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OnNTUYeCKUM MUKPOCKON — 3TO OAUH M3 CaMbiX PacnpoCTpaHEHHbIX U MNpOCTbiX Npu6GoOpoB
ANna mnlyyeHUs o06bHEKTOB B MUKpomacwTabe, ocob6eHHO B o06aactu 6MONOrMYECcKUX Hayk,
6voMeauLUHBbI, XUMMUWU. 3HauyUTe/llbHOE oOrpaHM4YeHWe B  WUCNONb30BAHUM  OMTUYECKOM
MWKPOCKOMNWU — Npeaen onTU4eckom andpakumm, KOTopbiii COcTaBaseT NpUuMepHo 250 HM B 6es1oM
cBeTe Npw AJIMHE BOJIHbI 0KOJI0 550 HM U YNCI0BOM anepType Mukpockona 1,0. 3Toro paspeweHus
3a4acTy0 HeAoCTaTOYHO A/ pelleHUs 33afad BU3yasiM3auuu KJeTOYHbIX OpraHessi, TKaHewu,
BUPYCHbIX U 6aKTepuanbHbIx YacTul,. Mukpocdepa, nomeleHHas Ha NOBEPXHOCTb 06pasua, MoXeT
npeojosieTb 3TO OrpaHUYeHME U BU3YaIM3MPOBAThb CTPYKTYPbl pasmMepoM A0 25 HM.

The optical microscope is one of the most common and simple tools for studying objects on
the microscale, especially in the biological sciences, biomedicine, and chemistry. A significant
limitation for use of the optical microscopy is the optical diffraction limit, which is about 250 nm
in white light at a wavelength of about 550 hm and a microscope numerical aperture of 1.0. This
resolution is often insufficient for imaging tasks of cell organelles, tissue, viral and bacterial
particles. A microsphere placed on the sample surface can overcome this limitation and visualise
structures as small as 25 nm.

BBEAEHUE

[Ipenen pa3pemarnied CIIOCOOHOCTH B ONTHUKe
ObI1 06HApy>KeH HeMelUKUM PHU3MKOM IPHCTOM
A66e B 1873 roay, Kormga OH OIIpemeinjl MHHH-
MaJbHOE PACCTOSIHHE MeXAy ABYMS 00beKTaMU
o popmyie:

d =\ /(2NA), 1)

rge d - MUHMMalbHOE PACCTOSIHHUE MeX/AY JByMS
CTPYKTYPHBIMH 37IeMeHTaMH, A - [[/ITMHA BOJTHBI OCBe-
meHUs U NA - 4HCI0Bast allepTypa UCII0Ab3yeMOTro
obbekTHBa [1]. JudpaKkLIMOHHBIM IIpesen Abbe mpes-
CKa3bIBaeT pa3Mmep 06beKTOB, pa3IMIUMBIX B 06BeK-
THBe OITHUYeCKOro MUKpockomna. dusndeckas IpH-
YMHA AUOPAKIMOHHOIO ITpejiesia BO3HHUKaeT K3-3a
3KCIIOHEHIIMA/JIPHO 3aTYXAIIUX BOJH OIHKHEro
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I0Jisl, KOTOpble HeCyT HHGOPMAI[HI0O BEICOKOTO pas-
penreHHUs 06 06beKTe U He MOT'YT PaCIIPOCTPAHSTHCS
B laJIbHEM II0jIe [2]. DTo orpaHHUYMBaeT BU3yaln3a-
LIMI0O HAHOPa3MepPHBIX CTPYKTYP.

B MeguinuHe 1 GHOJOIUH YpPe3BBHIYANHO Tpe-
byeTcst mpubop, KOTOPHIM IIO3BOJIUT IIOJIYy4aTh
onTHuYeckHe H306paskeHHUs C BBICOKMM paspelle-
HHUEeM, NPeBBIIAIUM JUPPAKLIUOHHBIH IIpefel.
[IpocBeunBalomas 3JeKTPOHHAsE MHUKPOCKOIHU S
(IT9M) ¥ CKaHHPYIOLAs 37IeKTPOHHAS MUKPOCKOII S
(COM) 9acTo HUCIIONB3YIOTCS [J151 U306 paskeHU s BUPYC-
HBIX U 6aKTepHaJIbHBIX YaCTHUL] C O4eHb BBICOKKMM Pa3-
pemeHueMm (<10 HM) B Bakyyme (puc.l), HO OHU He
MIOAXOAST [/Is M3y4deHHU s SKUBbIX 00beKTOB MM B3aH-
MOJIEICTBHUH BHUPYCa C KJIeTKOM.

METO/bl UCC/IEAOBAHUA

dnyopecLieHTHAs ONITHYeCKAst MUKPOCKOIIHS ~

3TO METOJ, BH3yaJM3aLMKU KJIeTOUHBIX CTPYKTYD,
GakTepuIl U BUPYCOB C pa3pelieHHeM [0 6 HM [3].
HemocTaTok $ayopeclieHTHOM ONTHUYeCKOM BHU3ya-
NU3alMU 3aKa04aeTcs B poToobeciBeurnBaHUU,
KOTOpO€ OrpaHUYHBaeT MAaKCUMAaJIbHOE BPeMs BO3-
JeHCTBUS CBeTa JI0 NeCATKOB ceKyH[ [4]. Kpome Toro,
MeTOZbl GpJIyOpecleHTHOM OITHYeCKOM MHKPOCKO-
MU 3a4acTylo TpebywT KOHBIOraluu ¢uyopec-
LeHTHBIX MOJIeKys ¢ 6eIkaMu 06beKkTa HCCae/l0Ba-
HUS, U OJHOBPEMEHHO MOXHO BH3yaJlM3UPOBATh
TOJIbKO OJMH THUII OKpalleHHOro 6eaka, Torga Kak
B Ka’kKJ0OM KJIeTKe CyLeCTByeT MHOXeCTBO THIIOB

100 HM | nm
—

Puc.1. MNpoceevusarouias 3neKmMpoHHAs MUKpocKonus eupyca
ymuHozo 2punna H3NG

Fig.1. Transmission electron microscopy of H3NG duck influ-
enzavirus

HMHTepeCyINIHX HccaefoBaTeel 6e1koB. HegocTaTok
CKAHHUPYIOIEeH 6/IH>KHEII0IbHOM OIITHYeCKOM MUKPO-
CKOIIMHU 3aKJIIDYAeTCS B IIPOLOIKUTE/TBHOM CHS-
THUU KaJpa, HeoOXOAMMOro [JIs IOy UYeHH sl IIOJTHOIO

INTRODUCTION

The resolution limit in optics was dis-
covered by the German physicist Ernst
Abbe in 1873, when he determined
the minimum distance between two
objects using the formula:

d=\/(2NA), @

where d is the minimum distance
between two structural elements, A
is the wavelength of illumination
and NA is the numerical aperture of
the lens used [1]. The Abbe diffrac-
tion limit predicts the size of the
objects distinguishable in an optical
microscope lens. The physical rea-
son for the diffraction limit arises
from exponentially evanescenting

near-field waves, which carry high
resolution information about an
object and cannot propagate in
the far field [2]. This fact limits the
imaging of nanoscale structures.

In medicine and biology,
there is an enormous need for
an instrument that can pro-
duce optical images at high res-
olution that exceeds the diffrac-
tion limit. Transmission elec-
tron microscopy (TEM) and scan-
ning electron microscopy (SEM)
are often used to image viral and
bacterial particles at very high
resolution (<10 nm) in a vacuum
(see Fig.1), but they are not suit-
able for studying living objects or
virus-cell interactions.

RESEARCH METHODS

Fluorescence optical microscopy is
a method of imaging cellular struc-
tures, bacteria and viruses at reso-
lutions up to 6 nm [3]. A disadvan-
tage of fluorescence optical imaging
is photobleaching, which limits the
maximum exposure time to tens of
seconds [4]. In addition, fluorescence
optical microscopy techniques often
require a conjugation of fluorescent
molecules with the proteins of the
studied subject, and only one type of
stained protein can be visualised at
a time, whereas in every cell there
are many types of proteins of inter-
est to researchers. A disadvantage
of the scanning near-field optical
microscopy is the long time it takes to
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n306paskeHUs, YTO 3aTPyLHSeT U3ydeHUe 61oIoru-
yecKHUX 06beKTOB B [UHAMHUKE.

B CBS3M C 3TUMU OTPAaHUYEHHSIMU ONTHYECKOU
MUKPOCKOITUH OBUTH ITPeAIPUHSTHI IIOIIBITKH, II03BO-
nsmomue o6oNTH AUPPAKLMOHHBIN IIpeJes IyTeM
npeobpa3oBaHUS 3aTYXAOIUX BOIH 6IHKHETO OIS
B PacIIpOCTpaHSOLIKeCs BOIHBI, JOCTHUTAIOUIKe fa/Ib
Hero Iojsi. BO3MOXXHOCTb epefadud HHPOPMalHHU
13 OIM>KHEro IoJs B JaJibHee, IJe oHa cobupaercs
C IIOMOIIbI0 OOBIYHOr0 ONTUYECKOI0 MHUKPOCKOIIA,
ocymecTBHMa b1aromaps pa3MelieHHUIO Ha IIOBEPXHO-
cTu obpaslia HAHOPAa3MepHBIX TUH3 [5], MUKpOKaIleIb
nonuMepa [6] WK AM3IeKTpUYecCKUX MUKpocdep [7].
Tak>Ke ObI7IO IIpe/I/IOKEHO HCII0b30BAaTh MUKPOCdEephI
C BLICOKMM IIOKa3aTejieM IIpejiomieHus (n>1,8), koto-
PBlIe IOMTHOCTBIO 0T PY>KAIOTCS B KHMAKOCTD /U B IJIa-
CTHUHBI 371acToMepa [8]. HcIonp30BaHHe KMMePCHOH-
HBIX KHUJKOCTel II03BOJIMUJ/IO IIOJNIYyUYUTh HU306paske-
HUS KJIETOK, CyOKJIeTOUHBIX CTPYKTYp U OenlKkoB.
B pa60Te [9] c momombio nTUH3H 13 BaTiO; nuame-
TpoM 100 MKM M YCTAaHOBKH [JIJISI OITHYECKON MHUKPO-
CKOIIHUH ITONYYH/IH U300paskeHHe YacTHUI] AJeHOBHU-
pyca nuamerpom 75 HM. MUKPOJIHUH3BI UCII0/Ib30~
BaJIH A1 BU3ya/lM3allMU aKTHUHa [10], A1 onpepne-
neHHUsl GyopecLleHTHO OKpalleHHEIX LIeHTPHOJIeH,
MHUTOXOHJ DU, XPOMOCOM, /IJISI U3y4eHHUs BAUSIHUS
NedeHUs JOKCUIIMKIMHOM Ha 3KCIIPeCCHI0 MUTOXOH-
IO pHUATBHO-KOGHUPYeMoro 6esika B KJIETOYHOM IMHUH
reyeHH MbImu [11].

B paborte [12] coobmiaeTcst 06 onTHYeCcKOkM BU3Yya-
nu3alUU 06BeKTOB C JaTepaJbHBIM pa3pele-
HUeM 25 HM (~A / 17) IpH OCBeIleHUU C IJIHHOHN

BOJIHBI 408 HM ITyTeM KOMOMHUPOBAHUSI MUKpochep
M3 IJIaBJIEHOTO KBapLia K IIOJIMCTHUPOJIA C IIOMOIIBIO
06BIYHOr0 CKAHHUPYIOIIEro Ta3epHOT0 KOHPOKATb-
HOI'0O MHKPOCKOIIA.

HenocTaTKOM MHKPOIHH30BOM MHKPOCKOIIHH
SABJIS€TCS OTPaHUYEHHOe I10JIe 3peHU I, KOTOpoe He
MO>KET IIpeBhIIIATh AHAMeTpa JHUH3bL UJIH APYroro
06beKTa, MoMeIlleHHOTO Ha obpaser]. J[pyruM orpa-
HHUYMBAIOIKUM GAKTOPOM SBJISETCS TO, YTO MHUKPO-
cheprl pa3sMemaloTCs Ha IOBEPXHOCTH CAyYaluHBIM
o6pa3om, IO3TOMY TOJBKO OIpefdeeHHAs 4acTh
06BeKTOB MOXKeT ObITh BH3ya/lH3HUPOBaHA, a I0JIO-
>KeHHe TMH3 Ha obpasiie TPyJHO U3MeHUTh. Ho yke
BeyTCsl paboThl 110 CO3JaHUI0 YCTAHOBOK /1 Hellpe-
PBIBHOTO CKaHHUPOBaHHUS Oonbimoro mons ob63opa
M3y4aeMOro IIPOCTPAaHCTBa. s co3maHus uzobpa-
SKEHUH CO CBEPXBBICOKHM pa3pelleHHeM Ha 60Jb-
IIHUX YYaCTKaX MUKpPoOCchepy yCTAHOBHJIU Ha paMKe,
NPUKpeIIeHHON K 06beKTHBY MUKPOCKOIIA, KOTO-
pas aBTOMaTHYeCKH IIar 3a IIaroM CKaHHpyeT
obpaszerr [13].

BblBOADI

Hamrert Hay4HOM I'PYIIIION TaK>Ke BeLyTCsS paboTsl
[0 COBEpIIEHCTBOBAHUIO CUCTEMbl MUKPOJIHH30-
BOM MMKPOCKOIIHMH, B YaCTHOCTH, pa3pabaTriBaeTcs
yCTAHOBKA [/l COBMeIeHHON aTOMHO-CHJIOBOH
Y MHUKPOJTHH30BOM MUKPOCKOIIMH Ha 6a3e CKaHHUPY-
IOIero 30HI0BOr0 MUKpockoma "®emroCkaH Xi" [14].
MuxponuH3a GUKCUPYeTCs Ha KaHTHUIJIeBepe
IJIs. AaTOMHO-CHJIOBOM MHKPOCKOIHH, a CKaHU-
poBaHMe OCYINeCTBJseTCSl Mapaljle/ibHO B JBYX

acquire a complete image, making it
difficult to study biological objects in
dynamics.

Because of these optical micros-
copy limitations, attempts have
been made to circumvent the dif-
fraction limit by converting near-
field evanescent waves into prop-
agating waves that reach the far
field. The possibility of transmit-
ting information from the near
field to the far field, where it is col-
lected using a conventional opti-
cal microscope is made possible by
placing nanoscale lenses [5], poly-
mer microdroplets [6] or dielec-
tric microspheres [7] on the sur-
face of the sample. The use of

microspheres with a high refractive
index (n> 1.8), that are completely
immersed in the liquid or in elas-
tomeric plates, has also been pro-
posed [8]. The use of immersion lig-
uids has made it possible to obtain
images of cells, subcellular struc-
tures and proteins.

In [9], 2100 pm diameter BaTiO;
lens and an optical microscopy
unit were used to image adenovi-
rus particles with a diameter of
75 nm. Microlenses have been used
to visualize actin [10], to detect
fluorescently stained centrioles,
mitochondria, chromosomes, and
to study the effect of doxycycline
treatment on the expression of
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mitochondrial-encoded protein in a
mouse liver cell line [11].

In [12], optical imaging of objects
at a lateral resolution of 25 nm
(~A /17) under 408 nm illumina-
tion is reported by combining
fused quartz and polystyrene
microspheres using a conven-
tional scanning laser confocal
microscope.

A disadvantage of the micro-
lens microscopy is the limited
field of view, which cannot exceed
the diameter of the lens or other
object placed on the sample.
Another limiting factor is that
the microspheres are randomly
placed on the surface, so only a
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pexkumax - B I1IO oTtobpaskaercs
TOIOrpadus MOBEPXHOCTH U H30-
bpaskeHHe 4Yepe3 MHUKPOJHH3Y.
[TonydeHbl M300paskeHHUS TeCTO-
BBIX 06Pa3Il0B C ITOMOIIBIO OIITH-
YeCKOTO MHKPOCKOIIAa ¥ MHUKPO-
AHUH3 K3 okcuga TuTaHa TiO,
PaccTtogHHe MeXAY KPaCHBIMU
MeTKaMM COOTBETCTBYET IIpHU-
mepHo 100 HM (puc.2).

BJIATOAAPHOCTHU
HccrmemoBaHUe BBIIIOTHEHO IIPHU
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buHaHCcOoBOM mnoxnepxkke POOU
u JlougoHckoro KopojaeBCKOTro
O6miectBa Ne 21-58-10005, POPU,
npoekT Ne 20-32-90036. Pabora
BBITIOJIHEHA ITPU QU HAHCOBOM IIOJ-
nepkke PoHA COMEHCTBHUS UHHO-
BalMsAM, mpoekT Ne 71108, moro-
Bop 0071108.
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certain portion of the objects can
be visualised and the position of
the lenses on the sample is diffi-
cult to change.

However, the work is already
underway to create installations
for continuous scanning of a large
view field of the studied space.
To create ultra-high resolution
images over large areas, a micro-
sphere is mounted on the frame
attached to the microscope objec-
tive, which automatically scans
the sample step by step [13].

CONCLUSIONS
Our research group is also work-
ing on improving the microlens

microscopy system, in par-
ticular, we are developing a
facility for combined atomic
force microscopy and micro-
lens microscopy based on the
FemtoScan Xi scanning probe
microscope [14]. A microlens is
fixed on the cantilever for the
atomic force microscopy and
scanning is performed in paral-
lel in two modes - the software
displays the surface topogra-
phy and the image through the
microlens. Images of test speci-
mens are obtained using an opti-
cal microscope and titanium
TiO, oxide microlenses. The dis-
tance between the red marks

corresponds to approximately
100 nm (see Fig.2).
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OTPULATE/IbHASI EMKOCTb B TONMOJIOTM4YECKUX TPAH3UCTOPAX CHU3UT
JHEPIONOTPEBNEHUE BbIYUCUTENIDHOU TEXHUKH

ABCTpannicKMe WMCCnesoBatenit O0bHAapyXwuau, YTO OTpuLaTenbHas
eMKOCTb MOXKET CHU3UTb 3HEpronoTpedbneHne B INEKTPOHMKE W BbIYUCA-
TenbHOW TEXHWUKe, HA KOTOPYIO MPUXOAUTCS 8% MUPOBOTO CMPOCA HA ek-
Tpo3Hepruto. Nccnegosareny B pamkax LleHtpa nepefosoro omnbita ARC
B 006MacTM OYAYWMX TEXHONOMWA HM3KO3HEPreTUYECKON 3NEKTPOHNKM
(FLEET) Mcnonib3oBann OTPULLATENbHYKO eMKOCTb, YT0BbI 3aCTaBUTb TOMO-
NOTYeckue TPaH3UCTOPLI MepektioyaTbecst npu bonee HU3KOM Hanpske-
HUW, MOTEHLMANBLHO CHIOKAsh OTEPU SHEPTUN B JecsTb U bonee pas. U xots
Ha MyTU K CO3AAHNI0 PaboYero HaCTOALHOrO YCTPOIMCTBA OCTAIOTCS Hepe-
LeHHble 33341, paboTa 3alunLLeHa NaTeHTHO 3aSBKOM.

[Inst BK/IOYEHMS 1 BLIKIOYEHMS) TPAH3NUCTOPA KXAbIM pa3 3aTpayu-
BAETCS HebOMbLUOe KOANYECTBO INEKTPUYECKON 3Heprin. MockonbKy KoM-
MblOTepHble YKMbI, HA KOTOPbIX PaboTaloT BCe INEKTPOHHbLIE YCTPOWMCTBA,
COAEPXAT MWAMMOHLI M MUANUAPAbLI TPAH3UCTOPOB, MEPEeKIoYAIOLMXCS
MUNMapAabl pa3 B cekyHAy (Ha rurarepLoBbIX YacToTax), 60bLLIOe Komuye-
CTBO NUTAIOLLEN UX SHEPTMN PACXOAYETCA B BUAE Tenna. B Lienom, nHdopma-
LIMOHHO-KOMMYHUKALMOHHDBIE TEXHONOr MU NOTPeBASoT 0KoNOo 8% MUPOBOTO
3NeKTPOCHABXEHMS, 11 3TO KONMYECTBO YABAMBALTCS KXKAO0e AecaTUneTHe.
B byayLuem AnCbanaHC MexAy pacTylymmu NOTPeOHOCTAMM BLIMUCAUTENL-
HOW TEXHWKV B 3HEPriAW 1 SOCTYMHOW Cenyac IHepruen "CUnbHo OrpaHNInT"
6ByayLLMIA POCT BbIYUCANTENLHON TEXHUKM.

TONOJIOTMYECKHUE U30JIATOPDI

Bmecto kpemHus uccneposatenu FLEET paboTatoT C HOBbIMM BUAaMK
KBaHTOBbIX MATepUanoB, Ha3bIBaeMbIX TOMONOTUYECKMMW W30NSTOPAMMU.
BHYTPeHHSS 4aCTb 3TUX MaTePUanoB 30MPOBAHA,  BHELUHME YaCTh 06M1a-
JAI0T NPOBOANUMOCTBIO. EC/IM OHW TPeXMepHbI, TO MPOBOAAT TOK HA CBOWX
[BYMEpHbIX MOBEPXHOCTAX, @ €CAIN M3LE/NA M3 HUX 04eHb TOHKME (AByMep-
Hble), TO MPOBOAMMOCTbIO 06/131A10T MX OHOMEpHbIE Kpas.

TONOJIOTMYECKUE TPAH3UCTOPbI

Nccnenosarenu FLEET 06Hapy»kuan, YTO C MOMOLLbHO 37EKTPUYECKOro noAst
MOXHO NepeK/IoUMTL MATepUan 13 TOMONOTUYECKOro U30ASTOpa (KOTOpbIiA
NPOBOAWT 37IEKTPUYECTBO BAO/b CBOMX KPaeB) B 0BbI4HbINA M307STOp (KOTO-
pbli BOOGLLLE He MPOBOAKT). 3T0 M03BONSET MCMONL30BATb TOMOOTMYECKHA

MaTtepuan B kayecTBe TPaH3NCTOPa, Ha3blBAEMOTO TOMONOrMYeCKMM KBAHTO-
BbIM 110/1eBbIM TpaH3ucTopom (TQFET).

PaHee B FLEET obHapyxwan, 4yto TQFET MOXET nepekntoyarthest npu
bonee HM3KOM HaMpsKeHMN, Yem 06bIYHbLI FET, MpeogoneBas Tak Hasbl-
BaeMblii npefen boabLMaHa, KOTOPbIA YCTAHABAMBAET HUKHUI Mpefen
HanpsKeHMs,, HeObXOAUMOro ANS NepekioyeHns ToKa Mpu KOMHATHOM
Temneparype. MepekntoyeHine npy HU3KOM HanpsKeHN NponcxoauT bna-
roAaps CH-0pbUTANLHON CBS3M, KOTOPas CUAbHee B bonee TXEeNbIX ne-
MeHTax (Hanpumep, BUCMYT). OBHapyXeHo, 4To TQFET Ha 0CHOBE BUCMYTa
MOTYT MepeK/toyaThesi MU BABOE MEHbLUIEM HAMPSXEHUN U UCMOJb3YIoT
[NS 3TOrO HA YeTBEPTL MEHbLLE 3HEprun, Yem 0bbl4Hble FET aHanornyHoro
pa3mepa. HefaBHO 66110 06HAPYXEHO, YTO MOXHO eLle bosblue CHU3UTD
NCMONb3yeMble HarpsXeHUe W 3Hepryio Mpu NPUMEHEeHUN OTpuLaTeNb-
HON eMKOCTM A5 NOAKNK0YEHUs TONOOrNYECKOro MaTepuana K BbiBogy
3aTBOpA.

KAK EMKOCTb MOXXET BbITb OTPULLATE/IbHO?

Ecn 6bl emkocTb 6bina OTpULaTeNbHOM, KOHAEHCATOp Bbin Bbl MO CBOEN
NpUpoAe HeCTabwNbHLIM U CTpeMUNCs Bbl 3apSAnTLCS 6€3 MpUoKeHns
BHELUHero HanmpskeHus. Ho MMeHHO 3T0 fenaer (eppo3anekTpuyeckuid
MaTepuan, 0bnajatoWMA CNOHTAHHOW MONApU3aLMen, 3apsXatoLLel ero
MOBEPXHOCTL. Takum 06pa3omM, heppoanekTpuyeckuii Marepuan MOoXHO
paccMaTpuBaTh Kak WMelOWMI OTPULATENbHYI0 eMKOCTb B OmpefeneH-
HOM pexume, Kak Mpasuno, HeJOCTYMHOM M3-3a CBOEM HeCTabunbHoCTH.
OpnHako, oTpuLaTenbHas emKoCTb MOXET NOBLICUTL IPHEKTMBHOCTL TONO-
NIOTMYECKNX TPaH3NUCTopoB. HepasHo rpynna uccnegosartenelt FLEET noka-
3313, 4Tt Ans TQFET 370 He Tak. JobasneHne oTpULATENbHON eMKOCTM
(beppoanekTpuyeckoro matepuana) ana cozaHing TQFET ¢ 0TpuLaTeNbHOI
emkocTbio (NCG-TQFET) ycunMBaET neKTpUyeckoe nose, Yto no3sonseT ocy-
LLEeCTB/STL MepeksioyeHine Npy ropasfo MeHbLUNX HAMPSHKEHWSIX U 3Hep-
rusx. TQFET ncnonb3yer 31eKTpuyeckoe none A5 nepekoyeHus, nosromy
MOXET HanpsIMylo BOCMO/b30BATLCS YCWUAEHUEM 3/1eKTPUYECKOTO Mo,
KOTOpOe 06ecrey1BaeTCs OTpULaTeNLHON EMKOCTbIO. M0 pacyeTam y4eHbIX,
NCTQFET Ha 0CHOBE BUCMYTA, MCMOAb3YHOLLMIA B Ka4eCTBe heppo3nekTpuka
HfO,, NerMpoBaHHbIA laHTaHOM (3TOT (GeppOINEKTPUYECKUA MATEPHAN Bbi
VCTIELHO MHTErPUPOBaH B KPEMHHIA), MOXET SOCTUYb B AECATH a3 MeHbLuei
3HEprun nepeksItoYeHIs, Yem CoBpeMeHHbIN kpemHueBbil FET. bonee coBep-
LeHHbIe (eppo3neKTpUKK C HOMblLe OCTATOYHOW MOAspU3aLMEn MOTYT
0becneynTh NepektoyeHie npy ellle 6onee HU3KUX IHEprusx.

OpHako Ha nyTi K co3aaHnto paboyero NCG-TQFET Ha ypoBHe MPOMbILL-
JNIeHHBIX YCTPOWCTB OCTAETC MHOrO npobaem. Tononormyeckue U3oNATopbI
Ha 0CHOBE BUCMYTA C HY)XHON CTPYKTYPOM ELLe He CO3AaHbI, @ MHTerpaums
3TUX MaTepuanos ¢ $heppoaneKkTpuyeckuMm CosmMI Noka npobaemMaTnyHa.
TeM He MeHee, Takie CTPYKTYpbl 3HAYUTENLHO CHU3ST 3HepronoTpebneHme
B Gyaywmx TpaH3ucTopax, a uccnegosarenn w3 FLEET yxe nogann 3asiBky
Ha nony4eHne nateHTa Ha koHuenuuio NC-TQFET, a FLEET niet Bo3MOXHO-
CTW COTPYAHWYECTBA C NApTHepaMu Ans AaNbHENLLero pa3BuTIS 3Tou nep-
CMEKTVBHOM TEXHONOT M.

o mamepuanam: https://www.nanowerk.com
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