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PaccmaTpuBatroTcs 0CO6eHHOCTU N3MEeHeHUs ¢M3VI'~IECKVIX CBOWCTB 3/1IEMEHTOB CTPYKTYpbl nMpu ux
yMeéHblWweHnn A0 HaHOopa3MepoB U NepcnekTuBbl MCNOJ/Ib30BaHUA 3TUX 3¢¢EKTOB B TexHoJ/ornax

MUKPO31EKTPOHUKN.

The features of change of physical properties of the structure elements when reducing their
size to nanoscale and the prospects for using these effects in microelectronics technology are

discussed.

TaBIIasi MOJAHOM IIPUCTaBKa "'HAHO' HepenkKo

MMeeT HeOJHO3HAYHBIM CMBIC/ B CTaThSIX, AHC-

CepTalHUsAX U PyroHd Hay4dHOM 1uTepartype. [lo
CHX II0OpP MHOTHeE CIIeIIHaJIUCTHL II0JIATAIOT, YTO ee
clefyet yrnoTpebasTh, KOrga peub UaeT 06 yCTaHOB-
JIEHHOM pasMepHOM mapaMerpe 100 HM U MeHee.
Ha Ham B3I/, 3TO ompejieleHHMe MOXKHO CUH-
TaTh UYHUCTO UCTOPUYECKHUM, & €70 HAyYHBIH CMBICII
ompefenseTcs CylmleCTBOBAaHHEM Pa3MepPHOIO
Iopora, CBI3aHHOIO C Ollpefle/ieHHBIMU QU3HUe-
CKUMHU, XUMHUUYECKHUMHU U IPYTHUMHU [IapaMeTPaMHU.
Hanpumep, pu o6CykaeHUU 371eKTPOPHU3UIeCKUX
Y ONTHUYECKUX XapaKTePUCTUK IOy POBOAHUKO-
BBIX MaTepHaJIoB IIOPOr Iepexofa K "HaHo" cmpa-
BeJIJIMBO CBSI3bIBATh C JOCTUXKEHHEM, [0 KpaluHeN
Mepe, OOHUM K3 pa3MepHBIX IIapaMeTPOB AJHUHBI
BOJIHBI 97IeKTPOHA (AIMHBI BOJNHBHI e bporns). [ns
MeXaHHYeCKHX XapaKTepPUCTHK B KauecTBe pa3Mep-
HOT'0 II0OPOTa MCIIONB3yIOT SMIMPHUUYECKHH Mapa-
MeTp, KOTOPBIH /1 MeTa/IJIOB 1 I0JyIIPOBOLHUKOB
cocTaByigeT 0Koyo 30 HM. DTOT mapaMeTpP MOXKHO
CBsI3aTh TakXe C M3MeHeHHeM OIpedeleHHBIX
du3rUecKUX BeJTUUYUH, 00yC/I0BIeHHBIX 61M30CThIO
[IOBEPXHOCTH U T.JI.

OmpefneneHHe SIBJeHUS HaHOPa3MepPHOCTHU
3aTpyAHEeHO MOosSBIeHHeM CleludHUYecKHX CBOMCTB
MaTepHaJIoB, UYTO IPeACTaBaseT 60ABIIYI0 IIPO-
671eMy KaK B M3TOTOBJIEHUH, TaK U B 3KCIIePUMEeH-
TaJbHOM MCC/IeJOBAHUU UX CBOMCTB. Hampumep,
NpHUMeHsIeMbIH B TBePAOTEJbHOMN 31eKTPOHUKe
MOHOKPHCTA/IIMYeCKHUI KPeMHUN TPYAHO IIOJY-
YUTHh B IIOPOIMKOOOPa3HOM COCTOSHHH, KOTAa
MO>XHO FOBOPHTB O €70 HAHOCBOKMCTBAX, ITOCKOJIBKY
Iocje MpOXOXJeHHUsI pa3MepPHOTO IOpora HaHO-
3epHa CAMMIAIOTCS U MHTEHCHBHO OKUC/SIOTCS.
B KOMHAaTHBIX yCJIOBHUSIX ITOC/IelHee MOKEeT IIPUBO-
IOUTD K B3PBIBY.

HMHdopManus o GyHIaMeHTaIbHBIX CBOMCTBAX
HOBBIX JIeICTBUTE/IbHO HAaHOpPa3MePHBIX MaTepHa-
JIOB B Psifie C/IydaeB 10 CHX IIOP SB/IseTCS GparmMeH-
TapHOHU U NPOTHBOPEUHBOM, 3aTPYAHSIS Pa3BUTHe
peasIbHOM TeXHOJIOTHUHU, B YaCTHOCTH, TBePAOTeNIbHOM
HaHO3/IeKTPOHUKH.

Pa3BUTHe HOBOIO HAay4YHOIO HaIlpaBJeHUS CBS-
3aHO C TOsIBJIeHHeM HOBBIX 06/71acTel B HayUHO-Tex-
HHUYeCKOM TePMUHOIOTUH. Hanprumep, AJ1st TepMUHA
"HaHOMHAYCTpUs" moTpeboBaNOCh CIelIHalbHOE
pasbsacHeHHe B 1UTeparype [1]. C 4pyroil CTOpoHHI,
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yroTpebnsieMble, Ka3aaoch Obl, IIOHSTHBIE TEPMHUHBI
HMHOIZIa MOTYT BBOAUTH B 3abnyskaeHue. Hampumep,
YaCTO IYTAIOTCS M HEITPABUJ/IBHO YIIOTPeOIISIIOTCS Tep-
MHHBI "HaHOIIPOBOAA" M "HAHOIIPOBOJIOKH .

Pa3zyMeeTcsi, HOBOe HaIlpaBleHHe TpebyeT moaro-
TOBKH CITELIMAJIUCTOB [JIs1 UCCIeIOBAHUH, 06pa3oBa-
HUS U TeXHOJIOTHH C y4eTOM CBepXOBICTPOro pa3Bu-
THS HAyYHBIX OCHOB J1a60PAaTOPHBIX U TEXHOJIOIHYe-
CKHX IIOIX0I0B [2].

Ocobyr0 Ba>KHOCTbh HOBOE HAay4YHO-TeXHHUYeCKOe
HampaB/ieHHe npuobpeTaeT, Ha HALI B3I/, IPU
mepexofie K IIPOMBIIIJIEHHOMY OCBOEHHIO Hay4YHBIX
pe3y/IbTaToB, MpPeACTABIEHUN, HOBBIX BO3MOKHO-
CTeH U TeXHOJIOTHH. Bo3HUKAIIYe IPH 3TOM TPYA-
HOCTH 3aCTaB/ISIOT UCKATh [IPUHILIUIINAIBHO HOBbIE
OO XOIBI K MCCeNOBAHHUAM, CO3MAHUIO0 TeXHOIOTH-
YeCKHX OCHOB, I(OHCTPYI/IPOBB.HI/IIO nu HPOI/ISBOJICTBY
HOBBIX MAaTePHaJIOB, TEXHOJIOTUYECKUX Cpel U 060-
pyZoBaHHUS. [IpH 3TOM CyIIeCTBYIOIIHE TeXHOIOTH-
YyeCcKHe BO3MOXHOCTHU TpebyloT nubo upe3mMepHBIX
3aTpart, 1160 HOBBIX ITyTeH, & HHOTAA M KapAHUHAJIb-
HBIX U3MeHeHHM. U Jaske U3BeCTHBIe U JOCTATOUYHO
XOPOIIO OCBOEHHbBIE IIPOMBIIIIEHHOCTHIO TEXHOJIO-
ruyvecKkye CpefCcTBa IIPU CO3LaHUN HAHOPAa3MePHBIX
06'bEKTOB B 3JIEKTPOHUKE IIPOSIB/ISIOT KaK HOBBIE BO3-
MOSKHOCTH, TaK 1 00yC/IaBIHBAIOT HOBBIE TPYJHOCTH,
Tpebyst TOCTOSIHHOTO BHUMAHHUSI CO CTOPOHBI KCCIIe/I0-
BaTesIeH W BBIBUTIAS HOBbIE IIPUHIIMUIIBI B3AaK MO M-
CTBUS YUEHBIX U HHXKeHEePOB, KOTOpPble MOXKHO 06be-
OUHUTH IIOHSITHEM "Hay4HOe COITPOBOXKAEHHE TEXHO-
noruu". MMeeTcst BBUAY IIOCTOSIHHBIH ITPOLIeCC, a He
dparmMeHTapHBIE KOHTAKTHI.

B CBSI3M C IpeACTaBIeHHBIMHU BblIIe coobpa-
SKeHUSIMH 06paTUM BHUMaHHUe Ha [iBe XapaKTepHbIe
cutyanuu. IlepBas cBsi3aHa ¢ npobieMaMu IpUMe-
HeHHUS GOTOMUTOrpadUH B 06/1aCTH CBEPXMAaJIbIX Pas-
MepOB, IZie ONITHYeCKHe IIPUOOpEl 06peTaloT HOBEIE
KOHCTPYKTHBHBIe 0COO€HHOCTH B CBSI3H C IIPOJBIKe-
HHeM B Ja/bHIOK YacTh YP-IHaa30oHa, YTO IPUBO-
IHUT K pe3KOMY YAOPO>KaHHUI0 060pymoBaHHUS. B mocie-
AYIOIMX MaTepHaiaxX Mbl pacCKaskeM o pa3paboTaH-
HBIX B Halllel CTPaHe U IpeIoKeHHBIX J/I 0CBOe-
HUS IIPOMBIIIJIEHHOCTBIO ITOAX0/IaX, OCHOBAHHBIX
Ha MCI0/JIb30BAHUU POKYCHPOBAHHBEIX PEHTTeHOB-
CKHUX IIYUYKOB. ITa BO3MOXHOCTH yke 06Cyskaanach
Ha npeanpusitTuu [IAO "MUKPOH" U MOXKeT CTaTh
BeCbMa I1epCIIeKTHBHOM.

Jlpyroil mpuMep KacaeTcsi IPUMeHeHHUS B IIPoO-
MBIIIJIEHHOCTH MeTO/Ia U 060pyS0BaHUS 1151 HFOHHOM
MMIUIAHTALlUK, U CHHTe3a. 9Ta HIMPOKO PAaCIPoCTpa-
HeHHasl TeXHOJIOTHS IIPAaKTUYeCKU He HCII0Ib3yeTCs
IJ1s1 CO3MAHUSI HAHOPa3MepHBIX (KBAHTOBO-pPa3Mep-
HBIX) CTPYKTYP /IS IIOJy4YeHHUs IPUHIIUIIHATBHO
HOBBIX IIpH60poB 1 HIC, COUeTAIMHUX BO3MOKHOCTH
HMHTerpaJbHON 3IeKTPOHUKHU U QOTOHUKH. B Mexkay-
HApOAHOM TUTepaType MOKHO BCTPETHUTH JOCTATOYHO
MHOI'0 MaTepHaJIOB 10 9TOMY HaIlpaBJIeHHUIO, OJHAKO
KBAaHTOBO-pa3MepHBble H3/IyYaloliue CTPYKTYpPHI
Ha OCHOBE CHCTEeMBI 'TepMaHUI ~ KPeMHHUHN" B IIOIAB-
nsromeM 60JBIIMHCTBE C/IydaeB U3rOTaBIMBAIOTCS
C MOMOINBIO MOJIEKY/ISPHO-Ty4eBOM 3MUTAKCHH.
[lepBble U II0Ka eJUHCTBEHHbIe PA6OTHI 10 HCIIONb-
30BaHHIO B 3TUX LIeIIX HOHHOM UMIIJIAHTAI KU (3, 4]
IOKa3aju, YTO MOAIOTOBKA MOHHOTO CHHTe3a Si-Ge

ashionable prefix "nano" often

has an ambiguous mean-

ing in the articles, theses
and other scientific literature.
Until now, many experts believe
that it should be used when talk-
ing about the size parameter of
100 nm or less. In our view, this
definition can be regarded as
purely historical, and its scien-
tific meaning is determined by
the existence of a size threshold
associated with the defined phys-
ical, chemical, and other param-
eters. For example, in discuss-
ing electrophysical and optical
characteristics of semiconduc-
tors, the threshold of transition

to the "nano"” should be linked to
the achievement of at least by one
of the dimensional parameters of
the wavelength of an electron (de
Broglie wavelength). For mechani-
cal characteristics as a size thresh-
old the empirical parameter,
which for metals and semiconduc-
tors is about 30 nm, is used. This
parameter can be linked also with
changes in certain physical quan-
tities, caused by the proximity of
the surface, etc.

The definition of the phenome-
non of nano is complicated by the
emergence of specific properties
of materials that presents a major
problem both in manufacturing

and in the experimental study.
For example, single crystal sili-
con, which is used in solid-state
electronics, is difficult to obtain
in a powdery state when we can
talk about his nano-properties,
because, after passing through
the size threshold, the nanograins
stick together and oxidize rapidly.
At room conditions the latter may
lead to an explosion.

Information about the funda-
mental properties of new really
nanoscale materials in some cases
is still fragmented and contradic-
tory, hindering the development
of real technologies, in particu-
lar, of solid-state nanoelectronics.
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HAHOCTPYKTYp TpebyeT MOCTATOUHO AJIUTEIBHOTO
BpeMeHHM, HO B HaCTosilllee BpeMsl IIPOLiecC FOTOB
K HCIIOJIb30BAHHUIO B IPOMBILIJIEHHOCTH. BEIsIBIEeH
Psill HOBBIX 0COOeHHOCTEMH, IIPUCYIIHX TOJbKO HOH-
HOMY IIyUKYy, KOTOPbIe IIPX IIPaBHU/IbHOM y4eTe [103BO-
JSII0T MOJNIYYUTh PeKOpAHBble pe3yabTaTsl. OJHAKO
He3HaHHe 3TUX 0COBeHHOCTel MOXKeT IIPUBOAUTH KO
MHOTUM NPaKTHYeCKUM TPYyIHOCTIM [5].

CoBpeMeHHasl TeXHOJIOTHS IIPOM3BOACTBA U3Me-
JTUH MHKPO3TeKTPOHUKH B CBOEM Pa3BUTHHU [BH-
KeTCS 10 My TSIM yMeHbIIeHH I TOIOJIOTMYeCKUX pa3-
MepOB U yBeJMYeHHUS CTelleHH UHTerpalluH, BHe-
I peHMs HOBBIX MaTepHaJsoB, Ilepexofa K Tpexmep-
HOM HMHTerpalluM, a Tak>Ke IOSBJIeHUS THOpUL-
HBIX YCTPOMCTB U NpHU60POB, paboTaImux Ha HOBBIX
du3nUeCcKUX NPUHIUIAX [6]. PAa3BUTHe MUKPO3/IeK-
TPOHUKU IIPOMCXOJUT IIyTeM ee 3BOTIOLMU B HAHO-
37IeKTPOHHKY, TO €CTh C [IepPeX0floM Uepe3 pa3MepHbIe
IIOPOTH, IIPH KOTOPBIX Pe3KO H3MEeHSIOTCS 37IeKTPOo-
dusndeckue, CTPyKTypHBle, MeXaHHUYeCKHe, OIITHYe-
CKHe U IpyTHe CBOKMCTBA MaTepHaJIOB U CTPYKTYP, UTO
HeobX0AMMO YUHUTHIBATh KakK IpHU GOPMUPOBAHUU
Y peajn3allMy TeXHOIOTMUeCKOro IIMKJa UX U3TO0TOB-
JeHH s, TaK U IIPU IIOCTPOeHUH CHUCTeMbI KOHTPOJIS
IapaMeTpOB.

dnekTpodu3nUecKkHe U ONTHYEeCKHe CBOMCTBA
065eKTOB B COCTOSSHUU pa3MepHOro KBAaHTOBaHHUS,
a TaK’kKe MarHUTHBIe CBOMCTBA B JaHHOM paboTe mpa-
KTHUYeCKH He pacCMaTPHUBAIOTCS, IIOCKOBKY UX ydeT
U 06cy>kIeHUe IIPOBOASTCS HA CTAAHUH Peann3aluu
NPUHIUIIOB QYHKIMOHUPOBAHUS ITprubopa U ero
KOHCTPYHUPOBaHHUS. He paccMaTpUBaIOTCSl TaKKe

The development of a new scien-
tific field is linked with the emer-

New scientific and techni-

TaKHe XapaKTepHBbIe /11 HAHOCTPYKTYP 3 eKTH,
KaK TYHHeJHpOBaHUe, 6a/mnucTuvdeckue 3¢ppeKTsl
U T.A. IIpenMeTOM ke 06CYKIeHUS SIBISIOTCS 0CO-
OeHHOCTH U3MEeHEeHHU s CTPYKTYPhl U MeXaHHUYECKHX
CBOMCTB, KOTOPble PACCMATPUBAIOTCS C TOUKH 3pe-
HHS UX BIHSHHS Ha pe3yabTaT KOHTPOJbHO-H3Me-
PUTebHBIX OIlepalitil, COITPOBOXK/AAIONIMX ITPOLIeCCH
bopMHupOBaHHUS.

Bri6op B mOB3y HMCCIEJOBAHUS MMEHHO 3THUX
TPYII ITIapaMeTpPoB 06ycI0BIeH TeM 0b6CTOSITeNbCT-
BOM, uTo 6osblIasi 4aCThb U3MEPEeHUMN B TeXHOIOTH-
YeCKOM LIMKJIe Ipou3BoAcTBa MC KacaloTcs reoMe-
TPUYECKUX U CTPYKTYPHBIX IIapaMeTpOB IIOIy4ae-
MBIX IPUOOPHBIX 371eMeHTOB. [IpefmaraemMsle moj-
XOZIBI IT03BOJISIFOT PUOIH3UTHCS K PeaTru3alui Ipo-
11eCCOB HAHO3/IeKTPOHHUKH, KOIJja IPOeKTHBIe HOPMBI
mepexonsT depe3 1ubo sMInupudeckue, 1ubo Teope-
TH4YeCKHe Pa3MepHBbIe IOPOTH, IPUYEM yUeT TaKHX
HM3MeHeHU I HeoOXOOUM [J1s IOJy4eHUsl SOCTOBep-
HBIX Pe3yJIbTATOB KOHTPOJISI TeOMeTPUYeCKUX 1apa-
METPOB CTPYKTYP.

M3MEHEHMWSA CTPYKTYPbl U MEXAHWYECKNX CBOICTB
OBBEKTOB B HAHOAWANA3OHE

PaccMOTPUM HeKOTOpble H3MeHeHHUsI, KOTOPBIe IIPO-
HCXOISIT IIPH Pa3BUTHH TeXHOJIOTHH MUKPO3TIeKTPO-
HUKH B 06/1aCTh HAHOPa3MepPOB U KOTOPHIE B ITOCTIe -
Hee BpeMs AOCTOBEPHO YCTaHOBJIEHBI, OJHAKO He
BCerfa YUUTBIBAIOTCSI NPU GOPMUPOBAHUU TEXHOJIO-
TUYeCKUX IIUKJIO0B U3TrOTOBIEHHUS MaJopa3MepPHBIX
CTPYKTYP U ellle peske IPUHHUMAIOTCSI BO BHUMaHUe
pu pa3paboTke MeTOLOIOTMH UX KOHTPOJISL.

and well enough mastered indus-

gence of new areas in the scientific-
technical terminology. For example,
the term "nanoindustry” needed a
special explanation in the literature
[1]. On the other hand, seemingly
clear terms can sometimes mislead.
For example, terms "nanoconduc-
tor" and "nanowire" are often con-
fused and incorrectly used.

Of course, the new area
requires the HR development for
research, education and technol-
ogy taking into account the ultra-
fast development of scientific
bases of laboratory and technolog-
ical approaches [2].
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cal sphere is acquiring a spe-
cial importance, in our view, at
the transition to commercializa-
tion of scientific results, ideas,
new features and technologies.
The difficulties arising force
us to seek fundamentally new
approaches to the research, cre-
ation of technological founda-
tions, the design and production
of new materials, technological
environment and equipment. At
the same time, existing tech-
nological capabilities require
either excessive costs or new
ways, and sometimes drastic
changes. And even well-known

try technologies during creation
of nanoscale objects in the elec-
tronics show new opportuni-
ties, creating new challenges,
requiring constant attention of
researchers and bringing for-
ward new principles of inter-
action between scientists and
engineers that can be combined
by the concept of "scientific sup-
port of technology”. The latter is
a continuous process, not frag-
mentary contacts.

In connection with the above
considerations, let's consider
two typical situations. The first
one is connected with the use of
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OcobeHHOCTH CTPYKTYPHl, CBSI3aHHbIE C U3MeHe-
HUeM QyHIaMeHTa/IbHBIX IapaMeTPoB 06BbEKTOB,
TaKHe KaK SHeprus CBsI3U aTOMOB C Y3/I0M KPHUCTaJl-
JIUYeCKUH pemIeTKH (MK y3JIOM YIIOPSILOYEeHHOIO
KBa3M>KHU/AKOIO COCTOSIHU ), KOHIIeHTPallusl paBHO-
BeCHBIX [IJIS1 HAHHOM TeMIIepaTyphl AepeKTOB CTPYK-
TYPBI (IIOABH>KHBIX BAKAHCUH K MeXXA0Y3e/IbHBIX aT0-
MOB, 1u60 UX KOMOMHAIIUE), a TAKXKe POJIb II0BEP-
XHOCTU IIpHU QOPMHUPOBAHUU CTPYKTYPHBIX CBOKCTB
OyzmeT paccMaTpHUBaThCs TM60 C TOUKH 3peHH s U3BeCT-
HBIX K HACTOSIIeMy BpeMeHH GaKTOB U IIpefiCTaBIe-
HUIH, TU60 C IO3ULUIH TMIIOTEeTUYECKOTO OMMMCAHU
BO3MOXKHBIX 3QPeKTOB, KOTOPhIe HY>KAAIOTCS B 3KCIIe-
PHMeHTa/IbHOU IIpoBepKe. CTPYKTYpHBIE ITapaMeT bl
HaHOOOBEKTa OIIpe/ie/IsIl0T MHOTHE ero CBOKCTBA,
BKJIIOYAs TeMIIepaTypy IJIaBJIeHUs, paAUallUOHHYIO
CTOMKOCTB, $pa30Bble IIePeXo] bl MOHOKPHCTALJI-aMOP-
¢HOoe coctosHUe, TUPOYy3UOHHBIE IIPOLIECCH U T. 1.
CrenyeT OTMETHUTh, UTO OIpeeieHHYI0 HHPOpMa-
LMo 06 YIIOMSHYTBIX BbIIIe ITapaMeTPaX HAHOCTPYK-
TYP MOXKHO IIOJIYYMTb U3 aHAJIK3a [IPUIIOBEPXHOCT-
HBIX CBOMCTB MOHOKPHCTAJJIOB, 0OOHApPyKeHHBIX
U OIIMCAaHHBIX paHee.

ITo MHEHHIO aBTOPOB, II0Ka He CYILeCTBYeT MeTOL0B
JleTa/IbHOT0 YUC/IEHHOIO PACCMOTPeHHU S [IapaMeTpPOoB
3JleMeHTApHOU SYeHKH B IIpelenaX HAaHOOObeKTa.
3aMeTHM OJHAKO, YTO psifi HAbMIOHaBIIUXCS b dek-
TOB MOT'YT OBITh HAIIPSIMYIO CBSI3aHBI C APYTHUMHU
3KCIIEPUMEHTAIBHO HabII0gaeMbIMH U OIIMCAHHBIMHU
paHee gBleHUsIMHU. HanipuMep, peskoe yMeHbIIeHHe
TeMIIePaTyphl [IJIABJIEHUSI HAHOOO'beKTa MOXKET OBITh
COIIOCTABJIEHO C HAaOMIOAABIIMMCS paHee 3¢ derTomM

"JIOKaIPHOT'0 AHU30TPOIIHOTO IJIaBIeHus " [7] B mpu-
[IOBEPXHOCTHBIX CJIOSIX MOHOKPHUCTAIIHUYECKOTO
KPeMHHMS, YTO 06BSCHSIOCh HATUYKeM B HUX CTPYK-
TYPHBIX TedeKTOB, YyMeHbIIeHHUEM 3HepPrUH CBS3HU
aToMa C y3JIOM KPUCTA/IMYeCKOM pPellleTKH U, COOT-
BeTCTBEHHO, YBeJIMUeHHeM KOHIIeHTPaluK PaBHOBe-
CHBIX CTPYKTYPHBIX epeKTOB B 3THX CJIOSX, a TAKXKe
IoBeleHHeM CTPYKTYPHBIX 1edeKTOB BHYTPHU HAHO-
06beKTa, BKIOYAS UX 3apOKIeHHEe U aHHUTHIIS-
nuo. Ocobo cienyeT pacCMOTPeTh M3MeHeHH sI PABHO-
BEeCHOH KOHLIEHTPAaLHU AePeKTOB IPU LAHHOM TeM-
nepatype. C yueToM 3TOro rapaMmeTpa Heo6Xo0gUMO
M3y4aTh U 3G PeKThl, CBA3aHHbIE C paJHALMOHHLIM
BO3[EHCTBHEM Ha HAHOOOBEKTHI, BK/IIOUAS [IOBHIIIE-
HHe PaJHuallMOHHOM CTOMKOCTH [8], a TakXKe pagua-
LMOHHO-CTUMY/JIHPOBAHHY aMOpbHU3a N0 MOHO-
KPHUCTaNnoB [9]. 3mech ke He06XOAHMMO yIHUTHIBATh
poib 61KHUX nap PpeHKeIs U COCTOSIHHe T10Bep-
XHOCTH HAaHOOOBEKTA.

CHavyaja 0CTAaHOBUMCS oA pobHee HA MOIUKPHU-
CTAIMYeCKUX MaTepHuasax, UTrPAINUX BaKHYIO
POJIb B TOHKOIIJIEHOUHOH I10/TYIIPOBOJHUKOBOM TeXHO-
JIOTHH. B HacTosIee BpeMsI YCTAHOBJIEHO, UTO H3Me-
HeHHe MeXaHHYeCKHUX XapaKTePUCTUK 00yCI0BIEHO
B 3HAUHTE/IbHOM CTeIIeHH XapaKTepOM MUKPOCTPYK-
Typbl HaHOMaTepuaia (10, 11]. Hanpumep, 3HaueHHe
MHUKPOTBEPAOCTH U IIJIACTUYHOCTH 3aBUCST OT pas-
Mepa 3epHa U IIJIOTHOCTH AHCAOKALUH B IIOJIUKPH-
CTAJUINYeCKOM MaTepHaje. B KjIaccHu4yecKkoM IIpen-
CTaBJIECHUU JaHHBIe 3aKOHOMEPHOCTH SIBHBIM 06pa-
30M He YUHTBIBAJIUCh, OJHAKO 3KCIIEPUMEHTHI, IIPO-
BeJleHHBIe B [I0C/Ie[IHee JecsiTUIeTHe, YbelUTeIbHO

photolithography in the field of
ultra-small sizes, where optical
devices have a new design features
due to the move into a remote part
of the UV range, which leads to a
sharp rise in the cost of the equip-
ment. In upcoming articles, we
will tell you about developed in
Russia industrial approaches,
which are based on the use of a
focused x-ray beams. This possi-
bility has already been discussed
at Mikron PJSC and can be very
promising.

Another example concerns
applications of the method and
equipment for ion implantation
and synthesis. This widespread

technology is practically not used
in creation of nanoscale (quan-
tum-dimensional) structures to
obtain essentially new devices
and IC that combines features of
integrated electronics and pho-
tonics. International literature
contains quite a lot of informa-
tion about this area, however,
quantum-sized emitting struc-
tures on the basis of the germa-
nium-silicon in the vast majority
of cases are made using molecu-
lar beam epitaxy. The first and
only works on the use of ion
implantation [3, 4] showed that
the preparation of the ion syn-
thesis of Si-Ge nanostructures

requires quite a long time, but
now the process is ready to use
in the industry. A number of the
new features inherent only to an
ion beam, which at the correct
use allow to obtain record results,
is revealed. However, ignorance
of these features may lead to
many practical difficulties [5].
Up-to-date production tech-
nology of microelectronic compo-
nents develops towards reducing
the topological sizes, increasing
the degree of integration, intro-
ducing new materials, tran-
sitioning to advanced packag-
ing and also creating of hybrid
devices running on new physical
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IIOKa3a/ik, YTO MeXaHHWYeCKHe U IIJIAaCTUYeCKUe
CBOLICTBAa HaHOMaTepHaJ/OB CyleCTBEHHO 3aBUCST
OT pa3Mepa HaHovacTull [12]. OmpeneneHHe Mexa-
HH3MOB BBISIBJI€HHBIX 3aKOHOMEPHOCTel SBISeTCs
IpeAMeTOM [JIS HAyYHBIX UCCIeIOBAHUH. O6a dax-
TOopa - MUKPOCTPYKTYpa HaHOpa3MepHOro MaTepHaa
Y pa3Mep HCCIeyeMoro o6beKkTa — UTPaloT BaXKHYIO
POJIb B M3MeHEeHUH MeXaHHUYeCKHUX XapaKTepHUCTHK.

JJ1s HOMUKPHUCTANINUYECKUX MaTepHasoB B CIY-
4ae I10C/IeIoBaTe/IbHOTO YMEeHbIIeHU S Pa3Mepa KpH-
CTJIIUTOB 0COOBIN HHTEPeC TPAAULIMOHHO IIPe/ICTaB-
771 BOIIPOC B3aMMOJIeICTBUS CTPYKTYPHBIX Jedek-
TOB C TPaHUIIAMHU 3epeH. COTIaCHO KJIACCUYeCKOro
3aKkoHa Xoj1a - I[leTya, IpaHHUIIBI 3epeH BBICTYAIOT
B KadyeCcTBe orpaHHUUYHKBaloIero ¢akropa A1s IBU-
SKeHHU S OUCIO0KAIHI, YTO BBIPaskaeTcs B yBelHue-
HUH MHUKPOTBEPAOCTH M Ipefesia TeKyUeCTH MONTH-
KPUCTA/UIMYECKOTO MaTepHana NPU YMeHbIIeHUU
pa3Mepa 3epHa. OfHAKO IIPU PACCMOTPEHUH HaHO-
KpHUCTAMINYECKUX MaTepHasoB C pa3MepaMU 3epeH
MeHee HeCKOJIBKUX [IeCSITKOB HAHOMETPOB ONMCaHUe
IJIACTHYeCKoM JedopManuu TpedyeT yueTa MIHUPO-
KOTO0 Kpyra SIBJIeHUH, CBI3aHHBIX CO B3aHMOLEHCT-
BHeM MeXIy CTPyKTypPHBIMHU AedeKTaMHU U IPaHHU-
LIAMH KPUCTULIUTOB [13, 14].

OcobeHHOCTH MaJiopa3MepHBIX KpPHUCTANIHYe-
CKHX 0OBEKTOB C y4eTOM H3MeHeHHUs IIpesKe BCero
MeXaHHYeCKUX CBOMCTB (MUKPOTBEPLOCTH, IIPOYHO-
CTH, U T.[.) Haubosee HAIJISAHO e MOHCTPHUPYIOTCS
B OJTHOM M3 IIePBBIX PabOT 110 KX MOZIeTHPOBAHHUIO [15].
B paboTe HarnsAgHO IIOKA3bIBAETCS, KAaK MEHSIOTCS
MexaHHYeCKHe CBOMCTBA IIPU IPOXOKAEHUHU Yepes

principles [6]. The develop-
ment of microelectronics occurs

and magnetic properties are not

Pa3MepHBII IIOPOT. Pe3y/IbTaThl MOAEIBHOIO IKCIIePH-
MeHTa B Ja/IbHelIIeM ObI/IH IO TBePsKAeHbI IKCIIepH-
MEeHTaJ/IbHO U 6ynyT 06Cy>KIeHbI HUKe.

OTMeTHM BIHSHHe [IOBePXHOCTU HAaHOPa3MepHOTro
06beKTa Ha TeKTpUYeCKHe, MeXaHUYeCKHe U Jpy-
r'He ero XapaKTepUCTHUKH. EC/iu B 0OBIYHON TeXHOJIO-
THU MOKHO Pa3fie/INTh CBOMCTBA MaTepHasa B obbeMe
U ero NpUIIOBEPXHOCTHHIX 06/1aCTIX, TO B JAHHOM
cjlydae BIHSIHHE COCTOSIHUS II0OBEPXHOCTH Pe3K0 BO3-
pacTaeT ¥ BO MHOTHX C/1y4asX, Kak bymeT mokasaHo
HUKe, OIlpefiesisieT CBOMCTBA CaMOro 06beKTa, B TOM
YHCIIe B X0fie TeXHOTOTUYeCKUX OIlepalluH.

B cratse [12] ¢ moMoOIIb0 IPOCBEUHBAIOLIEH J/IeK-
TPOHHOM MHUKPOCKOIIHMH BBICOKOTO pa3pelleHUs
HCCleqyeTcs IoBeJeHe HaHOYacTUL cepebpa (<10 HM
B JuameTpe) Iipu fedopmanyu (prc.l). B 3ToM mcce-
JOBAaHHMH HaHOYACTHIIA [IOMeIllasach Ha OCTPHE BOJIb-
dpaMoOBOI UI/IBI, AAaBIeHHE CO31aBaIOCh MHUKpOMa-
HUITY/ISITOPOM, MU3TOTOBJIEHHBIM U3 MOHOKPUCTA/IIH-
yeckoro ZrO,. [ToBeieHHe HAHOYACTHL] aBTOPBI Ha3bI-
BAIOT IICeBA0YIACTUYHBIM (KBa3HXKUIKUM), [IOAPaA-
3yMeBasi IIOJ, 3THUM, UTO I107, HAIlpS>KeHHeM YacCTH LB
CKMMAIOTC4, a II0C/Ie ero CHATHS BOCCTAHABIHMBAOT
CBOIO HCXOAHYI0 popmy. IIpH 5TOM BellecTBO OCTAeTCs
KPHUCTAJIMYEeCKUM BO BpeMsI BCero IIpoliecca.

IIamMsaTh GOpPMBl 006BSICHSIETCSI MHUHHMH3A-
LHeH KalHU/ASPHOM 5HepPTHUH, TO eCTh OCTAaTOUHAas
dopMa - 3TO SHepreTH4YeCKHUH KOMIIPOMHCC MEXAY
MMOBePXHOCTHOM JHepruey HaHOYACTHIBI K 3Hep-
ruen rpaHuIbl pasfena Ag-W. B kaduecTBe Mexa-
HHU3Ma, 0OBSCHSOIIEr0 3BOIOLHI0 GOPMBL YaCTHUIIEL,
MO>KHO IpefJIoKUTh I0BePXHOCTHYIO AUbPY3UIO.

The choice in favor of the study

through its evolution to nano-
electronics, i.e. with the tran-
sition through the size thresh-
olds that change sharply electro-
physical, structural, mechani-
cal, optical and other properties
of materials and structures that
need to be taken into account
in the formation and imple-
mentation of the process cycle
of their production, and in the
design of the control system of
parameters.

Electrophysical and optical
properties of objects in a state
of dimensional quantization
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considered in this work, since
their consideration and discus-
sion are carried out at the stage
of implementation of the prin-
ciples of operation of the device
and its design. Also such typi-
cal for nanostructures effects
as tunneling, ballistic effects
etc. aren't considered. The sub-
ject of the discussion are the fea-
tures of change of structure and
mechanical properties, which
are considered from the point
of view of their influence on the
result of measuring operations,
accompanying the process of
formation.

of these groups of parameters is
caused by the fact that the major-
ity of measurements in the pro-
duction cycle of IC relate to the
geometric and structural param-
eters of the obtained elements.
The proposed approaches allow
to approach the implementa-
tion of processes of nanoelec-
tronics when the design rules
pass through either empiri-
cal or theoretical size thresh-
olds, and the accounting of such
changes is necessary to obtain
reliable results of the control of
the geometric parameters of the
structures.
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Puc.1. 280n0uus Gpopmbl HaHoHacmuubl Ag npu npuaoxeruu (a—f) u nocaedyrowem cHamuu (g-i) Hazpy3ku [12]
Fig.1. Evolution of shape of Ag nanoparticle during loading (a-f) and subsequent unloading (g-i) [12]

[Ipuno>KeHHOe HaIlpsiKeHHe MOKeT OBbITh YMeHbIIeHO
IyTeM IepeMelleHH sl aTOMOB C [IOBePXHOCTH HaHO-
4YacTHULBI K UHTepdericaM Ag-W unu Ag-ZrO, U pocTa
HOBBIX aTOMapHBIX [IJIOCKOCTEH,

ABTOpaMH paboThl [16] 3aperucTPUPOBAH CIIOH-
TaHHBIN Ga30BbII IIepeXo/i HAHOPa3MepHBIX YaCTHI]
PdSi 13 KpHUCTaTIUYeCcKOTro COCTOSIHUS B aMOpdHoOe,
BBI3BAHHBIM TOJBKO YMeHblIeHHeM GOpMbI HaHOYa-
CTHUIIBI 6€3 MPUIOKeHH I KAKUX-TH60 BHEIIHHUX BO3-
nercTBUH (pHrc.2). Takoe IIOBe/leHHe aBTOPHI PaboTHI
06BSICHSIIOT C IIOMOIIBIO KJIACCUUEeCKUX IIPeCcTaB-
JTeHUMN - U3 YCI0BUSI MUHHMAaAH3alUu cBobo-
HOM 5Hepruu ['ub6ca, KOTOpPYIO OHHU IIPeCTABISIOT

KaK CYIepIo3uIHI0 CBOOOJHON 3HEePTHUHU II0Bep-
XHOCTH (BO3pacTaIiell C poCTOM pasMepa HaHO-
YaCTHUIB) U CBOOOOHON SHePruU 06BEMHOIO
MaTepuaJsa (yMeHBIIAIOLIEHNCS C POCTOM pa3Mepa
HaHOYaCTHUIIHL).

[Tepexon obbeKTa Yepe3 pasMepHBIH IIOPOT ITPUBO-
IUT K Pe3KOMY U3MeHeHHIO CTPYKTYPHL U CBSI3AHHBIX
C HeH CBOHCTB. IIpexkae Bcero, 3TO KacaeTCs COCTOS-
HUS YIIOPSIIOUeHHOCTH aTOMOB, KOTOpOe B IIpefesb-
HBIX CIy4asX MOXeT ObITh KPUCTA/UIMYeCKUM 160
amopoHBM. OgHaKo, KaK IToka3aHo B [16], camo
o cebe M3MeHeHUe pa3Mepa BOIH3HM BelHYHUHBI
Iopora He BIHseT Ha CTPYKTYPY.

CHANGES IN STRUCTURE
AND MECHANICAL PROPERTIES
AT NANOSCALE
We will consider some of the
changes that occur in the devel-
opment of microelectronics tech-
nology in the area of nanosizes
and which in recent years are well
established, however not always
taken into account when forming
the process cycles of manufactur-
ing low-sized structures and even
more rarely taken into account
when developing the methodology
of their control.

Features of the structure associ-
ated with changes in fundamen-
tal parameters of objects such as

the binding energy of the atoms
with a host of crystal lattice (or
a node in an ordered quasi-lig-
uid state), the equilibrium con-
centration for the temperature of
structural defects (moving vacan-
cies and interstitial atoms or their
combinations), as well as the role
of the surface in the formation
of structural properties will be
considered either from the view-
point of currently known facts
and ideas, either from the stand-
point of a hypothetical descrip-
tion of the possible effects, which
need experimental verification.
The structural parameters of the
nanoobject define many of its

properties, including melting
point, radiation resistance, phase
transitions of the crystal-amor-
phous state, diffusion processes,
etc. It should be noted that certain
information on the above-men-
tioned parameters of nanostruc-
tures can be obtained from the
analysis of the near surface prop-
erties of single crystals, discov-
ered and described earlier.
According to the authors, there
are as yet no numerical methods
detailed consideration of unit cell
parameters within the nanoob-
ject. We will notice however that
some of the observed effects can
be directly associated with other
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Puc.2. ObpabomarHbie MTIM-u306paxkeHus, NOKA3bi8arowLe 380AKUUI0 CMPYKMypbl 80 8pemMeHU 345 Yacmul, ¢ XapakmepHbim pas-
mepom 1,9 Hm (a), 2,4 Hm (b) u 3,0 Hm (C): a - cmabuabHo amopdHas cmpykmypa; b — Kpucmanaudyeckas Cmpykmypa; ¢ — yacmuud
He umeem cmabunbHoL cmpykmypel U npemepnesaem nocAedosamenbHble Ga3osble NpespaleHus; d —NPouecc CAUSIHUSI mpex amop-
¢HbIX Yacmuy, (NoAyYeHHAs yacmuua npuobpeia Kpucmanaudeckyro cmpykmypy). Bce maciumabHbie AuHeliku — 2 Hm [16]

Fig.2. TEM images showing evolution of structure in time for particles with characteristic size of 1.9 nm (a) 2.4 nm (b) and
3.0 nm (c): a - stable amorphous structure; b - crystal structure; c - particle has no stable structure and undergoes successive phase
transformations; d - merging three of amorphous particles (particle acquire crystalline structure). All scale bars are 2 nm in size [16]

experimentally observed and pre-
viously described phenomena.
For example, a sharp decrease
in the melting temperature of
the nanoobject can be associ-
ated with previously observed
effect of "anisotropic local melt-
ing" [7] in near-surface layers of
monocrystalline silicon, which
was explained by the presence of
structural defects, a decrease of
the binding energy of the atom
with the lattice site and, conse-
quently, an increase in the con-
centration of the equilibrium
structural defects in these lay-
ers, as well as by the behavior of
the structural defects inside the
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nanoobject, including their nucle-
ation and annihilation. Especially
it is necessary to consider changes
of the equilibrium concentration
of defects at a given temperature.
Taking into account this parame-
ter it is necessary to examine the
effects associated with radiation
exposure to nanoobjects, includ-
ing improved radiation resis-
tance [8] and radiation-induced
amorphization of single crystals
[9]. Here it is necessary to con-
sider the role of neighbor Frenkel
pairs and surface condition of the
nanoobject.

First, let us dwell on poly-
crystalline materials play an

important role in thin film semi-
conductor technology. Currently,
it is established that the change
in mechanical properties is
largely caused by the nature of
the microstructure of nanoma-
terials [10, 11]. For example, the
value of microhardness and plas-
ticity depend on the grain size
and the dislocation density in a
polycrystalline material. In the
classic view, these regularities
explicitly weren't considered,
however, the experiments con-
ducted in the last decade have
convincingly shown that the
mechanical and plastic proper-
ties of nanomaterials strongly
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[IprBeieHHbIE BhIIIE KCIIEPUMEHTATbHBIE GAKTHI
0 BO3MOKHOCTHU II€pexofa HaHOOOBEKTOB B HOBOE
da3oBoe COCTOSIHME NPH H3MEHEeHUH pas3Mepa
SIBJISIIOTCSI COBEPIIEHHO HOBBIMH M TPeOYIOT JOIIOTHH-
TeJIBHOM IIPOBepKH. OHAKO Y>Ke Celvac IOSIBISIOTCS
MpeaiokeHUs 06 UCIT0Mb30BaHUU 3P HeKTa B MUKPO-
37IeKTPOHHOM TeXHOIOTUH, B YaCTHOCTH, O IPUMeEHe-
HUU KBAaHTOBO-Pa3MePHBIX SKUAKUX KPUCTAILIOB [17].

Jipyrue ocobeHHOCTH MaTepHaja CBSI3aHBI C Pa3-
MepOM KPHCTAJIIMTA. [JOCTATOYHO LIMPOKO 06Cy-
SKJIa/1aCh BO3MOXKHOCTh CHUKEHHUS TeMIIepaTypbl
IJIaBJIeHUS NIPU YMeHBbIIEHUH pa3Mepa KpHUCTal-
nuta [18]. XapaKTepHBIHM IPHUMep pacCMOTPeH B [19].
3/1eCh YMECTHO YIIOMSHYTb, YTO M3MeHeHHe CBOHCTB
C yMeHbIIeHHUEM pa3Mepa obbeKkTa IocJie IOPOro-
BOTO 3HAUYeHHU s MOKHO CBSI3aTh C KCIIePUMeHTaMU
10 HabJIIOAeHUIO 'TIOKATPHOTO AaHU30TPOIIHOTO TPaB-
nerus” [7]. Cam 1o cebe 3¢bdeKT CBA3BIBALTCS C IIOBHI-
IIeHHBIM YHUCIOM AedeKTOB CTPYKTyphl BOIK3HU
IIOBEPXHOCTH U YMeHbIIeHHEeM SHepTrHH CBSI3H aToMa
B y3J/Ie KPUCTAUIMYECKOM PeIleTKH. YMeCTHO HaIllOM-
HHUTb TaKke, YTO HUCCIeJOBAHUS pagHUalMOHHBIX
3¢ PeKTOB B KPUCTAIMYECKON pelleTke KpeMHHUS
IOKa3aJIk 3aBUCHMOCTb SHePIrUH paJiUallHOHHOTO
nedeKkT0006pa30BaHUS OT TeMIIepaTyphl (YMeHb-
IIAEeTCSl C HATPeBOM KPUCTAJIa U CTAHOBUTCS paB-
HOM HYJIIO IIPU TeMIlepaType I1aBneHus) [20]. s
HAHOKPHCTAJIJIOB 3KCIIEPUMEHTHI 10 YMEHBbIIeHHUIO
3Hepruu fedexkToobpa3oBaHUs IPU HarpeBe IIoKa He
IpoBeJeHHl. JJpyruM BaskHEIM 3pHeKToM, CBSA3AH-
HBIM C [IapaMeTPaMH KPUCTAJJIMYECKOHN PelleTKH,
SBJISIETCS. U3MEeHeHHe PaJiUAllMOHHOM CTOMKOCTHU

U PaAHALIMOHHOr0 ITopora ¢a30Boro nepexosna "MoHO-
KPHCTAJLI - aMOpdHOe COCTOSIHUe" ITPU YMeHbIIeHU U
06peKrTa HHKe Pa3MEePHOro I10pora.

OZHUM U3 IIOKa3aTelbHBIX 3¢0beKTOB, CBSI3aH-
HBIX C U3MeHeHHeM CTPYKTYPBL IIPU YMeHbIIeHUH
pasMepoB oOBeKTa, SIBISIETCS paJHallHOHHAS CTOH-
KOCTb. JTO sIBJIeHHe ObLIO BIIepBHIe 3abUKCUPOBAHO
IIpU U3y4YeHHU CBOMCTB HAHOO6BEKTOB (yIIepOgHBIX
HaHOTPY6OK) Ha KOCMHUYeCKUX Kopabinsix, rae cyie-
CTBEHHBIM sIBJIsieTCs 99 eKT pafuallHOHHBIX IIOBpe-
SKAEHUN [21].

B manpHenImeM 3¢deKT 6b11 06HAPYKEH U MOA-
pobOHO McCTenoBaH HAa KPeMHUEBBIX HAHOPAa3Mep-
HBIX CTPYKTypaX (IIOPOIIKH, MOPUCTBIH KpeM-
HHH) [22], a TaK>Ke Ha MHOTOCJIOMHBIX MeTajlJInye-
ckux obpexTax [23]. B mociemgHeM HCCIeTOBAHUU
aBTOPBI 0671y4Yany psii MHOTOCTOMHBIX TOHKOIIIe-
HOYHBIX CTPYKTYp Nb-Cu ¢ pasau4yHON TOMIMHON
cmoesB (2,5, 5, 40 u 100 HM) MOHAMU TeJIUS C SHEP-
ruet 33 u 150 k3B, mo3ow 6-101°-1,5-10Y cM™ Ipu KOM-
HATHOH TeMIlepatype. [Ipu TOMIIMHAX CJI0EB MeHee
20 HM He OBLT BBISIBJIEH "61HCcTepHHT" 1ToCTIe 061y de-
Hus. MccnemoBaHMe IIPOBOLUJIOCH C IIOMOIIbIo [I9M
BBICOKOIO pa3pemieHus . DPPeKT 0ObICHIETCS TeM,
4TO 3Heprust GOpMUPOBAHUS TOUEUHBIX LeHeKTOB
(BakaHCHI) Ha IPaHHIe pa3jena HAHOKOMIIO3HTA
Cu-Nb HaMHOro MeHbIlle, YeM B MOHOKPHUCTAJJIHYe-
CKOM MaTepHane. MHTeperic saBngeTcs 3¢ HeKTHUB-
HOU 0671aCThI0 CTOKA IMOABUKHBIX PAJHALIMOHHBIX
nedeKTOoB.

Tax>Ke ObLJIO HCCIIeJOBAHO BIHSHUE [I0BePXHOCTH
Ha paJHallMOHHYIO CTOMKOCTb. CaM 3 deKT cBsI3aH

depend on the nanoparticle size
(12]. Determination of the mech-
anisms of the discovered regu-
larities is a subject for scientific
research. Both factors - micro-
structure of nanoscale material
and size of the studied object play
an important role in changing the
mechanical characteristics.

The interaction of structural
defects with the grain boundar-
ies traditionally was of special
interest for polycrystalline mate-
rials in case of the sequential
decrease of the crystallite size.
According to the classical law of
Hall-Petch, the grain boundaries
serve as a limiting factor for the

movement of dislocations, result-
ing in the increase of microhard-
ness and yield stress of polycrys-
talline material at the decreas-
ing of grain size. However, when
studying nanocrystalline mate-
rials with grain size less than
several tens of nanometers, the
description of plastic deforma-
tion requires consideration of a
wide range of phenomena related
to the interaction between struc-
tural defects and boundaries of
the crystallites [13, 14].

Features of small crystalline
objects taking into account the
changes primarily of mechani-
cal properties (microhardness,

strength, etc.) are most clearly
demonstrated in one of the first
works on their modelling [15]. The
paper clearly shows how mechani-
cal properties change when pass-
ing through the size threshold.
The results of the model exper-
iment were further confirmed
experimentally and will be dis-
cussed below. We will note influ-
ence of a surface of a nanoscale
object on the electrical, mechan-
ical and other characteristics.
If the conventional technology
allow to divide the material prop-
erties in the volume and surface
areas, then in this case the influ-
ence of the surface state increases
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Puc.3. M32ubaHue npu UOHHOU UMNAGHMAUUU U PEKPUCMAAAU3AUUS NpU NOCAEOYIOULEM OMXKU2e KpeMHUE8bIX HOHONPOBOAOK:
a - POM obpasua nocae noay4yeHuUss HAHONPOBOAOK Si, UMEKWUX XapakmepHbll paduyc y ocHosaHust 49 + 16 Hm; b — depopmauus
HAHONPOBOAOKU NOCAe UMNAGHMAUUU UOHAMU Ge 80300 1 - 1015cm™ ¢ 3Hepaueli 45 K3B; ¢ — nocae omxkuza npu t=600°C HaHONpo-
80/0KU BEPHYAUCH 8 UCX0OHOe cocmosiHue [31]

Fig.3. Bending of silicon nanowires at ion implantation and subsequent recrystallization during annealing: a — SEM image of sample after
obtaining Si nanowires with typical radius of 49 + 16 nm at base; b — deformation of nanowire after implantation of Ge ions at dose of

1-10%cm™ with energy of 45 keV; ¢ - after annealing at t=600°C, nanowires returned to its original state [31]

C IPOXOKAeHHeM KOMIIOHEHTOB Iapbl dpeHKens
Yyepe3 rpaHUIly pas3fiesia, U ee BIUSHUE Ha pajHa-
LIHOHHOE HaKoIlJIeHHe fedeKTOB MOKHO TaKKe CBSI-
3bIBaTh C ONMYy6IMKOBAHHBIMHU pe3yJIbTaTaMHU s
MOHOKPHCTAJIIIOB (9], re 66110 ITOKA3aHO, YTO IO
YOPYIUX HANPSIKeHHUI, OIpenessieMble IIPUCYT-
CTBHEM Ha IIOBEPXHOCTH KPeMHHS AU3/IeKTpUUe-
CKHUX IIJIeHOK SiO, nubo Si;N,, B CHy NPOTHBOIIO-
JIOKHBIX BO3JIeHCTBUH (pacTsikeHUe, CKaTHe) MOTYT

dramatically and in many cases as
will be shown below determines
the properties of the object itself,
including during technological
operations.

In [12] using high resolution
transmission electron microscopy
the behavior of silver nanopar-
ticles (<10 nm in diameter) dur-
ing deformation is investigated
(Fig.1). In this study, the nanopar-
ticle was placed on the tip of the
tungsten needle, the pressure was
created by the micromanipulator
fabricated of single crystal ZrO,.
The behavior of nanoparticles
the authors call "pseudoelastic-
ity" (quasi-liquid), implying that
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under pressure the particles are
compressed but after its removal
restore the original shape. At the
same time, the substance remains
crystalline during the whole
process.

The shape memory is explained
by minimization of the capil-
lary energy, that is, the residual
form is the energetic compromise
between the surface energy of the
nanoparticle and the energy of
the Ag-W boundary. As a mech-
anism explaining the evolution
of the shape of the particle, we
can offer surface diffusion. The
applied stress can be reduced by
moving atoms from the surface

YIIPaBJSTh pasfeneHueM AepeKToB, POXKAAIOMIUXCS
IpU pafHUalluOHHOM 006/y4eHUH, B YaCTHOCTH, IIpH
HMOHHOM UMIIJIAHTALHUHU [24].

OTMeTHM Tak’Ke, YTO IIPU PaCCMOTPEHHUH pajHa-
LIMOHHBIX IIOBPeXX/JeHHU HaHOKPUCTAJJIOB ClleflyeT
YYUTBIBATh U POIb KOMIIOHEHTOB OIMKHHUX Iap
dpeHKesns, KOTOPOM IIPH OMMHUCAHUHU PafHallMOHHBIX
3¢ deKkTOB B 06beMHBIX MOHOKPHCTA/I/IAX CUUTAETCS
Leslecoobpa3HbIM IIpeHebperats [25].

of the nanoparticles to the inter-
faces of Ag-W or Ag-ZrO, and by
the growth of new atomic planes.

The authors of [16] have reported
the spontaneous phase transi-
tion by nanoscale particles of PdSi
from crystalline to amorphous
states caused by only a decrease in
the form of nanoparticle without
application of any external stress
(Fig.2). The authors explain such
behavior with the help of classical
ideas - from the condition of min-
imization of the Gibbs free energy,
which they have represented as a
superposition of the free energy
of the surface (increasing with
increasing size of nanoparticles)
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9 deKT MOBBIIIEHU S PafHAILMOHHON CTOMKOCTH
CBSI3aH C YMeHbIIeHHeM pa3MepoB 06beKTa HHUKe
IIOpPOroBoro ypoBHsi. OfHaKO caMo ITo cebe Takoe yBe-
JTUYeHue CTOMKOCTH JOJIKHO OBITH YBSI3aHO C dpa3o-
BBIM II€PeX0l0M "MOHOKPHCTAJIT - aMOpPpHOe COCTOsI-
Hue" Ipu 06/1y4YeHUH YaCTULAMHU, B YaCTHOCTH IIPHU
HOHHOM 60oMbapaupoBke. ITOT $pa30BBII IIePEXOf
nonpobHo paccmoTpeH B pabote [26], roe akcmepu-
MeHTaJIPHO [TI0Ka3aHo, YTO 032 aMOpbHU3anuu IJ1s
HOHOB B 3aBHUCHMOCTH OT MX MacChl CyL[eCTBEHHO
MeHBbIIle, YeM 151 TAKHX SKe HOHOB, HCIT0JIb30BAaHHBIX
Uit aMopU3aIMK MOHOKPUCTA/IZIOB. DTOT Pe3yabTaT
Ka3aJ10Ch 6bI IPOTUBOPEYUT IUIIOTE3€e O paJHALIMOH-
HOM HaKOIJIEHUHU JedpeKTOB B HAHOKPHUCTAJIAX,
IIOCKOJIbKY CyIeCTBYIOIIKe MOJeNH aMopdU3anuu
CBSI3BIBAJIMCh C HAKOIIEHHEM TOYeUHBIX AedeKToB,
B YaCTHOCTH BaKaHCHOHHBIX KOMIIIEKCOB IIOPSIKA
10%° cm™3. Mogzenb, UCII0JIB30BAHHAS B 3TOU pabore,
IpeAIloiaraeT CyLUeCTBOBaHUeE BOIM3U IOBEPXHO-
CTH ITpefaMopdU3NPOBAHHBIX 00/1aCTeMH, YTO BIIOJIHE
IO TBEPKAEHO IIOCTIeAYIOIMHUMHU HUCCIeJOBAHUSIMU,
TaK KaK B IIPUIIOBEPXHOCTHBIX 06JIaCTSIX ITOBBIIIEHA
KOHLIeHTPAI1sl pABHOBECHBIX fepeKToB. OTMETHUM,
YTO M3y4Ya/IUCh HAHOKPUCTAJIIBL KPpeMHHUS, chop-
MHUPOBaHHBIE B JUITEKTPUUYECKON MaTpuue Sio,,
YTO CaMo I10 cebe MOKeT CTUMYIHPOBATh $Ga30BBIN
mepexof. YMeHbIIeHHe pa3MepoB 06beKkToB ¢ obpa-
30BaHMEM HaHOKPHCTAJIIOB, KaK y>Ke 0TMeuasoch,
MOXKeT IIPUBOAUTH K aMopdu3auuu u 6e3 pagua-
LIMOHHBIX BO3JeHCTBUH, UTO, 10 HallleMy MHEHHIO,
CBSI3bIBAETCSI C IIOBBILIIEHHOM KOHI[@HTPAIlHel PaBHO-
BeCHBIX 1eHeKTOB B TAKUX 00bEKTaX.

PacCMOTpUM Tellepb PafHALMOHHYI aMOpdu-
3aIMI0 IIPH MOHHOM 60oMbapaupoBKe. B mocieqHue
rofbl 61710 OITy6ITHMKOBAHO HECKOIBKO PaboT, B KOTO-
PBIX MCC/Ie/IOBATHCh 31eKTPOPHU3NIeCcKHe CBOMCTBA
HOHHO-UMIIJIAHTUPOBAHHBIX HAHOIIPOBOJIOK (27, 28],
omHaKo 3¢deKThl HOHHOIO 06/1y4eHUsI, CBSI3aHHbIE
C BBefleHHEeM [e)eKTOB KPHUCTATIIHIECKOH CTPYK-
TYPBl, KOTOPbIe MOIJIH OBl OTPAHUYHUTD 3JIeKTPOYH-
3U4YeCKHe XapaKTePUCTUKH MMIIITAHTHPOBAHHBIX
HIOHOB ITPUMeECH, JI0 CHX IIOP OCTAIOTCS MTPAaKTHYEeCKH
He M3y4eHHHIMU. HemaBHO 651710 00HAPYsKEHO U3THU-
baHIe HAaHOIIPOBOJIOK apCeHHU A FajUIHsI I10]] BO3ek-
CTBHEM HOHHOTO obnydeHHUs. [IpeI0N0XKUTENBHO,
IJITaBHBIM MeXaHH3MOM 3TOr0 U3rubaHUs SIBIsSeTCS
IIPOCTPAaHCTBEHHOe pa3jieJleHHe MeXXJ0y3elbHbIX
U BAaKaHCHOHHBIX AedeKToB [29]. B 3TOM CBsI3U Cie-
ayeT obpaTUTh BHUMaHHe Ha pe3y/lbTaThl Habmome-
HUS amopdusauuu B pabore [30], roe sRcIIepuUMeH-
TaJIBHO HCCJIe[J0Baach AepopMalusi KpeMHHUEBBIX
HaHOIIPOBOJIOK ITPY 06Ty4YeHUHN HOHAMH. MeXaHHU3M
K3rubaHUs He OB IOTHOCTBIO M3yYeH, OAHAKO OBIIO
MOKa3aHO, YTO IIPHUUYHHOM JepOpMaILHU IIPOBOJIOK
CIIY>KH/IM MeXaHH4YeCKHe HANPS>KeHHU s, BO3HUKAIO-
IMe Ha TPaHMLe pasfena aMOpoHOH, IIOTy4YeHHOMH
npu oblydyeHHUH, U KPUCTAIN4YecKol pa3 (puc.3).
B paboTe moka3aHo, 4TO yMeHbIlIeHHe pa3Mepa (Aua-
MeTpa BHUCKepCa) NPUBOAUT K YMEeHBIIEHHIO 03B
aMopoH3aLMH.

B HacTosIIee BpeMs OCHOBHBIM MeTOJOM MeXa-
HHU4YeCKoH 06paboTku ob6pa3loB Ha HAHOYPOBHeE
SIBJISIETCS. BO3JEHCTBHE GOKYCHPOBAHHBIM HOHHBIM
nyukom (PHII). CookycHpoBaHHEIE IIYUYKH HOHOB,

and the free energy of the bulk
material (decreasing with increas-
ing size of nanoparticles).

The transition through the size
threshold leads to a sharp change
in the structure and related prop-
erties of the object. First of all, it
concerns the state of ordering of
atoms, which in extreme cases
can be crystalline or amorphous.
However, as shown in [16], the size
changes near the threshold level
does not affect the structure.

The above experimental facts
about the possibility of switch-
ing of nanoobjects into the new
phase state at change of the size
are brand new and require further

testing. However, the proposals to
use effect in microelectronic tech-
nology, in particular, on the appli-
cation of quantum-dimensional
liquid crystals already appear [17].

Other features of the material
are related to the size of a crys-
tallite. The possibility of reduc-
ing the melting temperature with
decreasing of the crystallite size
have been discussed widely [18].
A typical example is considered in
(19]. It is appropriate to mention
that the change in properties with
decreasing size of the object after
a threshold can be associated with
experiments on "local anisotropic
etching" [7]. By itself, the effect

is associated with an increased
number of structural defects
near the surface and decrease of
the energy of the atom in the lat-
tice site. It is pertinent to recall
also that the studies of radiation
effects in the crystal lattice of sil-
icon showed dependence of the
energy of the radiation defect for-
mation on temperature (decreases
with heating of the crystal and
becomes zero at the melting tem-
perature) [20]. The experiments
on reduction of energy of defect
formation in nanocrystals upon
heating have been not carried
out. Another important effect
related to the lattice parameters is
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06b1uHO rannus (Ga+), I03BOJSIOT TOKAIBHO TPABUTH
Y 0Ca’kJaTh MaTepHasl B HAaHOpa3MepHBIX obac-
Tax. PUII npuMeHseTCs, HAIIPUMep, A1 IPOTOTH-
nupoBaHus HC [31], TpexMepHOro aHa/lK3a MaTe-
pHUanoB u CTPYKTYP [32, 33], sKCTpakLU UK U IOA-
TOTOBKHU 06pas1oB K 3JIeKTPOHHON MHUKPOCKOIIUHU
(34, 35], uccrenoBaHUS IIOPOrOBHIX pa3MepHBIX
CBOMCTB MaTepHajoB U CTPYKTYP B HAHOTEXHOJIO-
rusx [36, 37], a TaK>Ke BO MHOTHX APYTUX 0b1acTsX.
OpHaxko ®UII-06paboTka He TOIBKO YAAJISET IPHUIIO-
BePXHOCTHBIe aTOMBI, HO U CMelllaeT aTOMBbI HUXKe-
7MeXaluX CJI0eB 0T UX COCTOSHMS paBHOBeCHS,
BBI3BIBASl KaCKaJbl COyLapeHUUN U CTPYKTypHBIe
noBpexkaeHu4 [36]. 3TH 30 PeKTrl, TUIIUUYHBIE OIS
IIPOLIeCCOB HOHHOIO M3JIy4eHH 1, BI3BaHB bombap-
JHPOBKOM ITIOBEPXHOCTH II0TOKOM TSIKeJIBIX BBICOKO-
3HepreTHU4YeCKHUX HOHOB, OAHAKO TOT GaKT, YTO IIPU-
MeHsieMble IY4YKHU [JIOTHO CGOKYCHPOBAHbI, BHOCUT
CBOU 0C06@HHOCTH B IIpOLIecC pacyeTa TPaeKTOpUI
HMOHOB U BbI3BAHHBIX UMHU CTPYKTYPHBIX IIOBPeXKe-
HUH [38, 39]. DbdeKTrI, cBI3aHHBIE C 06paboTKOM
®UII, TakKe MOTYT OBITh IPUUHHOM Habm0aeMbIX
HM3MeHeHUH MeXaHHUYeCKHUX CBOMCTB HAaHOOOBbEeKTOB
(36, 40-42].

I[ToBpexxgeHusi, KOoTopble BHocsaTCcsa OUII-
06paboTKo, BKJIOYAIOT aMOPU3alHI0 [IOBEPXHO-
cTH [43], reHepanuio AedeKTOB KPUCTATIHUIECKON
pemeTku [44] 1 popMHPpOBaHUe HHTePCOeJUHEHU U
Me>Ky MaTepuasoM obpasiia ¥ HOHAMHU Iy4Ka [45].
9TH JaHHBle HeOOXOAUMO yUUTHIBATH IIPU IIOATO-
TOBKe 00pasLioB K HCC/IeloBaHUIO MeTogaMu PHUII,
0cobeHHO eC/IU pedb UAET O CTPYKTYPHOM HJIH

da3zoBom aHanu3e. Kak 6yneT mokasaHo HUKe, caMa
1o cebe o6paborka PHII MOKeT BHOCUTD UCKAKEHHU ST
B Hab/Iofae MBIl pe3ynbTaT, MPUYeM 3TH HCKake-
HHSI MOTYT Hab/MI0JaThCsl HAa OCTATOYHO 6OJIBIIOM
yOaJIeHUH OT IofBeprierocst o6paboTke yuacTka.

M3MeHeHHe CBONCTB MaTepHaja IpPHU BO3JeH-
ctBuu ®UII 661710 HeLaBHO ONKCaHO B paboTte [49]
Ha IIpUMepe HAaHOKPHUCTANI0B 30J0Ta. CHenaHo
3aKJIIOYeHHe, YTO TaKOM TeXHOJOTMUYeCKUH Ipo-
LlecC IPHUBOAUT K CYIleCTBeHHBIM H3MeHeHHUSIM
CTPYKTYPBI MOHOKPHCTAJJIA M LOJIKEH BCepbe3 0bcy-
SKAATHCS C IO3ULIUN IIPUMeHEeHHUSI B HAHOTeXHOJIO0-
THUU 31eKTPoHUKU. O6Hapy>keHHBIE B [49] CTPYKTYyP-
Hble H3MeHeHHs 00CyXXanuch Ha KOHQepeHLI U U
ConFab 2017 [46]. OniucaHHBIe B paboTe [47] pe3yib-
TaThl OLHOTO U3 06CY>XKIeHHBIX Ha JAaHHOM KOHpe-
PeHILIUHU AO0KIaJ0B, MOAPO6HO IpeACcTaBleHHBIe
B cTaThe [49], aBasitoTcs Haubonee BAXKHBIMU, CYAS
o ny6JuKaLUK B OLHOM K3 II0CJAeJHUX HOMEPOB
skypHaina Solid State Technology. OgHako oTMeTHM,
4uTO nofobHoe siBJleHHe ObIJI0 JeTalbHO OMHCAHO
HaMu B paboTe, mIpoBeleHHON Ha KpeMHHUH [50],
U IIOATBEPXKAAeTCs pe3ylbTaTaMHU, KOTOpbIe 6yaAyT
oA pobHO OIMKCAaHBI HUKe. BO3MOXXHO, YTO CCBIJIKA
Ha 3TH Pe3y/IbTaThl OTCYTCTBYeT M3-3a TOTO, YTO OHU
101y YeHBbI IJ151 Pea/IbHO UCII0b3yeMOM TeXHOMOT UK
KpeMHHeBOH 31eKTPOHUKH.

UCCNEAOBAHUSA ®U3UYECKMX CBOWCTB
KPEMHMEBbBIX HAHOCTPYKTYP

B [50] Ha ycTtaHoBKe FEI Quanta 200 3D c momo-
mpio OPHII B MOHOKPHUCTAIIMUYECKOM KpeMHHHU

the interface of Cu-Nb nano-com-

the change of the radiation resis-
tance and of radiation thresh-
old of the phase transition "crys-
tal-amorphous state" in case of
reducing the object below the size
threshold.

One of the notable effects asso-
ciated with the change in the
structure at the reducing of the
size of the object is the radiation
resistance. This phenomenon was
first observed when studying the
properties of nanoobjects (car-
bon nanotubes) on the spacecraft,
where the effect of radiation dam-
age is significant [21].

Then the effect was discov-
ered and investigated in detail on
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silicon nanoscale structures (pow-
ders, porous silicon) [22], and mul-
tilayer metallic objects [23]. In the
latter study, the authors irradi-
ated a series of thin-film multi-
layer Nb-Cu structures with differ-
ent thickness of layers (2.5, 5, 40
and 100 nm) by helium ions with
energies of 33 and 150 keV, dose of
6-10%°-1.5-10Y cm™ at room tem-
perature. When the thickness of
layers was less than 20 nm, there
was no "blistering" after expo-
sure. The study was conducted
with the help of high resolution
TEM. The effect is explained by
the fact that the energy of forma-
tion of point defects (vacancies) at

posite is much smaller than in the
single-crystal material. The inter-
face is an effective area of drain of
mobile radiation defects.

It was also investigated the
effect of surface on radiation
resistance. The effect itself is
associated with the passage of
the components of Frenkel pairs
through the interface, and its
influence on the accumulation of
radiation defects can also be asso-
ciated with published results for
single crystals [9], where it was
shown that the fields of elastic
stresses caused by the presence
of dielectric films of SiO, or Si3N,



NANOTECHNOLOGY

o’

' X
mwmmmw

N

41,63 HM|Nm

\ N
mwwmﬁt W

RN

T

43,46 HM | nm

NN

N
\\\\\\\\\\\Y

NN

T N

NN

Puc.4. MposisaeHue pasmepHbix NAACMU4ecKux ceolicme y 00HOMePHOLU HAHOPA3MepHOLU CMpyKmypbl, NOAYYEHHOU MpasaeHuem
MOHOKPUCMAAAUYECKO20 KpeMHUSI ¢ nomowibio ®UI: a — POM cmpykmypsl, Komopas nposisuaa naacmuyeckue ceoticmeaa; b - cxe-
ma npogunsg cmpykmypbi. O6Aacmep, 8b10eAEHHASI KpACHBIM, S18AS€MCS NOAHOCMbIO aMop@HOU U 06aadaem naacmu4Hocmbto. OHa
coomgemcmayem u3ozHymoti o6aacmu Ha (a)

Fig.4. Demonstration of size-dependent plastic properties of one-dimensional nanoscale structure obtained by etching of monocrystalline
silicon using FIB: a - SEM image of structure that has shown plastic properties; b - profile of structure. Red area is completely amorphous

and has plasticity. It corresponds to curved region in (a)

Obl1a BEITPaBIeHA OLHOMEepPHAs IPOTSKeHHAas
CTPYKTypa. DHEPrus MOHOB cocTaBasaa 5 KaB,
TOK Iyuka - 1 HA. TpaBiaeHHe obpa3slia NPOBOLH-
JIOCh B peXXHMe CKaHHPOBAaHM C 3aJlaHHLIM Bpe-
MeHeM 20 MKC B Ka’>XJOH TOUYKe TPaeKTOPHUH.

on the surface of the silicon, due
to the opposite effects (tension,
compression) can control the sep-
aration of the defects born during
irradiation, in particular during
ion implantation [24].

We will note also that when
considering radiation dam-
age of nanocrystals, it is neces-
sary to take into account the role
of the components of the neigh-
bor Frenkel pairs, which in the
description of radiation effects in
bulk single crystals are not con-
sidered [25].

The effect of increasing radi-
ation resistance is associated
with a decrease in the size of

the object below the threshold
level. However, by itself such an
increase of resistance should be
linked to the phase transition of
"single crystal-amorphous state"
during irradiation with parti-
cles, in particular during the ion
bombardment. This phase transi-
tion is considered in detail in [26]
where it is experimentally shown
that the dose of amorphization
of ions depending on their mass
is significantly less than for the
same ions used for the amor-
phization of single crystals. This
result would seem contradicts
the hypothesis about the accu-
mulation of radiation defects in

JuameTp 30HIA COCTaBJIAJ OKOJO 2,75 MKM.
B paboTe MCIIONB30BATUCH IIIACTUHB MOHOKPHU-
CTAa/IJIN4YeCKOro KpeMHHUS c opueHTalueln (100).
TpaBneHHe 06pa3lia IPOBOLHUJIOCH 110 ITApalJeNb-
HBIM TPAeKTOPHUSIM TaKUM 06pa3oM, 4TOObI MeKY

nanocrystals, because the exist-
ing models of amorphization are
associated with the accumulation
of point defects, in particular of
vacancy complexes of the order of
10%° cm™. The model used in this
work presupposes the existence
of near-surface pre-amorphizated
areas, which is confirmed by sub-
sequent studies, as the near sur-
face areas contains the increased
concentration of equilibrium
defects. It should be noted that
the silicon nanocrystals formed
in a dielectric SiO, matrix,
which in itself can stimulate the
phase transition, were studied.
Reducing the size of the objects

#4/75/2017 NANO INDUSTRY



HAHOTEXHONOrMun

OBYMSI KaHaBKaMHK OCTaBaJICsl HAHOPa3MepHBIH
3a30p (puc.4), BeIUMYUHON KOTOPOr0 MOXKHO 6BLI0
YIIpaB/STh IyTeM IIepeHoCa KOOPAHMHATEL Hauajb-
HOM TOYKHU OJHOM M3 TPaeKTOPUM CKAaHUPOBAHMUS
B HallpaBJIeHUH, NepHeH/JUKY/ISIPHOM HaIlpaB-
JTeHHI0 CKaHHUPOBAaHHUS. YIpaBleHHe BeJOCh
TakuM 06pa3oM, UYTOOHl 3TOT 3a30p YMEHBIIAJICS
0T KaHaBKHU K KaHaBKe.

[TonydeHHas penbedHasi CTPYKTYpa KMeJla Tpa-
el MeBUAHOe cedyeHHUe (puc.4b). Korma pasmep
penbeda npubnusuics kK 40 HM (B BepxHeH 4acTH),
IIPOM30IIIO €r0 CAaMOIIPOU3BOJIbHOE U3rubaHue
(puc.4a). TakuM 06pa3om, B JaHHOM 3KCIIePUMeHTe
MaTepHaJl NPOsiBUJI IIJITaCTUUeCKHe CBOMCTBA, KOTO-
pble He XapaKTePHBI A1 MOHOKPHUCTATIUYECKOTO
KpeMHHs, 06/1aiaoIero BLICOKOM TBepAOCThI0. ITof
Bo3gencTeuem OHII B MaTepHUasae OfHOBpPeMeHHO
IIPOMCXOAAT ABa Mpollecca: paclblleHHe aTOMOB
IIPHUIIOBEPXHOCTHOIO CJI0Sl U IJIaCTH4Yeckoe Teue-
HHUe, CBS3aHHOe C BBeJleHHUeM H36BITOUHOMN KOH-
LeHTPalUK pafHallMOHHBIX [IOABUXKHEIX Jedek-
TOB. [IpUIIOBEPXHOCTHBIHN CJIOM, 06pa3yoIUNCs
B TOM YMCJIe Ha CTeHKaxX KpaTepa TpabjaeHus QPUII,
HMeeT CBOMCTBA, OTIMYHEIe OT CBOMCTB OCHOBHOIO
MaTepHana.

PaccMOTpHM C/lydal, Korja fBa KpaTepa TpaB-
JeHU sl PacIIoNOKeHBbl B HEeIOoCpeACTBeHHOM 6u-
30CTH APYT OT Apyra. Ha cTeHKax Kaxk[oro U3 HUX
HMeTCS 06/1aCTH C MOBHIIIEHHON KOHII@HTpa-
L Mel HePaBHOBECHBIX PaJHAllHOHHBIX gedek-
TOB. IIpu cOnMKeHUU 3TUX 001acTel, HAUYUHAETCS
KX B3aMMHOe BJIHsHHe IPYT Ha APyra, U, B KOHIIe

KOHIIOB, OHU IIOJTHOCTBIO IIepeKprIBAOTC. Obmas
KOHILIeHTpalus AedeKToB BO3pacTaeT, YTO COIPO-
BOXK/AeTCsl POCTOM MeXaHH4YeCKHUX HaIlPsIKeHHUH
B 3TOM CJIOe M, KaK CJIeACTBHe, IJIaCTUYeCKHUM
TeYyeHHeM MaTepuaia. [Ipu nmpeomo/ieHHH IOPOro-
BOM KOHILIeHTPALHH JePeKTOB MOKEeT IIPOHUCXOLUTh
TaKkKe [OJIHasA aMOpoH3alKsa MaTepraia B paccma-
TpHUBaeMo 061acTH.

[IpUYHHBL 3TOrO ABJIEHUS, HA NEePBBII B3I,
CBSI3aHBI C BHeJ[peHHeM H30bITOUHOM KOHLeHTpa-
nuu gedpexToB npu obpaborke PUII. OgHAKO, OTMe-
THUM, YTO HUJKHSS 9acCTh IIOJIy4eHHOU CTPYKTY PEI
Ha pHUC.4, a TAKKe YacTh, HMelomas 6obLIKe IoIe-
pedHEBle pasMepsl, He IPOSBUIU JIACTHYECKUX
CBOHCTB, XOTS TaK>Xe IO BePrajuch BO3LeHCTBUIO
OUII. Crensl TPpeUMH B HUJKHEH 9acTH pUC.4 CBU-
JeTeabCTBYIOT O TOM, YTO CTPYKTypa IIposgBHUJIa
CBOMCTBA TBePJOTO BemecTBa. OTCI0La MOXKHO Cle-
JIaTh BBIBOJ, YTO Ompejensdmollee 3HaUeHUe [
MposIBAeHUS MIaCTUYeCKUX CBOKCTB B JaHHOH
CTPYKType UMeJl HMeHHO pa3MepHBIH IIapaMeTp.
YacTh CTPYKTYPHI, Hepeuienmas yepes pasMmep-
HBIH IIOPOT, IPOSBHIIA IJIaCTHYeCKHe CBOMCTBA,
B TO BpeMs KaK He Iepelleamas 4acTh HPOsIBHUIA
IIOBBHIIIEHHYIO TBEPAOCTh B COOTBETCTBUH C KJjIac-
CHYeCKHMHU IIPeACTABIeHUIMM, U3JI0KEHHBIMHU
B 3aKkoHe Xoa - [TeTua [11].

B paborte [50] KonmekTHBOM 1abopatopuu PMTuA
MUOT 6bL1H UCCIeIOBAHBL 0CODeHHOCTH GOPMUPO-
BaHM A HAHOpPa3MepHOTIo penbeda Ha CTeHKaX Kpa-
Tepa IIpU TpaB/JIeHUU KpeMHHUSA GOKYCHPOBAHHBIM
HMOHHBIM ITy4KoM. O6Hapy>KeHO, YTO B 3aBUCUMOCTH

shown that the deformation of

with the formation of nanocrys-
tals, as already noted, can lead to
amorphization without radiation
exposure, which, in our opinion,
is associated with a higher con-
centration of equilibrium defects
in such objects.

Let us now consider the radia-
tion amorphization during the
ion bombardment. In recent years
there have been several works
published which have investi-
gated electrophysical properties of
ion-implanted nanowires [27, 28],
however the effects of ion irradi-
ation that is related to the intro-
duction of defects of the crystal
structure, which could limit the
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electrophysical characteristics of
the implanted impurities ions,
still remain practically unstud-
ied. Bending of gallium arsenide
nanowires under the influence of
ion irradiation was recently dis-
covered. Presumably, the main
mechanism of this bending is the
spatial separation of vacancy and
interstitial defects [29]. In this
regard, we should pay attention
to the results of observation of
amorphization in [30], where the
deformation of a silicon nanowire
under ion irradiation was experi-
mentally investigated. The bend-
ing mechanism has not been fully
explored, however it has been

the wires is caused by mechani-
cal stress arising at the interface
of the amorphous (obtained in
the irradiation) and crystalline
phases (Fig.3). It is shown that the
reduction of the size (the diameter
of the whiskers) leads to a decrease
in the dose of amorphization.
Currently, the main method of
mechanical treatment of samples
at the nanoscale is the focused
ion beam (FIB) technique. Focused
beams of ions, typically of gallium
(Ga+), allow to carry out local etch-
ing and deposition of the material
in nanoscale areas. FIB is used,
for example, in IC prototyping
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OT YyCJIOBUM 3KCIIepUMeHTa, obpa3oBaBIIHeCs
[OBEPXHOCTH LIMJIMHIPOB OT/IMUAIOTCS OT U ea/IbHO
IJIafKHUX, TaK Kak QOPMHUPYIOTCS KolblleobpasHble
HaIlJIBIBBI, PAaCIIO/IOKeHHbIe IPYT OT APYra Ha OLU-
HaKOBBIX pacCTOSSHUAX (puc.5). B aTor paboTe Ans
TpaB/eHHUs HCIO0Jb30BalHCh HOHB Ga+ C Bapbu-
poBaHueM 3Hepruu oT 5 5o 30 KB ¥ ToKa mydka
oT 1 1o 20 HA. TpaByieHHe oOpa3lia IPOBOAUIOCH
[P HeIOoJBHU>XHOM II0JIOKeHHUH I1y4YKa IIepIeHaU-
KyJISIDHO II0OBepXHOCTH 0bpasia. BpeMms TpaBreHHUSs
BapbHPOBANOCH OT 1 Mo 50 MKc. B paboTe uccienosa-
7ach 3aBUCMMOCTD HabniolaeMbIX TITACTUYECKUX
SIBJIeHHUH OT OPHUeHTAal MKl MOHOKPHUCTA/LILYeCKOTro
KpeMHUS. [I/15 IIJIACTHUH C opheHTalKel (111) u (100)
3aBUCHMOCTD Hab/liolaeMBbIX SIBJIEHUH OT KPUCTAJI-
norpaduyeckor OpueHTallMu He Habmomanace. IIpu
IJIOTHOCTH TOKA MOHOIO Iy4Ka 2,16 MKA/cM? oTMme-
YeHBbI SIPKO BbIPa’KeHHBble HAIJBIBbl Ha CTeHKAaX
UUAKUHAPa (PUC.5), a NPU CHUXXEHUHU IIJIOTHO-
CTH ToKa 110 1,07 MKA/cM? 06pa3oBaHMe HAIJIBIBOB
OTCYTCTBOBAJIO.

s M3yd4eHHS CTPYKTYPHBIX CBOMCTB paccMma-
TpHUBaeMBbIX 00pa31i0B OBIJIO BHIIIOJIHEHO HCCJIE0-
BaHUe CTPYKTYphl 06pa30BaBIINXCS HAIlIBIBOB. 3
IpeACcTaBAeHHBIX Ha PUC.6 U306paskeHUN clefyeT,
4TO TMHHUHU KUKy4H c1abo BUAHEL B 061acTH 06iy-
YeHH S HOHAMH (pUC.6a), B OTIHYHe OT obnacTu 6e3
obnydeHus (puc.6b). OcTaToyHast BUAHUMOCTD B HE06-
ny4deHHOM obnacTu 0bycioBleHa TeM, YTO JUPPAK-
LIMSI IIPOMCXOAUT B IIOBEPXHOCTHOM CJI0€ KPeMHHU S
c bonbplIel TONMIMHOMN, YeM Yy aMOpOU3HPOBAH-
Horo ciosi. MccnenoBanue gudpaKLUU OBICTPHIX

Puc.5. BoAHO06pa3Hble HanAbi8bl, 06pa308aHHbIE HA CMEHKAX
Kpamepa mpasAneHust MOHOKPUCMAAAUYeCKOU NAGCMUHbI Map-
Ku KAB-10 (100) [54]

Fig.5. Wave-like formations on walls of crater of etching of KA 5-
10 (100) monocrystalline wafer [54]

3JIEKTPOHOB IIPOBOJHJIOCH IIPH YCKOPSIOLIeM HaIlpsi-
>KeHHU 30 KB, Toke 9,7 HA, yIJle HaKJIOHA HCCTIefye-
MOH II0BepXHOCTH 70°. IIpK aHHBIX YCIOBHAX 3JIeK-
TPOHBI 110 60JIBIIEE YaCTH OTPasKAIOTCS OT IIOBEPXHO-
CTH, U JIUIIb He6O/MbIIAs UX YaCTh C BBICOKOK Hep-
ruel MpoHHKaeT Ha INybKHY 0KoJo 150-200 HM.
TakuM 06pa3oM, IKCIIepHMEHTAJIBHO II0KAa3aHO, YTO
[IOBEPXHOCTh KpaTepa SIB/IsIeTCsI aMOpPOHU30BaHHOM.

[31], three-dimensional analysis
of materials and structures [32,
33], extraction and preparation of
samples for electron microscopy
(34, 35], study of the threshold
dimensional properties of mate-
rials and structures in nanotech-
nology [36, 37], as well as in many
other areas. However, FIB treat-
ment not only removes the surface
atoms, but also shifts the atoms of
the underlying layers from their
equilibrium state, causing a cas-
cade of collisions and structural
damages [36]. These effects that
are typical for the processes of ion
emission are caused by bombard-
ment of the surface by the flow of

heavy high-energy ions, however,
the fact that the beams are tightly
focused brings its own peculiari-
ties into the process of calculation
of the trajectories of ions and the
resulting structural damages [38,
39]. The effects associated with
the FIB treatment can also be the
cause of the observed changes
in the mechanical properties of
nanoobjects [36, 40-42].

Damages caused by FIB treat-
ment include amorphization of
the surface [43], the generation of
crystal lattice defects [44] and the
formation of links between the
sample material and ions of the
beam [45]. These data should be

considered when preparing sam-
ples to study using FIP, especially
if we are talking about structural
or phase analysis. As it will be
shown below, by itself, the FIB
treatment can contribute distor-
tion in the observed result, and
these distortions can be observed
at a sufficiently large distance
from the treated area.

The change in material prop-
erties when exposed by FIB was
recently described in [49] on the
example of nanocrystals of gold.
It is concluded that this process
leads to significant changes in
the structure of the single crystal
and should be discussed from the
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a)

Puc.6. luppakuus 6eicmpbix 3neKmpoHos 8 06aacmu (a) u 8He o6aacmu (b) 06ayueHus uoHAMU

Fig.6. Diffraction of fast electrons in region (a) and outside of region (b) of irradiation by ions

U3 Toro cnenyet, 4To mpeobnagaroluM MeXaHHU3-
MOM B (bOpMI/IpOBaHI/II/I CTeHOK LUJIHUHOPOB ABJIA-
eTCsI He IIepepacIblieHHe, a [IJIACTUYeCKoe TeUeHue,
CBsI3aHHOe C BBeZleHHeM H36bITOUHOM KOHIIeHTpa-
LIUH IOABHKHBIX PAAHUALIMOHHBIX AedeKTOB. MOSKHO
CZlesIaTh BBIBOJ, YTO B ONMCAHHOM 3KCIIEPHUMEHTE,
BBIIIOJIHEHHOM B paMKax HccienoBaHus [50], 3adux-
CHPOBaHa 3aBUCHUMOCTH ITporecca GpopMUPOBAHUS
MepUOSUYEeCKUX CTPYKTYp IIPH HOHHOM TPaBlIeHHUHU
OT IVIOTHOCTH TOKA MOHHOTO ITy4YKa U He3aBUCHUMOCTh

OT BpeMeHHU TpaB/jeHHUs. [IoJlyueHHBIe Pe3ynbTaThl
HaXOoAsATCS B MPOTUBOPEUHUH C KJIACCHUYECKHUMHU
Ipe/CcTaBleHUSIMHU 0 QOPMUPOBAHUHU penbeda IpU
HMOHHOM TPaB/JeHHUU 3a CYeT IIepepacIblIeHHs MaTe-
pHaa, YTo 3aCTaBU/IO 06CYKIaTh abTePHATHUBHEIE
TOYKH 3peHHMs Ha IAHHBIH [IPOLecC. AJIbTepHATHBHBIL
MeXaHH3M, CBSI3aHHBIH C IVIACTUYECKUM TeueHHeM
(48], obcyskmancss B MUPOBOL HayuHOM JIMTepaType
coBceM HeflaBHO. TakXe, OTMeTHUM, YTO aHAJOTHY-
HBIH 3PeKT HabMIogancs 415k MEeTaI/IOB B HeflaBHeH

standpoint of applications in elec-
tronics nanotechnology. Found in
[49] structural changes were dis-
cussed at the ConFab 2017 confer-
ence [46]. Results of [47] that have
been discussed at this confer-
ence (presented in detail in [49])
are the most important accord-
ing to the publication in a recent
issue of the Solid State Technology
journal. However, it should be
noted that a similar phenome-
non was described by us in details
in the work carried out on sili-
con [50] and is confirmed by the
results that will be described in
detail below. It is possible that
the reference to these results is

HAHO UHAVCTPUA #a/75/2017

missing due to the fact that they
were obtained for the actually
used technology of silicon-based
electronics.

STUDY OF PHYSICAL PROPERTIES
OF SILICON NANOSTRUCTURES

In [50], an one-dimensional
extended structure was etched in
a single-crystal silicon with the
use of the FEI Quanta 200 3D sys-
tem and FIB technique. The ion
energy of 5 Kev at beam current
of 1 nA were used. Etching of the
sample was carried out in scan-
ning mode with a specified time
of 20 ps at each point of the tra-
jectory. The probe diameter was

around 2.75 pm. The wafers of
monocrystalline silicon with ori-
entation (100) were used in the
project. Etching of the sample
was carried out along parallel tra-
jectories so that between the two
grooves a nano-sized gap (Fig.4)
remained, the value of which
can be set by changing the coor-
dinates of the initial point of the
scanning trajectory in the direc-
tion that is perpendicular to the
scanning direction. The control
was conducted in such a way that
this gap reduced from groove to
groove.

The obtained relief structure
had a trapezoidal cross-section
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cTartbe [49], 0MHAKO HAITUM KOJUIEKTUBOM 3TOT 3bdeKT
OBIT OTKPBIT Ha HECKOJIBKO JIET paHslle [50].

CorylacHO COBPeMeHHBIM IIPeACTaBIeHUSIM, IpU
06/1y4eHHHU MOHOKPHUCTATINYECKON IOAIOKKHU
HOHHBIM IYYKOM, HAaIIPaBJIeHHBIM K ee IIOBep-
XHOCTH I10Jl HEKOTOPBIM yIJIOM 0, MEeHBIIUM KpH-
TUYECKOr0o, BO3HUKAIOT KAaCKaAbl PagHalHUOH-
HBIX CMellleHUH, IPUBOAsIIKe K HallpaBlIeHHOMY
IOBH>KEHUIO CYIIeCTBEHHBIX [IOTOKOB MeXK/I0y3eJb-
HBIX M BaKaHCHOHHBIX AedeKTOB BOIM3U [MOBEpX-
HOCTH M COIPOBOXJAIONHeCs MJaCTHYeCKHUM
TedyeHHeM MaTepuana [48]. [Im10THOCTH NedeKTOB
B BO3HUKAIONUX PAaJUALIMOHHBIX KacKaZax 3Ha-
YHUTeNIbHA, YTO IPUBOLUT K IIOJTHOM aMOpdHU3aLIUHU
IIPUIIOBEPXHOCTHOTO CJIOS.

3AK/IIOYEHUE
[IpuBefeHHBle Pe3yJabTaThl IIOKA3BIBAWT, UTO
yMeHbIIeHHEe 3JeMeHTOB CTPYKTypPhl BIJIOTH
40 HaHOpa3MepoB MOXeT MNPHBOLHUTH K Kap-
OMHAJIbHBIM H3MeHeHHSIM ee MeXaHHYeCKHX
CBOMCTB, B CBSI3H C YeM CTOUT 06PaTUTh BHUMaHHUe
Ha pe3y/bTaThl 10 POPMHUPOBAHUIO HAHOCTPYKTY Phl
PeKOopAHO MaJblX Pa3MepoB, IPOAEeMOHCTPUPOBaH-
HOU HeJlaBHO upmor IBM (TpaH3UCTOPHAS CTPYK-
Typa FinFet, BbIIIOTHeHHAs 110 MPOEKTHBIM HOP-
MaM 7 HM) [51].

Ocoboe BHMMaHHe COCTOSSHHIO CTPYKTYPHI
B HAHOpPa3MepHBIX 06beKTaX He0OXOAUMO yAeNsiTh
[P PacCMOTPeHUU Pe3yJbTaTOB paJHuallHOHHBIX
BO3/eHCTBUI Ha HAHOOObeKTHI. Pe3Kkoe yBeTHUeHHe
PaIHaALlMOHHOM CTOMKOCTH B HaHOOOBeKTax [8],

(Fig.4b). When the size of the

relief has approached 40 nm (at  basic material.

differ from the properties of the

KoTOopoe PUKCHUPYETCS 10 U3MeHeHHI GyHKIHO-
HaJIBHBIX CBOMCTB IPUOOPOB, IPOTUBOPEUUT dakK-
TaM YMeHBIIEeHHUS 103bl aMOPPHU3AIINU HAHOOOBEK-
TOB [26]. 9TH BONIPOCH OTAEIBHO 0OCY>KAAIUCH
B paboTax [52], a Takke B psazme paboT, BEIIIONTHEH-
HBIX B Halen nabopartopuu [7, 54]. OTMeTHM, 4TO
ba30BbIM mepexo] NPU MEHBUIUX (II0 CPAaBHEHUIO
C MOHOKPHCTAJJIOM) Ao03aX o6aydyeHUs CBsI3aH,
10 HalleMy MHeHHIO, C HAKOIJIeHHeM KpUTHYe-
CKOM M03bl 1epeKTOB, B YACTHOCTH, BAKAHCHUOH-
HBIX V-V meHTpoB [53], KoTOpas CcKJIaJblBaeTcCs
13 PABHOBECHON KOHLIEHTPALIUH U HepaBHOBECHOM
PaAHMAlLlMOHHON COCTABISIOmEH. B 3ToM ciydae
OKUAETCSI, YTO pABHOBECHAS KOHIIEHTPAILUs IpU
JaHHOM TeMIlepaType MOBbIIIeHa [54].

B paMKax IpeAsaraeMoro eJHHOTO IMOAXOHA
K PAaCCMOTPEHHIO CBOMCTB HAHOPa3MepHBIX 00beK-
TOB, YUUTBHIBAIOIIETO B3aUMOEHCTBHE IIOJBUKHBIX
nedeKTOB C TPAaHHUIIAMU HAaHOPa3MEepPHBIX 00beK-
TOB, BIMSIHUE [IOBEPXHOCTEHM U IPaHUI] pa3jena,
MO>KHO Pa3BHUBATh OITHCAHHUE PAa3IHYHBIX QU3HUYe-
CKUX SIBJIEHHH, TaKUX KaK aMOpoHU3alus U IIa-
CTHYeCcKoe TedeHHe TBepAbIX MaTepHasoB. [lepexon
06beKTa Yepe3 pa3MepHBIH I10POr IIPUBOIUT K pes-
KOMY H3MeHEHHUIO CTPYKTYPhl U CBSI3aHHBIX C HeH
CBOYICTB. IIpesk[e BCero, 3TO KaCaeTCsl COCTOSIHUS
YIOPSLOYEeHHOCTH aTOMOB, KOTOPOe B IIpeJeb-
HBIX CIy4asiX MOXKeT OBITh KPUCTAIMYEeCKUM 160
amMopdHHEIM. B onyb1rKoBaHHOM HaMHu pabote [50]
[OKa3aHO, YTO PaJHALIMOHHBIE IIPOLECCH MOTYT
IIPUBOAUTH K HACTOJIIBKO CYIIeCTBEHHBIM H3MeHe-
HUSIM CTPYKTYPBI, YTO Ha I'PAaHUIAX TPaBIeHUS

concentration of defects, a com-
plete amorphization of the mate-

the top), his spontaneous bend-
ing has occured (Fig.4a). Thus, in
this experiment, the material has
shown plastic properties that are
not typical for monocrystalline
silicon with high hardness. Under
the influence of FIB two processes
occur simultaneously in the mate-
rial: the sputtering of atoms of
the surface layer and the plastic
flow associated with the intro-
duction of an excessive concentra-
tion of radiation mobile defects.
Properties of the near-surface
layer, which is formed including,
on walls of a crater of FIB etching,

Let us consider the case when
two craters of etching are located
in close proximity to each other.
The walls of each include a regions
with a high concentration of non-
equilibrium radiation defects.
In case of approaching of these
areas, begins their mutual influ-
ence on each other, and, in the
end, they completely overlap.
The total concentration of defects
increases, which is accompa-
nied by the growth of mechani-
cal stresses in this layer and, as a
result, by plastic flow of material.
In case of overcoming threshold

rial in this area can also occurs.
The causes of this phenomenon,
at first glance, are associated with
the introduction of an excess con-
centration of defects at the FIB
processing. However, it should
be noted that the lower part of
the structure in Fig.4, and a part
having large lateral dimensions,
hasn’t shown plastic properties,
although they are also exposed
by FIB. Traces of cracks in the
lower part of Fig.4 indicate that
the structure showed the proper-
ties of solids. Thus, we can con-
clude that the the size parameter

#4/75/2017 NANO INDUSTRY



HAHOTEXHONOrMun

MOTYT HabI01aThCsl HAIIJIBIBBI, CBSI3aHHEIE ¢ pop- 3. Gerasimenko N.N. etal. Quantum-dimensional

MUpoOBaHHeM obnacTer, 0brafaoIKX [IacTHYe- structures produced by ion-implantation //

CKHM Te4deHHeM. ITOT Xe 3PPeKT mompobHo 06cCy- Nuclear instruments and methods in physics

KIAJCS Ha HemaBHeH KoHdepeHuuu ConFab [47], research B. 2003. Vol. 206. P. 644,

a B pabote [49] on 6p11 paccmoTpeH b6onee mox- 4. Parkhomenko Yu.N., Belogorokhov A.IL,

pobHO, 0HAKO ee pe3ylIbTaThl MPAKTUYECKH COB- Gerasimenko N.N. Properties of self-

MafaioT C pe3yJbTaTaMU paHee oNMybIMKOBAHHOM organized SiGe Nanostructures formed by ion

pabotsl [50]. implantation // Semiconductors. 2004. Vol. 38.

PaccmoTpeHHBIe pa3MepHbIe 3G QeKThl M3MeHeHHU No. 5. P. 572.

MeXaHHYeCKUX CBOMCTB U CTPYKTyphl HaHOpa3sMep- 5. Balakleyskiy N.S., Gerasimenko N.N.,

HBIX 00eKTOB HEO0OXOJHUMO YUUTHIBATh IIPU U3TO- Zaporozhan O.A. Room temperature mnear-

TOBJIeHUH 06pa31oB, IpobomoaroToBke, a Takxke IR photoluminescence and lasing from self-

IIpY IPOBeIeHU U UCC/IeIOBAHKH, TaK KAK OHU MOTYT organized Ge QDs formed by ion implantation

BHOCHUTH UCKa’KeHHUs B HabniofaeMbIH pe3ysnbTart. in silicon // Proc. Of Advanced Solid State Lasers

[IposiBIeHU S KBa3HKUIKHUX (AMOPPHBIX) CBOMCTB conf., Japan. 2017.

BO3MOXXHBI KaK IIPH H3rOTOBAEHHMH, TaK U npu 6. The International Technology Roadmap for

HCC/IeIOBAaHUU 06pa3IloB. DTO KAcaeTCs He TOIbKO Semiconductors; URL: http://www.itrs2.net/

mporeccoB 06paboTKY U HNPOBeLeHUS KOHTPOIS itrs-news.html.

B 1abopaTOpUM, HO U TeXHOJIOTu4Yeckoro KoHTpons 7. Ilepacumenko H.H., T'ymaeB I.A., [IBypeueH-

in-situ. cKkuH A.B. u np. IIponecc aMmopdU3aLLU KpeM-

HUS IpU OOJydeHUH TsDKeIbBIMH HOHaMH //

Paboma noddepskana epanmom Poccuiickoz2o Hay4HO20 ®u3MKa U TeXHHUKA IIOTYINPOBOSHHKOB. 1986.
$ponda, npoekm Ne 15-19-10054. T.10.B.7.C.1237.

8. T'epacumenko H.H., CmupHoB /.M. Panua-

JINTEPATYPA LMOHHAs CTOMKOCTh HAHOCTPYKTYp // HaHo-

1. Tepacumenko H.H. Kaxk roTOBUTh KaJphl /I HAHO- ¥ MHKPOCHCTeMHas TeXHHKa - M.: HoBble Tex-
texHonoruy // HAHOUHAYCTPHUL. 2011. Ne 1. C. 50. Hosoruu. 2008. N2 9. C. 2.

2. TaepunoB C.A., TepacumeHko H.H., Peira- 9. CmupHOB JI.C. Pu3HYecKHe MPOLECCH B 06I1y-
auH b.H., TumomenkoB C.II. HaHouHXeHe- YeHHBIX IIOJIYIPOBOOHMKAX. MoHorpadpus,
pHs - BOIJIOLIeHMEe HAaHOTeXHOJOTMHU B peasb- rinaBel 5, 6. HoBocubupcek: Hayka, 1977. 256 c.
HOM mponaykuuu // HaHo- © MukpocuctemHass  10. Jang D. and Greer J.R. Plasticity in small-sized

TexHuKa. 2009. Ne12. C. 3.

metallic systems: Intrinsic versus extrinsic size

had decisive importance for the
manifestation of plastic proper-
ties in this structure. Part of the
structure, passed through the
size threshold, has plastic proper-
ties, while the part that have not
passed it showed increased hard-
ness in accordance with classical
concepts of the Hall-Petch [11].

In [50], scientists from MIET
have investigated features of for-
mation of nanoscale topogra-
phy on the walls of the crater at
the etching of silicon by focused
ion beam. It is discovered that
depending on the experimental
conditions, the formed surfaces of
the cylinders differ from perfectly
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smooth, as ring-shaped forma-
tions located from one another at
equal distances arise (Fig.5). In
this work, the etching by Ca+ ions
with varying the energy from 5 to
30 keV and the beam current from
1 to 20 nA have been carried out.
The etching was carried out at a
fixed position of the beam per-
pendicular to the sample surface.
Time of etching was varied from
1to 50 ps. In this project we have
investigated the dependence of
the observed plastic phenomena
on the orientation of monocrystal-
line silicon. For wafers with ori-
entation (111) and (100) the depen-
dence of the observed phenomena

on the crystallographic orienta-
tion was not identified. At a cur-
rent density of the ion beam of
2.16 pA/cm? the pronounced for-
mations on the walls of the cylin-
der (Fig.5) were registered, while
at reducing the current density to
1.07 pA/cm? the formations were
absent.

To investigate the structural
properties of the considered
samples, the study of the struc-
ture of the formations was per-
formed. Images in Fig.6 show
that the Kikuchi lines are poorly
visible in the field of ion irra-
diation (Fig.6a), in contrast to
the region without irradiation
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Atomistic modelling of the interface of Si
nanocrystal structures in a-SiO, before and

(Fig.6b). Residual visibility in the
non-irradiated region is caused
by the fact that diffraction occurs
in the surface silicon layer with
a greater thickness than amor-
phizated layer. Study of fast elec-
tron diffraction was conducted at
an accelerating voltage of 30 kv,
a current of 9.7 nA, a slope of sur-
face of 70°. Under these conditions
the electrons are mostly reflected
from the surface, and only a small
part of them with high energy
penetrates to a depth of about 150-
200 nm.

Thus, it is experimentally
shown that the surface of the cra-
ter is amorphizated. This implies

that the predominant mechanism
in the formation of the walls of
the cylinder is not the resputter-
ing, but a plastic flow associated
with the introduction of an exces-
sive concentration of mobile radi-
ation defects. It can be concluded
that in the described experiment
that is carried out in the frame-
work of the study [50], the depen-
dence of the process of forma-
tion of periodic structures dur-
ing ion etching on the current
density of the ion beam and the
independence on time of etch-
ing have been registered. The
obtained results are in contradic-
tion with the classical views on

the formation of topography dur-
ing ion etching by resputtering
of material, which makes neces-
sary the discussion of alternative
points of view on this process. An
alternative mechanism that is
associated with plastic flow [48]
have been discussed in the world
scientific literature recently. Also,
it should be noted that a similar
effect was observed for metals in
a recent article [49], however, our
team has discovered this effect a
few years earlier [50].

According to modern concepts,
in case of the irradiation of the
monocrystalline substrate by an
ion beam that is directed to the
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surface at some angle 6 less than
critical, the cascades of radia-
tive offsets arise, leading to direc-
tional motion of significant flows
of interstitial and vacancy defects
near the surface accompanied by
plastic flow of material [48]. The
density of defects in these radia-
tive cascades is high, which leads
to complete amorphization of the
surface layer.

CONCLUSION

The considered results show that
the reduction in size of the ele-
ments of the structure down to
the nanoscale can lead to dra-
matic changes in its mechanical
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properties, therefore we should
pay attention to the results on
nanostructure formation of record
small sizes, as have been demon-
strated recently by IBM (FinFet
transistor structure with 7 nm
node) [51].

Special attention to the condi-
tion of the structure of nanoscale
objects should be given when con-
sidering the results of radiation
effects on the nanoobjects. The
sharp increase in radiation resis-
tance in nanoobjects [8], which is
reflected in a change in the func-
tional properties of the devices,
contradicts to the facts of reduc-
tion of the dose of amorphization

of nano-objects [26]. These issues
were discussed in [52], and also in
the number of studies carried out
in our laboratory [7, 54]. It should
be noted that the phase transition
at a lower (in comparison with the
single crystal) doses of irradia-
tion is associated, in our opinion,
with the accumulation of criti-
cal doses of defects, in particular
of vacancy V-V centres [53], which
consists of the equilibrium con-
centration and non-equilibrium
radiation component. In this
case, the expected equilibrium
concentration at a given tempera-
ture is increased [54]. In this case,
itis expected that the equilibrium
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concentration at a given tempera-
ture is increased [54].

Under the proposed unified
approach to the consideration of
properties of nanoscale objects,
taking into account the interac-
tion of moving defects with the
boundaries of nanosized objects
and the influence of surfaces and
interfaces, it is possible to develop
a description of various physical
phenomena such as amorphiza-
tion and plastic flow of solid mate-
rials. The transition of the object
through the size threshold leads
to a sharp change in the structure
and related properties. First of all,
it concerns the state of ordering

of atoms, which in extreme cases
can be crystalline or amorphous.
In our paper [50] it is shown that
radiative processes can lead to so
significant changes in the struc-
ture, that on the borders of etch-
ing the formations associated
with the formation of areas with
plastic flow can be observed. The
same effect was discussed in
detail at a recent ConFab confer-
ence [47], and in [49] it was con-
sidered in more detail, but the
results practically coincide with
results of previously published
work [50].

The considered size effects
of the change of mechanical

properties and structure of
nanoscale objects should be taken
into account in the manufac-
ture of samples, sample prepara-
tion, and in conducting research
because they can contribute dis-
tortions in the observed result.
Manifestations of quasi-liquid
(amorphous) properties are possi-
ble both in production and in the
study of samples. This affects not
only the processing and inspec-
tion in the laboratory but also pro-
cess control in situ. [ |
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