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In MIREA is developed hybrid device — Nanoscope that is designed to research of small
nanostructured objects using different methods of microscopy and spectroscopy.

LleJb0 Pa3BUTHUS Hay4YHO-ob6pa3oBaTessb-

HOTO ITpPOIlecCa B HAHOMHAYCTPUHU pPelleHHeM

[IpaBuTenscTBa PO c 2008 roga cozmaercst obpa-
30BaTebHAsI HAHOTEXHOJOTHYecKas CeTh C y4acTHeM
BY30B CTpaHBI. 151 obecriedeHUs] KOMILJIEKCHOH II0J-
FOTOBKH CIIEeI[Ha/TUCTOB HeOOXOAHMBI y4ebHBbIe LIeHTPBI
C COBpeMeHHBIM, 5KOHOMHUYHBIM U JOCTATOYHO IIPO-
CTBIM, OPHEHTHPOBAHHBIM Ha y4ebHBIH ITporecc 060-
pynoBaHueM. OHO JOKHO OBITh YKOMIIJIEKTOBAHO
B yue6HO-71ab0paTOpHbIe KOMIITIEKCHI K KJIACCHI C COOT-
BeTCTBYIOIIMM MeTOAHUUYeCKUM obecrieueHHeM y4eb-
HOTO ITpoLiecca, KOTOpPbIe OTBEYAIOT CJIeIYOLIHM OCHOB-
HBIM TpeboBaHUSM [1]:
* MOJYJIBHBIM XapakTep nabopaTopHoM 6a3bl, I103BO-

JISIOIUE ToA6HpaTh 060pySOBaHME B COOTBETCTBUH

C IOTPeOHOCTSIMU U BO3MOKHOCTSIMH 00y4aloIero

yYpeXKIeHHU /15 U POKOT0 OXBAaTa HAIIPABIeHUH;
¢ NOCTYIHOCTb 0OOPYHOBAHUS ANS YUPeXKAeHHUU

c HebonpmuUM 60IKeTOM (CpefHSISI CTOUMOCTD

MozyJIst 1abOpaTOPUH B HECKOIBKO pa3 MeHbIIIe, YeM

HICCIIe/I0BATEIBCKOr0 060pyIOBAHHM S TOTO SKe THIIA).

B HacTosiIIlee BpeMsI ITpe/ijIaraeTcsl HECKOJIBKO pelle-
HUH A5 yuebHO-UCC/IeIoBaTeNbCKUX 33134, HAIIPHU-
Mep, Kiaccel "HaHo3zpplokarop” u "HaHo3nprorartop 11",
a Tak>Ke MaIobIO[KeTHHIN yuebHO-1ab0paTOpPHBIH
KOMIUIEKC, pa3paboranusiil B HOLL "HaHOoTexHONMOT UK
CII6raTy "M3TU".

PELLEHWUA HA BA3E OAHOTUMHbIX MPUBOPOB

YuebHO-HCC/Ie0BaTeNbCKHE KIACCH "HaHO03bI0KATOD"
¥ "HaHo3pprokaTop 11", 03BOISIOT COBMeIIATh 06y ye-
HUe C Hay4YHOH JesSTeNbHOCTHIO [2]. XoTsl pa3paboTunk
Y IPOU3BOAUTEND — KoMIaHusg "HT-MIAT" - mo3sunuo-
HHUPYeT UX KaK KOMILIEKCHble MHHHU-TabopaTopuy,

HAHO UHAVCTPUA #1/55/2015

daKTHUeCKH peub U/IeT 0 KOMIIJIEKTe MMEIOIIHUX HeBbl-
COKHe ITapaMeTPbl CKAHH PYIOIK X 30HJJ0BBIX MHKPOCKO-
roB (C3M) c akcecCyapaMH U yueOHBIMU IIOCOOUSIMH.
I103TOMY MOXKHO FOBOPUTb O CPABHHUTEIBPHO HU3KOMH
CTOMMOCTH TaKHUX y4eOHO-HCCIeJ0BaTeIbCKUX KIlac-
COB, HO He 0 KOMIIEKCHOCTH, TaK KaK HCIIO/Ib3yeTCs
TOJIBKO OIMH MeTO[, KCC/IeJOBAaHH I [IOBEPXHOCTH. Tem
He MeHee y3ke B 2010 rofy yuebHO-HCC/IeJ0BaTeIbCKUMU
KJIaccaMu "HaHo3pI0KaTOp" 66110 060pyI0BAHO OKOJIO
50 obpa3oBaTebHBIX MHCTUTYTOB 3a pybeskoM U ITOYTH
130 HayuHO-06pa3oBaTeNbHBEIX LIEHTPOB B PoccUU
u CHT.

Kypc mio paszpaborke C3M umraercs B MUIT, a
Ha MIPaKTUKyMe CTYyJeHThl COOMPAalOT MHUKPOCKOIIEL
13 42 neTasell U IOJy4YaloT Ha HUX H300paskeHHe aTo-
MoB [3]. KpoMe Toro, nmpakTH4YecKkHe Kypchl 1o obyue-
HHUIO PabOTHI Ha CKAHUPYIOLINX 30HIOBBIX K HOH-TIPOBO-
ISIIMX MUKPOCKOITaX ecTh B LIMUT "HaHOTeXHOIOTHH"
mpu MI'Y [4].

KOMIMJIEKCbI ObOPYAOBAHUA

B HOLI "HanotexHonoruu" CII6IITY "ISTH" pa3pabo-
TaH MaloboofKeTHBIN yue6HO-1ab0paTOPHBIN KOM-
miekc [5], KoTopbIN obecriedrBaeT IMHUPOKUM OXBaT
Hay4HO-0bpa3oBaTe/bHbIX HallpaB/leHUH U 0b6benu-
HsleT yueOHO-Hay4HbIe 1a60paTOPUH 10 HAHOTEeXHO-
norusiM (LIeCTh eAUHULL MajiorabapuTHOro obopynoBa-
HMS) U 110 HAHOJHWATHOCTHUKe, BK/II0Yas UCC/IeIOBaHUS
Y KOHTPO/Ib HAHOOOBEKTOB MeTOMAMH KAIIK/IISPHOTO
3neKkTpodopesa, 3IUICOMETPUU, PACTPOBOM 3JIeK-
TPOHHOIM MUKPOCKOIUH (POM), 371eKTPOHHOrO I1apa-
MarHHMTHOTO pe30HaHCa, aTOMHO-CHU/IOBOKM MHKPO-
CKOIIMH C ONTHYeCKOM M 3/eKTPUYeCKON HAHO30H-
JOBOM JHAarHOCTHUKOM. YCTAHOBKH yKOMIIJIEKTOBAHBI
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MeTOOUYeCKHM U MPOrpaMMHBIM obecreueHHeM.
K coskalleHHIO, 110 GaKTy 3TOT KOMILJIEKC HeJIb3sl CUH-
TaTh MaJIOBIOJKETHBIM, TaK KakK B €r0 COCTaB BXOTUT
12 yCTAaHOBOK Pa3/JIMYHBIX THIIOB. [Ipu 3ToM B s1abo-
paTOpUM HAaHOAMATHOCTUKHU €1abo mpe/cTaBleHBI
BBICOKOpa3pellalnye 3JIeKTPOHHbIe MHUKPOCKOIIH,
[I0-BUIMMOMY, U3 5SKOHOMHUUECKUX CO06paskeHUI, TaK
KaK OHH UMeIOT BBICOKYI0 CTOMMOCTD. B cocTaB abopa-
TOPHH BK/IIOUEH HACTOIBHBIM POM co CpelHHUM paspe-
meHHeM, paboTaromuil B QUKCHPOBAHHOM PeXKHMe.
®opMapHO B KOMIIIEKCE KMMEeEeTCS HeCKOIbKO MeTOIUK
OUAarHOCTHUKH 06BeKTOB, HO OHU He HHTEI PUPOBAHBI
IpyT ¢ Apyrom. KoMIIJIEKCHOCTB sKe I10Jpa3yMeBaeT

BO3MOYKHOCTB MCC/IeJOBAaHUS Y4acTKa 06beKTa pasiny-
HBIMH METOJaMH IIPUMEPHO B OJTHO BpeMs.
Kommninekcamu ob6opymoBaHHUS, KOTOpoe
HCIIONIB3YeTCsl, B TOM YHCJIe B y4eOHBIX LIe/IsX, TaKKe
pacrionararmT HaHOLIEHTPHI IIpU By3ax. Tak, B MI'TY
MUPSA Ha 6a3e oThe/la HAHOLUATHOCTUKU MaTepHa-
JI0B M H3[leIMH MHKPO3/IeKTPOHUKHU, BXOASIIIErO0
B CTPYKTYpy MH>KeHepHO-Hay4YHOI0 [IPOXU3BOACTBEH-
HOro LieHTpa "CpelCcTBa Hepa3pyllaromero KOHTpous”
(MHIIL] CHK), miaHupyeTcsi obydeHHe CTYAeHTOB
COBpPEMEHHBIM CpeACcTBAM HAaHOTeXHOJOTHYeCKOIo
KOHTPOJIS 37IeKTPOHHOI KOMIIOHeHTHO 6a3bl. B oTaesne
MMeeTCsl IpaKTUYeCKH IIOJHBIN Habop OCHOBHBIX

ith the purpose of develop-
ment of scientific-educa-
tional process in nanoindus-
try the Government of the Russian
Federation since 2008 creates an edu-
cational nanotechnology network
involving universities. Training cen-
ters with the modern, economical
and relatively simple, focused on edu-
cational process equipment are nec-
essary for ensuring comprehensive
specialist training. The equipment
should be integrated in teaching and
laboratory facilities and classes with
the appropriate methodological sup-
port of the educational process. Such
systems must meet the following

basic requirements [1]:

« modularity allows to select the
equipment according to the needs
and capabilities of the training
institutions for a wide coverage of
different areas;

* low price of equipment for institu-
tions with small budgets (the aver-
age cost of the laboratory module is
several times smaller than of the
research equipment of the same
type).

Currently, there are several solutions
for educational and research tasks, for
example, the classes NanoEducator
and NanoEducator II, as well as edu-
cational laboratory complex, devel-
oped in Nanotechnologies SEC at Saint
Petersburg Electrotechnical University
"LETI",

SOLUTIONS BASED ON SIMILAR DEVICES
Educational research classes
NanoEducator and NanoEducator
11, allows to combine teaching with
research activities [2]. Although the
developer and manufacturer NT-MDT
positions them as an integrated mini-
laboratory, in fact, it is a complex of
scanning probe microscopes (SPM)
of entry level with accessories and
manuals. Therefore, we can speak
about the relatively low cost of such
training and research solutions, but
not about complexity, because only
one research method of the surface
is used. However, already in 2010,
teaching and research complexes
NanoEducator were installed in about
50 educational institutions abroad,
and in nearly 130 scientific and educa-
tional centers in Russia and the CIS.

Training course on the develop-
ment of SPM is taught in National
Research University of Electronic
Technology, and at workshop stu-
dents assemled microscopes from 42
parts and receive on them the images
of atoms [3]. In addition, practical
classes of work on scanning probe and
ion-conductive microscopes are avail-
able in the YICC "Nanotechnology"
at the Lomonosov Moscow State
University [4].

COMPLEXES OF THE EQUIPMENT
In Nanotechnologies SEC at Saint
Petersburg Electrotechnical University

"LETI" is developed low-cost educa-
tional laboratory complex [5], which
provides broad coverage of scien-
tific and educational areas and com-
bines teaching and research labora-
tory for nanotechnology (six pieces
of small-size equipment) and nano-
measurement laboratory, including
research and control of nano-objects
by the methods of capillary electro-
phoresis, ellipsometry, scanning elec-
tron microscopy (SEM), electron para-
magnetic resonance, atomic force
microscopy with optical and elec-
trical nano-probe measurements.
Devices are completed with manu-
als and software. Unfortunately, in
fact, this complex cannot be consid-
ered as low-budget, since it consists
of 12 devices of various types. In addi-
tion, in the laboratory there are no
high-resolution electron microscopes,
apparently for economic reasons, as
they have a high cost. The laboratory
includes only desktop REM with aver-
age resolution, operating in a fixed
mode. Formally, the complex has sev-
eral diagnostic techniques include,
but they are not integrated with each
other. Complexity implies the pos-
sibility of the research of area of the
object using various methods about
the same time.

Complexes of equipment which
is used, including, for educational
purposes, also have nano-cen-
tres at universities. So, in MIREA
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THII0OB MHKPOCKOIIOB C BRICOKMMH IT1apaMeTPaMH, KOTO-
Ppble II03BOJISIIOT KOMIIIEKCHO MCCIIeJOBAaTh HHTEI Pajlb-
Hble MUKpOCXeMbl. OJHaKO, M3-3a OOJIBIION 3arpy3KHU
OTZeNa IJIAHOBBIMU paboTaMu, Ha ITpoBefieHHe 1abo-
PATOPHBIX 3aHSATUI MOKET BbIAEIATHCSI OTHOCUTEIBHO
HeborblI0e BpeMsi, II03ToMYy 0byueHMe 6ymeT HOCUTD,
CKOpee BCero, 03HaKOMHTE/IbHBIN XapaKTep C Ioyde-
HHeM HeKOTOPBIX ITPAKTHYeCKHUX HaBBIKOB.

CKAHUPYIOLLAS 30HA0BASI MUKPOCKOINNA:
AOCTOUHCTBA U OFPAHUYEHUA

B npHHIIMIIe, IIOHSTHO, IIoueMy obpa3oBaTeibHOe 060-
pyZoBaHHMe cerdac B Poccuu opHeHTHPOBaHO Ha C3M.
Y 3THX MHUKPOCKOIIOB JOBOJIBHO IIPOCTOU IPUHIIUII
paboTsl: 30H[ (OCTpHe) MeXaHUYeCKH ITepeMelaeTcs
BOJIM3M ITOBEPXHOCTH 06beKTa K PeTUCTPHUPYETCs TOK,
ITPOTeKAIONTH I Yepe3 TOBePXHOCTb U 30H7, IIPH He601b-
IO Pa3HOCTU MOTEHILHANI0B MeXAy HHUMH, Tubo
CHJIBI, BO3JI€HCTBYIOLIKe Ha 30H[ CO CTOPOHBI ITI0BepX-
HocTH. IIpu 3TOM paspemenue C3M ompepensercsa
B OCHOBHOM PaJlMyCOM OCTPHS 30HJA. DTH MHKPO-
CKOITBI MCIIONB3YIOTCS O/ MCC/IeIOBAHMS TOIIOJIOTHH
[IOBEPXHOCTEL Ha aTOMapHO-MOJIeKY/IIPHOM yPOBHE
Y CBOMCTB MaTepHaioB. C3M HMeIOT MaJible FabapUTHI,
He TpebyIoT OOBIINX IKCIITyaTallMOHHBIX PACXO0B,
JOBOJIBHO ITPOCTHI 10 KOHCTPYKIIMKM K OTHOCHUTEIBHO
JelleBbl, UX MOT'YT IIPOM3BOAUTH HebOIbIIHe KOMIIA-
HHH 1P HU3KHMX KAIIMTa/IbHBIX 3aTpaTax.

OnHaxo, 30H0BYI0 MHKPOCKOITHIO TOBOJIBHO CJIOSKHO
KOMOMHUPOBATH C APYTUMH MEeTOLAMH HCC/IeJOBAHUS
[IOBEPXHOCTH, II03TOMY BBIIIYCKAIOTCS, B OCHOBHOM,
CrelHMaTl3UPOBaHHbIe IIPUOOPEI, X0TS MHOrga C3M

at the Department of nano-diag-
nostic of materials and microelec-
tronic devices, the structure unit of

SCANNING PROBE MICROSCOPY:
ADVANTAGES AND LIMITATIONS

paboTaloT B Iape, HallpuMep, C MOLYISIMHU OITHYe-
CKOIM MHKPOCKOIIMU KUK PaMaHOBCKOH CIIEKTPOCKO-
nuu. KpoMe toro, C3M HMeIOT psif, HeLOCTaTKOB, KOTO-
Phle 3HaUUTEIBHO CY>Kal0T BOSMOKHOCTH HUX HCIIONB30-
BaHHU . Tak, MaKCHMMaJIbHOE I10JIe CKAHUPOBAHUS He
IIpeBbIIIaeT HeCKOJIBKHX AeCSITKOB MUKPOH, YTO COOT-
BETCTBYeT yBe/JIMYEeHUSIM B HECKOJIBKO ThHICAY KpaT,
HO J1s BBIOOPA MecTa HCCIe0BaHUS HET BO3MOKHO-
CTH IIPOCMOTPeTh 06BEeKT C MEHBIINM yBelHUYeHHEM.
CKOPOCTh CKAHMPOBAHU A IIPU 3TOM JOBOJIBHO HM3Kasl.
Kpome Toro, n3obpaskeHHe MOBEPXHOCTH MOKET UMETh
110 20 TuIoB apTedaKTOB, C KOTOPEIMU MOXKHO pa3bu-
PaThCsl JOBOIBHO IO/IT0, YTOOBI OITpeie/INTh HACKOIBKO
n306paskeHHe COOTBETCTBYET PealbHOCTH.

[Io HeKOTOPHIM OLleHKaM, oKkoJio 70% omybnu-
KOBAaHHBIX MCCJIeJOBaHHI MPOBOASITCSI Ha 3JeK-
TPOHHBIX MHKPOCKOINax, a Ha C3M - He bosee 5%.
CoOTBETCTBEHHO, 30H0Bble MHKPOCKOIIBI II0KA HeJIb3s
CYMTATh [VIABHBIM UHCTPYMEHTOM COBPEMEHHBIX HaHO-
TeXHOJIOTHH, U OHH MAaJIo IIOAXOAST Ha Poib 6a30BBIX
NP CO3JaHUU yuebHO-HCCIeq0BaTeTbCKUX KOMILIEK-
coB. Ilo cBOel MpHUpoOAe U BO3MOXKHOCTSAM 30HZ0Bas
MUKPOCKOITH S 60JIbIIIe IIOOMET K TeXHOTIOrUsIM byay-
Iero ¥ IIPOM3BOACTBY HAa aTOMapHOM YPOBHe,

PACTPOBAS JIEKTPOHHAS MUKPOCKOMMUA

IIepBOHAYa/IbHO II0J HAHOTEXHOJIOTUAMHU (HT) moHu-
MaJId aTOMapHO-TOYHBIE MeTOJbI, HO B HaCTosIlee
BpeMs K HT OpHUHSATO OTHOCUTH TEXHOJIOTHH, I103BO-
NSIOMIMe U3y4aTh U IIPOU3BOLUTH 0OBEKTH Pa3MepPOM
meHbIe 100 HM. B 9T0r 06/1acTu 60/1bIlIe BO3SMOKHOCTEH
JUIS1 ICC/Ief0OBAaHUM U KOHTPOJISI laeT HaHOMEeTPOBBIH

not require large operating costs,
quite simple in design and relatively

Engineering research and production
center "Non-destructive testing", it
is planned to train students to mod-
ern means of nanotechnology con-
trol of electronic component base. The
department has an almost complete
set of basic types of microscopes with
high parameters that allows a com-
prehensive study of integrated cir-
cuits. However, due to the large vol-
ume of planned works to conduct lab-
oratory studies can be allocated a rel-
atively short time, so training will
be most likely for informational pur-
poses to obtain some practical skills.
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In principle, it is understandable why
educational equipment in Russia is
focused on SPM. Their principle of
operation is quite simple: probe (tip)
mechanically moves near the surface
of the object and registers the current
flowing through the surface and the
probe when a small potential differ-
ence between them, or the forces act-
ing on the probe from the surface. The
resolution of the SPM is mainly deter-
mined by the tip radius of the probe.
These microscopes are used to study
the topology of surfaces at the atomic-
molecular level and of properties of
materials. SPM are small in size, do

cheap, therefore, small companies
can produce them at low capital cost.
However, scanning probe micros-
copy quite difficult to combine with
other methods of surface investiga-
tion, therefore, are produced mainly
specialized devices, although some-
times SPM work in pairs, for exam-
ple, with modules of optical micros-
copy or Raman spectroscopy. In addi-
tion, the SPM have several disadvan-
tages, which greatly reduce the pos-
sibilities of their use. Thus, the max-
imum scanning field does not exceed
a few tens of microns, which corre-
sponds to an magnification of several
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3/1IeKTPOHHBIM ITy40K, X Ha POJIb [JIABHOIO KCC/Ief0Ba-
TeJIbCKOTO ITpHbopa 60IbIIe TOAXOAUT PACTPOBBIH TeK-
TPOHHBIM MHKpPOCKoII (POM).

HHcTpyMeHTOM POM sABasieTCd 31eKTPOHHBIH
IIy4oK, IIapaMeTpPhl KOTOPOro (3Heprus, pasmep, TOK,
CKOPOCTBb U pa3Mep 06J1acTH CKAHUPOBAHHUS) MOTYT
JIeTKO MEHAThCS B IIMPOKUX Ipefesax C IOMOIILI0
3JIeKTPOHUKH. [IpH B3aMMOJEUCTBHH BBICOKOIHEP-
TeTHYHOTO 37IeKTPOHHOIO ITy4YKa ¢ 06beKTaMHU BO3-
HMKAIOT Pa3/HYHbIe IIPOLIECCHl U BTOPUYHEBIE U3y~
deHUd, 3QPeKTHBHAA PerucTpalius KOTOPHIX JaeT
pasHoo6pa3sHylo uHopMaL K0 06 3TUX 06BEKTaX.
J/IeKTPOHHBIE MUKPOCKOIIBL H0JIee CI03KHBIE U JOPO-
rue npubopsl, yem C3M. B pabouem obbeme HaJo
06ecrieYrTh BEICOKHMM BAKYyM U IIOJATh HA pa3lHy-
HbIe 3JIEMEHTHI ~ KATYIIKK MAarHUTHBIX JIMH3, OTKJIO-
HSIOIIYe CUCTeMBI U CTUTMATOp, 3/IeKTPOHHYIO IIYIIKY
U T.II. - HAIIPSIKeHUS U TOKU Pa3/IMYHOM BeJIMUUHBI
(o070 TIONyTOpa AecsAaTKa pasHbIX 3HAUeHHUI), 4acTh
M3 KOTOPBIX JOJIKHA PeryJlupoBaThCd B IIpoliecce
paboThl. B pasnuuHEIX pexkuMaxX POM MOXKHO HCCIe-
TOBATh IIPAKTHUYECKH JII00bIe 06BEKTHI ~ OrPAaHHUYeHHU S
CBSI3aHBI TOJIBKO C TabapUTaMuU. B MHKPOCKOIIaX MpaK-
THYeCKH HeueMy JIOMaThCsl MeXaHU4YeCKH, HO MOTYT,
Kak B Jto6oM npubope ¢ 371eKTPOHUKOL, BBIXOLUTH
K3 CTPOSI 371eKTPOHHBIe 6710KH. OCHOBHBIM Pacxof-
HBIM MaTepHajiOM ABJISAETCS BOJIbPpamMoBasi HUTH
KaTofja, KoTopas JIerKo MeHseTcsi. Kpome TOro, Hazo
[IepUOJUYECKU YHUCTHUTD OT Harapa 3JIeMeHThl BHYTPHU
KOJIOHHBI, Ha KOTOPBIE II0MaAaeT 37IeKTPOHHBIH ITy4O0K.

YHUBepcaabHble POM I103BOIAIOT MCC/IeI0BATh Pas-
HooOpa3Hble HAHOCTPYKTypPHUPOBaHHBIe 0OBEKTHI.

ITo >KeJIaHHUIO 3aKa34KMKa OHU KOMILIEKTYIOTCS pas3-
JTUYHBIMU HabopaMU MOZYJIeH — TPUCTABOK, AeTeKTO-
PoB U T.n. OOHAKO TaKKe MHUKPOCKOIIBL CTOSIT JJOPOLO
M 4aCTO UMEIOT BBICOKYIO CTeIIeHb aBTOMAaTH3aLUH,
YTO HeyAOoOHO JJISI KCII0JIb30BAHUS B 06pa3oBaTelb-
HBIX LIEJISX.

B 60sbpmIMHCTBe POM OCHOBHBIM 3JIEMEHTOM KOH-
CTPYKLIMU sIBJIsieTCsl KaMepa ob6bekToB. Kamepa
U 371eMeHTHhl OTKaYHOM CHUCTeMBl 3aKpemIsiTCcs
Ha paMe - 3Ta 6a30Bas 4acTb MHUKPOCKOIIA HMeeT
JNOBOJIBHO GoJbIIMe TabapUTHl IPU 3HAYUTEIbHOMN
MeTa/IJ/IOEMKOCTH U BBICOKOH CTOMMOCTHU. EC/IH ke
YHUBepPCAaAbHBIN NpPUOOp IpefHA3HAYeH, B TOM
4YucIle, 15 OoNTYIIPOBOAHUKOBOM IIPOMBIIIIEHHOCTH
Y MeTaJUIOBe[IeHHU 1, Te UCCIeAYITCS IVIACTUHBI JHa-
MeTpa 100-300 MM U KpyIIHBbIe 06pa3Libl METAJITIOB, TO
Ppa3Mepsl ¥ CTOMMOCTDb KOHCTPYKLIMHU [OIIOJIHUTE/IBHO
yBeJIIMUYHBAIOTCS.

H3-3a HaJu4u s 60IbIION KaMepHL C OTBEPCTHSIMHU
II0J, NeTeKTOPhl U MHOTOKOOPAHMHATHOIO CTO/NA
06beKTOB € OONBIIMM JHAIIA30HOM IlIepeMenleHUuH
POM 4yBCTBHUTeJIEH K 3JIeKTPOMarHUTHBIM HABOJ-
KaM U BUOpanUsM, IIO3TOMY YacTO ero IPHXO-
JUTCS pa3MelaTh B CHEHAa/JbHOM IIOMEIeHHUH.
CyIecTBeHHBIM HeJJOCTAaTKOM YHHBEPCA/TbHBIX KOM-
IIJIEKCOB SBJISIETCS TaK>Ke TO, UTO OYeHb CI0KHO obe-
CIIeYUTh ONHOBPEeMEHHO I1pefie/IbHbIe [IapaMeTPhl BO
BCeX pe>KMMax, U 4acTO IIPUXOAUTCI UATH Ha KOM-
IIPOMMCCHI — IIPU pa3paboTKe KOMIIJIEKCA BEIOMPAIOT
OCHOBHOI Pe>KHM U [IJIS1 Hero ONTUMHU3UPYIOT GOKY-
CHUPYIOLIYIO OITHKY, YXYZALIas [IapaMeTphl B PyTUX
pekuMax.

thousand-fold, but for a choice of place
of study there is no possibility to view
the object with less magnification.
In addition, the image of surface can
have up to 20 types of artifacts, and it
is difficult to determine whether the
image corresponds to reality.
According to some estimates,
about 70% of the published studies are
conducted on electronic microscopes,
and on SPM - not more than 5%. Thus,
probe microscopes cannot be consid-
ered as the main tool of modern nan-
otechnology, and they are not very
suitable for the role of the base when
creating a training and research com-
plexes. By their nature and capabili-
ties, scanning probe microscopy is

more suitable to future technologies
and manufacture at the atomic level.

SCANNING ELECTRON MICROSCOPY
Originally under the nanotechnology
(NT) understood atomically-precise
methods, but now usually referred
to them technologies to explore and
produce objects smaller than 100 nm.
In this area more opportunities for
research and monitoring provides
an electron beam, therefore, the role
of the main research instrument is
more suitable for scanning electron
microscope (SEM).

The main tool of SEM is an electron
beam, whose parameters (energy,
size, current, speed and size of the

scan area) can easily vary within wide
limits by means of electronics. At
interaction of a of high-energy elec-
tron beam with objects appear vari-
ous processes and secondary radia-
tion, effective registration of which
gives a variety of information about
these objects. Electron microscopes
are more complex and expensive
devices than SPM. The device must
be provided with a high vacuum, and
on the various elements of the SEM -
coil magnetic lens, deflecting system
and stigmator, e-gun, etc. - is neces-
sary to apply voltages and currents
of different magnitude (about half a
dozen different values), some of which
must be regulated in the process. In
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TMBPUAHDIA HAHOCKOM: OCHOBHbIE MPUHLIMMb
Hazmo oTMeTUTB, YTO 6OTBIIMHCTBO 06b€KTOB HAHO-
HMH/YCTPUH UMeIOT Hebo/bIe pa3Mepsl B IIpefienax
HeCKOJIbKUX MHJIJIMMETPOB, a HeKOTOPhIe SABJISITCS
HAaHOYACTHUIIAMHU. B CBSI3U C 3TUM LienecoobpasHo pHU
paspaboTke nprb6OPOB OPHEHTUPOBATHCS B OCHOBHOM
Ha MajleHbKHe 00BbeKTHl C pa3MepaMU B HECKOTBKO
MUIJIMMETPOB, YTO 3HAYMTE/IbHO YIIPOILaeT KOHCTPYK-
LIMIO U y/lellleB/IsieT UCC/Ie/JoBaTelIbCKoe 060pynoBaHUe.
Jlst 6osiee TIOMTHOTO YIOB/IETBOPEHHUSI COBPEMEHHBIX
noTpebHOCTEN B MCC/IeIOBAHUSIX IOBEPXHOCTH U CTPYK-
Typbl 06beKTOB Ha MHUKPO- K HaHOYypoBHe B THIIL] CHK
npu MITY MUPJA BegeTcs pa3paboTka rubpuiHOro
HaHockomna (T'H) skoHoMKJ1acca, npeJHa3HaueHHOIo
IJ1s1 UCCTIeIOBAHUM HeGONMBbIINX HAHOCTPYKTYPHBIX
06BeKTOB C UCIIOb30BAHHEM 3JIeKTPOHHOM, PeHTre-
HOBCKOM, MOHHOM, 30HJJ0BOM U ONTHYECKOH MHUKPOCKO-
MU, a TAK>KE Pa3/IMYHbIX BAPUAHTOB CIIEKTPOCKOIIHH.

ba3oBeIM 371eMeHTOM I'H sIB/ISIeTCS 3/1eKTPOHHO-30H-
IOBBIHE Mozy/b (33M), B KoTopoM PopMUpyeTcs cPOKy-
CHPOBAaHHEIM 371eKTPOHHBIH IIYUOK, XapaKTepH3ylo-
IIMMCS IIAPOKKM JHATIa30HOM SHEPrUH 3JIeKTPOHOB,
TOKOB 1 pa3MepoB IIyuKa (30H1a). [IMTaHMe U yIIpaB-
nenwue ot IIK obecnieurBaeTcs AByMs 6710KaMu (Ipu-
MepHo 15 r1aT).

33M (puc.l) - 3To ManorabapuTHas, HaCTOJIbHAS
KOHCTPYKUMS, cofepsKalas CUCTeMy MarHUTHBIX
NHUH3 (KOJTOHHA), 3/IeKTPOHHYIO IYIIKY, 3J1eMeHTbI
OTKa4YHOM BaKyyMHOK CHUCTeMBI, JeTeKTOPEl BTOPHUY-
HBIX 1 0OpaTHOpPACCesIHHBIX IEKTPOHOB, a TAK3Ke CTO-
JIMKHU U1 Hebonpmux 06bekToB. ®aKkTUYeCcKH B I3M
HeT KaMepsl 06beKTOB B TPAAUIIIOHHOM ITIOHUMaHHUH.

! : Ak
Puc.1. 2nexmpoHHO-30HO08bIU MOOYAb
Fig.1. Electron probe module

different modes of SEM can be mea-

sured practically any objects, and con-
straints associated only with dimen-
sions. In SEM, practically nothing can
break down mechanically, but can,
as in any device with electronics, fail
electronic components. The main con-
sumable material is a tungsten fila-
ment cathode, which can be changed
easily. In addition, it is necessary to
periodically clean the elements inside
the column, which are affected by the
electron beam.

Universal SEM allow you to explore
a variety of nanostructured objects.
At the request of the customer they
are equipped with different sets of
modules set - top boxes, detectors,
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etc. However, these microscopes
are expensive and often have a high
degree of automation, which is incon-
venient for educational purposes.

In most SEM main design element
is a object camera. The camera and
elements of the vacuum system are
fixed on the frame - this basic part of
the microscope has a fairly large size
with high cost. If the SEM has been
designed, including, for the semicon-
ductor industry and metallurgy, and
for measuring of wafers of 100-300
mm or of large samples of metal, the
size and cost of design are addition-
ally increased.

Due to the use of a large cam-
era with holes for detectors and of

multi-axis table with a large range of
movement, SEM is sensitive to elec-
tromagnetic interference and vibra-
tion, so often it is necessary to place
it in a special room. For universal
devices is also very difficult to achieve
simultaneously high settings in all
modes. Therefore often choose one
main operating mode of a micro-
scope and optimize for it the focus-
ing optics, but worsen parameters in
other modes.

HYBRID NANOSCOPY: BASIC
PRINCIPLES

It should be noted that most of the
objects nanotechnology are small
within a few millimeters, while



CONTROL AND MEASUREMENT

OCHOBHOH 371eMeHT 33M - ycTaHOB/IeHHas Ha HOX-
Kax KOJIOHHA, K KOTOPOM KPeIISITCS BCe OCTaJIbHEIe 3/Ie-
MeHTHI. Biiarogaps 3TomMy OTKPBIT JOCTYII K IIOC/IeTHeH
MaTHUTHOM JINH3e, POKYCUPYIOLIEeH ITy4OK Ha 00beKTe,
YTO MO3BOJISET HCIONb30BaTh CME@HHBIE IIOIKCHEIE
HaKOHEeUHHKH, FeOMeTPH s KOTOPHIX (IIKMPpHHA I10/II0C-
HOTO 3a30pa U AHaMeTp II0TI0CHOIO OTBePCTH ) MOXKET
OBITH ONTHMHU3HUPOBAHA II0/ PA3THYHBIE PEKHUMEL.
B BeI6paHHOM BapHaHTe KOHCTPYKIIMH KOJOHHA
U 1Ba [,eTeKTOPA Pa3sMeIleHbl B OMHOM IIONTYIIJIOCKOCTH
0T 06’beKTa, a BTOpasi IIOTYIIIOCKOCT CBOOOAHA, U B HEH
MOTYT pa3MeIlaThCsl pa3iMyHbIe JeTeKTOPhI, MOAYIH
30HJ0BOM M ONTHYeCKOM MHKPOCKOIIMH, IpUUYeM
B HEKOTOPBIX C/Iy4asiX I10/1b30BaTe/Ib CMOKET yCTaHaB-
JIABATh UX CAMOCTOSTE/IBHO, B COOTBETCTBUH CO CBOMMHU
MOTPe6HOCTSIMHU U BO3MOXKHOCTSIMHU.

Ecu mof, my4oK ycTaHaBIKMBaeTcsl 06beKT, To 93M
paboTaeT KaK 3/eKTPOHHBIE MHUKPOCKOII BO BTOPHUY-
HBIX, 00paTHOpaCCessHHBIX K ITPOLIeIINX JIeKTPOHaX
C BO3MOYKHOCTBIO I10/1y4eHH I MUHKUMAJIFHOTO AHaMe-
TPpa 3/IeKTPOHHOIO IIy4YKa 1 HM.

PE)XXUM NPOCBEYMBAIOLLEIO

PEHTTEHOBCKOIrO MMKPOCKOIA

Ec/u mof my4oK yCTaHaB/IMBaeTCs MUIIeHb (TOHKH
CJIOM MeTaJ/l/Ia Ha BaKYYMHOIIOTHOM IIOZIJIOXKKe), a 00
eKT M JeTeKTOp pasMelaloTCs Ha BO3AyXe, TO MOXKHO
IIPOBOAMTh MCC/IeIOBAHMUS B PEHTI€HOBCKOM K3JIy4e-
HHH. B IMpocBeYHBaIIEeM PEHTT@HOBCKOM MHKPO-
cxorte ([TPM) rnpu $oKyCHPOBKe 37IeKTPOHHOIO ITyuKa Ha
[IOBEPXHOCTH MHUIIEHU co3faeTcst 0671acTh, U3Iydaro-
1asi peHTreH. Pasmep U3/ydaromer 0b1acT (bokycHoe

ISTHO) OIlpefessieTcsl AUAMETPOM 3/1eKTPOHHOIO
ny4ka v 3¢PeKTHBHOM AJIHHON Ipobera 371eKTPOHOB
B MUIIEHH, KOTOPas 3aBHUCUT OT YCKOPAIOLIEro HAIIPS-
JKeHHM S Y INIOTHOCTH MaTepHalia MUIleHH. [Ipu cooT-
BETCTBYIOIIEeM 10/160pe 3TUX ITapaMeTPOB MOKHO IT0JTy-
4aTh pa3Mep GOKYCHOro MmsATHA 6IU3KUM K pasMepy
3JIeKTPOHHOIO 30H[a. BO3MOXXHBI IPOeKLIHOHHBIN
U pacTPOBBIH Pe>KUMBI QOPMHPOBAHUS PEHTIEHOB-
CKHUX 1306paskeHUH BHYTPeHHe! CTPYKTYyPbl 06 bEKTOB.
B IIpOeKIIMOHHOM PesKHMMe 37IeKTPOHHBIH ITyYOK HeTIOA-
BM>KHO COKYCHPOBaH B TOYKe MHUIIEHH, a B PACTPOBOM
PeKrMe CKAaHHPYET II0BePXHOCTh.

J7151 1Io/ly4eHHU sl HAHOpa3pelleHU! B peskuMe IIPM
Heo0XOQ MO HCII0/Ib30BaTh YCKOPSIIOUIKe HaIIpsIKe-
HUS B frana3oHe 5-15kB. IIpy MAIKOM peHTIeHOBCKOM
M3Jly4eHUH HaHOpa3MepHbIe IeTaTu 06B5eKToB OyayT
HMeTb JOCTAaTOYHO BBICOKHMH KOHTPACT. IeKTPOHHEBIe
30H/BI U QOKYCHBIE IIATHA C pa3MepaMU B [eCATKH
HAaHOMETPOB y/IaeTCsl [IOIyYUTh IIPU TOKaX MeHee 107A.
OpHako K03pPUIMEHT BbIX0JA PEHTIe€HOBCKUX KBaH-
TOB IT0Z], BO3/I€CTBHEM 3/IeKTPOHHOIO ITy4YKa Ha MSTh-
LIeCTh IIOPANKOB HUKE, YeM Y BTOPUYHEIX 3JI@KTPO-
HOB, TI09TOMY BO3HHUKAIOT ITPo6/IeMBI C PeruCcTpaliyer
MaJIOMHTEeHCHUBHBIX PEHTT€HOBCKHUX II0TOKOB, OIlepa-
THBHOM M TOYHOH QOKYCHPOBKOH 3/IeKTPOHHOIO ITy4Ka
Ha MHIIEHH U IIoAJep)KUBaHKeM QOKYCHPOBKH Iy4Ka
ripy 6ONIBITHX BpeMeHaX PerUCTPAIIMK PeHTTeHOBCKOTO
M3/TyYeHHS.

C mesiplo ONEPaTHBHOM KM TOYHOU QOKYCHPOBKHU
IIy4YKa Ha MHUIIEHH IIPU HaHOpa3MePHbIX GOKYCHBIX
IsITHaX 6bII0 IIpe/sIosKeHO HCII0Nb30BaTh AETEKTOP
BTOPHUYHBIX 3JIEKTPOHOB B IIPOCTPAaHCTBE MEXKAY ABYyMS

some are nanoparticles. In this con-
nection it is expedient in the devel-
opment of devices to focus mainly on
small objects with dimensions of a
few millimeters, which greatly sim-
plifies the design and reduces the
cost of equipment. To better meet
modern needs in studies of surface
and structure of objects at the micro-
and nanoscale in MIREA is develop-
ing a hybrid nanoscope (HN) of econ-
omy class, designed for research of
small nanostructured objects using
electron, x-ray, ion, probe and opti-
cal microscopy, as well as of different
modes of spectroscopy.

The basic element of HN is the elec-
tron probe module (EPM), which is

formed by a focused electron beam,
characterized by a wide range of elec-
tron energy, currents and dimen-
sions of the beam (probe). Power and
control from a PC is provided by two
blocks (about 15 cards).

EPM (fig.1) is a compact, desktop
device, containing a system of mag-
netic lenses (column), electronic
gun, the elements of vacuum sys-
tem, detectors of electrons, as well as
tables for small objects.

In fact, there is no objects cam-
era in the EPM, in the traditional
sense. The main element of EPM is a
installed on legs column, to which
are attached all other elements. This
ensures access to the latest magnetic

lens, which focuses the beam on the
object that allows the use of remov-
able tips, the geometry of which (the
width of the gap and the diameter of
the pin holes) can be optimized for
different modes. In this design col-
umn and two detector are placed in
the same half-plane of the object,
and the second half-plane is free, so it
can accommodate various detectors,
scanning probe modules and optical
microscopy. In some cases the user
will be able to install them yourself,
in accordance with their needs and
capabilities.

If the object is installed under
the beam, EPM works as an electron
microscope with the ability to obtain
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nocjaeJHUMHU NHH3aMHU [6]. [Ipu paboTe B pesxuMe
ITPM pacTpoBBIM Pe>KUM 371eKTPOHHOM MHUKPOCKOIIHH
HCIIOIB3YeTCs KaK BCIIOMOIaTe/IbHBIM /IS 10Ty YeHU S
M300paskeHHU sl [IOBePXHOCTH MUIIEHH BO BTOPHUYHBIX
3JIEKTPOHAX. BTOpMYHEBIE 3JIeKTPOHEBI OT MUIIIEHH PeTH-
CTPUPYIOTCS BCTPOEHHBIM B KOJIOHHY I€TEKTOPOM, UTO
[103BOJISIeT IIPY CKAHUPOBAHUU OIIEPATHBHO U TOYHO
doKycHpoBaThb HAaHOpPa3MepHBIH IIy4YOK Ha MHUILIEHH,
KOHTPOJIUPOBATh COCTOSIHHE ITOBEPXHOCTH MHUIIEHH
Y BBIOMPATh TOUKU POKYCHPOBKH s IIPM. B pe3ynb-
TaTe MOKHO peasik30BaTh 60JIbIlILe BpeMeHa Ioyye-
HUSI PeHTTeHOBCKHUX H306paskeHH 1 63 KOHTPOLS GOKy-
CHPOBKH PeHTI€HOBCKOI'O M3/Ty4YeHU .

[1st Toro 4uTo6bl 06eCcIIeynuTh ypoBeHb PEHTIeHOB-
CKOTO [TOTOKA, JOCTaTOYHBIH 111 QOPMUPOBAHHUS Kade-
CTBEHHBIX M306paskeHUI [IPH HAaHOPa3MePHBIX GOKYC-
HBIX IIITHAX C MaJIbIMHU TOKaMH, Iies1ecoobpasHo Ipu-
O/IMsKaTh AeTeKTOp K MUIIEHU. [Ipyu 9TOM [JIsI IIOTTY-
YeHH S BBICOKHX YBeTUUeHHU I U pa3pelleHUuN Heobxo-
AYIMO [IePeXOAUTD B 6/H>KHePOKYCHBIK PeXKHUM, KOTIa
obecIieYMBarOTCsI MUKPOHHBIE U CyOMUKPOHHBIE pac-
CTOSTHHS MeXKy 06beKTOM U GOKYCHBIM IISITHOM (d o).
B TakoM ciiy4ae yBeJIMYeHMe U IVIOTHOCTh IT0TOKA PEHT-
reHOBCKOIO M3/Iy4YeHUs Ha 00beKTe U IeTeKTOpe BO3-
PacTaloT IponopLHoHaNbHO 1/d? . TloceqHee 103BO-
J15IeT CKOMITIEHCHPOBAaTh YMeHbIIeHHEe MOIIHOCTH PeHT-
TFeHOBCKOI0 H3J/IyUYeHHUs IIPHU Ilepexoie Ha GOKyCHEIe
IITHA B HECKOJIBKO J@CATKOB HAHOMETPOB H IT0JTyYUTh
paspemenue Ha ypoBHe 20-30 HM.

B 60/1BIIMHCTBE COBPEMEHHBIX PeHTTeHOBCKUX
MHKPOCKOIIOB d, ¢ COCTaB/IsIeT OT COTEH MHKPOH
JI0 HECKOJIBKKMX MHJIJIMMETPOB. B TO 5Ke BpeMsi, MHOI'He

the minimum diameter of the elec-

HCCIelyeMble U IIPOM3BOJHMBIE B HAHOUHAYCTPUHU
06BeKTHI TUIIA TOHKUX IVIEHOK M HAHOYACTHUII, MOTYT
ITPOCTO YK/I/IBIBAThCS Ha IIOJJIOKKY (MeM6paHy) co CTo-
PoHBI Bo3yxa. Toraa TonmuHa MeMOpaHsI ollpeessieT
MHHHUMasbHOe d, ¢, ¥ yA0OHA KOHCTPYKLIKS, KOIA
37IeKTPOHHAS ITyIIKA HAXOAUTCS BHU3Y, 4 BBEPXY pas-
MeleHa MeMbpaHa ¢ MUIIeHbI0. COBpeMeHHBbIe TeX-
HOJIOTHH TI03BOJISIIOT II0IYy4YaTh BaKyyMHOILJIOTHBIE
MHKPOHHBIE U CyOMUKPOHHBIe MeMbpaHEI U3 Be, Si,
Si;N,, C ¥ Apyrux MaTepHasIoB.

KOMBUHUPOBAHUE METOL0B

[Ipenio>keHHBIN BapUaHT 33M - 3/1eKTPOHHO-PeHT-
TeHOBCKUM MHUKPOCKOI [7], B KOTOPOM OIITHMaJjbHO
COBMeIlleHbI /IBa THIIA BBICOKOPa3pellalIux npubo-
POB ¥ BO3MOKHO KOMIIJIEKCHOE MCC/IeIOBaHHE OLHOI0
ydacTKka o6beKkTa B Pa3/JIMYHBIX BU/AX 3JIeKTPOHOB
Y B PeHTT€HOBCKOM M3/Iy4eHU K. Kpome TOro, KOOpau-
HaTHO-YYBCTBUTE/IbHBIE JETEKTOPHI MOT'YT COYETAThCS
C JeTeKTOPaMH PeHTIeHOCTPYKTYPHOIO aHa/IKu3a, YTo
II03BOJIUT OAHOBPEMEHHO II0JIy4aTh HHPOPMALIHIO
0 XUMHYeCKOM COCTaBe 06BbEKTOB.

Hazmo oTMeTHTbh, 4TO paKTHUYECKH BIIePBble s
LI POKOT0 IIPUMEHEHHU S B HAHOLMATHOCTHUKE IIpe/ijia-
raetcsl BelcoKopaspematomas (20-30 HM) peHTTeHOB-
CKas MHUKPOCKOIHM. B HacTosIee BpeMs TaKHe pas-
pelleHMs B peHTT@HOBCKOM M3JIyYeHHH JOCTUTAIOT
Ha CHHXPOTPOHAX C IIPHMeHEHHUEM JOPOrOCTOSLIIHX
Y CJIOKHBIX 37IeMeHTOB PeHTIeHOBCKOM ONTHKH [8].
Kpome Toro, eCTb UMIIOPTHBIE PEHTT@HOBCKHE MHKPO-
CKOIIBI Ha 6a3e PeHTreHOBCKUX TPYyOOK C paspele-
HueM 50-100 HM, HO 3TH IIPUOOPEL CTOSIT LOPOro

tron beam 1 nm.

THE MODE OF TRANSMISSION

X-RAY MICROSCOPE

If the target (a thin layer of metal on
a vacuum-tight substrate) is placed
under the beam, and the object and
the detector are placed on the air,
it is possible to conduct research in
x-Tays. In transmission x-ray micro-
scope (TXM), when the electron
beam is focused on the target, a sur-
face area is created that emits X-rays.
The size of the emitting region (focal
spot) is determined by the diameter
of the electron beam and the effective
path length of the electrons in the
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target, which depends on the accel-
erating voltage and the density of
the target material. With a suitable
choice of these parameters it is pos-
sible to obtain a focal spot size close
to the size of the electron probe. The
projective and raster modes of forma-
tion of x-ray images of internal struc-
ture of objects are possible. In projec-
tion mode, the electron beam is still
focused at the point of the target, and
in raster mode it scans the surface.

To obtain nanometer-size in TXM-
mode you should to use the accelerat-
ing voltage in the range 5-15kV. At the
soft x-ray radiation nanoscale details
of objects will have rather high con-
trast. Electronic probes and focal

spot sizes in the tens of nanometers
can be obtained with currents less
than 10°A. However, the yield coeffi-
cient of x-ray quanta under the influ-
ence of electron beam is on five to
six orders of magnitude lower than
that of secondary electrons, so there
are problems with the registration
of low-intensity x-ray fluxes, timely
and accurate focusing of the electron
beam on the target and with main-
taining the focus of the beam at large
times of x-ray emitting.

For efficient and accurate focus-
ing of the electron beam on the target
were asked to use a detector of second-
ary electrons in the space between the
two last lenses [6]. When operating
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(HexkoTOpBIe - 10 1-3 MJIH. [OJJI.) K KMEIOT JOBOJIBHO
GomnpiIrie rabapuTHI.

BONMBIIMHCTBO METOA0B MHUKPOCKOIIMK B OCHOBHOM
OaoT KMHOOPMALIMIO O TOMOJIOTHHM U XHMHUUYECKOM
COCTaBe ITOBePXHOCTH HAHOCTPYKTYPHBIX 06BEKTOB.
OnHaKko, MHOTHe CBOMCTBA HaHOMAaTepHaJIOB OIlpe-
LeJISIOTCS paclpeleeHHeM YacTHUIL U IIOP B 00b-
eMe, II0O5TOMY NPHUXOAUTCS IPUMEHSTb JOPOrOCTO-
SIIYI0 U TPYAOEeMKYI0 MPobOIIOATrOTOBKY — HenaTh
CKOJIBI, K37IOMBI, CTPABIKMBATh IIOCTIONHO 06BEKT, HO K
B 9THX C/Iy4asixX He BCeIr/a yAAeTCsl IIONYUUTh IOJIHYIO
MHOOPMALIUIO O BHYTPeHHE! CTPYKType 06beKTOB.
PeHTTeHOBCKasi MUKPOCKOIIHS I103BOJISIET UCCIEeN0-
BaTb BHYTPEHHIOIO CTPYKTYPy Ha BO3/lyXe U B KHUIKO-
cTsix 6e3 paspymieHHUs: 06eKTOB U C MUHHMaJIbHOM
po6oIIoIrOTOBKOM. B HEKOTOPBIX CJIydasiX BO3MOSKHO
nosy4deHue 06beMHBIX HJIH ITOCTOMHBIX H300paske-
HUH. B OynymeM ciiefyeT o>KUAATh [IOSB/IEHUS PeHT-
TreHOBCKHX MHUKPOCKOIIOB C Pa3pelleHHeM Ha YpOBHe
5-10 HM.

O4yeHb 3 PeKTUBHOM MOXKET ObITh KOMOMHALIKA
PeHTreHOBCKOM, 30HA0BOM U OIITHYeCKOK MHUKPOCKO-
nuu. Hora orTHyecKye MUKPOCKOIIBL ITPUMEeHII0TCS
JUISL KOHTPOJISL IlepeMellleHH s 30Ha U II0[BOAA ero
K 33IaHHOH TOUKe C BbICOKOM TOUHOCTBIO. B aTOM ci1y-
Yae MOKHO B OIITHYECKHUI 0OBEeKTUB BUIETH OCTPHE
Y B pea/IbHOM BpeMeHH HabJIo/1aTh 32 CKAHHPOBAHHUEM
Y HAaHOMaHHUIYISUusIMHU. Eciu paboTaTh 30HAOBBIM
MHKPOCKOIIOM C HAHOOOBEeKTaMH Ha TOHKOH IJIeHKe,
TO IIPU Pa3MeLleHUHU € 06PAaTHON CTOPOHBI IIJIEHKU
MHUIIIEHH MOKHO 6yZeT BUIeTh B PeHTT€HOBCKOM H3J1y-
YeHUH OCTPHe 30HA 1 06BeKTHI.

COBEPIUEHCTBOBAHME

W BHEAPEHUE TMBPUAHOIO HAHOCKOINA

BeI6paHHBIN BapHAaHT KOHCTPYKI UM ['H, B KoTOpor
6a30BBIM 37IeMEHTOM SBJISIETCS KOJIOHHA CO BCTPOEH-
HBIMU JIeKTPOHHBIMU JIeTeKTOPaMHU U HabopoMm CTo-
JTUKOB [IJ1s1 He60/NIbIUX 00bEKTOB, He TOJbKO I103BO-
JAseT ONTHMMAaJbHO COBMeIATh pas/iMYHbIe HCCIe-
JOoBaTe/lIbCKHe ITOAXOABI, HO U yAelleBseT HPHU-
6op. [s usrotosneHus I'H qocTaTouHO c60pOYHOTO
IIPOM3BOJACTBA C M@XaHMYECKHM y4aCTKOM Cpef-
Hero ypoBHS IIpH HeboJIBIINX KAaIIUTAaIbHBIX 3aTpa-
Tax. McIonb30BaHHe OTeueCTBEHHBIX 67I0KOB MUTa~
HUS U YIpaB/leHUsI, KOTOpble XOpPOLIO 0TpaboTaHBEI
M M3TOTaB/JIMBAIOTCA y>Ke MHOTO JIET TaK>Ke yIelleB-
JIsIeT HAHOCKOII -~ [a’ke ITPU U3rOTOBJIEHHH B € ITUHHY-
HBIX 9K3eMIUISIpax 3TU 610K B ABA-TPHU pa3a felleBye
MMIIOPTHBIX.

Pa3pa60T1<a I'H BemeTcst B MHULIMATHBHOM IIOpsAKe
y>Ke HeCKO/IbKO jieT. K HacTosAIeMy BpeMeHH XOPOIIIOo
oTpaboTaH 37eKTPOHHO-PEHTIreHOBCKHUH MHUKPO-
cKom [7], U3roToBeHa HebOMbIIAS OMBITHAS CEPHS,
Ha KOTOPOM OorpobOBaHBI pa3THUHbIe BAPUAHTHI KOH-
CTPYKUMH I3M, MOIy4YeHbI XOPOIIKe IIpeIBaApUTe/Ib-
HbIe pe3y/JbTaThl 0 paspenieHH0. CHUMKH OLHOIO
Y TOro ke 06beKTa Ha CpeIHUX yBeTUUYeHUX (pHC.2)
II0Ka3bIBAIOT BO3MOXKHOCTD IOy YeHH sI H300paskeHU
B PEHTTeHOBCKOM H3/IyYeHHH U B 3IEKTPOHHBIX ITYYKaX
Ha 67TM3KUX YPOBHSIX. IIpH 3TOM pesKHMBL peHTT€HOB-
CKOM CbeMKHU ObLIH JIa/IeKH OT OIITHMAaJIBHBIX I10 ITapa-
MeTpaM JeTeKTOPOB, IIOJI0KeK U TeCT-06beKTOoB. Tak,
B IIPOEKIIMOHHOM peXXHMe CheMKa IIPOM3BOAUIACH
Ha PeHTreHOBCKYIO IIJIEHKY, a B PACTPOBOM — Ha OJJMH

in SEM mode, the raster electron
microscopy mode is used as an aux-
iliary to obtain images of the target
surface in the secondary electrons.
Secondary electrons from the target
are registered by built-in detector that
allows quickly and accurately to focus
the nanoscale beam on the target, to
control the condition of the surface
of the target and to choose the focus
point for TXM. In the result, it is pos-
sible to realize big times of obtaining
x-Tay images without the control of
the focusing of x-rays.

To provide the level of x-ray flux
sufficient for forming high-quality
images with nanoscale focal spots
with small currents, it is advisable to
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bring the detector to the target. Thus
for receiving high magnifications and
resolutions it is necessary to pass into
the short focal mode when micron
and submicronic distances between
object and a focal spot (d, () are pro-
vided. In this case, the increase and
the density of the x-ray flux on object
and detector increases proportionally
to 1/d?, ;. The latter allows to compen-
sate reduction of power of x-ray radia-
tion in the transition to a focal spot in
a few tens of nanometers and get res-
olution on the level of 20-30 nm.

In most modern x-ray microscopes
do-franges from hundreds of microns
to several millimeters. At the same
time, many researched and produced

nano-objects such as thin films and
nanoparticles, can simply be placed
on a substrate (membrane) from the
air. Then the thickness of the mem-
brane determines the minimum d_ ¢,
and optimal is design, when the elec-
tron gun is at the bottom, and at the
top the membrane with the target is
placed. Modern technologies allow
to obtain a vacuum-tight micron and
submicron membrane of Be, Si, Si;N,,
C, and other materials.

COMBINING OF METHODS

The proposed design of EPM is an elec-
tron x-ray microscope [7], which opti-
mally combined two types of high-
resolution devices and is possible a
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P3M | SEM

19,24 MKM

BTOpWYHbIE 371€KTPOHbI

MpoLueaWwmnii peHTreH
Secondary electrons

Transmitted X-rays

PacTpoBbIN pexum
Raster mode

Puc.2. MAeHka (MulleHb) U3 peHus Ha 6epuiauesoli nodaoxke (cpedHuli pazmep Kkpucmannoe 20-30 MKM)
Fig.2. Film (target) of rhenium on a beryllium substrate (average crystal size of 20-30 ym)

IIOJTYyITPOBOAHUKOBBIM feTeKTop. Certuac pa3pabaTel-
BaeTCsl BApUaHT C 20 JeTeKTOpaMHU, KOTOpble OLHOBpe-
MEHHO PeruCcTPHUPYIOT M306paskeHU s 0] pa3sHbBIMU
yIJIaMHU A1 IOTyYeHHUs IIOCTOMHBIX H306paskeHUH
06BEKTOB.

Pa3paboTaHHBIN HCC/IeIOBATEIBCKUI KOMIIIEKC
obecrmeuynBaer HHTerpanmno OCHOBHBIX TUIIOB MHUKPO-
CKOIIOB C BO3MOYKHOCTBIO JOCTHKeHU I MaKCUMaJlb-
HBIX IIapaMeTPOB JI/I KakKA0ro U3 Hux. Ero gyHKIU-
OHAJIBHOCTb C MUHHMMAaJIbHBIMHU 3aTPaTaMH MOXKeT
OBITH pacIIMpeHa B HY>KHBIX HAallpaBIeHHUSX, a CIle-
LMaTHU3al K KOHKPETHOro mpubopa JIerko U3MeHs-
eTCsI 3aMeHOH U/WIH fobaBieHHeM OTAeIbHBIX MOLY-
neii. TH ¢aKkTHYeCKU I103BO/IsIeT COBMEIIATh BO3MOX-
HOCTH OO/IBIIMHCTBA UMIIOPTHBIX MHUKPOCKOIIOB Pas-
HBIX TUIIOB [P CTOMMOCTH Ha YPOBHe HaCTOJbHBIX

3JIeKTPOHHBIX MHUKPOCKOIIOB, DTO MMIIOPTO3aMeIlia-
IOIU I IIPH6OP BBICOKOTO YPOBHS, KOTOPBIH IIOKA He
HMeeT aHaJIOrOB.

CoyeTaHHEe BBICOKHX TeXHHYECKHUX BO3SMOKHO-
CTeH C yMepeHHOMU LIeHOM JaeT BO3MOXXHOCTb UCIIONb-
30BaTh ero [JIsl pellleHHs Hay4HO-oOpa3oBaTesb-
HBIX 33/1a4 Ha COBPeMeHHOM 3Talle Pa3BUTHS HAHO-
uHAycTpuu. Ha 6a3e rubpuaHsix HaHOCKomOoB (T'H)
MOTYT CO3/1aBaThCsl HAHOAHATHOCTHYeCKUe yuebHo-
Hay4HBbIe KJIACChl, 1ab0paTOpUM U INPAKTHKYMBL.
ONTHUMaTbHBIM MOXKET OBITh KOMIUIEKT U3 TPeX-TISITH
rU6pUIHBIX HAHOCKOIIOB CO CMEIIaHHON KOMIIIeK-
Taluel APYyTUMHU MOAYISIMHU (30HAOBBIMH, OIITHYe-
CKUMH, IeTeKTOPaMHU Pa3HbIX TUIIOB U 1p.). Ha ogHOM
I'H MOXHO HCC/IeNoBaTbh 0OBEKTHl B Pa3UYHBIX
BHJAX 3JIEKTPOHOB, Ha APYIOM COUeTATh 37IeKTPOHBL

the internal structure in air and in

comprehensive study of one area of
the object in different kinds of elec-
trons and x-rays. In addition, the
coordinate-sensitive detectors can
be combined with detectors of x-ray
analysis that will allow to simultane-
ously obtain information about the
chemical composition of objects.

It should be noted that actually
for the first time for wide applica-
tion in nano-researches the high-res-
olution (20-30 nm) x-ray microscopy is
offered. Currently, such resolution in
the x-ray radiation reach only at syn-
chrotrons with the use of expensive
and complex elements of x-ray optics
8]. In addition, there are foreign x-ray
microscopes based on x-ray tubes

with a resolution of 50-100 nm, but
these devices are expensive (some up
to $1-3 million) and have fairly large
dimensions.

Most of microscopy techniques give
information about the topology and
chemical composition of the surface
of nanostructured objects. However,
many of the properties of nanomate-
rials are determined by the distribu-
tion of particles and pores in the vol-
ume, so you should to use costly and
time-consuming sample prepara-
tion (to do the splits and kinks), but
in these cases it is not always possible
to obtain complete information about
the internal structure of objects.
X-ray microscopy allows to research

liquids without destroying objects
and with minimal sample prepara-
tion. In some cases, you may receive
3D or layered images. In the future
we should expect the development of
x-Tay microscopes with a resolution
on the order of 5-10 nm.

Very effective may be the combi-
nation of x-ray, scanning probe and
optical microscopy. Sometimes opti-
cal microscopes are used to control
movement of the probe and supply it
to the specified point with high accu-
racy. In this case it is possible to see
an edge in an optical lens and in real
time to watch scanning and nano-
manipulations. If to work with a

#1/55/2015 NANO INDUSTRY
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Puc.3. Pa6ouas komHama, 20e 8edemcsi C60pKa u HACMPpOUKa 2u6pUOHbIX HAHOCKONO8

Fig.3. Workroom, where hybrid nanoscopes are assembled and adjusted

H PeHTreHOBCKOe H3JIydyeHHe, Ha TpeTbeM ~ peHTre-
HOBCKHE, 30HJOBbIE 1 OIITHYECKHEe MEeTOIBI. HPI/I Heob-
XOOMMOCTH COY€TaHHUSA BCeX BHJOB MUKPOCKOIIOB
B OHOM KOMIIJIEKTE MOJKHO IIOCTEII€HHO HapalllBaTh
BO3MOXHOCTU TH, KOMIIJIEKTYA €TI0 OOIIOJTHUTEJIb-
HBIMH MOAYJISIMH B ITpo1iecCe MCII0/Ib30BAHH .

probe microscope with nano-objects
on a thin film, with placement of tar-
gets on the reverse side of the film it
will be possible to see the tip of the
probe and the object in x-rays.

IMPROVEMENT AND IMPLEMENTATION
OF HYBRID NANOSCOPE

Selected design of HN, in which the
basic element is a column with inte-
grated electronic detectors and a set
of tables for small objects, not only
allows to optimally combine differ-
ent research approaches, but also
reduces the cost of the device. For
the manufacture of HN it is enough
mechanical assembly production
of the middle level with low capital
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costs. The use of domestic power sup-
plies and controls that are well devel-
oped and manufactured for many
years also reduces the price of nano-
scope - even when manufacturing in
single instances these blocks are two
to three times cheaper than foreign
ones.

Development of HN is conducted
on a voluntary basis for several
years. To date, electron x-ray micro-
scope is well developed [7], a small
experimental series are made,
which tested different variants
of EPM design, good preliminary
results in terms of resolution are
received. Images of the same object
at medium magnification (fig.2)

Ha mpakTHKe He 0653aTeTbHO UMeTh ITOTHBIN KOM-
I71eKT 6710KOB TUTAHUS U YIIPaBIeHUS IJIs1 KasKI0To
93M. IIocKoNBKY OTKAYHasl CHCTeMa CAeslaHa Ha 6ase
MarHMTOPa3psAHOIO Hacoca, AJisi KOTOPOro TOJIBKO
Ha BpeMs 3allycKa Hy>keH GOpBaKyyMHBIH Hacoc, TO
MOKHO 06XOAMTBCSI OAHUM HAacOCOM Ha HECKOJIBKO

show the possibility of obtaining
images in x-rays and electron beams
at close levels. Thus the modes of
x-ray imaging were far from opti-
mum in parameters of detectors,
substrates and test objects. In the
projection mode, the imaging was
carried out on x-ray film, and in
raster mode - to one semiconductor
detector. Now developed a modifica-
tion with 20 detectors that simulta-
neously record images at different
angles to obtain a layered images of
objects.

Developed research complex
provides integration of the basic
types of microscopes with maxi-
mum settings for each of them. Its
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Puc.4. Tu6pudHble HAHOCKONbI C PA3AUYHbIMU 3AEKMPOHHbIMU U peHmaeHo8ckumu demexmopamu: "Bce deno 8 wasnax!"

Fig.4. Hybrid nanoscopes with different electron and x-ray detectors: "It's all in the hat!"

93M. ITocKkonbKy Bpsifi 1K Bce I3M 6ymyT 3ameCcTBO-
BaHbI O HOBPEMEHHO B TeUueHHUe Bcero pabovero gHs,
0711 HecKoJIbKUX 'H MOSKHO MCIIO/Ib30BaTh OO H MCTOY-
HUK [IUTaHUS, MeHaq Kabenu, coegquHsaomye 33M

c 6JIOKaMH.

functionality with minimal cost can
be expanded in the right directions,
and the specialization of a particu-
lar device can be easily modified by
replacing and/or adding individual
modules. HN actually allows you
to combine the capabilities of most
imported microscopes of various
types at a cost level of desktop elec-
tron microscopes. This high-level
device is optimal for import substi-
tution and has no analogues.

The combination of high tech-
nical capabilities with reasonable
price enables to use it for solving
scientific and educational tasks at
the present stage of development
of nanotechnology. On the basis of
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T'H (puc.3-4) y>ke HUCIIONB3YIOTCS A1l 0OyUeHUs CTy-
neHToB MI'TY MUPDA, Tak, JieToM Ha 3TUX Hpubopax
OBL/Ia OpraHU30BaHa IIPAaKTHKA CTYNEeHTOB IIEPBBIX KyP-
COB, a B HaCTOsiIlIee BpeMs IBa CTYeHTa ITPOXOAST IIpe/-

AHUIIVIOMHYIO ITPAKTHKY C HOCJIe,ZLYIOH_IEI:I HO,E[I‘OTOBKOI;I

hybrid nanoscopes can be created
nanotechnology scientific-educa-
tional laboratories and workshops.
The best may be a set of three to five
hybrid nanoscopes with a mixed
set in other modules (probe micro-
scope, optical detectors of differ-
ent types, and others). On one HN,
you can research objects in differ-
ent kinds of electrons, on the other
to combine electrons and x-rays, on
third to combine x-ray, scanning
probe and optical methods. If the
combinations of all kinds of micro-
scopes in one set is necessary, you
can gradually build up the capacity
of HN, complementing it with addi-
tional modules.

In practice, it is not necessary to
have a complete set of power sup-
plies and controls for each EPM.
Because the vacuum system is
made on the basis of magnetic dis-
charge pump, for which only for the
period of start the booster pump is
necessary, it is possible to use a sin-
gle pump for a few EPMs. Since it is
unlikely that all EPMs were be used
at the same time throughout the
working day, for several HN you can
use one power source and to change
the cables connecting of EPM with
blocks.

HN (fig.3-4) are already used for
education in MIREA. So, in the
summer on these devices students
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OUIIIOMHON PaboTsl. [lepBOHAYa/IbHO OHHU BBIIION-
HST NONHYI0 c6opKy 93M, BK/IIOUasi HAMOTKY 0OMOTOK
JIMH3 1 OTKJIOHSIIOIINX CHUCTEM, MeXaHHYeCKyIo COOpKy
CHCTeMbl MAaTHUTHBIX JIMH3, OTKAYHOH U JIeTeKTOPHBIX
CHCTeM, IIOJlyuYeHHe BaKyyMa, IIOJK/IIoUeHHe 610KOB
NUTaHUS, obecrieueHHUe IPOXOXKIEHUS 37IeKTPOHHOIO
Iy4Ka Yepe3 THUH3bI, [I0JIydeHHe IIepBbIX H300paskeHU
00BeKTOB, IIpOBe/leHHe [Ipe/iBapHUTe/lbHOIM IOCTHPOBKH
CUCTeMBI IMH3, OITHMHU3aLHI0 PeSKUMOB 3/IeKTPOHHBIX
JIeTeKTOPOB U II0/IyYeHHe IIpefie/IbHbIX [IapaMeTPOB Ha
TecT-06beKTax. Jlajmee KasKAbIHM U3 HUX Ha ogHoM 13 TH
IIpoBeJleT UCCIeNOBAHUSI HAHOCTPYKTYPHBIX 00BEKTOB.
B pesynbraTe, OHU Ha IIPaKTHKe 03HAKOMSTCS C KOH-
CTpyKLHek Iprubopa 1 0CBOSIT MeTO/bl pabOThI Ha HEM.

Ha 6a3e usrotoBneHHbIX [H 6ygeT QyHKIIMOHUPO-
BaTb Hay4YHO-06pa30BaTeIbHBIN KJIaCC, B 3HAYHUTETBHOM
Mepe YIOB/IeTBOPSIOII NI COBPeMEeHHBIM TPeboBaHUSIM
K y4e6HO-HayUHBIM LIeHTPaM. LIeHHOCTh TAKOT0 KJIAcCa
ObL1a 651 BbIILIE ITPU BKIIOUEHUU B COCTaB [H 30HI0BBIX
M OIITHYeCKHX MHUKPOCKOIIOB, a TAK>Ke PeHTIeHOCTPYK-
TYPHBIX JeTeKTOPOB. BakyyMHEIN BapHaHT C3M 15
PaboTBI COBMECTHO C 37IeKTPOHHBIM ITyYKOM, a TaKKe
aTMochepHBIN BAPUAHT AJis1 paboThl coBMecTHO ¢ [IPM
MIPUHLIUIIHAIBHO Y>Ke IIPOPaboTaHEL.

IIpu HeKOTOpOU MOAJep>KKe TOCYLapCTBa pe3ylb-
TaTel pa3paboTku 'H MOXKHO HCIIOIb30BaTh bosee
IIHMPOKO, HAIIPUMep, OPraHM30BaB BBIIYCK MpHUbO-
POB B paMKaX MOJHBIX ceridac $pabr1aboB - mpou3Bos-
CTBEeHHBIX TabopaTopul Ha 6a3e By30B C IIpUBJIeYe-
HHeM CTYAEeHTOB, KOTOpbIe CII0cOBCTBYIOT pa3paboTke
Y IIPOH3BOAICTBY BOCTPe6OBaHHBIX Ha PHIHKE HHHO-
BAIlMOHHBIX IIPOJYKTOB M OKa3aHUI0 He0OXOMMMBIX

ycayr. TakuM 06pa3oM, MOXHO ByzieT He TOJIBKO 00y-
YaTh CTYJ€HTOB, HO U pellaTh 3a/lavuy I10 IIPOU3BOJ-
CTBY OTeueCTBeHHOI0 HCC/IefloBaTeIbCKOT0 060pymo-
BaHUA [I/Is1 HAyKH U IPOM3BO/CTBA.
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of the first courses did practi-
cal training, and now two stu-
dents pass externship with the
subsequent implementation of
the diploma thesis. Initially, they
will perform a complete assem-
bly of EPM, including the wind-
ing coils of the lenses and deflec-
tion systems, mechanical assem-
bly of magnetic lenses system,
of vacuum and detector systems,
obtaining the vacuum, connection
of power supply units, ensuring
the transmission of the electron
beam through the lens, obtaining
first images of objects, the prelim-
inary alignment of the lens sys-
tem, the optimization of modes of

electronic detectors and obtain the
limiting parameters for the test
objects. Then each of them will
conduct research on nanostruc-
tured objects. As a result, they will
become in practice familiar with
the design of the instrument and
learn the methods of work on it.
On the basis of manufactured
HNs will operate the scientific-edu-
cational class, largely satisfying
modern requirements for training
and research centres. The value of
such a class would be higher with
the inclusion of probe and optical
microscopes as well as x-ray detec-
tors. Vacuum prototype of EPM
to work in conjunction with an

electron beam, as well as atmo-
spheric prototype to work in con-
junction with TXM are fundamen-
tally already worked out.

With some support from the state
the results of the development of HN
can be used more widely, for exam-
ple, for production of instruments
within the fablabs - industrial lab-
oratories in universities - to attract
students, which contribute to the
development and production of mar-
ketable innovative products and ser-
vice. Thus, it will be possible not
only to teach students, but also to
solve the problem in production of
domestic research equipment for sci-
ence and industry. [
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