KOHTPOJIb U U3BMEPEHUS

OT CKAHA A0 dPemTOoCKaHa:
UTOI'N 25 NNET

C.CasuHos, K.¢.-M.H., 1. SIMUHCRUII*, 0.(.-M.H.

osiBJIeHMe CKaHUpyoLwWwen 30HA0BON MUKpockonuu (C3M) coBnasio ¢ Ha4yaaom
3MNO0XM NnepcoHaNbHbIX KOMnbioTepoB. Nctopusa C3M - 3To 3pa pa3BuUTUSA
BbICOKMX T@XHOJIOTMM 3a nocsiegHue 25 s1eT, BO MHOFOM CBSI3aHHbIX C HAY4YHO-
TEeXHUYECKOW peBoJIIoLMEN B KOMIMbIOTEPHbIX U MHPOPMALMOHHDbIX TEXHOJIOTUSIX.
B cTaTbe 06cyXxpaeTcsa co3gaHue nepBoro poccnmnckoro C3M CkaH m ero nocsenyrowmx

NPUHLUMUNANBHO HOBbIX MOANDUKALUNNA.

[lepBble 30HIOBBle MHUKPOCKOIBI OBIIM CO3/aHBI
C MCII0/Ib30BaHHeM KOMOMHAIMK LIUPOBOL U aHAJIOTO-
BOH 3JIEKTPOHUKHU. YIIpaB/lIeHUe MU U 06paboTka faH-
HBIX IPOBOAMJIMCDH B OII€PALIMOHHOM cUcTeMe MS DOS,
I103BOJISIBIIIeH BBIBOLUTD YIIPAB/IAIOLIKe JaHHBIE U [1PU-
HHUMAaTb [IOTOKU LIHPPOBBIX MACCHBOB 06paTHO B IIPO-
rpamMHoe obecriedenue (I10). Korga mosiBuaach cpefa
Windows ¢ MHOTOUHC/IEHHBIMU BEPCUSIMH, BBIBOJ, IAH-
HBIX Ha BHeIlIHHe YCTPOKCTBA, HallMCAHUe JpalBepoB,
HUX MOAHUGUKALMS [IOJ HOBble BEPCHH CTajIH IIOCTOSH-
HBIMH 33Jja9aMH [IPOrpaMMHMCTOB.

ITepBeiti C3M - CKAHUPYIOIIKUH TYHHeIbHBIE MUKPO-
ckortl (CTM) - IoIBUJICS B KOMIIAaHU Y IBM B IlIBerLIapuH,
a IepBble KOMMepUeCKre MUKPOCKOIIBI CTajla BBIIIYCKATh
aMepHKaHCKas kommnanus Digital Instruments B 1987
ropy. IlepBeIli KOMMepYeCKHH TYHHeJbHBIH MHKPO-
ckom - Nanoscope-1 - 6bI1 IIOTHOCTBIO AHAJIOTOBBIM
C BBIBOJ,OM IAHHBIX Ha 3aIIOMHUHAIOIIEM OCLIUJIIOrpade.
PasMep Kazpa B 1 MKM II03BOJISI/I HaZleSKHO [T0Ka3bIBaTh
aTOMBI Ha TpaduTe.

B ToM ke rony B PoccuM IIOSBHJIACh KOMMepUe-
ckas Bepcust CTM - CkaH7. [IpeApIAyIIUX MOJe/IeH He
6p1710, 2 HOMEp 3aMMCTBOBaH y S.OreMHUHTra, Tepoi
KOToporo - areHT 007 - ymes OBICTPO pellaTh CIOXK-
Hble 3afaun. CKaH7 6bLI CO3[aH B PeKOPAHO KOPOTKHUH
CPOK - 3a IBa Mecslia. DTOMY IIpeJllecTBOBajla CIy-
YalHas BCTpeda [IByX YYeHbIX B MarashuHe Ha yIHIe
TeprieHa (HbIHe HOCUT IIpekHee Ha3BaHUe — BosbIas
Hukutckas), OOGHUM U3 HUX 66U 1.¢.-M.H. B.I1aHOB,
Beaymnﬂ Hay4HBIH COTPYAHUK pusdpaka MI'Y uMeHHU
M.B.JIoMOHOCOBa, K 3TOMY BPeMEHH y>Ke IOCTPOUB-
muH nepsbii B CCCP TyHHeIbHBIM MHUKPOCKOIL. BTOPEIM

" LLeHTp nepcnekTUBHbLIX TEXHONOTUIA.
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YyesoBeKoM 6bIT K.b.-M.H. M. IMHHCKHUH, C.H.C. Kade-
Apbl MATH M. K.3.1110/n1KOBCKOro. OH IMOMHTEPeco-
BAJICSI, YTO HAJO CAeaTh, UTOOBI TOCTPOUTH KOMMep-
yeckui CTM. OTBeT 6bUI TAKOHUYHBIM U 3aKJII0YAJICS
B TOM, UTO HeobxoAHMOo HauTH 10 ThIC. pyb. (B To BpeMs
3T0 ObIa LieHa aBTOMOOMIIS "SKurynu").

B centsbpe 1987 roga ymanoch cobpaTh YHUKAIb-
HYI0 KoMaHay. B Hee Bomau B.[1anoB, C.Bacuibes,
10.Mocees, C.CaBHHOB, M.IMHUHCKHH, KOTOPBIH HallleNl
HeobxonyMble st QHHAHCHPOBAHHS PAabOTHI CPefCTBaA.
B Havase Hos6ps y>ke OB CO3JAHBI MEXaHHKA, K-
TPOHMKA U [TPOrpaMMa yIIpaBieHHs, a B ieKabpe CKaH~7
JaBaJI n306paskeHre aTOMOB Ha ITI0BEPXHOCTH MenH (111).

B oTnaMyMe OT aMepHKaHCKOI0O MHKPOCKOIIA
Hanockorn-1 C3M CkaH-7 6611 KOMOMHALIMEeH aHaJI0T0BOM
U HUPOBOI 3/IeKTPOHUKHU. s TepeMellleHH s 30Ha
KICIIO/IB30BaIMCE 12-paspsaaHble LH$PoaHaIOrOBhIe IIpe-
obpasoBatenu, Ajs YBeIHMUYeHUS Pa3psiAHOCTH IIPOBO-
IHJI0Ch CYMMUPOBAaHHe CUIHAJIOB OT JJBYX TaKUX IIpeod-
pasoBaresnel ¢ 3¢deKTUBHBIM YBeTHUYeHHUEM Pa3psaIiHO-
cTH 710 18 6uT. Omepaliysi CyMMHUPOBaHMS — He BIIOJIHe
KOPpeKTHa, HO B TYHHEe/IbHOK MUKPOCKOIIUK CPabaThl-
BaJla. JTO [I03BOISIIO PACCMATPHBATh 0630pHBIE KA Phl
MHKPOHHOTO pPa3Mepa U BBICOKOKaYeCTBEHHOe H306pa-
>KeHHe aTOMHOH pellleTKU IrpadrTa IUIOMabio 2x2 HM?.
Ocoboe BHUMaHHe YAeISI0Ch IIOUCKY 0OIIeN TOYKH
3a3eMJ/IeHHsI. YPOBeHb COOCTBEHHBIX TeKTPOHHBIX
IIYMOB M3/ie/Hs ObLT ITpefie/IbHO HU3KUM. [IpH BBIXOJ-
HOM cHurHasie B 600 B I1ymM BBICOKOBOJIBTHBIX YCHUIUTE~
et 6bLI MeHbIIle HECKOJIBKUX MHUJUINBOJIBT, YTO COOT-
BeTCTBYeT JUHAMMUYeCKOMY IHaIa3oHy B 17-18 6UT.

OcobenHocTpi0 CTM CkaH-7 6bLJIO HAJIUYHE IBYX
Lerer o6paTHOM CBSI3U. HampsskeHHe 10 Z-KaHATY
B guamnasoHe 0-600 B MosxHO 6bI710 0becIeYHTH



11 dpoBEIM 06pa30M C BbIXOJa KOMOMHHPOBAaHHOIO LIHd-
POaHaJIOroBoro peobpasoBaTesisi 4yepe3 GHIIBTP U BbICO-
KOBOJIETHBIM YCHJIMTEJIb Ha Pa3/ie/IbHbI 37IeKTPOJ, I1he30-
MaHHMIyasATOopa. Ha Ipyrow 3nekTpos CUTHAJ IIOCTYIIa
OT AHAJIOTOBOY 1IeITH 06paTHOM CBsI3U. HebonbIon nua-
I1a30H BBIXOJHBIX HAIIPSSKeHUH LieNd 0OpaTHOM CBSI3U
Y aHAJIOTOBBIM XapaKTep CUTHa/Ia, UCIIO/Nb30BaHUeE MaJIo-
IIyMSIIIKMX OMePaljMOHHBIX YCUINTeNen obecrieduan
IIPeBOCXO/IHOe M306paskeHHe aTOMOB.

Y>Ke TOrha CTajio HOHATHO, YTo CKaH~/ CJIe[yeT coBep-
[IeHCTBOBAaTh. B BHIIIeAIIeN 4Yepe3 II0JT0ofa BepCUHU
CKaH-8 MOSBU/IKUCh, HAIIPUMeD, JOIOTHUTE/IbHbIE BO3-
MO>KHOCTH I1JIaBHOTO PeryJIMpoBaHMs YIIPaBISIOINX
BBICOKOBOJIPTHBIX HAaNPSKeHUH. [IpUMep MoNTy4deH-
Horo Ha C3M CKkaH-8 n306paskeHH s aTOMHOH CTPYKTYPhI
[IOBepXHOCTH C/IFO[bI IIpe/ICTaB/IeH Ha puc.l.

CoBepuieHcTBoBaHMe C3M IJI0 IapaJijIeIbHO C pas-
BUTHEM 3JIeKTPOHHOM CXeMOTeXHUKH U IOSIBJICHHEeM
HOBOI 37IeMeHTHOM 6a3bl. B pe3ysbraTe Bo3HHKIIA BO3-
MOYKHOCTBD IIOJIHOCTBIO [TePeHTH Ha LU(POBOe yIIpaBiie-
HHe TAKUMH MHUKPOCKOITAMH.

CymiecTByeT IPOCTOM PelielT, KaK CO3/1aBaTh COBeP-
IIEeHHYIO0 3/IeKTPOHUKY IJISI HAYYHBIX IIPUO6OPOB, KOTO-
PBII Pa3pabOTUMKU HCIIOIB30BANIH Ha IMPOTSKEHUU
Bcex j1eT. OH cTas cBoeobpasHBIM HOY-Xay pa3paboTuu-
KOB M COCTOSI/I B C/IeAYIOIIEeM: [IJISI CO3TaHHS COBEPIIIeH-
HOM 3/IeKTPOHMKH Ba>KHO HCII0Nb30BaTh CAMBble JTy4IlHe
37IeKTPOHHbIe KOMIIOHEHTBHI, He ymas 06 Ux 1ieHe. Besip
B KOHEUHOM CTOMMOCTH pa3paboTKy Hay4HOro Iprubopa
BKJIaJ, MX LIeHbl HeCyIllleCTBeHeH, a OCHOBHas ee CTOU-
MOCTb COCTOUT U3 OIIJIaThI TPy Pa3paboTUHKOB.

Ot mogesnert CkaH~7 1 CKaH-8 opa 66110 IIepexoqUTh
K HOBOM KOHIIEIIIIUK MHKPOCKOIIA C IIOTHOCTBIO LIKd-
POBOM 3/1eKTPOHUKOM. ITOMY CII0COOCTBOBAJIO MOSIBJIE-
HHe NUPPOBLIX CUTHABHBIX IIPOLIECCOPOB. DTHU H3Je-
NS OOJIKHBI 6B PaboTaTh C CUTHAJIIAMU B PeSKHMe
peanbHOro BpeMeHM. Ha BX0J IIOCTyIaeT CUTHaJI — CUIL-
HaJI Ha BBIXOJ], O/IKeH IIPUHTH C MUHHMaJIbHOM 3a/1ePK-
KOM. DTO IpeAbsiBsieT ocobble TPeOOBaHUS K apXUTeK-
Type nponeccopa. OH, Kak ¥ B MOOK/IbBHOM TelledpoHe, He
MOKeT paboTaTh ¢ 3a/IeP>KKOH, IIOCKOJIbKY HEH3BECTHO,
KOIZIa IIPUAET OTBET OT cobeceTHUKA, 1 PA3rOBOP MOXKET
PacKIerThCA.

B HOoBOM C3M 6bL1a BEIOpaHa ITOCIeIHSI S BEPCHSL CUT-
HajabHOIO Ipoueccopa ADSP2171 ¢ mpeneabHO BBICO-
KOH [IJIS1 TOTO BpeMeHH TaKTOBOM 4acTOTOM B 130 MIL.
[Togo6HbBIe MPOIECCOPHI HCIIONB30BATKMCH B KpBIIa-
TBIX paKeTax, KOTOPHIe IIPU II0JIHOM BHEIIHEM pa3jiu-
4uY ¢ C3M MMeIM MHOTO CXO4HOTO C HUM: KpbLlIaTas
pakeTa JIeTUT Haj [IOBEPXHOCTbIO Ha MaJIOK BBICOTE,
OTC/eXUBAag penbed MeCTHOCTH, a urna C3M aBu-
SKeTCsI HaJl IOBePXHOCTBI0 06pa3iia, Takke OTCIEKH-
Bas penbed, HO y>Ke Ha YPOBHe aTOMHBIX MacIITaboB.
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Puc.l. V306paxeHne 6e3 4oNoAHUTENbHON GUALTpa-
UMn 1 MaTeMaTmM4eckon 06paboTkm aTOMHOM
peLLeTKX Ha NoBepxHOCTU ctoabl (C3M CkaH-8)

CKOPOCTH KPBI/IATOM paKeThl M 30HAa C3M oTimnua-
I0TCSI Ha 9 MOPSIAKOB, HO MHKPOKOHTPOJIIep paboTaeT
He CO CKOPOCTSIMH 06BbeKTOB, a C AMIUIUTYLAMH U 9acTo-
TaMHU BXOOSAIINX CUTHa/IOB. OHU OOHMHAKOBBI IJIS1 KPBI-
naToy pakeTs U C3M. ANropUTMbI 06pabOTKY CUTHAJIOB
TaK>Ke OJMHAKOBEI.

JlJ1s1 HOBOT'O MUKPOCKOIIa 6111 BEIOPAHBI JTyUIIILe B TO
BpeMs OIlepaliOHHbIe YCUIUTEIH, CAMble TOUHBIe IIUG-
POaHaJIOroBble K aHAJIOTO-1[PPOBLIe IIpeobpa3oBaTeH.
B pesynbraTte popuinca C3M ®emrtoCkaH. IlpucraBka
®emTo 6b171a BRIOpaHA He CAy4aikHo. Ee MpuMeHeHMe
03Hay4aso, YTO PaBU/IbHO IOCTPOEHHBI MUKPOCKOII
JOJIKeH U3MEPATh:

* 3NeKTPHUYeCKHe TOKU Ha YPOBHE peMTOAMIIEepa;

* CHJIBI B3aHMOJIEHCTBUS 30HA-06pa3el] Ha ypoBHe
peMTOHBIOTOHA;

* 3JJIeKTPHUYECKYIO eMKOCTb 30HA-06pa3ell B eIMHUILY
demTodapansl;

* Iiepermajbl 10 BEICOTE Ha YPOBHE GeMTOMeTpa.

Poxxkgenuem C3M demTtoCKkaH MOXKHO CUHTATh
29 ampensa 1996 roga. IMeHHO B 5TOT JeHb Ha HeM yza-
JIOCB TIOTy YU Th IIepBble M300paskeHH sl IIOBEPXHOCTH Ipa-
¢$uTa C aTOMHBIM paspelleHreM.

®emTOCKaH CTajl yAAYHBIM pelleHUeM /I CJIOKHBIX
Hay4HBIX HUCCIeJOBAHUI U peanu3aluy 3GdeKTHBHBIX
obpasoBarenbHBIX IIPporpaMM. OH IIOCTOSIHHO Pa3BHBa-
eTcsi, [06aBIISIOTCS HOBble MOZIbL I PesKUMBI. [l u3fe-
JIMS YOAJI0Ch CO3MATh HAZMEKHY0 U IIPOCTYIO MeXaHHYe-
CKYIO CUCTEMY.

JlJ1s1 yripaBIeHHs MUKPOCKOIIOM U 06paboTKH JaH-
HBIX ObLIO co3maHo IO ®emtoCKaH OHuanH. OHO
COCTOUT K3 ABYX B3aHMMOCBSI3aHHBIX YacTeH. basoBas
4yacTsh [10 mo3BosisgeT ynpasiasiTh C3M U IpUHHUMATh
3KCIePpHMEeHTaJ/IbHEIE JaHHbBIE B KOMIIBIOTEP, BTOpas
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KOHTPOJIb U U3BMEPEHUS

YacTh ~ HAZICTPOMKA ~ [POBOAUTEL 06paboTKY U aHa-
JIU3 JAaHHBIX. YHUKaJIBHOCTH 3TOro I1O - BO3MOXK-
HOCTH Y[ aJIeHHOrO yIpaBjleHus. B pesyinbraTe
MOJIYYHJICSL IEPBEIKM B MHpe C3M, peXxuMaMH
H3MepeHHH KOTOPOr0 MOXKHO yIIPaB/ATh depes
HHTepHeT. YI06CTBO TAKOM CHCTeMbI OUeBHU/IHO BO
MHOI'HX CIy4asx:

* IIpU COBMECTHBIX MCC/IeJOBAHUSIX 06pasIioB;

* IIpH JIUTEIbHBIX H3MEPEHUAX, HAIIPUMED, IIPU

HM3y4YeHHUH POCTa KPUCTAJL/IOB;
 BOOyueHHUHU U B 06pa30BaTeTbHBIX IIPOrPAMMaX;
e N5 TeXHHUYECKOH IOLLepPKKH K COIPO-

BOXKIEHUS.

B 2011 rozy 6p11a HauaTa pa3spaboTKa IIPUHIUIIN-
aJIbHO HOBOM MOJIe/IM MUKPOCKOIIA, TIOCKOJIBKY /IS
HOBBIX HJIeH aBTOPOB BO3MOKHOCTH CHUT'HA/IBHOTO
mporeccopa C3M ®eMToCKaH 6BITH HHOTAA HEJO-
CTaTOYHBIMH. Kpome TOro, B 3JIeKTPOHHOM CXeMO-
TeXHHUKe 10 BUJIMCh HOBbIE yauHble M OPUTHHAJIb"
HbIe UJeH. B 4acTHOCTH, ObII0 CO3/IaHO I10JIe AJIS pea-
TH3aLMK CMeJIBIX UeH — MUKPOKOHTPOJLIEPEl HOBOI'O
TMIOKOJIeHH S Ha ITPOrpaMMHUpyeMOH JIOTHKe. Pa3yMeeTcs,
CyIIeCTBOBAJIM OHM [JaBHO, HO B IIOC/IeHEe BpeMs
MHUKPOKOHTPOJIZIEPHI Cle/I/IM Ka4eCTBeHHBIM CKavYOK
Y IIPeBPaTHJIMCh B MOT'YYKH MHCTPYMeHT /ISl pean3a-
LMK aMOUIIHMO3HBIX Lle/IeH, KOTOpbIe CTaBAT Iepe, cobok
Pa3paboTUKKK HOBOr0O 000pyfOBaHHUS. B UX dHciIe:

* 3IeKTPOHHOE PO MUKPOCKOIIA O/IKHO paboTaTh Ha

IIpefie/IbHO BLICOKOM 4acToTe;

* CylecTBeHHAas 4YacTh aJITOPUTMOB
yIIpaBJIeHUs TO/KHA ObITD BBIIIOTHEHA

AMIApaTHBIM, a HE IPOTPAMMHBIM  pad Arolivse =
criocoboM; Mod: Phase
 IIO a7 yOmpaBlIeHUS] MUKPOCKOIIOM
IOJIKHO paboTath He TOIbKO B Windows,
HO U o7 Linux, u B cpefie Apple. Deflection =<

B 3TOM CBSI3U aBTOPHI BIIepBbIe 3HAKO-
MSIT YUTaTeIeld C AapXUTEKTY PO HOBOTO
C3M - ®emToCKaH X. Ilo Mepe pasBUTHSA
MHUKpocKoma 6ykBa X bymeT 3ameHeHa S
Ha CJIOBO, Harboslee IIOJTHO OTpaskalolee &
Ha3Ha4YeHHe HOBOTO U3/IeHs. huse]

IIpu mpoeKTHpPOBAaHUU 6/I0Ka yIIpaBiie- AR

Husg C3M yUYHTBIBAIOTCSI HECKOIBKO OCHOB-

HBIX $aKTOPOB:

e ammaparTHas M aJTOPUTMHYecKasg
PacIIUpsieMOCTb;

* ymobcTBO M HaJeSKHOCTb KaHaJa Iepe-
Jauu JaHHBIX MEX/Y YIPaBISIOMUM
KOMIIbI0TepoM U 6710kom C3M;

* OBICTpOZENCTBHE.

IIpemenpHble TeXHUYECKHE [IApAMETPEI

IIPaKTUYeCKHU IIOJTHOCTBIO OIIpee/IsIIoTCs
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YnpoLeHHasa CTPYKTYypHas cxemMa LMppoBOM 4acTun
b6noka ynpasneHus C3M demToCKkaH

CyIIeCTBYIOIeH aHAJIOro-IIUPOBOL 371leMeHTHOL 6a3011,
YTO 3aCTAB/IsIeT 10 Mepe II0SIB/IeHH 1 HOBBIX 3/IeKTPOHHBIX
KOMIIOHEHTOB COBEPIIEHCTBOBATh OCHOBHEIE COCTAB/ISIIO-
ITHe 31eKTPOHHOro 6110Ka. HacTostmiast pa3paboTka 0CHO-
BaHa Ha 37eMeHTHOM 6a3e mpoxgyKuuu ¢upmsl Analog
Devices, pefijiaraolliel Ty4llre pelleHus 415 [I0CTpo-
eHU S IIPel3HOHHOM 1eKTPOHUKH.

CJI0’KHOCTDb aJITOPUTMOB yIIpaBieHKUd C3M u mepe-
Ja4YX OAHHBIX QaKTHUeCKU JUKTYeT UCIIONb30BAHHe
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Puc.3. KOMMOHEHTbI OCHOBHOM NaaThbl 610Ka ynpasaeHns C3M
®emTOCKaH



mpolieccopa, Kak LleHTpaJbHOI0 KOMIIOHeHTa 6710Ka
yrnpasieHHs. CoOBpeMeHHOe pa3BUTHE MUKPOCXeM IIPOo-
rpammupyemoit oruku (FPGA unu ITJIMC) mo3BossieT
chopMHPOBATh BBICOKOIIPOM3BOJMTEIBHBIN MIPOLLEC-
cop Ha camom Kpuctayuie IVIKC. IIpu 3ToM amnmaparHas
JIOTMKa [1Jig yrpasnenus JAII, ALIIT 1 UHBEIMHA OpMHU-
poBaTe/IsIMK CHUI'Hajla MOKET Takske OBITh pa3MelleHa
B rmpepgenax IIMC.

Ecnu KaHal nepefavyu JaHHBIX peajau3yeTcs Ha
ocHoBe MHTepdericoB USB mnu Ethernet, To eHTpas-
HBIH IIPOLIECCOP KCIIONb3YeTCs 4151 IPorpaMMHOro ¢op-
MUPOBaHHUS UX CUTHA/IOB. YacTb HAarpPy3KH MOXKeT O6bITh

HM 8000 6000 4000 2000

Puc.4. DxuvHoUMT (Pa3HOBMAHOCTbL 3pUTPOLNTA), MOABEP-
THYTbIA 3N1EeKTPONOPaLLMK, B pe3ynbTaTe KOTOPOWM
Ha ero NoBepxHOCTM 06pa30BaNNCL NOPbI HAHOME-
TPOBOro AnameTpa — yaayHbIn 0bpaseL, 4N nsyye-
HMA C NOMOLLIbIO CUM”

Puc.5. Pe3ncTeHTHOCTb 6akTepui K COBPEMEHHbIM aH-
TMBNOTMKAM — Cepbe3Has npobsiema cospe-
MEHHOWM MeguLUMHbI M BaXkHas 3agava gns CUM
®emToCKaH MoH (ACM-m306paskeHne 6akTepui
Helicobacter pillory)

* Mopo3 B.B., YepHbiw A.M., SMuHcknii U.B., Kosnosa E.K., Kucenés
F.A., ®unoHos A.C., borywesuny M.C., l'yakosa O.E. MepcnekTusbl Npu-
MeHEHWS MeTO0B aTOMHOMN CMTI0BOW MUKPOCKOMNWM B peaHUMaToNornmn. —
O6uwas peaHnmaronorus, 2008, 1.1V, Ne4, c.51-54.
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Puc.6. Bupyc TabayHom Mo3amnkm (BTM) — nonesHblii CTpo-
NTENbHLIN KNPAUYMK B HAHOMUWPE M CPeCTBO
poctasku AHK B keTky. 15 peweHms 3aga4 Mo-
NeKynapHOM MeguLMHBI MO CO34aHNI0 BUOMETOK
BTM MoxeT, Hanpumep, cnocobcTBoBaTb 3 deK-
TMBHOMY CMHTE3y MeTaNINYeCckmMx HAaHO4aCTHL, B

BMONOrNYEeCKMX KUAKOCTSIX

[epeHeceHa Ha allapaTHbIe YCKOPUTe/IH, HO JOCTYIIHAS
YHCTO allllapaTHasl peayn3anus crekoB USB u Ethernet
Ha TeKYIIHH MOMEHT OTCYTCTBYeT.

Ha puc.2 npuBesieHa yIipoleHHas CTPYKTYpHas CXeMa
1 dpoBoi YacTH 6110Kka yrrpasneHus C3M.

IIpy pOeKTHPOBAHUHU CHUCTEeMBI 0c060e BHUMAaHUe
YIENSI0Ch Ka4eCTBY CUTHA/IBHBIX LIeTlel, [I09TOMY Be3Je,
rzie 3T0 651710 BO3MOKHO, CUTHAJIBI IlepeIaloTCs 10 AUd-
depeHLIMATIPHBIM IMHUSAM, KaK [I0Ka3aHO Ha PUC.3

IToka mucanu 3Ty craThio, C3M ®PeMTOCKaH X I10J1Y-
YW JajlbHeHIlee pa3BUuTHe. CxeMoTexHHKa U II0
OKa3a/1HCh YAOOHBIMH [/ CO3LAHHUS HOBBIX THUIIOB
MHKPOCKOIIOB, B YaCTHOCTH, CKAaHHUPYIOLEI0 HOH-
HOTro MUKpocKoma (CMM), koTopslil ocobo uHTepe-
CeH JJIsl KJIeTOYHOM U MOJIEeKYIspHOM 6HONIOrHUU.
TakuM o6pa3oM, IOSBUIACh HOBAS MOJEIb MUKPO-
ckoma - PemToCKaH HoH. C ero moMoubo MOKHO U3y~
YaTh CTPYKTYPy HOHHBIX KAHAJIOB B KJI€TOYHOM MeM-
OpaHe, olpemesaTh BeTUUYNHY HOHHOIO TOKA B CHHTe-
THYEeCKUX IIOPUCTHIX MTOTUMepaxX. MHUKPOCKOII B BbIC-
IIel CTeIleHHU I10/1e3eH MIPU CO34aHKH TOIIJIMBHBIX 371e-
MeHTOB. O4YeHb BaKHO, UTO HCC/IeJJ0BaHHe [10BepX-
HOCTH MOSKHO IIPOBOJUTD B JKHUAKOCTH, B YaCTHOCTH,
B PacTBOpax 371eKTponuToB. CIM, 6e3yc/ioBHO, HalgeT
IpHMeHeHHe B COBpPeMeHHBIX OH0IOruuecKHUX HcCIIe-
JIOBAHUSIX U SKCIIepUMeHTax (puc.4-6). |

Asmopbl 6aazodapHsl MuHucmepcmay 0bpa3osaus u Hayku PO
(®LIII, meponpusamue 1.5, npoekm 14.U02.21.1235) u POCHAHO
(npoexm 1260).
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FROM SCAN TO FEMTOSCAN: RESULTS OF 25 YEARS

OF SCIENTIFIC ACTIVITIES

S.Savinov, PhD, I.Yaminsky *, DSc.

e emergence of scanning probe microscopy (SPM) coincided with the beginning of the era of personal comput-
ers. For the past twenty five years the SPM history has become an era of high technology development which are
largely related to the scientific and technological revolution in computer and information technologies. This paper
discusses the creation of the first Russian SPM Scan instrument and its subsequent brand new modifications.

The first probe microscopes were created using a combination
of digital and analog electronics. Their management and data
processing were carried out in the MS DOS operating system
which allowed to output the control data and to receive streams
of digital arrays back to the software. With emergence of the
Windows environment with many versions, the data output to
external devices, writing drivers, their modification under the
new versions have become a permanent tasks of programmers.

The first SPM - Scanning Tunneling Microscope
(STM) - appeared in IBM in Switzerland, and the first
commercial microscopes were produced for the first time
by Digital Instruments (USA) in 1987. The first commercial
tunneling microscope - Nanoscope - 1 - was fully analog with
data output on the storage oscilloscope. Frame size in one
micron allowed for reliable demonstration of atoms on graphite.

The same year in Russia got a commercial version of the
SPM - Scan-7. There were no previous models, the number was
borrowed from Y.Fleming’s hero 007 who was able to quickly
solve complex problems. Scan-7 was created in a record short
period of time - two months. This was preceded by a chance
meeting of two scientists at a shop in Herzen Street (now
Bolshaya Nikitskaya). One of them was V.Panov, DSc, a leading
scientific worker of the Physics Department of Moscow State
University who had already built the first Soviet tunneling
microscope. The second person was I.Yaminsky, PhD, a senior
scientific worker of Department of Tsiolkovsky-MATI. He
wondered what should be done to build a commercial SPM
instrument. The answer was short: it was necessary to find
10,000 rubles. (At that time it was the price of "Lada" car)

In September 1987 it become possible to collect a unique
team. It included V.Panov, S.Vasilev, Yu.Moseev, S.Savinov and
I.Yaminsky who found the needed funds to finance the work. By
early November the mechanics, electronics and control program
had been created, in December Scan-7 gave an image of atoms
on the copper surface (111).

As opposed to the American microscope Nanoscope-l,
Scan-7 was a combination of analog and digital electronics.
To move the probe 12-bit digital-to-analog converters were
used, to increase the bit summation of signals from two such
transmitters with an effective increase in the bit to 18 bit was
done. Operation of summation is not quite correct, but in
tunneling microscopy it worked. It made it possible to consider
the overview pictures of micron-size and high-quality image
of the atomic lattice of graphite of 2x2 nm? in area. Special
attention was given to finding a common grounding point.
Electronic noise level of the product was extremely low. For
output signal of 600 V the noise of high-voltage amplifiers was
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less than a few mV, which corresponds to a dynamic range of
17-18 bits.

The specific feature of STM- Scan-7 was the presence of two
feedback loops. The voltage over the Z-channel in the range
0-600 V could be provided digitally with a combined output of
digital-to-analog converter through a filter and a high voltage
amplifier to the separate electrode of a piezo manipulator.
To the other electrode the signal was sent from the analog
feedback loop. The small range of output voltages of the
feedback circuit and the analog nature of the signal, the use
of low-noise operational amplifiers provided a perfect image of
atoms.

It was as early as then that it became clear that the Scan-7
should be further improved. The Scan-8 version produced in six
months, for example, got additional features of stepless control
of high control voltages. An example of the images of the atomic
structure of mica surface prepared fusing the SPM Scan- 8 is
shown in Fig.1.

Improvement of SPM went along with development of the
electronic circuit technique and a new element structure. As a
result it became possible to switch completely to digital control
of the microscopes.

There is a simple recipe to create perfect electronics for
scientific instruments, which they used throughout the years.
It became a kind of the designers’ know-how and consisted in
the following: to create perfect electronics it was important to
use the best electronic components irrespective of the price.
After all, the price is a negligible of the final cost of developing
a scientific instrument, the main part of its cost is the wages of
developers’ salary.

Fig.l. Image without additional filtering and mathematical treatment of the
atomic lattice on the mica surface (SPMS can-8).

It was time to move on from Scan 7 and 8 to a new concept of
a microscope with fully digital electronics. It became possible
with the appearance of digital signal processors. These products
were to work with signals in real time. There is an input
signal - a signal to the output should come with a minimum
delay. This places special demands on the architecture of the
processor itself. It is like a mobile phone, it cannot work with
a delay. For in this case it is not known when the answer from
someone you are talking can come, and the conversation cannot
be conducted.

The new SPM need the latest version of the ADSP2171 signal
processor with extremely high for the time clock speed of
130 MHz. Similar processors were used in cruise missiles,
which though looking totally different from SPM had much
in common with it: a cruise missile flies over the surface ata
low altitude with terrain tracking, the SPM tip moves over the
surface of the sample, also with relief tracking, but already



at the level of atomic scales. Speeds of a cruise missile and of
the probe SPM differ by 9 orders, but the microcontroller does
not work with velocities of objects, only with amplitudes and
frequencies of the incoming signals. They are the same for
cruise missile and SPM. Signal processing algorithms are also
identical.

The best at that time operational amplifiers were chosen
for the new microscope - the most accurate digital-to-analog
and analog-to-digital converters. As a result, SPM FemtoScan
appeared. Femto prefix was chosen not by accident. Its
application meant that a properly constructed microscope
should measure:

« electrical currents at femtoAmper level,

- interaction forces of tip-sample interaction at femtoNewton,
 capacitance of the tip-sample per unit of femtoFarad,

« differences in height at the femtometer level.

April 29, 1996 can be considered the day SPM FemtoScan
appeared. The same day it became possible to get the first
images of the graphite surface with atomic resolution.

FemtoScan was a good solution for complex scientific
investigations and implementation of effective educational
programs. It is constantly developing, new modes and
conditions are added. It became possible to create a reliable and
simple mechanical system for the product.

For microscope control and data processing there have
been produced Softwear FemtoScan Online . It consists of
two interrelated parts. The basic part of the software allows
to manage SPM and to introduce experimental data into
the computer. The second part is topside for processing and
analyzing data. The uniqueness of this software is a possibility
of remote management. The result was the world's first SPM,
these functions can be controlled by the Internet. Convenience
of such a system is obvious in many cases:

- forjoint investigation of samples,

» at long-term measurements, for example, in the study of
crystal growth,

» intraining and in education programs,

« for technical support and maintenance.

2011 was the start of development of a fundamentally
new model of the microscope as the capabilities of the signal
processor SPM FemtoScan were sometimes inadequate for the
authors’ new ideas. In addition, the electronic circuit design
had new successful and original ideas. In particular, a field
was created to implement bold ideas - a new generation of
microcontrollers on programmable logic. Of course, they have
existed for long time, but in recent years these microcontrollers
have made a huge leap and become a flexible and powerful
tool for implementation of the ambitious goals set for the
developers. Among them are:

« the electronic microscope core must operate at an extremely
high frequency,

- an essential part of the control algorithms must be
implemented as hardware and not software method,

+ software for microscope control should work not only in

Windows, but also under Linux and with Apple.

In this connection, the authors first introduce readers to the
architecture of the new SPM - FemtoScan H. As the microscope
advances letter X will be replaced by the word that will best
reflect the nature of the new product.

The SPM control unit is designed taking into account several
key factors:
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» hardware and algorithmic expandability;

« convenience and reliability of data transfer between the host
computer and SPM block;

+ processing speed.

Limit specifications are almost entirely determined solely
by the existing analog-digital element base, which with the
appearance of new electronic components causes to improve
the basic components of the electronic unit. This present
development is based on cell-based production of Analog
Devices which offers the best solutions to build high-precision
electronics.

The complexity of the control algorithms of SPM and
data passing actually dictates the use of the CPU as a central
component of the control unit. Modern development of
programmable logic microchips (FPGA or FPGA) allows to create
a high-performance processor on the FPGA chip. In this case,
the hardware control logic for the DAC, ADC, and other signal
conditioners can also be placed within the FPCA.

If the data channel is implemented through USB or Ethernet
the CPU is used if needed for software to form their signals.
A part of the load can be moved to hardware accelerators, but
pure hardware implementation of USB stacks and Ethernet is
currently not available.

Fig.2 shows a simplified block diagram of the SPM digital
control unit.

Fig.2. Simplified block diagram of the digital part of the control unit SPM
FemtoScan.

Fig.3. Components of the main board of the control unit SPM FemtoScan

In the course of the system designing the authors specially
focused on the quality of the signal chains, so wherever
possible, the signals are transmitted through the differential
lines which is explicitly shown in Fig.3

While writing this article, the SPM FemtoScan X was
further developed. Circuitry engineering and software turned
out to be convenient for creating new types of microscopes,
in particular, the scanning ion microscope (SIM), which is
particularly interesting for cell and molecular biology. Thus, at
present there is a new model of the microscope - FemtoScan Ion.
It can be used to study the structure of ion channels in the cell
membrane, to determine the ion current quantity in synthetic
porous polymers. The microscope is highly useful for creating
fuel cells. It is important that the study of the surface can be
carried out in a liquid, in particular, in electrolyte solutions.
The SIM will definitely find use in modern biological research
and experiments (Fig.4-6).

Fig.4.Echinocyte (a type of red blood cell) subjected before observation
to electroporation, which resulted in formation of pores on its surface with a
nanometer diameter —a good sample for study by SIM.*

Fig.5. Bacterial resistivity to modern antibiotics is a serious problem in
modern medicine and an important task for SIM FemtoScan lon. (AFM image of
the bacteria Helicobacter pillory)

Fig.6. Tobacco mosaic virus (TMV) is a useful building block in the nanoworld
or a means of DNA delivery into a cell. To solve the problems of molecular
medicine in creation of biomarks TMV can, for example, facilitate efficient
synthesis of metal nanoparticles in biological fluids. |
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