3aroJIHSUI MHUKpOpenbed
cTpykTyphl. Ilocie Bblaepikku oOpasen OXJaXkaaiu
70 KOMHaTHOH Temneparypsl (~ 25 °C), obecneunBas
¢ukcanuio (HopMbl, TOCIE Yero BBITOIHIIOCH OT/e-
JIeHWE TIOJIMMEPHOW PEIUIMKHA OT MacTep-CTPYKTYPHI.
B pesynprare dopmupoBancs WHBEPTHPOBAHHBIHM
penbed NCXOAHON KPEMHHUEBOH PEIIeTKH.

Jnst onpezaeneHus: TEOMETPHUUYECKUX IapaMeTpoB
HCXOJHBIX KPEMHHUEBBIX CTPYKTYpP M HOJIY4EHHBIX I10-
JIMMEPHBIX PCIUIMK C MCJIBI0 KOHTPOJA H3Mep}ICMOI>'I
tonorpadun ucnons3oBaics Mmeron ACM, peannzye-
Mbiii Ha mpubope Ntegra Aura (HT-MJT, Poccus).
HSMepCHI/IH MMPOBOJAWJIMCH B IMOJTYKOHTAKTHOM PEKHUME
(tapping mode) Ha BO3qyXe C MCIIONB30BAHUEM KPEM-
HueBbIx kKauTuieBepoB NSGO1 (HT-MUT, Poccus).

UccnenoBannss metogom CKM  BBEINOSHSUINCH
B pacTtBope ¢ochaTtHo-coneBoro Oydepa (PBS)
B "mpeikkoBoM” pexxume (hopping mode) ckarmposa-
Hus [6], oOecnieunBaronieM OECKOHTAKTHOE MPHOIH-
KEHHe 30HJa K noBepxHocTH. CKaHHPOBaHHUE IPOBO-
JTUIIOCH Ha MIPEIBAPUTENHFHO OTKATHOpOBaHHOM home-
made CKaHUPYIOUIEM KalWUIIPHOM MHKPOCKOIE
mo cTpykrype nutoB [14]. KoHTponms paccTosHUS 10
MOBEPXHOCTH OCYIIECTBISUICS. 1O OTHOCHTEIEHOMY
MaJIeHUI0 HOHHOro ToKa uepes aneptypy HIL, kotopoe
noJepKuBaioch Ha ypoBHe 5—10 % 0T HadambHOTO
3HAYEHUsI.

B kadecTBe 30HIOB MCIOJIB30BAIUCH CTEKIISTHHbBIE
HIT u3 GopocuamkaTHOTO CTeKia, C(hOPMUPOBAHHBIC
METOJOM TEIUIOBOM BBITSKKU Ha ycraHoBke PMP-107
(MDIL, CIIIA). I'eomeTpuyeckue mapameTpbl 30HIOB
KOHTPOJIMPOBAINCh C TOMOILBIO CKAaHUPYIOLIETO
aJeKTpoHHOTO MuKpockorna Quanta Inspect (FEI,
CIIA) B pexuMe perucTpariiil BTOPHYHBIX AIIEKTPO-
HOB npH Bakyyme okono 10* Ila m yckopsromem
HanpsprkeHun 20 kaB.
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Puc. 1. Cxema UMOPUHTHHTA CO CTaUSIMH, IOKa3aHHBIMU TIOCNIE0BAaTEILHO CTPENIKAMU CIIEBa HAIPaBo.
1 — ucxopaHas Ti1ajKast MoJUIoKKa (osuKapOoHaT), 2 — HarpeTslii TepMorutacTiHblii DBA, 3 — mramn
(nepuoauyeckas Si CTPYKTypa), 4 — OCTBIBLIMI TepMOIUIaCTUYHBIH DBA
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Jns xaxxnoil ucciieqyeMold CTPYKTYphl BBIIOJIHS-
JIOCh He MeHee JeCATH M3MepeHH npoduiei B pas-
JIMYHBIX O6J'IaCTSIX MMOBCPXHOCTH. Ilo IMMOJIYy4YCHHBIM
ACM- u CKM-n300pakeHusIM ONPEesuINCh Cie-
JYIOIIME MapaMeTphl: MePUo] CTPYKTYPHI B JlaTepalib-
HBIX HampaBieHusx (ocu X u Y), BBICOTa WM TITyOH-
Ha DJIEMEHTOB penbeda (och Z), XapaKTepHBbIH aua-
MeTp KOHYCHBIX 3JIEMEHTOB (y BEpIINHBI WIH Y OCHO-
BaHUA).

Tomorpaduyueckue M300pakeHUs] UCTIOIB30BAINCH
JUISL M3BIICYCHUS TPOQUICH MONEepeyHOro CeueHHs
U TOCTPOCHUA TUCTOrpaMM pPACHPEACICHUA BBICOT.
3HaueHus, nonydeHHele MetogoM ACM, mpuHUMa-
JUCh B KauecTBe peepeHTHBIX MPU CPAaBHEHUH C pe-
3ynmpratamu CKM.

[lepBuunas o6paborka ACM- u CKM-maHHBIX
BBIMOJIHSUIACH B MporpamMMHoii cpene Gwyddion [15].
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M. B. )KYKOB, A. A. BAHKOB

O06paboTka BKIIOYalla KOPPEKIUI0 HAKJIOHA IOBEPX-
HOCTH, NPUBEAECHUE MUHHMAJIBHOIO 3HAYEHUS BBICO-
Thl K HYJIEBOMY YPOBHIO M (pribTpanuio m3o0paxke-
HHUH U [TOJABJIEHUS] BBICOKOYACTOTHOIO Iryma. J{iist
KOpPPEKTHOTO COMNOCTaBjieHUs pe3yiabTatoB ACM
n CKM ananu3 npodumneit mpoBoauiIcs mpu 0JuHAKO-
BBIX MaclITabdax M COMOCTAaBHUMBIX pa3Mepax obiacTeit
CKaHMPOBAHMUS.

WUCCJIEJIOBAHME JIMHEMHBIX PASMEPOB
TECTOBBIX CTPYKTVYP 1 KAJIMBPOBKA B CKM

ACM- u CKM-u300pakeHus1 HCXOAHBIX Si-CTpyK-
Typ U UX TOJUMEPHBIX peruTuK (puc. 2, 3) IeMOHCT-
PHUPYIOT Xopoliee BOCIPOU3BEACHHE MEPHOJANTHOCTH
1 o0mIeii Tororpauu CTPyKTyp.
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Puc. 2. ACM-m3o0paxenus Si-ctpyktypsl tma 1 (a) m ee permmmuku (0); CKM-u3oOpaxenus perumku (B);
XapaKTepHbIe CEYEHHS BIIOJIb CTPYKTYP, B3AThIC C IPEICTaBICHHBIX H300paXXeHUH, COOTBETCTBEHHO (T, 11, €)
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Puc. 3. ACM-u3o6paxenust Si-cTpykTypsl THna 2 (a) u ee perumku (0), CKM-u3o0paxenus: pervku (B),
XapaKTepHbIE CEUEHHS B/IOJIb CTPYKTYP, B3AThIE C IIPEJICTABICHHBIX H300paXKeHHil, COOTBETCTBEHHO (T, 1, €)
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[Ipu 3TOM A7Is1 BCEX THUIOB PEIIETOK HAOIIOAAIOTCS
CHCTEMAaTHYECKHE Pa3Iniusl B U3MEPSEMBIX BBICOTAX
U JaTepajbHBIX pa3Mepax, OOYCIIOBICHHBIE KOHEY-
HBIMH pa3MepaMH U T€OMETPUEH 30HI0B, UCIONb3Yye-
MbIX B MeTogax ACM u CKM. Tlockonbsky uccnemye-
MBIE CTPYKTYPBl XapakTepU3yIOTCS PperyJisipHbIM
nepuoJoM W (UKCUPOBAHHBIMH T€OMETPUUECKUMHU
napamMeTpaMy, OHH MOTYT OBITh HCIIOJIb30BAaHbI B Ka-
YeCTBE TECT-OOBEKTOB JJIsi KOHTPOJIS JIMHEHHBIX pas-
MepoB B pexume CKM.

KonnyecTBeHHbIe TapaMeTphl CTPYKTYP, U3MEPEH-
Heie Metogamu ACM u CKM, mpuBeneHsl B TaOI.
[lonmy4yeHHble pe3ynbTaThl IOKa3bIBAIOT, YTO IPOLECC
PETUTUKAIIMKA COMIPOBOXKAAETCS 3aMETHBIM YMEHBbIIIE-
HHEM BBICOTHI 3JIEMEHTOB pefibeha U HEKOTOPBIM H3-
MEHEHHUEM HX JIaTEePAIBbHBIX Pa3MepOB.

st BBICOTBI/TIIyOUHBI HAOJIONACTCS 3HAYUTEIb-
HOE CHIDKEHHE 3HAUEHUU: JUIsl CTPYKTYpbl THma 1
BbIcOTa yMmeHblImnack Ha 58.0%, a s CTPYKTYpHI
tuna 2 — Ha 65.5%. OT0 MOXeT yKa3plBaTh Ha He-
MOJIHOE 3amlojHeHUE (OpPMBI TOIUMEpPOM JIMOO Ha
ycaJKy Marepuana B Ipolecce rnoiumepusanuu. Hs-
MEHEHHE TIepHOAA BBIPAKEHO MEHEE CYIIECTBEHHO:
Ul CTPYKTypbl THma | Tiepuos yMEHbBIIMICS
Ha 8.2%, a 1y cTpykTypsl Tuna 2 — Ha 16.4%. lna-
METp BEpIIMHBI AJISl CTPYKTYpbl TUHa 1 yBenmuumics
Ha 75.9%, 4TO yKa3blBaeT Ha CIVIA)KUBAHUE OCTPBIX
9JIEMEHTOB penbeda mpu (GopMUPOBaHUM MONHUMED-
HOW KOITUH.

HabnronaeTcs cucremMaTHdeckoe 3aHIKEHHE W3-
MepsieMOH BBICOTHI 3JIEMEHTOB: 3HAYEHUS, IOJIy4YeH-
mele  MetogoM  CKM, OKa3bIBAIOTCS  HIKE
ACM-pansbIx Ha 25.6% juid CTpykTypsl THma 1
u Ha 35.9% nns crpykrypsl Tuna 2. B CKM nabro-
JaeTCsl HEKOTOPOE YBEIMYECHUE M3MEPSEMOro Mepuo-
Ja CTPYKTYpbl oTHOCUTENbHO ACM-IaHHBIX PETUTUKU
(Ha 14.6% nyis tuna 1 u Ha 13.7% mist Tuma 2), 9to
MOJKET OBITh CBSI3aHO C HAOYXaHHWEM ITOJINMEPA H OCO-

OCHHOCTSIMM CKaHMPOBAaHMSA HAKJIOHHBIX OOKOBBIX
CTEHOK.

B cpenneMm npu M3MepeHUU NONUMEPHBIX PEILIUK
metoqom CKM BBICOTa »IIEMEHTOB yMEHBIIIAETCS
npubnusutensHo Ha 30% 1o cpaBHeHnto ¢ ACM-iaH-
HBIMH, YTO HE II03BOJIIET UCIIOJIb30BaTh TAKUE CTPYK-
TypBl Ui KannOpoBku 1o ocu Z. HecmoTps Ha 37O,
HNEPUOJUYHOCTh M 00IIas reoMeTpusl CTPYKTYp CO-
XPaHSIOTCS, YTO MO3BOJISIET MCHOJIB30BaTh Takue 00-
pasibl I OLEHKH JaTepaIbHOrO Pa3peleHus CKaHe-
pa B CKM.

CHCI[yeT OTMCTUTH, YTO IPU HUCIOJB30BAHUU I10-
JUMEPHBIX KaTMOPOBOYHBIX CTPYKTYp HEOOXOIUMO
YUYUTBIBATH BO3MOKHBIC U3MCHCHUA HX MOp(bOIIOFI/II/I
OpU UIMTEIbHOM KOHTAaKTe€ C 3JIEKTPOIUTOM. Jliis
OLIEHKM CTaOMIILHOCTH O0pa3loB Oblla MpoOBe/cHA
BBIJIEPIKKA CTPYKTYpP B pocaTHO-cONEBOM pacTBOpe
(PBS) B Teuenme omHOW Hemenu. B pesymprarte
Ha MOBEPXHOCTH MOJIMMeEpa HaOII0AaNn0Ch HOSBICHUE
JIOKAJbHBIX HAHOPA3MEPHBIX MOp, OIHAKO O0Ias
reoOMeTpHs MEPUOJMUECKON CTPYKTYPHI TIPH 3TOM CO-
XpaHsyIach, YTO MO3BOJISIET pacCMaTpUBAaTh TaKUe pe-
IJIMKK B Ka4Y€CTBC IMMPUTOAHBIX TeCT-O6’BCKTOB JJIsA
kanmuoposku CKM 1o XY.

OLIEHKA PA3MEPA AIIEPTYPBI 30H/IA-HII

[Ipu uamepennsax metoqom ACM HCTIONB30BANIHCH
KPEMHHUEBbIE KaHTUJIEBEPhl C HOMUHAIBHBIM Pajy-
com BepumHbl 10 HM (puc. 4, a). B skcnepumeHTax
CKM mnpumenstmics creximsaabie HIT u3 6opocumu-
KaTHOT'O CTEKJIa ¢ BHYTPEHHUM TMaMETPOM alepTyphl
100 HM, YrJIOM KOHYCHOCTH BEpIIUHBI 3—5° U TOJIIHN-
HOM cTeHkM B oOmactu amneptypsl 70 HM
(puc. 4, 6). 3mepsiemblit TuaMeTp CKpYTIIEHHUS y JTHA
JYHKH OTIpeNielieH pa3MepaMH BEPIIUHBI 30H7a, YTO
JieNlaeT BO3MOJKHBIM HCIOJIb30BaHUE CTPYKTYpPBI Jy-
HOK JUIS OLIEHKH arnepTypbl NuneTku (puc. 4, B).

Tadn. ITapamerpsl KanMOPOBOYHBIX Si-TECTOBBIX CTPYKTYpP M X IOJUMEPHBIX DEIUIMK IOCie HW3MEpEeHUs

B ACM u CKM
Crpykrypa ITapametp Si-ctpykrypa B ACM Pennmuka B ACM Pennmuka B CKM

BricoTa/riryOuna, 419+7 176 = 6 131 = 30

HM
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Puc. 4. COM-u300paxenus Bepuiunbl Si kanTuiaesepHoro ACM-3ou71a (a), Bepimunbl 30H1a-HIT u3 6opocuu-
kaTHoro crekia (0). CxeMa n3MepeHus MoJy4eHHBIX METOJOM MMIIPHHTHHIA HOJIUMEPHBIX CTPYKTYP ABYMS TH-
nmamu 30H710B (B), rae / — ACM-3017, 2 — 3081-HII, 3 — cTpykTypa nyHOK
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Puc. 5. 3D-CKM-u3o0paxeHne OAMHOYHOW JIyHKH: BHJ cOOKy (a) m B m3omerpuu (0), ceueHue (B) CTPYKTYpbI

10 MyHKTUPY 13 (0)

Crnenyer otmetnuth, uT0 ACM-30HIBI UMEIOT 3HA-
YUTEIBHO OOJNBIIMK yroi mpu BeprmHe (okojo 30°),
YTO OIpaHUYMBAET UX CIIOCOOHOCTH MPOHUKATH B IIIy-
6OKI/IC Y3KUE€ KaHaJIbl W MNPUBOJUT K YBCIIMYCHUIO
CKPYTJICHUS IMaMeTpa y JHa JyHKU. Tak, U1 uccie-
JyEMBIX CTPYKTYp WU3MEPEHHBIM JuaMeTp JHa JIyHKU
nmo gaHHeiIM ACM cocraBmi ~ 150 HM, Torga Kak,
mo gaHbEM COM, nmuametrp ACM-30HAa cOCTaBIsIeT
~20 uM. HII, HampoTuB, 00NagalOT MaJIbIM YIJIOM
mpu BepmmHE (3-5°), YTO OOECTEeYMBAET IYUIIYIO
MPOHHUKAIOIIYI0 CIIOCOOHOCTh TIPU  HUCCIIEIOBAHUM
CTPYKTYp C BBICOKHM acCIIEKTHBIM OTHOIIEHHEM. Tak,
n3MepeHHbIN nuamerp nHa JyHkH B CKM ~ 280 M
(puc. 5) oxa3bpIBaeTCsi COMOCTaBHMBIM C BHEIIHUM
JuaMeTpoM aneptypbl ucrnosnb3dyemorr HII ¢ yuerom
TOJIIUHBEL €€ CTEHOK, ompeaeneHHsiM 1o COM-
n3oopaxenusM ~ 250 am (puc. 4, 6). 310 CBUIETENH-
CTBYET O TOM, YTO JIaTEpaIbHOE pa3pelleHre METoAa
CKM B 3HaUMTENBHOHW CTENeHW ompenensercs 3¢-
¢dexTuBHBIM JuameTpoM ameptypel HII m moarsep-
XK1aeT BO3MOKHOCTb NPUMEHEHHUS JIYHOK [UIS OLECHKH
aneptyp HII, a, cnegoBaTenbHO, M pa3peliarouien

cnocobHoctr meroga CKM B amamaszoHe pasmepa Jy-
HOK (AuameTp 110 ~ 1 MKM).

3AKJIIOYEHUE

B pabote npogemMoHcTpUpOBaHa BO3MOKHOCTb T10-
JIy4eHUs NOJIMMEPHBIX PEIUIUK NEPUOIUYECKUX KPEM-
HHUEBBIX CTPYKTYp METOAOM HWMIPUHTUHTA M HX
HCIIOJIL30BaHUA B Ka4eCcTBE TeCT-006eKTOB M1t CKM.
Nsmenenune nepuona penseda npu nepexoae or ACM
k CKM cocraBuiio menee 15% OTHOCUTENBHO JaHHBIX
IUIi  PEIUIMK, YTO  TIO03BOJISIET  HCIOJIB30BaTh
JaHHBIE CTPYKTYpBl Ul JIaTepaJbHOW KaluOpOBKH
npubopa mo ocsim X u Y. [lpeanoxeHHbIe CTPYKTYPEHI
HE MOTYyT OBITh WCHOJB30BaHBI IS KAIUOPOBKH
no 7, T.K. UMEKTCS CYIIECTBEHHbIE PAaCXOKIACHUS
B (PAaKTUYECKUX pa3Mepax CTPYKTYpbl IPU N3MEPEHUH
B CKM.

CTpyKTypbl TUIIA J[yHOK MOTYT OBITH HCIIOJIb30Ba-
HBI JJIs1 ONpEeNeNieHHs] BHELIHEW amnepTypbl MHUIIETKH
¢ TouHocThio ~10%. Tak, TuameTp 1Ha JIyHKH, U3Me-
pennsiii MetogoMm CKM (~280 ©HM), Hampsmyro
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KOppeNUpyeT ¢ BHEIIHUM JUaMETPOM HaHOKaIWIIsApa
(~ 250 M), I3MEpEHHBIM B CKaHHUPYIOIIEH AJIEKTPOH-
HOH MHKPOCKOIIMHM, YTO II03BOJISIET HCIOJIb30BaTh
NOJOOHBIE CTPYKTYPBI AJISi OLEHKH 3PPEKTHBHOTO
pasMepa 30HJa M JIATEPAJIbHOTO Pa3pelleHus] MeToaa
CKM.

[IpemiokeHHass METOIMKA HCIIOIb30BAHUS IIOJIU-
MEpPHBIX KaJHMOPOBOYHBIX OO0pa3lOB MpEANoaracT
NpeaBapUTEIbHBI KOHTPOJIb F€OMETPUH PEIUIMK, Ha-
npumep, MetogqoM ACM. Ilpu aHanuze JIMHEHHBIX
pa3MepoB pEKOMEHAYETCS COMOCTABIATh U3MEPEHHbIE
B CKM 3HaueHus mepuoia W APYyTrUX NapaMeTpoB
¢ pehepertHbIME ACM-1aHHBIMU.

[Ipemyaraemble MSATKHE IOJHMMEpPHBIE PETUTUKU
NPEACTABIAIOT OO0 IKCIIEPUMEHTAIBLHO JIOCTYITHYIO
U yIOOHYIO U BU3YaJIM3allMM TECTOBYIO CTPYKTYPY
JUTISL OLIEHKHM JIMHEWHBIX Pa3MepoB U MPOCTPAHCTBEH-
Horo paspemieHusi B CKM. Ilpu sTom ucnons3oBaHue
HOJMMEPHBIX 00Pa3LOB CHUXAET PUCK IMOBPEKICHUS
xpynkux HII. OnHako CTOUT y4UTBIBaTh, YTO MPU HC-
NOJIb30BAaHUM TOJUMEPHBIX PEIUIMK Heo0Xxoxuma
NepuoANYEcKas MOBepKa MX CTPYKTYpbl I ydera
BO3MOXXHBIX IIPOLIECCOB MX Jerpajalliu U HaOyXaHHs.
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DEVELOPMENT AND INVESTIGATION OF POLYMER TEST
STRUCTURES FOR SCANNING ION-CONDUCTANCE MICROSCOPY

M. V. Zhukov', A. A. Bankov"?

nstitute for Anglytical Instrumentation of RAS, Saint Petersburg, Russia
ITMO University, St. Petersburg, Russia

Polymer test structures were fabricated and studied for use as test samples in scanning ion-conductance micro-
scopy (SICM). An imprinting method was used on an ethylene-vinyl acetate surface. A periodic silicon structure
with circular protrusions/cavities was used as the template. The geometric parameters of the initial silicon
matrix and the resulting polymer structure were defined using an atomic force microscope (AFM). This study
investigates the distortions in the shape and geometric dimensions of a polymer test structure caused by the im-
printing process. These ethylene-vinylacetate polymer test structures, produced by the imprinting method, ena-
ble the calibration of the scanner in the lateral plane (X, Y) of the AFM. A method for estimating the aperture of
a nanopipette probe using submicron cavities is proposed. Given the change in the polymer test structure's
dimensions over time, periodic AFM verification is necessary.

Keywords: scanning ion-conductance microscopy, atomic force microscopy, nanopipette, calibration, probe geometry,
cavities, polymer replicas
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INTRODUCTION

Scanning capillary microscopy (or scanning ion-
conductance microscopy, SICM) is one of the most
promising methods for contactless surface imaging in
liquid media with nanometer- and micrometer-scale
spatial resolution. The method is based on recording
the ion current through the aperture of a glass nanopi-
pette (NP), allowing for imaging without mechanical
contact with the sample. This makes SICM widely
used in the study of soft and biological objects —
living cells, membrane structures, polymeric mate-
rials, and hydrogels [1-4]. The absence of mechanical
interaction fundamentally distinguishes SICM from
atomic force microscopy (AFM) and makes it the pre-
ferred method for applications where minimizing sur-
face deformation is important.

In recent years, there has been active development
of hardware and algorithmic solutions in the field of
SICM, including multimodal configurations, advanced
scanning modes, and methods for increasing spatial
resolution [5-8]. However, despite technological
progress, metrological support for the method remains
limited. In particular, there is a lack of standardized
calibration samples and unified procedures for verify-
ing the accuracy of linear dimension measurements.
This complicates the comparison of results obtained
using different setups and limits the use of SICM in
tasks requiring quantitative reliability.

In AFM, the calibration problem is solved through
the use of certified periodic gratings, stepped struc-
tures, and height standards, which allow for indepen-
dent verification of scales in three axes, as well as
measurement of the radius of curvature of the probe
applied. For SICMs, the direct use of solid silicon ca-
libration structures carries the risk of damaging the
glass NP, especially when working near the surface.
Furthermore, it is important to consider that signal
formation in SICMs is determined not only by the
probe geometry but also by the ion current distribution
near the aperture, which leads to additional geometric
distortions in the measured profile [4, 9].

One possible solution is to use soft polymer repli-
cas of periodic silicon structures obtained by imprint-
ing. This approach reduces the risk of NP damage dur-
ing SICM calibration and adapts the test sample geo-
metry to the specifics of the method. However, the
choice of the calibration structure shape requires sepa-
rate analysis. A mold with narrow or deep depressions
can lead to a systematic underestimation of the meas-
ured depth due to the finite aperture radius and the
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impossibility of the probe fully penetrating the de-
pression [4, 10, 11]. Furthermore, the height estimate
of objects can be distorted due to nonlinear changes in
ion current at sharp elevation changes on protruding
objects [12]. Thus, in the case of visualizing areas
with sharp elevation changes, the structure may be
suitable for lateral calibration but not provide correct
calibration along the Z-axis.

In this study, polymer replicas with protrusions or
dimples of a circular profile, taken from periodic sili-
con structures, are considered as calibration samples
for SICMs. AFM is used as a reference method to de-
termine the actual geometric parameters of the origi-
nal silicon structure and its polymer replica. The main
goal of the study is to quantitatively evaluate the ap-
plicability of this geometry for calibrating linear di-
mensions in SICMs and to identify limitations asso-
ciated with the NP geometry and the characteristics of
ion current distribution.

MATERIALS AND METHODS

Two periodic silicon structures were used as mas-
ter samples for imprinting: a TGTO1 calibration grat-
ing with an array of protruding needles (type 1) [13]
and a structure with an array of dimples (type 2). Both
structures are characterized by a regular period and
conical geometry of the relief elements, which, after
replication, leads to the formation of an array of con-
ical protrusions and cavities.

Polymer replicas were fabricated by thermal im-
printing using the thermoplastic copolymer ethylene-
vinyl acetate (EVA), chosen for its relatively low elas-
tic modulus, elasticity, and dimensional stability after
cooling. The replication process was carried out as
follows (Fig. 1): EVA was placed on the surface of
a silicon mold and heated to ~170 °C, after which the
polymer was mechanically pressed against the stamp
surface.

Fig. 1. Imprinting schematic with stages shown se-
quentially by arrows from left to right.

1 — initial smooth substrate (polycarbonate), 2 —
heated thermoplastic EVA, 3 — stamp (periodic Si
structure), 4 — cooled thermoplastic EVA

Upon heating, the polymer transitioned to
a viscous-plastic state and filled the structure microre-
lief. After holding, the sample was cooled to room
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temperature (~25 °C), ensuring mold fixation, after
which the polymer replica was separated from the
master structure. This resulted in the formation of
an inverted relief of the original silicon lattice.

To determine the geometric parameters of the orig-
inal silicon structures and the resulting polymer repli-
cas to control the measured topography, AFM was
used on an Ntegra Aura instrument (NT-MDT, Rus-
sia). Measurements were performed in tapping mode
in air using NSGO1 silicon cantilevers (NT-MDT,
Russia).

SICM studies were performed in a phosphate-
buffered saline (PBS) solution in hopping scanning
mode [6], which ensures a contactless approach of the
probe to the surface. Scanning was performed on
a pre-calibrated, home-made scanning capillary mi-
croscope using the pit structure [14]. The distance to
the surface was monitored by measuring the relative
drop in ion current through the NP aperture, which
was maintained at 5-10% of the initial value.

Glass NPs made of borosilicate glass and formed
by thermal drawing on a PMP-107 system (MDI,
USA), were used as probes. The probes' geometric
parameters were monitored using a Quanta Inspect
scanning electron microscope (FEL, USA) in second-
ary electron mode at a vacuum of approximately
10~* Pa and an accelerating voltage of 20 keV.

For each studied structure, at least ten profile mea-
surements were performed in different surface areas.
The following parameters were determined from
the obtained AFM and SICM images: the period of
the structure in the lateral directions (X and Y axes),
the height or depth of relief elements (Z axis), and the
characteristic diameter of conical elements (at the
apex or base).

Topographic images were used to extract cross-
sectional profiles and construct height distribution
histograms. The values obtained by the AFM method
were taken as reference values for comparison with
the SICM results.

Primary processing of the AFM and SICM data
was performed in the Gwyddion software environ-
ment [15].

Processing included surface tilt correction, bring-
ing the minimum height value to zero, and image fil-
tering to suppress high-frequency noise. To ensure
accurate comparison of the AFM and SICM results,
profile analysis was performed at the same scales and
comparable scan area sizes.

STUDY OF LINEAR DIMENSIONS
OF TEST STRUCTURES AND SICM CALIBRATION

AFM and SICM images of the original Si struc-
tures and their polymer replicas (Figs. 2, 3) demon-
strate good reproduction of the periodicity and overall
topography of the structures.

Fig. 2. AFM images of a type 1 Si structure (a) and
its replica (0), SICM images of the replica (B), cha-
racteristic cross-sections along the structures taken
from the presented images, respectively (t, 1, €)

Fig. 3. AFM images of a type 2 Si structure (a) and
its replica (0), SICM images of the replica (B), cha-
racteristic cross-sections along the structures taken
from the presented images, respectively (t, 1, €)

Moreover, systematic differences in the measured
heights and lateral dimensions are observed for all
grating types due to the finite dimensions and geome-
try of the probes used in the AFM and SICM methods.
Since the studied structures are characterized by
a regular period and fixed geometric parameters, they
can be used as test objects for monitoring linear di-
mensions in SICM mode.

The quantitative parameters of the structures
measured by AFM and SICM are presented in Tab.
The obtained results reveal that that the replication
process is accompanied by a noticeable decrease in
the height of relief elements and some change in their
lateral dimensions.

Tab. Parameters of calibration Si test structures and
their polymer replicas after measurements using
AFM and SICM

A significant decrease in height/depth values is ob-
served: for the type 1 structure, the height decreased
by 58.0%, and for the type 2 structure, by 65.5%. This
may indicate incomplete filling of the mold with po-
lymer or shrinkage of the material during polymeriza-
tion. The change in period is less pronounced: for the
type 1 structure, the period decreased by 8.2%, and for
the type 2 structure, by 16.4%. The apex diameter for
the type 1 structure increased by 75.9%, indicating
smoothing of sharp relief elements during the forma-
tion of the polymer copy.

A systematic underestimation of the measured ele-
ment heights is observed: the values obtained by the
SICM method are lower than the AFM data by 25.6%
for the type 1 structure and by 35.9% for the type 2
structure. In the SICM, a slight increase in the meas-
ured structure period is observed relative to the AFM
data of the replica (by 14.6% for type 1 and by 13.7%
for type 2), which may be due to polymer swelling
and the scanning characteristics of inclined sidewalls.

On average, when measuring polymer replicas by
the SICM method, the element height decreases by
approximately 30% compared to the AFM data, which
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does not allow the use of such structures for Z-axis
calibration. Despite it, the periodicity and overall
geometry of the structures are preserved, allowing the
use of such samples for assessing the lateral resolution
of the SICM scanner.

It should be noted that when using polymer cali-
bration structures, it is necessary to consider possible
changes in their morphology during prolonged contact
with the electrolyte. To assess the stability of the sam-
ples, the structures were soaked in a phosphate-
buffered saline solution (PBS) for one week. As a re-
sult, localized nanoscale pores were observed on the
polymer surface; however, the overall geometry of the
periodic structure was preserved, making these repli-
cas suitable test objects for XY calibration of SICM.

ESTIMATION OF THE NP PROBE
APERTURE SIZE

Silicon cantilevers with a nominal tip radius of
10 nm were used for AFM measurements (Fig. 4, a).
Glass NPs made of borosilicate glass with an inner
aperture diameter of 100 nm, a tip taper angle of 3—5°,
and a wall thickness of 70 nm in the aperture region
were used for SICM experiments (Fig. 4, 6). The
measured rounding diameter at the cavity bottom is
determined by the probe tip dimensions, making it
possible to use the cavity structure to estimate the pi-
pette aperture (Fig. 4, B).

Fig. 4. SEM images of the tip of a Si cantilever AFM
probe (a) and the tip of a borosilicate glass NP probe
(6). Schematic diagram of the measurement of poly-
mer structures obtained by imprinting using two
types of probes (B), where 1 is the AFM probe, 2 is
the NP probe, and 3 is the cavity structure.

It should be noted that AFM probes have a signifi-
cantly larger apex angle (approximately 30°), which
limits their ability to penetrate deep, narrow channels
and leads to an increase in the rounding of the diame-
ter at the dimple bottom. Thus, for the studied struc-
tures, the measured cavity bottom diameter according
to AFM data was ~150 nm, while, according to SEM
data, the AFM probe diameter was ~20 nm. NPs, in
contrast, have a small apex angle (3—5°), which en-
sures better penetration when studying structures with
high aspect ratios. Thus, the cavity bottom diameter
measured by SICM, ~280 nm (Fig. 5), is comparable
to the outer diameter of the aperture of the used NP,
taking into account its wall thickness, determined
from SEM images to be ~250 nm (Fig. 4, 6). This in-
dicates that the lateral resolution of the SICM method
is largely determined by the NP effective aperture di-
ameter and confirms the applicability of cavities for
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evaluating NP apertures, and, consequently, the re-
solving power of the SICM method in the range of
cavity sizes (diameter up to ~1 um).

Fig. 5. 3D SICM image of a single cavity: side view
(a) and isometric view (0), cross-section (B) of the
structure along the dotted line in (0)

CONCLUSION

This study demonstrates the feasibility of produc-
ing polymer replicas of periodic silicon structures by
imprinting and using them as test objects for SICM.
The change in the relief period from AFM to SICM
was less than 15% relative to the replica data, allow-
ing these structures to be used for lateral calibration of
the instrument along the X and Y axes. The proposed
structures cannot be used for calibration along the Z
axis due to significant discrepancies in the actual
structure dimensions when measured in SICM.

Cavity-type structures can be used to determine the
external aperture of a pipette with an accuracy of
~10%. Thus, the cavity bottom diameter measured by
SICM (~280 nm) directly correlates with the nanoca-
pillary outer diameter (~250 nm) measured by scan-
ning electron microscopy and enables the use of such
structures to estimate the effective probe size and lat-
eral resolution of the SICM method.

The proposed method for using polymer calibra-
tion samples requires preliminary control of the repli-
ca geometry, for example, by AFM. When analyzing
linear dimensions, it is recommended to compare the
SICM-measured period and other parameters with
reference AFM data.

The proposed soft polymer replicas represent an
experimentally accessible and visually convenient test
structure for assessing linear dimensions and spatial
resolution in SICM. Furthermore, the use of polymer
samples reduces the risk of damage to fragile nanopar-
ticles. However, it is worth considering that when us-
ing polymer replicas, periodic verification of their
structure is necessary to account for possible
processes of degradation and swelling.



