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Hayk 1o cnenajJbHOCcTH 01.04.04 - Puznyeckasi 2J1eKTPOHHUKA

O>MIaeTcs, YTO YCTPOMCTBA C TOJIEBOM BMHCCHEll 3JIEKTPOHOB CTaHYT OJHUM M3
BO3MOJXKHBIX KaHAMJATOB Ha CO3[JaHME HOBBIX JIEKTPOHHBIX YCTPOWCTB M MPOMBILUIEHHBIX
HUCTOYHUKOB DJIEKTPOHHBIX My4koB. OIHAaKO OOILIEU3BECTHO, YTO HAAEXKHBIA MCTOYHUK
3JIEKTPOHOB /IO CHX TIOp He pa3paboTaH. TpyAHO NOCTUYb CTAOUIIBHOM JIEKTPOHHON IMHUCCHU
M3-32 MIOBEPXHOCTHBIX SIBJICHHH, TAKUX KakK M3MeHeHHe paboThl BbIXOJa M3-3a aAcOpOLUM U
JecopOUMKM MOJIEKYJ OCTaTOYHOro rasa. bomOapinpoBka HOHM3MPOBAHHBIX MOJIEKYJI
OCTAaTOYHOTO ra3a U3MEHsEeT CTPYKTYpY MOBEPXHOCTH IMUTTEpA. OnpeneneHne XapaKTepUCTUK
MOBEPXHOCTH TOJIEBOTO SMUTTEpPa MMeeT OONblIOe 3HAYeHWe Ui CO3JaHUs HaIEKHBIX
UCTOYHHUKOB BJIEKTPOHOB C aBToAMuUccueil. OqHako MHTepecylollas Hac 00JacTh SMHUCCHUU
OueHb Majla, M J1aTh el XapakTepUCTUKY HeMmpocTo. 34ech cleAyeT NOAUYEPKHYTh, YTO TEOPHs
WIA MOJENUPOBaHHEe, KOTOphle MOTYT OOBSICHUTH 3KCHEPUMEHTAIbHBIE PpE3YJIbTaThI
MPAaKTUYECKUX TOJIEBBIX AMUTTEPOB, HE MpEACTABIEHbI JAaXe ceivac, HECMOTpPs Ha TO, YTO
OCHOBHasi Teopusi Oblla cO3laHa HECKONBKO IEeCATKOB JieT Haszaix. Jlis onpezneneHus
XapaKTEePUCTUK MOJIEBBIX SMUTTEPOB HEOOXOANMO J€TalbHOE MOJAETHPOBAHUE MPAKTHYECKUX
MOJIEBBIX 3MHUTTEPOB. 3aTeM HEOOXOOMMBbI XOpOLIO OpPraHU30BaHHbBIE SKCHEPHUMEHTHI, B
KOTOPBIX MOXXHO TOJYYUTh pa3iuuHyro HH(popmauuio o6 wuznyuarene. Jlns aTol wenu
HACTOATEJbHO Heo0XoJMMa HOBas METOAMKA WCCIEAO0BaHHMS CBOKCTB aBTOIJIEKTPOHHOM
SMUCCHUHU.

Ha sToM ¢oHe HacTosIIIass AUccepTaysi MOCBsIIEHa pa3paboTKe U OMMCAHHIO MOJIEBBIX
u3nyyareneii; B TIJlaBe | paccMaTpMBalOTCS OCHOBHBIE YpPaBHEHMs, TNPUMEHHUMBIE K
NpaKTUYeCKUM TMOJIeBbIM SMHUTTepaM. [7aBa 2 mocBslleHa pa3paboTke HEKOTOPBIX
YHUKaJIBHBIX MOJIEBBIX M3MyudaTeneil. [maBa 3 mocpsieHa pa3paboTke HOBOIO YCTPOMCTBA,
KOTOPO€ MOXKET HCCieloBaTh CBOMCTBA JJIEKTPOHHOM 3MHCCHM, TOJy4as pa3jiuyHble
napaMeTpel 3MuTTepa. [aBa 4 mocBslleHa pa3pabOTKe HOBBIX METOIOB OINpeneeHus
XapaKTePUCTUK  JJIEKTPOHHON  SMHCCHMM. OTH  4YeThipe  [NIaBbl  YJOBJIETBOPSIOT
BBILIEYTIOMSHYTBIM TpeOOBaHMSIM AJIsi MOHUMaHUs GU3UKHU TTOJIEBOM NEKTPOHHON SMUCCHUH.

B rnaBe 1 Teopus aBTOSMHCCUH ObUIa MEPECMOTPEHA C HCIOJIB30BAaHUEM OOLLEro
OappepHoro Meroma. OrpaHU4YeHUs TeOpUM ObITM pa3bsACHEHbI, W OblIa ompeneneHa
HanpsHKEHHOCTH MOJISL, IPU KOTOPOH AelCTBUTENIbHA Teopusl, paspaboTanHas Mepdu u ['ynom.
PesynpTathl maroT Xopollee MpeACTaBICHUE O BONbT-aMIEPHBIX XapaKTepUCTHKaX
aBToOMHCCUH. B rnaBe 2 ObUIO pa3paboTaHO HECKOJbKO MOJEBBIX 3MUTTEPOB. Kaxmiblii
SMHUTTEp MMEET YHHKaJbHbIE OCOOEHHOCTH, MO3BOJISIOIINE H30eKaTh BBILICYTOMSHYTHIX
npobjieM  TONEBBIX  OMHUTTepoB. B oaTolf  gucceprauumu  ctabunbHas ~ pabora
KMIKOMETAJUIMYECKOTO WCTOYHUKA ODJIEKTPOHOB ObIIa JOCTUTHYTA 3a CYET MPUIIOXKEHUS
CHUHYCOHMIAIBHOTO HaNpsDKEHUs COOTBETCTBYIOLIEH YacTOThl U Oonbinoi aMmiuTyabl. Takxke
pa3paboTaHbl pyrue TUIbI MOJEBbIX SMUTTEPOB U3 METAIIMYECKUX MUKPOHAKOHEYHUKOB U
HAHOKOMITO3MTOB, B COCTaB KOTOPBIX BXOMAT YIJepojHble HaHOTPYOku. HaHOKOMIMO3MTHI €
yIJIEPOJHBIMUA HAHOTpyOKaMu 00JlamaloT MperMYIeCTBOM CBOei camMoopraHu3youencs
MUKpPOCTPYKTYPBI AJIsl CO3AaHUS BBICOKOTO 3JIEKTpUYecKoro nosis. bonbuoit Tok 125 MA 0bin
JOCTUTHYT C SMUTTEPOM M3 MHOTOCIIOMHBIX YTJIEPOAHBIX HAHOTPYOOK M MOJUCTHPOIA.
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BoJIbLI0# 7IeKTPOHHBIH TOK paciuupsieT 061acTb MPUMEHEHHs MOoNeBbIX SMUTTEPOB. B riase 3
6b11 pa3paboTaHa HOBas H3MEPHTEIIbHAs YCTaHOBKA JUIsl OJIHOBPEMEHHOTO MOJTyYeHHUs CBOCTB
3JIEKTPOHHOM SMUCCHH U APYTUX YCIOBMI SMHUTTEPOB, TAKMX KaK TeMIiepaTypa SMUTTEpPOB U
auarpamma smuccud. C MOMOILBIO 3TOr0 MHCTPYMEHTA TaKKe BO3MOXKEH aHan3 MOJIEKYIl
raza, oOpasyloLIMXCs MPH 3JIEeKTPOHHOH 3Muccuu. EmE onHa 0coG€HHOCTH yCTaHOBKH -
ObICTpOE ¥ MeEIJIEHHOE CKaHWPOBAaHME BBICOKOTo HampsbkeHus. HanGomee BaxHOM
0COGEHHOCTBIO ABJIAETCS BO3MOXHOCTh aHAIW3a CBOWCTB 3JIEKTPOHHOH 3MHCCHMM in situ.
Pa60TOCIOCOOHOCTh MPEACTaBIEHHOT0 WHCTPYMEHTA CBHMJETENILCTBYET O BBICOKOM YPOBHE
aBTOpa B 00JIACTH MPOEKTUPOBAHHS dIEKTPOHUKU. DTOT NPUOOP - MOLUHBIA HHCTPYMEHT i
pacKphbITUs. BceX OCOOEHHOCTell TONeBbIX M3iyuareneid. B rnase 4 mpeinararotcs HOBbIE
crocobbl  06paGOTKM BOJIBT-aMIEPHBIX XapaKTepuCTHK. Mertoauka, paspaboTaHHas B
TpebIAYILEH TIaBe, MO3BOJSET MPOBOANTE aHANW3 MOJIEBBIX M3JydaTenedl Ha Mecte. OHOM
U3 YHUKAIbHBIX 0COGEHHOCTEN HACTOSILIEr0 MeToa ABMAETCS TO, YTO aBTOp MpumeHn SK-
aHaNM3, KOTOPBIH MOXET OMpexenuTh KoI()(ULUMEHT ycuiaeHus mnois W paboTy BbIxoaa
smutTepa. Cam SK-aHanu3 Obul mpemioxeH B Havane 90-X roios, HO HMHTeprpeTaLus
NpoaHaIM3MPOBaHHBIX NAHHBIX ellle He HajaxeHa. OmpeaesneHne XapaKTepHCTHK MOJIEBbIX
SMUTTEPOB C TMOMOLIBIO HACTOSIIEro YCTPOHCTBA MPOMOIDKUT MCCleloBaHusi SK-aHanu3a.
AHanmu3 Gbl1 NPUMEHEH K SMHUTTEPaM W3 HAHOKOMIIO3MTOB Ha OCHOBE rpadeHa. BoisiBieHO
W3MEHEHHeE TIapaMeTpOB SMUTTEPA M NMPEJIOKEHBI SBJIEHHS, MPOUCXOALINE Ha MTOBEPXHOCTH
smutTepa. J{nis MOHUMAaHMs MPAKTUYECKUX CBOWCTB MOJIEBON SMUCCHM OBUIH MpPEICTaBIIECHBI
MHOTWE JIpyrde MeTOIbl ONpe/eNieHHsl XapakTepUCTHK. Macc-creKTpoMeTp Mokasai, 4To
3JIeKTPOHHAst 60MOapAMPOBKa MPOTUBOIJIEKTPOA MOXKET OUMCTUTH €r0 MOBEPXHOCT.

Kaxmas rnaBa comepXWT OONbLIOe KOJIMYECTBO Pe3yibTaTOB  MCCIIEJOBAHHUM.
HakoruteHbl BaXKHbIE 3HaHUs N0 (PH3KKe ¥ XMMHUU SMUTTEPA U €ro MoBepXHOCTH. [IpakTHiecku
NMPUMEHNMBIE METO/IbI OIPEIEIIeHNUs XapaKTePUCTHK MOJIEBBIX SMUTTEPOB ObLIH NPECTaBICHBI
CIIOXHOI W3MepUTENIbHOM ammnapartypoil, paspaboTanHoi asropoM. Mcxoas u3 conepikaHus
Ienal BBIBOJ, YTO JuccepTaluMoHHas pabota noktopa Epremms Onerosuya Ilomosa
YZIOBJIETBOpsieT BceM TpeGoBaHMAM Beiciuedl aTTecTalMOHHONW KOMHCCHM MO JOKTOPCKHM
JVCCEPTALMAM, M3JIOXKEHHBIM B MyHKTe 9 «IToN0OXKEHHUs O MPUCYXKIAEHHH YYeHbIX CTeneHein,
yTBepxaenHoro [TpasutenscToM Poccuiickoii @enepanuu PO ot 24 cenrsiops 2013 r. Ne 842.
Takum 06pa3oM, [eNiaro BBIBOJ, YTO KaHauaar a-p Esrenuii Onerosuy Ilornos, 3aciyxunBaet
NPHUCYXXIEHHUs CTeNeHH IoKTopa (u3nko-MaTeMaTudeckux Hayk (creuuanbHocTs 01.04.04 -
(u3udeckas 3JeKTPOHUKA).
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Review of the Abstract of the Dissertation of Eugeni Olegovich Popov, entitled
"Methodology and research results of large area multi-point emitters', submitted for
the degree of Doctor of Physical and Mathematical Sciences, specialty 01.04.04 -
Physical Electronics

Field electron emission devices are expected to serve as one of possible candidates
for novel electron devices and industry applicable sources of electron beams. However, it
is generally known that reliable electron source has not yet been developed. It is difficult
to attain stable electron emission because of the surface phenomena such as work function
change due to adsorption and desorption of residual gas molecules. Bombardment of the
ionized residual gas molecules alters the surface structure of the emitter. Characterization
of the surface of the field emitter is of great importance to develop reliable field emission
electron sources. However, the region of interest is very small and the characterization is
not easy. It should be stressed here that the theory or modeling that can explain the
experimental results of the practical field emitters has not been given even at now, despite
that the basic theory has been established several ten years ago. To establish the
characterization of the field emitters, detailed modeling of the practical field emitters is
inevitable. Then. well organized experiments where various information of the emitter can
be acquired are necessary. For this purpose, novel technique to investigate the field
emission properties is strongly desired.

Under such background, the present dissertation is devoted to the development and
characterization of the field emitters: Chapter | deals with the basic equations applicable
for practical field emitters. Chapter 2 deals with the development of some unique field
emitters. Chapter 3 deals with the development of the novel apparatus that can investigate
the electron emission properties. acquiring various emitter parameters. Chapter 4 deals
with the development of the novel methods for characterization of the electron emission
properties. These four chapters satisfy the afore-mentioned requirements to understand the
physics of the field electron emission.

In Chapter 1, the field emission theory was re-examined using the general barrier
method. Limitations of the theory have been clarified, and the field strength at which the
theory developed by Murphy and Good is valid was derived. The results give a good
measure in characterization of the field emission current-voltage characteristics. In
Chapter 2. several field emitters have been developed. Each emitter has unique features
that can avoid the afore-mentioned problems of the field emitters. In this dissertation,
stable operation of liquid metal electron source was achieved by application of sinusoidal
voltage with an appropriate frequency and a large amplitude. Other types of the field
emitters of metal micro-tips and nanocomposites which include carbon nanotubes are also
developed. Nano-composites with carbon nanotubes have an advantage of their self-
organized microstructure to achieve a high electric field. A large current of 125 mA was

achieved with multiwall carbon nanotube-poly styrene composite emitter. The large
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electron current widens the application field of the field emitters. In Chapter 3. a new
apparatus for simultaneous acquisition of the electron emission properties and the other
conditions of the emitters such as temperature of the emitters and emission pattern was
developed. Analysis of gas molecules produced under the electron emission is also
possible with this apparatus. Fast and slow scan of the high voltage is another feature of
the apparatus. The most important feature is capability of in situ analysis of the electron
emission properties. The performance of the present apparatus shows high level skill of
electronics design of the author. This apparatus is a powerful tool to reveal the entire figure
of the field emitters. In Chapter 4. the novel ways for processing the current-voltage
characteristics are proposed. The apparatus developed in the previous chapter enables in
situ analysis of the field emitters. One of the unique features of the present method is that
the author adopted SK analysis that can derive the field enhancement factor and the work
function of the emitter. The SK analysis itself was proposed in early 90s. but interpretation
of the analyzed data has not yet been established. Characterization of the field emitters
with the present apparatus will further proceed the research of the SK analysis. The
analysis was applied to graphene-based nanocomposite emitters. The variation of the
emitter parameters was extracted and phenomena occurring on the emitter surface were
suggested. Many other characterization techniques were presented to understand the
practical field emission properties. Mass spectrometer revealed that the electron
bombardment on the counter electrode can clean up the surface of it.

Each chapter contains large amount of research progresses. Important knowledges
on the physics and chemistry of the emitter and its surface are accumulated. Practically
applicable characterization methods of the field emitters have been presented with a
sophisticated measurement apparatus which was developed by the author. Judging from
the content. 1 conclude that the dissertation work of Dr. Eugeni Olegovich Popov satisfies
all the requirements of the Higher Attestation Commission for doctoral dissertations set
out item 9 of the "Regulations on the award of academic degrees" approved by the
Government of the Russian Federation of September 24. 2013 No. 842. Therefore. |
conclude that the candidate. Dr. Eugeni Olegovich Popov. deserves to be awarded the
degree of Doctor of Physical and Mathematical Sciences (Specialty 01.04.04 - physical
electronics).

Yasuhito Gotoh, PhD,
Associate Professor, Department of Electronic Science and Engineering, Kyoto University
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