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Study on single-electron conduction properties
in randomly distributed metal nanodot array
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FEUOITHEDOTE RSOV TEHIT 5. WITH— Ry M OS5 HETT /31 20D
B L BB ONTHIIL, T ORMEEMR LIFD~ VT Ry NHEETT /31 2O HEME
(COWTHIT 2. BRI, AHFIEO AR RIS OV THITT 2.

1.2, WFFEH 5

ZILE T® CMOS (Complementary Metal Oxide Semiconductor) b 7 > 2 2 # Z W72 B 1.
FTIE, WNIST S AL - 2R L, SR b a EBT 20 EE NEINTE
[1]. L2 L, @mERICtE, HEBOBMOEENRE L 2oTnD. £z, T/54 A
DY A XN 10 nm REEIZR D &, A X5 SRR T HFHEOIET b >E NEE T2 <
5. A, AR Y Ea—T 4 VI RAR ) = N—a B a—T 4 U T[5,6] &
W o 23 LUVE AN N E B 20 TV D, 215 OEHRAEENIL, 731 2Dk
PEIED S 2R TE 5 LW O R AR, KR, 1RO CMOS & 13572 2 Eh{EFHL - A8}
REHNZT ) FAL ZEFHT 52 LT, 20O OHEA A & 0IKIEE - mgREICEHT 5
TENHIFTED. BEFT AL ATBFN P UoRAVBRTBEIL, HOBHRNSAS T —
NEEICK L CREN T 2 7 —ma v 7 a v — RIEE R A R 3720, (KTHETE ) - mitkhE

BT 2T ) T ADBERMO—2>THH[7-10]. ZNFETIE, FEAERRNY bR &F Ky
N RERDTVMNICEBREIC 1 O Ry EEE LTZBEE T A A2ER L, ZORME
RS D M EADSE LT E 2[11-15]. B, Si Ry MREE T34 22 WA
Vo= —fE[16], FINREE(171 & W o o mERE R B EN EFES N TV D, L LHE
FT A ZFEF 1 HEAD SR VEFIHT 2720, 751 AR OB Z FRET D DI
BRI 23000, BIENELS 2> TLE D, E6IC, B nm BEOH A XD Ry MBI 58
BYHREFATDEZD, Ry M A XORE—Mc L2 EREb & 2B TE 20,
INOOHEDT=DIZ, T3, AT e e B3+ Thbiv T o 7.

HE 7 A ADIRWEMEREE 24 5 121, BfRa 0D Z 8 250 Ky F&EflS
H, 1 HOT A RZEVERENE R M 595 2 BN THD. O Ry hET LA RIS
B L7~ AF Ry NEEFT A 2L, Z2<OANHNEEFEZIR0 T 5 2 & S HRAE
BCHY, ESREREENG LN Z ENREIN TV, FlE, Si v/vF Ky NEE

TNA REEDOF— N EROATHZ L LD, B o > 238 Lz EChnPiskne
7 LUX VT IVICHMRTE 5 2 ENFEFES LTV H[18,19].

BEFT A, A2EHT 5 ETORBEITIEIZ2 25 5.1 O, BMREICE nm BRE O A
AD Ry MEREHEICEET S22 THD. b H—2iF, Fy MEO b RVHREA 3 nm LA



TIRDEIIC N R EREZRVMFTOMLERHLZEThD., ZNETIZ, HETT
WA RANERT B2 DL OFEPHRE SN TS, B2, (bR Ek LT Ky b
% MR 3 5 T15[2,14,15,20,21], 2251 4> ¥ — 24 (Focused ion beam: FIB)IZ X % K
v N OERL22], R Z — ARTFERLTE[23,24], FERRE O T2 ELEEREEI[25], (LA
[26], BIOARBIE[LL], A A LVEA[RT], =L hua~A 7 L—3 a ER8)R ERBETEh
TW5., — R, HETT A AOERICITBRICHEB SN Y ¥ 77 7 ¢ Fiffin Rk
b,

HOMEMIET, PG E L TERISNTZT ) Ry b7 LA OERICHWS Z &
DTED. 2L, ALFCAEKR LT Ry hEaE~A 78 A — LA XOF ¥ RXVIC
FoiE 3 2 HFIENHE SN TVNA[29,30]. £72, &F T/ Ny M &I 7 o (bW otk
EHIZBEET T T =2 7 — @R LEMO—2TH H[31-37]. 77 == T —HOF T,
BIBAE DRI L BB IZZHEDO Ry FERETEHZETHD. £/, hrrx
BEAZNLTCEZHEO Ry NPEFET 252 & CTHMR R Y N —27 2B T 5 2 & BSRHET
HDH. L, TA XDIESLONWEEED Ry BT U F LIHEET D=0, flilxD Ky b
OHE L FREN TR S, BBV ITIAMICBI S NN EB X LN TET. TDRd,
BHEIR R E W2 T 2 Ry R 7 LA T3, RTAREMEE O TV HICHLEb LT, Z0H
R ORI - BEARIZHE /L TR0,



1.3. HEFT /AR

HEFT A AT/ Fy hPoOEFZ | HRATHIET 2 Z ERATRETH Y, BIRIHE
WS W R AT T /T A RE LTI SRS, 22T, BE T N ADHEAR
BREEFRBECHLHEBE T MRV ITBEY, bV TINNRT A AEEEHTHH
BT b7 VAL ONTET 5.

1.3. 1. HETT /N4 ADOH3HE

—E R T

EAOWEEIC IS &, B OWBEIBIED b o R IVFERE 2 2 C RO ~R A S &
MR LN Fie, BEPBNR N RS ZFERT DB, R RITER
DOEFALE VIR FHEICKE SRS, 2O X ) ICEFOWREE L R0 —EENBND
N RNVHRBE—EFE RV 7 THDH[38]. 2T, Fig. 1-1 l\ZR-T X5 7%, +4/h&
REEAE C R OWATEAEM CEeE NI H— b 2 LA EAMREIR R BN
STERIZOWVWTEZD. ZOEX, B 1NN R 7T DR T b R OEE
TRAF—UNEILT D, R HIOERE O, REMEZ e, BT M XTI HH[#£ET
DHBET RV —DOBEZAU ET5. ZOF, AUITKRRO LY ICREND.

m|<§®%&AU>O&ﬁékbiﬁw¥~%’ﬁﬁbé WoT, BFOIRY v
ﬁﬁ%kéhéQ:CVi@-i<V<§wDEWTi BT, Z DX 2 Vs
SWVWIFIZ, 72— UKL VE O N RARMH SN B8 %27 —arTa vy r—
REFES, 7 —mr7uyr— R, & LER XY 7T R TE{E LT horxb
BEAOHEZ RNV —DNEEEL X kT LV BRI RKEVRETEZS. BT 1 @0
BTN X =DA%, HETRILF—E LIRS, FFEAE CEA MWD &, Ec=2C &
Enb. WET RV U7 2BAT 5720 0FH &R0 L HickEnd

2

Ec= :_C >>kgT

N RIARED B RO EFEIEICIB VTR TH D 720101, B4ED £ keT BET
RIVF—Ec (ZHRTH4) mé<ﬁfﬂiﬁ%ﬁw._ni,F/zw@é®#4x%mg
KTDEFEEHEBFALXF—RREL ALY, LVFERICZBWNTZ—rr 7 a v r— RO
MWATRBIC/2 D Z B EWT 5.2 DHDOZEMELE LT, bRV EES OEG Ry 3 & BIRHT

m———%gmuh77/7mﬁmw%m<@fhiﬁgﬁw ko RVARPT Ry DN ET
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BB R KV I DT/ NS WA, OB o R NVESZBZ TR B0
%Eh%#ﬁm%kﬁé.oiw,7~D/7Dy&~b%ﬁw#5%4%#iﬁﬁ@i
IZEKRIND.

Rr>>Rq = 25.8kQ
it,ﬁﬁﬁRC%%Oﬂ‘ [ & ERET D &, WEc << RC TRIFHUE 2 B 720, 2, Bl
MABICLDWELBUATE T, RC PRELRDEHMEDIRICHELZLG X TCLEI DT
&5._ﬂ%30®*#ﬂ, J—ar7ayr— RPELLTEOOMERETHS. HiE
TNA AL, 2OV —nrTayr—RBREFH LT A A THD.

Tunnel junction

Fig. 1-1.  Schematic circuit diagram of a system with a single tunnel junction and an external power

supply connected in series.
o HIFE T kT VA X OEEFE

ZZTIHHEBEFT AL 20N T, by U SVREET T YR X OMER X OEER
HIZOWTHAT % . Fig 12 ICHE 7 7 0 VA X OAEEKZ R~ Y —A KLA v
RO RIS ﬁ%%%&@iﬂé%/F/F#%/Zwﬁg%ﬁLT#ALh%LT%é
T, F—FEML Ry P EFEMICHEALTEY, Y= MEEICLY Ry NFOETEK
%ﬁ@#é:kﬁ?%éf@lﬂwpmﬁiﬁL/~X-FV4/$W®7IW‘EHW
Ry NNOALFERT VY VDFIE LR WSS, EFIE b R TH ERTE RN
O, FbA VERITENLZZWN (F—rr7ay b — RNIRRE). 7 — MNEEZ T T A(~ A T R)
25195 &, Fig 130T L 912, Ry NNOILFERT oY Vi EF T4, V—A -
RLA VERD 7 VI E Ry NNDILFERT VY VRS LIRS, X b xR
NTHIEMTELHTD, NbA VEBIRNBTNLD. ZOREND, S HI25— MNEEZEIN
THEFRNZ—mr7uyr—RIREERD, RLA UERPINRL 725, 7> T, Fig.
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R DI, = MEECH LT R A CERD AR T 57 —n o7 r vy
— %#&%ﬁ&ﬂ?ihéfﬁ%ﬁﬁ BHEND., ZOBHRPL, BEFF T VAZDORRLT, £<
DHEFTNA ADEKFEL L R D EE R LD TH D,

VG 1

Ca1

Coulomb island
\Tunnelmg
V —O

\Tunneljunctlon

o T

V

(%]

O

VGZ

Fig. 1-2.  Schematic equivalent circuit diagram of a single-electron transistor

(a) (b) Ve
Coulomb blockade ‘
Chemical potential unnel barrier

T
in the island \ - T

Fig. 1-3. Energy diagram of the single-electron transistor. (a) electron-tunneling is suppressed due
to the Coulomb blockade of the island. (b) Drain current /p flows when electrons tunnel through the
chemical potential in the dot. The chemical potential in the island can be tuned by the gate voltage V.
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Fig. 1-4.  Schematic diagram of the Coulomb blockade oscillation characteristic. N is the number

of electrons in the nanodot.

1.3.2. E—Fy 2B T HHE T /31 RZET B350 L

=111}
%

A

HEF N7 o OAZOERFIER, FEKR Ny PR - @B Ny MREMDOT LIS
TW5. BB Ky MRTIHE, ZEICEY Al Ky FEERIL, Ky hEBRbIEH 2L TRy
I T EZET D EV D FIENFEALTHD[11]. fich, LFE® LT Au Ky b &
/NEMRME(~ 5 nm)IZBATT 5 & WD) HEB MO TNA[14]. FHER RNy M RTIE, kot
T~ /7 A (two dimensional electron gas: 2DEG) % W\ 72 #5551 28 B < H1 H 4L TV 5[12,13].
GaAs/AlGaAs 72 E D/ Ry T D 5 FFE O F-TRBPEL O~ T 1 #2550 Si/Si0, A i
EEEZEHNT 22 LT, 2 WnEFHA(ET Ny MEEY BT, WRICEBOWMHM S — b
AEELENT 22 & T, ZOMHEEBOE DRI, Ny FOEANS b orraY
7#%&5%5 INETOHET T PRI OMIETIE, MESRZDT VNI LT
BEEIZ 1O Ry MERE L, ZOHREFFELFHMET 2NICEESNEIMNTE . 2
FTIC, HBEBTFF T PRZEZHWEGRE AL v F o ZEECMEEIE & W o 72 EigRE 72
FIENAIRETH D Z L NFEIESN TV H[16,17,39,40]. LvL, HEF F 7 VA X IFZLUT
\ZIRRD 4 SOFED 7012, T /31 A ST Tkﬁd#+” ITOILTRRN T2,
(1) =REETLHE L T o PR AR 57201213, 4nm FEE O Ry b &2 BREIE
FEICELE L2 T2 67220, 361, Ry b k%@&ﬁ@ N> ROVEEBEDS 2 ~ 3 nm FREE
IFNIZ725 X512 b p N 7 2B T 72 U2 57200,
(2 Ky A X nm BEIZR D &, A AORYE—EIC L DT 3 ADREIXH D=
NI T 720,
Q) BEOHE T NI VAA EHAROED T L THEEZH( L ENTES. L LEE
%h7//x&iﬁ%1@$u@%/1w%ﬂ%¢ék&Fgysm%¢i5m?ﬂ
A AR LAZERR L7256, € Ol E FET D ORS00 D BIENEL 70 5.

9



SET SET

i "

e tunneling wiring

Im L) ™

= Gap (~ 5 nm) :__[

e tunneling

Im L) gt

= Gap (~ 5 nm) :=|—_

[ wiring capacitance

Fig. 1-5. As the single-electron transitors (SETs) operate through one-by-one electron tunneling, the

current drivability for charging the wiring connecting to other devices is low.
@) A7Ey hFxr—Y KU 7k

HEFT A ZDICHA~AITTCE L L TEEORZER B H T b s, ZHUIEE T
SA AR D BA DOBDNGD T A7, JAFHOEM DR EZZ T TWERICHKRT S, 20
728 Fig. 1-6 I~ T K 91T, Ry NOJEBHOREER (A A E)0NBEdT 5L, 77— 7
By — FREIOAFN S 7 247y FF¥—Y R 7 FEMINDBENAEL D
ZENEMBNTWA[41,42]. fEHKD MOSFET @ In—Vg ¥tk 7 — b BIEEE DO/RI% T ON
& OFF WUV DD 2 HOAAL v F o VR 2R T OICK L, BB 7 /31 AL Fig. 1-4
WRENH LI —mrTryr—RhRIZEY, NuA ERNS — NEEICK LT
JEWIMICIEEN T 2 2 =— 7 it 2R3, 2 D72® Fig. 1-7 1R T L9118, 7k FF v
—Y RU 7 MIERL, 754 A3 ON 775 OFF ~EXEFICH Y BHboTLES. 20
b, BREARZEMI X DIREVHED 7 o H NIRRT 7 M2 XY, T34 2D ON &
OFF Y0 2 %7 — NEMEEE Z IEMECHIE+ 5 Z L RREICR D, 207D, 7k
Ny —Y R 7 MEMHITHZ L0, BEFT S AOGAICHIT CHEERBETHD.
Si Ry F2AWEHEEFTAAATIE, A7y bF¥—Y R 7 bVNES L IERICLE
L2 SN TVWD R, @B Ry NRERWERE T A ATEA 78y by
—Y RY 7 ERRELFFEOLREMEICHENRH VD, 7310 ZISHICANT 725 & 72> T
B[41]. FFIZ AIFALOs RE HWET A 2B WT, 78y FF¥y—Y KU 7 hRBHET
HDHZERWEIN TS, £728i Ry b e ALY — FEflAALE CTERLZEE T
ARZBTHAT7EY hF¥—Y RUTZ 0, Zb Si Ky b & ALLALO; RO H ] OfE %
EDHZ b HEINTNDM42]. L, & Ky FREHWZT A RAZBNWTAH 7Y
FFrry—Y RU 7 ERBEEICAECDHEE, KOS Ry hREEGRE Ny FRT A ADRMIZ
KRERBEDNBEL DA D= ZLOFHMCONTIIARHARENRL . EHIC, 2By MR
WZBTL2A 7y FFr—Y R 7 FOHMlOHEFNIL Al RMEHIR SN TR Y, o4
BB AWIET NS BT H A7y NF¥—Y Y 7 hORBIRFEHTH L.

10



i

Tunneling

+ + -

Charge-offset movements

Fig. 1-6. Schematic diagram of the movement of offset charges around a single-electron island.

Peak shift

-

Ve

Fig. 1-7. The phase of the Coulomb blockade oscillation ramdomly shifts due to the charge offset
drift.
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1.4, ~)VF Ky FEEBEBFT /XA X

BEICERD Ny FERE LI~V TF By SEETT A 203, RO A6 2 B
DTS 2 Z ENHRINES TH Y, @R T A X & LTHIRFS D, TS, v F
Ry MNEETT A ZADHEIE « FEIZHOWTRAT 5.

1.4.1. ~/VF Ny NHEEAT A ZAOREER X O

INFETICRRTEEHE T M TV VAXIIBIT 28 E 2R3 5 72912, Fig. 1-8 |7

EOBBHEO Ry T LARICEE L~V TF Ry NEETT A APBEINTND.
~IVF Ry NHEEFT A A, Ry FEIED P RVEEEZ N L THRAE LTS T2,
HAERBICL2EMEEREDK TA2M I LN TE S, E5I1C, BHEO A2 ff
JBZENRIHIRSTHY, 1| DOT A ATEVERREEETHZENTES. Z0
TNA ADFHEE LT, FTEOHENREOND X2 ICT A R EET 20 TlEke <, 1
RUIBITE DN ED DISBEZER T D L WO R L IXR R D 2 v 7 M ERAT 580
EFohd, ZRETIS, Si v AF Ry bT AL RZEEO S — "R 52 LT,
HISRER 7 L X VT VIGRIR TE 2 @B eE R BEN FTRE CTH 5 Z E N EFES LTV H[18].
&8 KNy NRTHE, BFEAR L&)/ Ky NEBMBEICHAAT 5 2 & TF 31 2% /E#]
L, mPSREZ AATEX 5 Z LN MESNTVAR]. ZNHDT AL AT, HriE
LOXEFAL, HICEO ML THELRET L. HELORHEY I 2L —T s
NE, Ry MY A XD L EICL D7 — MREBEDOIX LSO DIRENFFEZ I ST 5720,
FRBEARBE DIRB N RS 272D Z L &R LT-[43].

VG1 I'_“l

Fig. 1-8.  Schematic diagram of the nanodot array based multi-dot single-electron device.
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1.4.2. VT Ry NHEEFT A RZET 5 2 E TOMFSE

~ T Ry MHEEFT A AOERGIEL, FEER Ry MR - &8 Ny S REMHO T
ENTWD. K R o F R T, GaAs/AlGaAs, Si/SiOr ORI L7= 2DEG & H\\ %

t DR[44-46], Si FFROBEAIC X O MBROTRITIKE LT By R ETERT 5 /3% — K17
B AIERHE SN TVNDH[47-49]. LvL, EBHLOFEIZEBNTE Ky REEAT DI
K72 ) Y 777 4 BARPMEIZR Y, ZHO RNy FERETLZENHELV. @B Ny
FRTIE, ABFAER L. Ry N A EmEICHBE L, AQWEEZ N L 72RO F Sk c
DI Ry b7 LA ZAERTG 2 FIEN#RE STV 5[20] U, B OB E Y /\Eé
T Ry T vA EZERT IRA BB INTND, Wzi fbE&m L7z Ky b &
Langmuir-Blodgett {EIZ XV~ A 7 0 XA —H — X7 —/LOEBEMX ¥ v FITEE T D HESL
[29,30], Fig. 1-9 &3 @ET/ Ry M3 EPIc oML cMEs G422 7 =27 —#%
AR 2 HIEDSRF SN TWD[31-37]. 77 =T —FE, Ay XESLEE— A
EEEE O THEEICER T2 2 6N TE 5. £/, &F Ky b EMRIEBIERT S
N7 B RNV DEMECERE LRy N — U BEE AT D, Ky hOY A A0 b
FOVEEBEXEESE X RN SO0, Ry hOFENRICHET 2 HEFRHENSEOLND
[32-37]. &HIT, ZOXIZT U HLIIHMTLHFT/ Ry hT LA TIE Ry FORKRLHE
FHO Ry hORZZIDELDOEIZEY, Ry b T — MNIOBEENP AT ENT
HEND, 2O LD e R —HEIX, IREFFEEEMEL L OIZT 57280, T34 2ADOBREIN 72
BIEO AR IFF S ND. L LR S, BEOEREANXCLVELZ D Ky FOHE
FtER PR S D720, A RENRREITBI SN2 W BEX BN TEZ. Z07DIg,
LD Ry BT H KHFIET D REH N T S AXAREEZ D TV AHIZHED S
¥, TOREBE RO « B ITEA THRVWODRBRTH 5.

Granules: Fe, CoPt, Au etc

Fig. 1-9.  Conceptual diagram of metal—insulator granular thin film.
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1.4.3. Hjg Fe 7/ Fv b7 /A 2Dk

FH = RV X— O/ S Tk AR AR _E(Si0,, ALOs, MgO, ete)lZ, FEM = R/LF— D@4
J&#E(Fe, CoPt, Au, eto) X il S ¥ 256, HIREE ORI\ T =R TR B0 E
Ji% & 415 (Volmer—Weber %) [50]. % DFS, & O ZIRITTHIZRE TR S, (R >
MZV/NEW S BiE, BICEREILHIC LY BICBEGET 2WAER 12/ L CRETH. B2
R LT A ANRKRELS 2D &, BWDIZESL - SR L, 0N CHElfeE L 72 5. Fig. 1-10 (TR
TR ICHEBEOBIEIC L0, S REDOT A ARLEFELOMREZEZ D ENTES.
ERTBERIEEEHEAAFA L TERLESRE Ny 2T 3, AR T 2R 03170
NTW5. Bz, Co-AI0 77 =2 T —RE W=7 A R BN T —rn o7y r—
(\Z ST 2 IR IV BtE 2B L 7= & W 9 A5 0[34], Fe—StF, 7' 7 = =2 7 — i &

Wew )V F Ry R T AL R W TREVFFEZ B L7 & W O SR H H[36]. LvL7en
57T =aT—EotE L, V=2 RLA EMICKH L CERESHA~DIELARETH D
7o, BEDRE SANTFET H. ZOD, Hxax o Ky hOBEEFFER s, 3
2R SR AN R MR B S T,

ZZTARMNETIE, @R/ Ry MEx 1 JBE LTRy MIEZHO L72HE Fe 7/ Ry
FT VA ZHNDZ EERETH. ZNICKY, AT OE&RE Ny NEnT 58 2%
WHEGMORIRETE S, LL, ZNET TIEENGT R OGE S AN EESEAFETD.
Z ZCARETIE, BHRY /7774 XA T AT Z & T, MUNERY Y v
MICHIEE S nm OHJg Fe 7/ Ky b7 LA ZELE L7~/ TF Ry b g 2A&ERL, %
O HE TRt 2 38l L7,

(@ Metallic nano dot

(b) Metallic nano dot

Fig. 1-10. Schematic of the metallic dots formed on the substrate, where the thickness of the metallic

film is thin (a) and thick (b).



1.5. WF9EEBY

INETOCMOS W L7 b= ZATIE, WHZLTEFOI A APLEITLD
FPEIX O Z 28R L, BFAREE 2 ERT 2 IcEE NEINTE 2. L LI L
DHES, FF-P A XD 10 nm BRI/ D L b EOHEENBHETE 2. 207D, 96 E
AR LT LW ERRET A ADOERBNLEEND.

BEDO Ry "R SND VT Ry b T34 2%, B AN %1280 15 %
ZENHERE S TH Y, B ATRER MBS — NEMER EOESREE A AT 5 2 LN E
FESILTWD. ZOT 8 A%, AFRZRIC AN EEDOMAE DI LV IRENFFEZ Hf T &
L5720, Ry MA XRLEBEOD L ZINTERT 25X DX A2FATE, kD CMOS
L0 DR NEFH - WHERE ) TR EREL LI TE RN CE 5. FICeR
Ry FRIE, ZEORIZED BRI EZEO Ry NERETE L7720, vV F Ky b
THA AR TH S, LonL, ZOFEICEIVERENDLG T Ky b T LA, &
ARXDIELDNTZZHD Ry NIRRT X AAFET DB R THD. 2O L D MR
FROYE, e O Ky NORERFEEUL I D720, BREESFETBE S e ne s
ZHD., ZODIZ, BHERRERAWEER~LT Ry N T8 AL ATREERS IR T &
YO0, T OHEFHEOFMN - BEAFIIHE AL TR0,

INDOEFREEE X, AETIIZEOER Ny MR T U X AHFETDHT ) Ry 8T
LAIZBIT DHEEFFEORMEI LN T H I LT, 7 ZAOATREMEZE BAid 5 Z &
ZHIELE. @B Ry MEELTFe 2, 1 EFETRIELZEEFe T/ Ry F7 LA
EHWIZT AL ZAEERL, ZOEKFHEZ G L 72

15



1.6. R 3XDORERL
R L DK ZITB I AME AR B

W1 EIIFETHY, IR R EFERRIICOWTIRANS . £, oS A AT
LHES N T VAL OEE LFREICOW TR, ZOREOMRK E LTSN 5 4
BV LF Ry TN, ZAOAREMEIC DWW TR RS,

%2 BT, Fe 7/ Ky T30 2% A0 TR S N IRBNREIC W Tk . 2800
Ry b3 T U H BHFET DRICBWT S, PFRZIRBIRMEAEOND Z 26T L
7o, BT, Fe BRIZ XV R Ry " A X« bR VEBE OS2 52 52 & C,
J Ry T UAHO 1 HD Ry MIHRT D IREFEN —EHE TR SN D Z L 2P 5
P LTz, Zhbid, Z Ry PRICBWTHEA O Ry hoOBEFRENTIHTE S 2 &
HRET HEBERERTH D, ZNHOREIE, RELFEIZR R DT L.

% 3 BT, Fe 7/ Ry FTF AL ZAOENERZEMHIZONTRR D, (F LT 1 2Dk
B HBIC D> TR L7 2 A, 78y b F vy —Y U 7 MIxF L CEuigH
LELTBENETE 5 Z LAURB SN, ZOMEIE, Ky MEZ o EER (A 4
ENDRBENC L DB NI N EERELTEY, MESRST A 2A0&EICRINT 5L
DETFHRIND.
¥4 FETIE, Fe 7/ Ry hTF AL 2D LT — FEIEIZOW TS, F/ Ry h T L
ADEFIZTF = EWOMFTDHETHEITNVT— T AL ZAEERL, 2 ORENRE % 5
fliL7z. ZOREK, 2 2O — e HWTREFRFMEAHIE CE 52 L 26N L. Z0
R D, B RE WL T Ry T8 A0S — NEMED ATREME S HIfF T &
D, EBIL, FUXANIHAM LT Ry MCER L, EFOF— MIRT 20BN RE—I27h
L2 EHEWLMNTLTE. Ry hOT U F LAREEICHKT 2NN =—2 g VITEALZT
%, T3 AOBEREMEZ R 5 Z EIlC OB LRSS, RETIE, 32507 — M &HL
DT MU TS — BTN, RCBT D IRBIFEICOWTHEME L7z, TR, Ky
NEBT— NHOBRENRARE—ThHZ EZ2FHL, EBFHEICANY =— a3 V&2 A5 T
& B ATREME DV RIE S vz,

FBSETIE, 7/ Ry M7 LAIZBITL Ry hOSGMORI( Ny MBE, 14X, Ky b
) & IREVRHEOBIRIZ DWW TR 5. Fe R & R ORIEIZ LY Ky bk %
Bz, IREVEEMEZ G- L7z, ZOREE, IREVFHEORHBIL Fe IR O LV, MRS
Kith & o v POV IRBN RIS ZE LT D 2 L Ny o o, ZhiE, EROWRRE(R v MEE
R A ANHE S 22 T2, S IR ORI A D 5 BRI T S, ADarZ o 2w
ATHY, av B I B ARPETHZLICL-T, 7/ Ry b7 LA ICHRT A8 M
RNV DN S HEA 7 P A F(SEDICIE WY VIR £ TEZ 52 LN TE D
ZEEmRLI.

6 HCITRIEZIT .
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28 Fe T/ Ny h A RZBWCERISNT
H— Ky MIAEET R
2.1. FLC®HIC

HJE Fe HIEOMEMHIIEREN D HOM#ET Ky b7 LA 2=~/ F Ky b

TNA AEERIL, TOBEBSFHEZFHMEL7-. 22T, VY777 0 HIFIC XV EE nm
F—H—DBEMX Y v T E Fe /) Ky hT LA RE—2E2H1T D734 A/ERLL, B
IRIRENVFFE OB A H R L7,

2.2, TNA A{ER

FAL ALY ¥ 757 4 Tt 2N TH 57 LRI ERTIRO SISV TR
5.

(1) Au AR/ <y R o/ER

ZITIE, arE s by MERlEToO T e A TR TS, E TS Y —
\2 &0, BER(L Si02(200 nm)/Si K5 & 20 mm X 20 mm DO K& S8V H L7z, & D, N,N-
PVAFNBRLVLT I RBIOTH ) — /WL RS ZITOREL P2 FORE),
2 90 ml & Kk FEK 30 ml DIRGHR(E 7 = 7 k) & O T R f 21T - 72, S O
B K0, Atk KOG Y ME 2 RET 5. WeidFIE% Table 2-1 (2R

Beig e D Si0, (200 nm)/Si Fet iz, 74+ N V7T 7 4 BX QY 7 hAT7 TR RIZK
D=7 Ny R(Au35nm/Cr 5 nm)Z {ER L 72 Fot R 1A 1Z OFPR-800LB(300 nm)/PMGI-
SF6(300 nm)D 7 # kLY A k% Table 2-2 DK TAY Yy a—F —2HWTHAT L. =
TT2RELUANERAWET e AR LEEBE, a2 7 b5y REREHCEmRT
VDNV E T2 THD. 74 M) VT T 7 4 BEOSRIMRENIX, A—A~A 7
07y I~ 27T T4 FMAG)E W, T4 NI YT T T 41X RE = i L
72, NMD-3 Z AW CHE %217, 120°C T Smin AR A h_X—7 L7z, Big4A% Table 2-3
R

BBk, Y~ MR T I X< )77 2 —PRS0OOVEHH L, R T 7 XA~T v 74l
BAEITH) ZETLUANREEZRE L., BET I AT v 7L, BEHT ANE 150
ml/min, H7)300W T v F b pZE L E 10minfTo72. TDk, BELERELE
(< 1073 Pa)lZ B W THRPUINEAAAEIZ LD CrSnm, Au3Snm ZpE L7, 22 TO Crid,
Au & SiO HARDOFEAE E L TOEEZ R LT,

KERITY 7 bA 7T a2 %757, U7 bA 7 FlE%E Table 2-4 (27597, 110°CT 30
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min D72 NNN-U A F /LR AT 2 RiZ 10 min = L, ZDOEBEREIEE%Z S min 7-7-.
R, FAIFFICIRD TBWE NN-UAF LRV LT 2 RIE L, BEEEE%Z 5 min 1772
%, T hAlim UBEWR T Z 5 min {To 72, &%, BHUKICE UEBZFIRIEFE% 5 min
1T-o7-.

Table 2—1. Substrate cleaning procedure

N,N-dimethylformamide x2times ultrasonic cleaning 5 min
Ethanol x1time ultrasonic cleaning 5 min
Piranha solution x1time Dip 5 min
Ultrapure water x5times Dip 5 min

Table 2—2. Coating conditions of photoresist

Photoresist Coating Condition Prebake time
PMGI-SF6 3000 rpm, 20 sec 190 °C, 5 min
OFPR-800LB 3000 rpm, 20 sec 110 °C, 90 sec

Table 2—3. Photoresist development conditions (contact pad)

Resist development NMD3 200 sec
Rinse ultrapure water 1 sec
Rinse ultrapure water 10 sec
Rinse ultrapure water 30 sec

Table 2—4. Lift-off procedure

N,N-dimethylformamide x1time 110°C 10 min

N,N-dimethylformamide *x2time ultrasonic cleaning 5 min
Acetone x1time ultrasonic cleaning 5 min
Ultrapure water x1time ultrasonic cleaning 5 min
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(2) MR D /E T

WAR7R Y — A« R LA EmOERICITE F#i(Electron Beam) V) V' 77 7 ¢ Zffi [ L7z, &
THY V7T 7 413, %ﬁ%ﬂ@%ﬁ“é ETUUR MEENIE, F— /%?ﬁﬁﬁ“é
TavAThHD. BRI VT T 7 4O 0t ADAE Fig. 2-1 IZR-7T. ﬁ?ﬁﬂﬁ@
LY A MZIE PMGI-SF6(300 nm)3# £ O ZEP-520A(350 nm)®D 2 & L ¥ & k 75.»1%)% L7z,
A N OBAGSGA % Table 2-5 (TR T . SUHEMOHEE 2 — 0%, TOERL T\
27 by RAWCHIZEDED L 91T, Y—A« RLA VEMBOX v v 7 RK(L)% L=50~
400 nm [ZF%FF L7z, " F — B OBRIZIE, =V A =7 2RO E-HEEEEE ELS-3700 £ &
OVELS-F125 % V7=, %h%h@*ﬁ%ﬂiﬁﬁ L 7= B 5 % Table 2—6, Table 2—7 27”7,
BT X DB A2 4T - 72%, ZEP-520A % ZED-N50 C, PMGI-SF6 % NMD3 (2L Y Zi
ENHBg 1T o7z, Bt % Table 2-8 127”7
BB, BE T T AT v ZIX 0 T A DLE(L VA MNEEORE) ZITo7-. O
%, BEREEBEZHOCTEBEREZ K LZ. 2 2 TEMICBWTHA Lo & [
BHUINEZAFEIZ E YD Au 35 nm/Cr 5 nm 2R L7z, 281, 110°CIZIR D 72 NN- 2 F /LR
WNET I REHWCY 7 M4 77 av A %&{T->72. U7 A7 O5MIX Table 2-4 2R LT
LOLFEUCTHD. FRLM/NEmY ¥ » 7 Ok AR E 1 BI% 8% (Scanning-Electron
Microscope: SEM)4 % Fig. 2-2 [Z/” .

1. Resist coating 2. Exposure 3. Development

Electron beam

Resist v
4. Metal deposition 5. Lift off

Fig. 2—1.  Electron Beam Lithography Process. (1) resist coating (2) pattern drawing by electron

beam (3) removal of the exposed resist area by development (4) metal deposition, (5) lift-off.

24



Table 2—5. Coating conditions of EB resist

Resist Coating Condition Prebake time
PMGI-SF6 3000 rpm, 20 sec 190°C, 5 min
ZEP-520A 5000 rpm, 70 sec 180°C, 2 min

Table 2—6. Electron beam drawing conditions (ELS-F125)

Accelerating Voltage 125 kV
Beam current 100 pA
Beam Diameter 1.7 nm

Chip Size

600 wm x 600 pm

Dot Size

2.5nm x 2.5 nm

Table 2—7. Electron beam drawing conditions (ELS-3700)

Accelerating Voltage 30kV
Beam current 100 pA
Beam Diameter 6 nm
Chip Size 500 pmx500 pm
Dot Size 25 nm %25 nm

Table 2—8. Resist development conditions (EB lithography)

ZEP-520A development ZED-N50 22°C, 5 min
Rinse ZMD-B 22°C, 1 min

PMGI-SF6 development NMD3 1 min
Rinse ultrapure water 1 sec
Rinse ultrapure water 10 sec
Rinse ultrapure water 30 sec
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Fig. 2-2.  The fabricated electrode having a gap L = 200 nm (a) and 350 nm (b).

(3) MgF2/Fe 7/ K b7 LA OFER

AWIETIE, BT/ Ry R T LA OMENZ Fe %, 7/ Ry 87 LA OO N—RE(HER&IE
MEH & LT MgF, 38R L7=. MgFo/Fe 7/ Ry N7 LA [ EEEZE(< 107 Pa)Z& 5 25 2 v
BT E—AEB)ASICLVIER L7, BB AFEIL, MEEPICBWTEFE—L% X —
7y MAEHZERE L, #—47 Y B2 INEV LS L S & TRRICHRB S5 2 & TR
ZIERT 5 FETH H[1]. FFIZ EB 251X, MARM B SRS B OBIEIZE L T D, =
DFET, MEFZLICEE L — N 2RO D 2 LN TE 5720, BEOHIEZ HERNE S
725805 2V v M5, L7 @mE%E BB 2855 HE O ORI IX % Fig. 2-3 TR~
T F v N TEICERER & TN AN I LTOOETEHN 2 2bHV, ZAEKRE
2 \ZEA B — L TMBGRIRE S8, B B2 BEOWE ZEKE LTRRTE 5. £7-,4
OO IR FIZFRIFFICERET 5 2 L WA CTH 5. BlERy, ZHEIR E7ICH 2R85B0 v
X v ¥ — % AfR(EHEEHE 1.9 s) X TRk 2 & IR 72 5 RE TR & ot & o % i
HZ LT, BBNEIC LS TRRDIEED T NA A RIRFIC/ERT D 2 E AL 72 5.
ZOREERIEIR Y ¥ v Z — DFERIC W TIIIRAICFEIR T 5.

FEBEDOT A Z{ERTIX,EB Y V77 7 4 Z W TR W=600nm ® Fe 7/ K> k7 L A
IR = B INERBRNCAERL U 7=, 2 OFIE ZEP-520A (350 nm)DADHE LV A b &
7o, VYA NOBIEMB X, EFHROBESMIANDE L2 D LRI THSH. Fe 7/ F
v N7 LA E— AR, EEZE BB A E % VT MgFs (45 nm)/Fe (*F-¥) Fe IR tr.
=1.7~3.0nm)ZRKE L7, T 2T, tee [T HEAE LT2 & & D Fe ORI BERETH 5.
MgFo/Fe DAL, 1X10° Pa LLF CHEIRIZEBWTITo 72, Fe 8LV Mgk, DZ&FE L — M,
ZNEH 0.02nms! BEO 0.07nms! TEIfk -7, Fe BHICEE LTI, IR v
Z—% M\, Fe MR DHR 2508 2 AR AER T D IR E 21T > 7. — 7, Mgk, %
BT D ERICIE, BRI T 57201l v v X — X HR S S0 o 72, plilE L7e Fe &

JEHPH T, Si0 BEHICHEIT D Fe JTO~A 7 L—ra v BXOBEICLY T/ Ky b7

LA DB S ILD.
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Fe 7/ R b7 LA {ER%, 110°CIZIED T NN-U A FILHRNLV LT I REHWTY 7 b4
TEIToT. VT AT DS Table 2-4 IR LT b D ERETHD. Fe 7/ Ky T L
ANERAL DT SA AP SEM % Fig. 2—4 [ 2R, BUNEMRX v » 7 RIS HHIN T2 i L 7=
VT7I7arP A XDFet /) Ry hT LA RkENT=F /) 7V v UEENEHR SN TN 5.

| —T Holder & Substrate
E —
I < Shutter
Gate valve
— lon pump
C Special shape shutter
Fe  MgF, = Source material
Electron beam gun =—fe
Rotation mechanism | |

IEwer supply " Power supply

Fig. 2-3. Schematic diagram of the high-vacuum electron beam deposition system.

1.0 ym

MgF,/Fe nanodot array

Source

Fig. 2—4. SEM image of the device directly after forming the nanodot array.
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4 BRI A TR

Fig. 2-3 \TR LI B2 BB OF v /N — NEICRE L Th D Fe KGR & LB HMR
IVE—OMIZ, Fig. 2-5 [ORTRBREROEELE Y v v ¥ —Z B0 T ThH 5. Fe DRRIREEE,
ZDORBRIIEIRD Y v v H—H RS H 2 & T, BRPICER L7 Fe 7/ Ry T LA
N — U DALEIZ K > T, RERE BN EOM A REEY v v 2 =B 5 R 2 2 b S8
D ENAREE 72 D [2,3). EDRER, Fe DG BEZ TP DN —NIBIZL>TEZXDHZ
EMTE, T/A AT LT Fe FHEDE R 5306 2 FIRHCERIS 2 2 L A ATREIZ 2 5.
Lizvy v ¥ —ODOIk % Fig. 2-5 (287, £ 72, Fig. 2-6 [ZRE B O KA B A2 7~
Fig. 2—6 135 BT DX REE 2% TR LI 7 7 Th 5.

——

~

Fig. 2-5. Geometry of the specially-designed heart-shaped shutter used to simultaneously
fabricate devices with different Fe film thicknesses [2].

g 80+ e Front side of the sample .
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] ®
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Fig.2—6. Normalized deposition amount at each substrate position when Fe is deposited by rotating

the specially-designed heart-shaped shutter [3].
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MofxR DG EICBE LT, sEMLEIC L 0 &5 - SURHE O BB E WD S 5 7= D IR
BRI A< DY, Fig. 2-T IR T L DITHR K TS BIRETH S, Z L Fe DIREMFERN RS
DTN Z N, AR TIIEETE b0 L LT,

100 T 0 4 o Ol e————1 1
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Fig. 2-7. Normalized deposition amount at each substrate position when the insulator is deposited

[3].
(5) 77— MifatxiE Si0, DVERL

77— Mg & L CHERT 5 Sio) BOREE, @EE~ 7 % ke A%y Z 4 # (Radio-
Frequency Magnetron Sputtering Equipment) Z N T{T 5 72 (Y / 7 L "8 B-200S A%
v 2 AEE ZH). A8y X B, BEAINC X 0 E SNz Ar A A2 B2 —7 MEHS
HRTHZET, =7y MNETFHROH L, R EICHRE SN E W FBETH H[1]. A
Ry BRI, BRPUNBGEAETE & i U CRBLEM BN O S WRE T D . FEIZ RF ARy &
DA, X4 —7 v b FEICKABADREE SN TRBY, BRICE > TETOLEAEZ
FETHETREED T I AVERAESEDLIENTES. 20D, EHH(DC)A /Sy
Z L LT L — RS EV. & 51T, RF A28y Z DA Si0) % Dfafz B pl g
HLAMRETH 5.

AWFIETIEI Fe 7/ Ry b7 UAMERILIZ, A XV~ A7 ZHWT SiO J8 (300 nm)D i fE
ZATo7=. X =4 MESIO AL, Ar H ADFEIT ~ 19 scem (VA7 21— ha—
ZIZ XV HIE, RF 287 — X 150 W, FRIEH OSEIX 1.0 Pa T—EIZR> 72 (L — RS
nm/min). Ar 238 A9 5 ERTO Ay ZIEFERNOEZZE L 4.0 X 104Pa Ll FTH Y, Si0, ik
JEEISF L R 3 7T A DI AIFAT - TUVL7RL,
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6) 7' — hNEMOIER

SiO: @ DO, 7+ NI VT T 12K — MBI Z — A /ERL L 7-. OFPR-800LB
DHFL VA N, AV a—Z—%HWTE®A Lz, YA MOBASAE Table 2-2 (2
RLIELDERULTH D, BN % Table 2-9 127, 7 — NEM/SY — 2 OFERLIE, 21
XD Ry T v A DOEWNESTEOICBERE T T A< T v ZTAERIEATHO R0, R
H— ARSI, BPUNBRE LD Cr5nm, Au35Snm 2R L7Z. RERICY 7 hA7
2 RAEIT, F— NEMEER L. U7 47 7 ek A0 FAEIL, Table 2-4 12" L72H
D LFABETH 5. Fig. 2-8 12, 7 — NEMAEEY (H1F 727 A 2RO Wrim X 3 L OV 78
WEEBERT. RTORTEIL, KB 72— "—N% T,=8KIZRHARN L HEE T X —X4
77 A Y (Agilent 4156C) % FHWNTIT o 7o (T ITFRELA 7 — 2 OIRE).

Table 2—9. Photoresist development conditions (gate)

Resist development NMD3 80 sec
Rinse ultrapure water Isec
Rinse ultrapure water 10 sec
Rinse ultrapure water 30sec
(a) Vs

S HI'si0, (300 nm)/MgF, (45 nm)

(b)

Fig. 2-8.  (a) Schematic diagram of the fabricated Fe nanodot array device. (b) Optical microscopy

image of the fabricated device.
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2.3. T3 ZAOEKEIERAMN

ZIZTIE Fe 7/ Ky b7 LA T3, ZADOBEXEMEFMIC OV TR D, Fe RED R 5
TNA ADIEEREZ M T 52 LT, 28O Ky b3 T U X LAHEET D RICEBT 55
A2 LB A FE OB 2 R 5.

2.3. 1. RGBT R EN R

AT, FRLZIEZEAERTOT A ZTBWTIREFFES B S e, (ERLE
T A ARV TE S - U 2 IR R & Fig. 2-9 IR T, ZNH DT /A A EZEH
Z 1L device A (tre = 1.8 nm, L = 100 nm), device B (fre = 2.3 nm, L = 400 nm), 35 Z ¥ device C (fre
=24nm, L=50nm)& L7z, 7 — NEJE Ve ZE 8L LTEBRIZ, B AT U AD/NE7R, B
BMED & 5 IV W ABIH S 7z, AR TIE, IREIOH.L0 D 21%8L 2L, HBEE
D& D In—Ve MR A IRENVRFE & EFR L72. device A 35 KT device B 23\ THEHMERIRENVRENE
BEIS T, 2, BEO By RRIESNCHEEG L TEY, 50 Ny MIEkT 24
W REORRD 7 —n o7 u v r— NP EREDI > TWNWHTOTHDH. —7, device
C IZBW T Y > TV IREVRHE MBI S 7=, EHINE < (21 V ) HEEA 20 pA
BEOKRE L, IREEMNE 7 — NEEORSIEIH TITE M OFFEN TE W IRENIN,
HRAEDEZ2TWD. T A TIEEMEULEDOZED Ny b3 T o F LHFET H &
EERDLDE, ZOXI I TNV IRRERER B S D Z S ITRET RETh D,
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Fig.2-9.  Typical Coulomb blockade oscillation characteristics measured in back and forth Vg scan
for (a) device A, (b) device B, and (c) device C. Vg was scanned from 0 to 30 V, then in a negative
direction from 30 to —30 V, and finally reversed from —30 to 0 V at drain voltage V'p =300 (a), and 10
mV (b and c).
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2.3.2. ALK E L AD Fe [EEAKLIENE

ERLT=T A ADa v XY B AD Fe REEFHE% Fig. 2-10 (2R T, av X7 XA
DFEMFT ¥ v TIRIFTEITHER TE 2o 72, WkE/: Fe BURIKTFIE 2 MR L. —i%AIC
Fe BEE O, Ry ot X 3MmL, Ky BB T 5[4]. 5T Fe HE
DM, BAO bR ERBENT 5137 THD. 61T, Ry M A X0
EN Ry NOWBT RV —Ec BNV 520, 7—ar7ayr— NRENEREND
Ry MBSz 5 LZ2 605, ZRODERIZEY, Fe BEEOMIf B, a7 2

ADEEPEEACHIN L= 8 B2 D ONEHTH S,
Fig. 2-10 128 W\TC, EIZ 1 HD Ky MIHRT 5 v v PV RIREFFEN B S -7 A
AxEJRNT By NTORLTWD., v TV REVRE 2R 7 34 A3, 2.4 nm < fr. < 2.8 nm
awmvtm%ﬁﬁmmﬁﬁﬁf%otzkﬁzwmﬁiﬁ&ék FRAADA LY H
YANREL 2D TEOI, L DT NA ABBREFEEEZ R S oo lo. 2O LD e iREFEE
méﬁ#okvﬂ4x%aé®7mybfmbfwé.%%#m%i TNAADA Y
Xy R APNES AT T B AQRE/MED HEL 2D, Ky MaERNERMICHEET 5
BMEIAIE 1, = 2.9 nm (FTIZRBWT, H—JA#O v TV RIBEFHEZ R T T /351 253 10 %
BEOHECBIINZZ L ThHL. BREFEMITICHENTIE, Fy MRLERAEKIIC
BHLTWDIED, 2O X572 Ny MIHH M R AEROSWVDE Ny FO Y — N
KO BB E R EN RIS, Fig. 2-9C)Zr Lz X oz, EEREICEF S L Twn
DRI Ry MRSV o Te B, ERROA D= AL EFET H EHMHAT L &0
AEETH 5.

3

]O- 3 T = T AA T
- O L=50nm el : E
R 10-5E O L=100nm l.
@ ] A L=200nm 3
8 3 v L =400 nm € ?713 3
5 107} A ]
S : vg'g'D AQA
= 1 o v E
e 10? E QAO g
8 ¥ § 520088 ’
3 gé 8 3
11 F ODD DA%O 8
10 [ D O kA = p 3
:! o DOO o lp ]
213 F
]O 1 1 1 1
1.8 24 3.0

Fe Film Thickness (nm)

Fig.2—10.  The conductance dependence on . for the Fe nanodot devices. Red and blue plots show
data of devices having near-periodic current oscillations and almost no current oscillations. The

position of the threshold thickness #, is indicated by the black arrow.
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2.3.3. H— Ry MZHKT L 7V iREN:

B SNIZIZIEHE— B O > v 7V IRENRFE 2 Fig. 2-11 IR T. TRH DT 3o A%,
FhZF deviceD BLWNdeviceE & L7=. 77710, 1ZEAE—EOR—RERIZEHHN

REHRIRENELAEDI 2 TWNDZ EMRb05. device D & device E DIRENE ML, = F
AWAVG~28V BELW 23V Thote. KNy hEF— MEDERE Co (Co=e/AVe)ZHE T2
L, TNEI Cg~0.0057 aF B L 0.0070 aF & RKF 5. —MRAICEIIREN R 2 FE 9 5
BRI, di/dVp OFEEMRET 7y PBHWLND[S]. LRLBRBLS AT Ry RT3 20D
BE, BEOGENANWINAFIE L TNDT=D, FLA UEEEEMNEIE S5 &Y ER
MEIMLTLE S . DRITARPETIE, BERIREAEEZ BT T 27200 b 5 — DD —fiK#HY
REETHD, 7 =V I M OMSIE % W TZ[6]. Ref. [6]IC L % &, Eit/Eiie— 27 O
B RAE Io/Inax W FEGRRAVIC, BMRICBIT D 7 =L 5B OB R IEA 0 Mo EHEN 5.
AT L7 4 v T 4 7 RELLFITRT &, [7]

ae(Vg—Vpeak)

I = Imaxcosh‘z[ Pkl ]+IBase,

Voeak [XEIMMENIRK & 72 DO — NEIE, o = Co/Cs IXBIEAT — /LD T FK L F—D
AL — IV ~DOEFAREL(Ce 1L b — Z VR &), Ec = e/2Cs [T B = RV X —, Ipase 1L — A L,
TAXEFEETHD. AT, T IV TR T—VEE T =8K LELWERELT
W5 . device D B X WV device EIZBIT 5 elp DX LF—[E, ~1meV BLD 2meV THD,
T3NS hoTe, RIS, TRVX—FAT T T LEBEZDH L6, V—AEWMDT =)L

SYEN. BRI KL A VBBOT7 2 VI EIFEA LR CIZT TH D, Fig. 2-11 (2T X9
2, H—=271 3 b oREHWCT7 v T 4 752 nTE 2, BISh=E
TIRBVRFEDN . — Ry MIHR T2 ZEZEHRL TS, 740 v 7 4 V7R LV, device
D BXWdeviceEIZBWT, Fy hOFEBEZRILF—2HHTHE Ec~85meV BELD 6.6
meV ERED. LT A Ty XV b+0EmnGa, WET XX —Ec3HH LIZED TJT
EIC72 5139 ThsD. —HTRef [8)ICLDE, Te— T 1IM2-3KFEETHD LHEEINT
Wo.

CITCTHEHLEHECAAT—DEER, B Ry hOV A XOBE LEOHEEETT
ST=. T O, HHboO7-DIZ MgF, FIZHLDIA N IZINIER( b — 2 VAR G N HOARE
Coar (25 LUV)EUE LT, ZOHAED h—H VR G LU TITRT &,

Cs = 4neoepgr, Tres

Emgr,= 5.289 1% MgF2 DHFEER9], rpeld Fe Ky FO¥ETH L. HETRNLF— E =
e/2Cs Td 5 DT, device D, device EIZHWT, Ny FO¥Erge~ 11 nm BL ~ 14 nm
ERED.

VIR ERENRFEITE - Ry MCHKRT DD, ZOMOL < O Ky M REIRIC
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L TWD. Fig. 2-11 IZBWT, WEINIFHEE LZEZ< D Ry MIHKRTDIEEAE—E
DR—AERPGFELTNDZ ENDLND. b LRI X Z o AREba X
7B AQEMED bE DL, Il x Ny MEICHE 22X v v 7BRHFEEL TN TH,
Ry MRAIEIEERWICHKA LTS, 0L, ZOLH9RKREZ Ry hofIZ v
FEBEZ I U CHLE SN2 B/ NS e Ry M, R TH—Fy hE L TEHC Z &N
THEHIND., £z, LoRE Ry MALIZEFOD WA ZBK L, HETRE Y —
A« NbA VEMAE DR Y — RE LTHREET 2R H 0 9. Z 0o B0 sl IR
Bj—T, =D K> hR3FEIRY — 7 NAZER L, Ve BIFRO B & kT 5 rlherE
WD, ZOX )RR ARES 5 &, Fig. 2-11 |8 LERER RE2HET 5 2 LN TE 5.

80— —r————

840

Io (PA)

760

720

900

840
~ 780
< L
L
o 720 .
660
600 |

Fig. 2—11.  Measured current oscillation characteristics shown as circular plots for (a) device D (.
=2.4nm, L =400 nm) at p =1 mV and (b) device E (tr. = 2.4 nm, L =200 nm) at 'p =2 mV where
Va sweep was performed in the positive direction. Solid lines (green and red) are fitted by the Fermi—
Dirac distribution function and dotted lines are fitting curves assuming constant oscillation periods
evaluated from the shorter distance of the two peaks in the graphs. Solid lines (black) are the

background current /ase; ~ 723 pA (a) and ~ 600 pA (b).
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2.3.4. V774 F Ry MTHEKTHERHBE—T D7 K

AWFFETIL, B S iz B— B OB RIREN RIS OV CREM AR EIT 21T o 2. T DOREE,
Fig. 2-11 IR L2 K D18, BEIRMED Y v o 7oRENE L D> 7 M3 H b7z, Fig. 2-11(a)l
BWC, BAIOE—27 L2 OHOE—7 ORN 28VERETHY, 2 DHE3DHOE—7
DORIMEA 31 VEE TH - 7=, [FAERIC Fig. 2-11(0)ICB W T, TNZENR 23 VEBIU2V T
Hol-. EHLLOEAD 10 %FEEDIESEM O v 7 N MRl S 7z, Fig. 2-11128 0\ T, R
FE R Z 2 28 V (device D)FB LT 22 V (device EyT—ETH D EMWELTZHED T «
v T 4 MR, RR(RE)TRLTWD. BIE—2 Ov 7 M, IBREIO NN L —OE
TdHD Vo~20V (device D) BEL ~-5V (device E)lICBW T Z »72EE2HNE. 2Dk
SR —2 7 M, BEARHDOVTTA ~ Ry MIETD b RLE)T5 2 L

Y0, IREVEEEZ TR L CWAE—~ Ry hORT U ARE( L2 EDNFEKTH D &
THREND. =277 FOZOMOFEKE LT, &R—EARAEEL coEr N7 v
WEZHND. NT v A FE®&E Ny MRrEOBIE b 2 VIR~ 3 nm)BREETh 513
TTHY, EFFT7 7 i/\)%’ Ky b BEENT-ACEIZIE V. DI, & T v 4

BRy hOEEL DEFICLI-oTUTFLEAEERIEKRIND. 2054, BT OE
N7 oI =T D7 NMZFEGTHREIVWEEZ LS.
2.4, /NEE

RETIL, Fe WE tre DR725(1.8 MM < tpe < 2.8 nm) T/ K 87 LA ZHWWev L TF Ry
NHEBE TN, ZAE/ERIL, o X7 2 AD Fe BEEKIENETR L OVERHREN R E 2 340 L
7. ZOFER, 1.8 nm < fp. < 2.8 nm OHIPH TIER L 722 TOT /31 21TV T, BB E)
FEPE 2B U7z, S OICBMERE ¢, = 2.9 nm (T8 WV C, BEBU LD Ky R2MFEL T

WCHED BT, B— Ky MIHET DT 7 URIEEIREZ 10 %FLE O CEIHI L
o, ZORERIT, VA XOKRERLEO Ry NMIHETDHIZEAE—EDOX—REIRIC, H
— Ry FHEOIRBFENRE LADE > TWEEEBEX D LHHATIZENTE S, 21D
DFEFFERD O, Fe BEEZ L5 2 & T, IREMFHEEZ G5 DI e a X7 X 2D
TNA AR TETL L F 25, SHILFelRICLY Ry boH A X« bV EREDS
a8z 52 LT, BWBEICHERELL EO Ry BFET D7 U X LRRICBWT 1 {H#
Ry MZHRT 2 AR RIRERF A TE 2 2 L W BN L, ZRUIIERD FARIC
KL, % K> hRIC kwf%@ﬁ®h/b@$ BRER I CTE 5 2 L2 RRT 5.
LD DORRIE, 3 BICIRAR DT A ZOEWELRENETGRC, 4 IR RD T NA AD< VT
— MNEMEDAFFRIC R L7z,
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3 Fe )/ Ny T A AOEMELEM

3.1. XL ®IZ

ZDETIL,Fe b/ Ry hT A ADF Ty b TF v —VREMEIZOWNTIRRD.

HEFT A ADRROFEIIFEVEMEEICHY, FIZE, Bfarta—T 1077
N ZAZBWTEEDE S 2 2O Ny MHAOBEMBEI ORI 2 HEICT 5[1-3]. FLA &
x In, 77— MEEZ Ve & T2 L, HEFREUEZBET L2478y FFy—2I2L-T
I Ve FER FU 7 ho o Z &l kvmiiansd. ZoEm /A A F3A 78y FFx—U R
U7 MAQy) & MET, HEFIFIOMMICZ bl Al Ky b & ALOs b > RV EERE
MO IND T A ZANZB W THFICEI STV D (AQy >> le) [4,5]. ZDOEIGIL, H
WS N TV AZORORmMWEMICKTT DREN S, HROFERE STV, Lo, I
HIR_EX, ZOBRMENHE -T2 Si-Si0, FEHWET A ABA 72y hFry—Y K
7 MR L CIREICLEL TND Z L ThHDH(AQ, < 0.01e) [6,7). £7=, Al 7 — k&> Si-
SiO, RT3 AL, RV Si 7 — h&EFFD Si-Si0 BT /31 AR Al-ALO; 52T /3 A A L g
L, &7ty b Fr—VOHREEREl (AQy ~ 0.1e) ZRT[8]. TNHDI b, &
Ky b7 — FEHWET A AT, 78y NTF ¥ —VDOREEMENMEIARE LT
RERBETHDLZENTRRENTZ. /- T, BB Ky FROT AL AR, 478
FFY—Y RV N2l THZERMETHS. LrLERE Ny FRICEL T, Al-
ALO; RUADT SA Z2TiE, BRI D722 & &, AR EREEFHES BN ST
N2 ELHY, 20X A Ty My —VORZEMITIHL TR0,
RNy hRERAWET AL RAIBIT D478y b F ¥ — Y DORLEELEDIHTENIE SN
TWHEBEDO 120, ZOEROEEL S THDH. UMM Ry MO MU R VERBEZ 125 Z &
XREETH Y, WERRE N RV EBREHFLTZOITIE M3 F X v 73 nm LLF T
RS0 Lo, BEMEkMET 2 Ky b7 LA 2AWTERIEE, Z O#E A 7
T DA & 5. 5 2 B CIE, Fe RO MRAMICER SN D T/ Ry b7 LA v
TeT NA ZABAER L, RZIBERFESSEOND Z 2L L. LhL, ZOFkEE
AWTIER L7273 A A%, BWFNZEZEO Ny SBRFEIET D720, MR IRV RE 8
HEND, TOL D REHRIRBHETIE, A7y b F v —YOLERITMITEEL WV &
EZOND. FZTAIETIE 62 BICBW TR, B—0 Ry MCHKT 5ITEH—
JEMI D> o FOVIBRIRENEICIER 5. HOFEDOH — Ky MIHKRT 52 v 772 iRkE)
R R T T AL A THIUE, 2O Ry "RGFETLHRICBWTHL A 7Ey hFxr—V
DETEMEZ T T E 5 ATREME S IR T & 5.

W3ETCIE, Fe T/ Ry T LA ZHWEYALF Ry AL RE, 78y N Fy—
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LEMEDBLE N ORA LTz, & TV RIREN R OIREARAFIED &, BUH S AL 72 IR FrE
THE—DO Ry b BAELTNWDL I LE2MR L. Z0%, TO X5y o TV iR

BIRTTNAL ZCBITDHA 7y b F Y —VOREMRETHME L. ZOREE, Al-ALO; R %
HWTET AN ZEHERL, Fe 7/ Ry b T AL RFIA 78y RFr—Y RU 7 MZxF LT
LB E IR IREN R E A R 2 E A DT LT

3.2. T8 A A

KIFFRNZIBT 5T A AERT o 2B LOEMFIE, H2HmBWTHALEZ O &R
FIZIERICTHD. 72750, by 70— MEENT N ADE 7y N F ¥ — TV OREN
B L B2 DM o 572 D[7], AR TIER L7273 2L b > 75— MEE X
O SO, #f M A TERL L 72722 72

2.2 TR LEME—EFET 2RI 203, (E LT 1 20X WX, SEM i
F OV BEM S & Fig. 3-1 (2R T. 2L Si0, (200 nm)/Si Fatk B Y —AB IR LA
VEMEIR LT, BX Y v 7 L=50 ~ 400nm |2 Fe -/ Ky MEEEMKL, Hil\ T
MgF, #afxE (45 nm) ZHEFE L7=. MgF, Ik W b= Fe b/ Ry 7 LA 1%, HEEZE
AR (< 107 Pa)x AWz BB ZEIC L > TIER S LTZ. Fe 7/ Ry b7 LA ZEEREO -
%) Fe TS (tre) 13 1.8-2.9 nm O THDH. Z D Fe [RHEHIPH TIE, Si0, ETD Fe i1
DRE~A T L —arbEEICEIY, Fe 7/ Fy RO BLTWS, £/, Fe 1/ F‘y k
7 LA DOE (W) 1% 600 nm Toh-o7o. ARBFFETIL, Si iz 7 — MEMmE UL THEH L.
SAER, PEENRT A= T F I V&2 ARR 7 v — =%, FITREE T=8K
TiT-o7=.

(@) (b)
Fe-Nanodot MgFZ/Fe nanodot array

--IW

S

Source L Drain

1um

-
©) e

Fe nanodot array

/. .
Source Drain

Fig. 3—1. (a) Schematic cross-sectional view, (b) scanning electron microscopy image (planar view),

and (c and d) the optical microscopy images of the fabricated Fe nanodot array device.
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3.3. H— Fv MZHNRT B v AV RENEE O IR E iR A7

F 7%y FF¥—Y FU 7 MO D, & 2 BIZBW TR/ Fe 7/ Ky h 7
A ANZBT DIRENVFFE DR A & 0 —EHRICHIT 2. vV F Ry b TS RZHBT D
IRENVRFE O M 2 Fig. 3-2 12”3 O Ny MHRT 7 —m 7y — NRE))
H DAV, EHERIEEEENBIH S TV D (Fig. 3-2(a)). B 9 —2 DB, Fig. 3-2(b)iZ
AT LI, T TN IRENRETIEH S DD, WL OO Ry MIHKT SR
NSRS TNDZ ERNbND. TOND 1 DORGTIE, AVs ~ 12V OIEEEBTH
Sfc. TOMOIEENEMITEH TH Y, figl Lz — NEE Vo OFPBHANIZE W CRHMET 2
ZEMTERD ST, ZOXITEED Ny MIHRT HIRENFHETIX, 20Fho Ry
ML THERRD A7y b F v —Y KU 7 bR CIRBIEFEDN MBI (LT 5720, &
Ty NFY—VORERETNT S ENEELL.
B2REICBWTHMHI L72L ST, Fe T/ Ry hF 30 AT — Ky MIHRT HIZITHE—
A O o T TR R — EHEE TR 0 Ry MCHKkT B2 b4
Yy NF¥y—Y RU 7 MEFHET 2 LT IREBREN S TN THDLZ LIFEETHD. o
U, RYICH— Ry MIHET 2REEFHECH D0 HEREZITOMERH H. £ T, A
RTEHA 7Y bTF v —VOREMZFMT DA, v T VR IREN R OIR E KA 2
FHE L, B S IREEFENE—0O Ky MCHKT 5 2 & s L.

B S LTz v v T VIR IREN R ORER T 2 Fig. 3-3 (\O” 7. JIEIREZ 8 K 705 120
K £TLRiFDE, Ve DIES B LCH TR DA X v AT TV RREN R D HERT
ST, £, BEEFICHEN, J—u Ty — RRMBERINTZ Ry SOEREL,
FRAADALF 7 B AREM LT, & 5IC, B LRIV IRB ORIE IXED Lz, 7
—nur7ayr— NMEHO ' — 7 OE20E(full-width-at-half-maximum: FWHM)IL, —x/L
XN OBPAENRVIZRR L TNDEBEX LN, ZHUFRYRERTHL EF 1
% . Makarenko 512X 5 &[9], ©—72 @ FWHM = 435 keT/ae THZHN5 ((IE/LENDHT
FNK =R — N ~OBELEED). 7o T, 7 —nm 7 u v r— RIEBOMBE Y — 7 (TiRE
WL 725 ERBICER YAV, REOERBEOREINBET 520N 0ND. Zb
DY — X F T IVIRIRERINEN S, Z DO FRIEBEEITHE—O Ky Molk+ 5 &
RO oD, ORI, RHEHILIEEIZHR RS, v v F Ry ME&EICBIT 47y b F
¥ — YV OREMFIIC DR o 7.
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Typical current oscillations measured for devices with (a) tre = 2.3 nm, L =400 nm at J'p

=5mV;and (b) tpe =2.6 nm, L =50 nm at V'p =5 mV (V'p, drain voltage). A further current component
(~ 530 pA (a), and ~ 160 pA (b)) is thought to flow through the dots with the lifted Coulomb blockade,

which can be attributed to relatively large islands or a higher tunneling conductance than the quantized

value (2e%/h).
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Temperature-dependence of the simple current oscillation characteristics measured in

backward and forward Vg scans for the device (tre = 2.4 nm, L =200 nm) at /'p =2 mV. Measurement

temperatures were (a) 8, (b) 40, (c) 80, and (d) 120 K.
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T IVERIRERE A R LT T3 2 &AWV, 5 BHILA LIS 72 00 3R U In—Ve i 23
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Fig. 3-4.  Contour plots of drain current (/p) as a function of gate voltage (V) versus measurement
time for the device (tre= 2.4 nm, L =200 nm) at V'p= 28 mV, which showed simple current oscillation

characteristics.
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Hu O OHEIZHEN[T], LFOREHAWTERBOICE T 2472y hFrv—UQ () &R
H L7z,
Qo(t) = e{[Vpeak(t) - Vpeak(t = O)]/AVG}

I TCAVG IHREEZ R LTS, ZoFEERW, BEFT M RZB T 478y b
F¥—Y NV 7 b OFMZAT - 7o EGNTZ < H 2 [4-8]. AL TIX, RIERRINIZH T
LA 7y M —UQODENDEKIEEZ, A7y hF+—Y R 7 MAQD & EE L
To. o IV IRIREN R (Fig. 3-0) &R LT A A2, B— Ry o478y v —
Y RYU 7 RAQo RN L7=. T4, Fig. 34 lZ/R L7 K 91T, B — 7B ORI 722 b %
B Z L2V REE e o7z, JIE L-IRENEMIAVG = 27 V 2 v, 5 AL Ricborz
HF 7%y FF v —TQo(DDEALE Fig. 3-512F & 72, Qo) DIEDZEAL 5, HIE RN
CBFAATEY FFr—Y R 7 FAQo ~ 03e EEHI S, FEl S 4172AQ0 DL
Al-ALOs F U FNAEG ZHWTHERL L 727 /31 A(AQo >> le) [4]L D H/h &N Z En3bio
. ZORRND, v TIVREFIRBORRI 2 E—27 7 MIERT L2 LIC8Y, <
NF Ry hT AL RAZBNWTH A 78y hFx—Y FU 7 FEFHMIiCE 52 &L 2pR LT
S5, fERLL 72 Fe-MgFy 273 RIA 7y bF ¥ —Y FU 7 MKt L CEukpY 2

L7 BERE DI TE 2 2 &R noiz.
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Fig. 3-5.  Charge-offset Qo(e) vs. time and number of gate voltage sweeps extracted from the

current oscillation peak positions of the device (tre= 2.4 nm, L = 200 nm) at V'p=28 mV.
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Fig. 3-6 1%, J6lZ & D Fig. 3-3 TR LI BIIREVRHEO L EMZFHI L72fITH Y, Ve ~
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AANZBITF DA 7y bF ¥ —Y R 7 MZEDbDEFE IV, ZOER /A X
SNWTIEZIZEEE LSBT S, /ERL L7 2 >OF 1 21, RIERRKG BHELLE, 10 BELE)
bbb, £ 7%y hF¥—Y KU 7 MO L CHBAZE L IREIREZ R LT,
ZDOT A ZAOEREEAWAVG =27V ZHW, T E L RO 21TV, £ DOfEHR % Fig.
3TICFEED. A7y FF ¥ —YQDDRKNE L F/MEAZET S L, RERMAICE
JH5AT7Ey b FX—Y FU 7 M AQo ~ 03e &iHfi SNz, Pl S iR, gl
DT NAALD HEREWVD, ZILTH Al-ALO; 2 &5 HWTZT /314 X (AQo>>1e)[4] L v 13/
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Fig. 3—6. Contour plots of drain current /p as a function of gate voltage V' versus measurement time

for the device (ke = 2.4 nm, L = 200 nm) at V'p =2 mV.
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Fig. 3-7. Charge-offset Qo(e) vs. time and number of Vg sweeps extracted from the current

oscillation peak positions of the device (fp. = 2.4 nm, L = 200 nm). Plotted data (circle, triangle, and

square) indicate examples of abrupt jumps in Qo(e).

VEBL U727 A ADLE LT-BERHEIL, 731 ADOEES° MgF, TH/3—S L7 Fe 7/
Ry N7 LA OFEA OMEHRFEIZER L T2 FTREMEDN S 5. Hu 513, Si-Si0, R & H W\ =7
NAZZBNT, KY Si by 7T =R L55LR20WEEOF 78y NFv—YDORE
PTG L72[7]. T OfEE, AU Si My 77— 2RO HTET A R BT A7y
FFY—Y RU 7 B RIBIZEAD T2 2 & ZUENZHE L TWD. EHIE, S Ry M Sio;
QRONm) THN—=FT2HZ LT, A7y FFX¥—Y R 7 haflansg 2 & bHE LT
A7), ABFFETERLL 72 Fe 7/ K bt MgF, (45 nm) THNR—ENTW D DR L, Al-
ALO; 2 HWTZT A ZF Al Ry bOFEN Al FRLEE(~ 2 nm) THAA—Z N TNDH DI
THD. ZOHEDOENZLY, Ky NEDICHEET D /8B (A 45O L 5%
BNBEIp S5 TWDAREENREZOND. L, 2RO DRI EZMHERT H72DI2IEES bR
HFEBRPMETHDH. £7- Hong HIE, BB LDV ICT T A~ {bZzH\WH Z & T, Al-
ALOs RT NA RZBTHA 7Yy hF¥—Y U 7 ERHlESND Z E2HELTND
[10]. 2D &b, Tav AL MBI ORI « REIREOE WS T /31 2B 5
F7%y b Fr—Y RY 7 FEMHTH ECEELRERNTHDL Z ENRBIND. (o T,
Fe-MgF, 27 /N A RZBNWTH, 7R EAFHEOILRIUGREICLY, 78y N TF ¥ —
URYZ MIx L TR LERIIENIIFFTE 5.
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Fig.3-7 CTlX, A7y FTF ¥ =T QDRI Y ¥ v 7RI, it 7ty M-
¥— KU 7 FAQo DHEIMNZHEH L TWDHZ &b -7z, Fig. 3-8 1%, /—u>r7uavr
— FRE ORI — 27 27 FOMAFITH Y, Fig. 3-7 D~— 7 (& ’ﬁﬁ?é%®?&
%. Fig. 3-8(a)lE In—Ve 51 205 BIHOFERTH 0, IREIOALFED BARD B IRFRIZ BRI >
7 RLTWAZ ERDND. [AEEIZ, Fig. 3-8OIC/RT X 912, Ve s 266 [EIHIZHBWT
REN DM DS HEERRICEZS 7 FLTWA Z bbb . Fe 7/ Ry b T LA T
PN ZZBWTUE, WHNZEERHE SNT-ZED Ry b2 Ve lIFRIZB T 21RE—ED/NN v 7
77 7 REE(~ 600 pA, Fig. 3-8(a)) ML T2 &EZEX HND. - T, DO LI s
BMANZADEDZHDHYTTA MRy hBRE—FBF N7y 7 LTI 2T, 2 EZE
W CagRm L72 £ 912 Fig. 3-8 IR TEIIEEI O et —27 > 7 " U viEMER ® 5.
Fig. 3-7 TR T 7y FF v —TQu)DIEDEIT, EIZZORMRY—27 37 MIED
LEOTHY, BH— Ry "L SNOHE T A AME T N7 VAN BIT LA T
By FTF¥—YRUTZMELTAHTY M THRETRY. ZOXIRE—FBF T v 7L
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Fig. 3—8. Sudden phase shifts in current oscillation observed during backward and forward Vg scan
measurements of the device (fr. = 2.4 nm, L =200 nm). (a) 205th Ip—Vs sweep, corresponding to the
square mark in Fig. 3—7; (b) 265th to 267th Ip—Vs sweeps, corresponding to the circle and triangle
markers in Fig. 3—7. Each Ip—Vs curve was vertically shifted by 0.3 nA for clarity.
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3.6. /MG

ARETIE, Fe-MgF, 2% W<V TF Ry h T AL A ZB W TH A 72y hF¥—Y KU
7 NOFHENFRRETH S Z AR LIz, 2L, WS OO T AL RZBWTHE— Ry MNZ
HET2EE2OND T P RIBERENBIN SN =720 Th 5. BEKRFEND, &
DY TNVIRIREFENE — Ry MCHELTWE Z L DOMRLIT 2. 20X H 75
A XML L, E—7NEORKEICERTLSZ2LT, A7y FF¥—Y FU 7 b
BT A5 ENTE D MERILIET A RI v I —nr7a v /r— NEE 2R
L, Bl S NTIREVHEIZA 7Yy b F v —Y RU 7 MK LTIl ZE ChH - 72, 7F
=47ty hF¥—Y KU 7 EOfEAQy ~ 0.3e IX, AVALOs/AL k> FVEEE Z W
12T 3 A ADFHIEAQo >> e [4] IZH_RT/hE o2, Fe-MgFa 527 /3 A AR 5 EEM
DEIRIL, ZDT A ZEECEAG OMEHHEICH D L EZXBND. E6IT, 78y MF
Y —VORMRY v TR SN, I T4 N Ry hRE—E T T v Tl
LTERHLTWA D EEZ OGNS, ZOEMN /A XIA 7y FFx—Y U 7 FTiX
L, WML E VT I 4 M Ry hoEEEOTZ ETlflEns EEZbND.
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4.1. 1FL®HIZ

ZZTiX Fe 7/ Ky "7 vAICEH DY — N2 T T2~V F 57— F T34 ZADOHEE)
BEMEEEAIIZ DUV TR S

~IVTF Ry b TN AL, EEOANTI 7 — R AT D 2 & CESRERREMEN FTEETH
L EDRHE SN TVD[1-6]. ZAVETIE, HEOS— 2RO T2 Si /7 Ry 7L
AT NA 2V, TRESREEZ 7 L U T OLICRIRTE 2 @ie R B EN LS T D
[2,3]. M. Jo HiF, EMEIZ Ky b &&F — MEORBIIARE — A2 FFlo g o ED 7T A
ZAEAFR LT, ZOXORT AL AMEIZT L2 LT, F— FMEEOMEAEGDEICL D
HEZRIRENFFIE NG D, EEREZRENMEA ATRE & L72[3].
SREREOREVINIER IS T/ Ky R T LA I3EHETH Y, Ry hORIRSEL O
Ky hOYF A ZXDIXHHOXICED, Ny h& T — NEAOFENE—IZhbene THEIN
L. ZORE—PEEFIHT L ZENTENIE, v F Ry NFRS 2D B L EHRER 7
— MR TED., LL2RnG, ZOFECIVEKRESNS T, Ry N T LA, £
DHEMES I, ABRZRIRBVREIIS O NV EB X DN Tz, 20w, #iERR%E A
7w TF Ry E T3 ZTAREEEZ O TV DICHBEb LT, HEo 75— &2 V- ikE)
FEMEDFHIIZ T AL TR0,

B2EIZBWTC, MR RE AW~ LT Ky h T3 2280V T R IREN R 23 81

HENDZEZR L, SBHITH 3 EICBWT, B LTS 2B D IRER L, 4
7y FFX¥—Y R 7 MIX L THEBNEZETCHD EMff SN2 aRmLic. 2hb
EREFEZT- LT, B4ETIEFe ST/ Ry b T LA DO LETFICERDY— 2R 7=~ L
F— DTN ABAER L, %57 — M EAOIRBEEORE 2R 5. £, 7/ Ry b
TLADLEFIZ 2 OO — WO T T2 T NG — N TN ZAZERLL, 2 OREVFHE
MBI L7z, ZOMER, HHERREAN-~LF Ry hF L 228V TS, 2 DDF—k
EROWTESEEZHE CE 2 2 2R L. 2, HMERRERAWTET S Z05E
7 — NEMEZE & T BERER R B ED FTREME A IR  CE D 2 L ARRT 5. X DI, K —
MZXHTDISENARE) —ThHDHZ E#HLMMNI Lz, ZOBRIE, Ny o EFIERFME
BLOEHDO Ry NOREOIXGSEICHKT I D EEZEX NS, 2O LD A —
WCHRT DN =—v 3 VBRI, T3 A EKEEEDOEBIC SR b D &
W SND. 4 BETIL 3207 — hERO AT M) AT — RT3 AHERL, Z0iE
BRHEZ R L7, ZORE, 57— & Ry NEOREOARY I LV, EEFHELZHE
MEICZSIHC X D AREMEDS R S LTz,
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4.2. XTI — NT A AOVERL L Gl 5 1E

VERL L 7= TN — F T3 20K & SEM 4 % Fig. 4-1 123, /ERUFIEITES 2 BT
BWTHERTEHD LFEEETH 5. Bt SiO, (200 nm)/Si Hpk B2, ¥ v 7K L =50 ~
400nm O Y —A « R LA VEMAWCHZTER LIz, Dk, BEZE EB 784515 (<107 Pa)ll
X v, EMHEIZ MgF, (45nm)/Fe (Fe FE tee = 1.8 ~ 2.9 nm)Z Rk L7=. Z OIFEMEEE CTII,
Si0; R TOD Fe JRFOXRmEBE) L EEIZLYD, SHLT. Fe 7/ Ry MR IND. &%
2, ARy Z Y 7L > T Mgk g Rlo7— MEEIETh 5 Sio E (300nm) &R L, %
D%~y T — NEMAWCHZ IR LT, R RT A —2T I 4P ERW, KR a2
—N—NIZBWT ~y 77— MEMRB LW Si(GER) Ny 77— MERICZENEN V' B X
O Vg ZEIML, Y—R « KA VEMBEO LA UER b 20E L7z G2 T — ViR
JE T=8K).

(@) Si0,

MgF,/Fe nanodot array

(b) Top-gate

[ Source : Drain

Source

‘
MgF,/Fe nanodot array

Top-gate

Fig. 4-1.  Schematic and (b) and (c) scanning electron microscopy images (plan view) of the

fabricated Fe nanodot array-based double-gate device.
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ER L= TNV T — b TS ZOFHFIEIZ DWW TR 5. 22T, by 75— NEIE
VB X Oy 77— NEE Ve ZEIINLTZBED, B— Ky MCHKT D v v 7 VR iR R
DISEZFMT . ViV BRI PRSI NDH— Ny FOLZEEMIREOREAK % Fig.
42 1T T. H— Ry NROEFN DELT D & & OB (current peak line) % 55 4.0 i
RTEL TS, ZOEA, current peak line IX Vr, Vg 2L EE D7 —a 7w v —
RREhD B2 — 27 3Bl A 5EI %2 7~ LTV D, current peak line DX Si%, b 77— "NEE
Cr, BEXONy 77— NFE CGEHW, LTOXTERIND.

WL T, 2007 — NEEDOHHRIZLVHE SHNRED.

Ny 7 F—heNy 7 =R~ Ky F ERBIICHES LTV D54, IREIOE—2
HDHNINL—TIE Ry NOBEFMEN—ERDOT, LTFORUTEESE 17 & VIt U TRE)
=R 7 T 5.

CgVg + CtVr = const
TV BNAVIET BT S L, IBEIOE—27 27 MAVR)IILLTOXRTEZ 515, [7]
AVg = —(Cr/Cp)AVr
WE-T, Fy b7 — NEE Co/CriX-AVe/AVs & 720, current peak line D X % T
P NREWLZTHT L2 ENTES. 2O X)L, o IR uE =T34
ANTBWTAT AL T E 7oA [8-13], B RZ W7 A ZTHEH S SN2,
B =415 current peak line &\, FREMEEEDIRRAITH Z ENAEETH H. WL 7 —
FEEEABIVCAZATE LTHWSD Z & T, 2 AOGREERENSG SN D. Fig. 42
TiE, BlE L T2 AJJD XNOR BERGRHND Z L 2R LTS,

ue|n uaqn
0 1 Vi

Fig. 4-2.  Schematic of the expected stable charge state of the single dot when V't and Vg changes,

where N represents the number of electrons in the dot and the yellow line indicates the current peak.
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4.3. 2 OO0 — k& R T IREN R O FEAf

ERLL 7212 TOT A ABW T —nr7a v r— REEREH sz, 72, —
O 10%) T, ZTNETICHH L CEZH—D Ky MCHKT 7 —mr 7 m v r— NiE
ARSI, 2R T Y OB R ERIRENREZ, 2 DOT S ZA(EFFETIET A
A AABLOB L92)D Vg B E LT Fig. 4-3 (29 HIEICHWE Vb D il Vb =20
mV,5mV i, Ny hOr—vr 7wy r— RBRHRSNRWREREICHZITNIVETH 5.
Fig. 43 D2 5D 7 7T, Vr=18,10,20V ® 3 SO IV iz HREHETN S,
B S T REBFFEIZ S A THY, TRETHHLTEL LS, B—D Ky MIH
KT2HHLOTHD. IEEREITN 27 V(T A A A)EIL 3T V(T A AB)THY, TnE
ANy 7 P — N Cp Y 5.9 x 103 aF(T /34 A AYE 7213 4.3 x 107 aF(T /34 A B)ZAHY T
5. ELoDOTNAREYL, —EONY 7 7T 0 RER [~520 pA (T34 A2 A) BLY
~1.0 nA (T /31 A BZEIEFNE LEDE > TWb. ZONy 7 7T 7 RERKSIL,
J—ar7uaylr— RBPMEREINTE Ry E Ol S 2 WA OEERRIZHKT S50
Thd. 20Ny 7T 0 FERICHEET D Ny NIt RE <, &FHbar
HIHEAQRENEZ Y bEW RN RNV E T B RERTEFZZ LN, B2 D V1T
T 5 Ve IR A BT D Z LT KD, BIRE — 2 ORI T MR I, Y O
IR, T34 2 A TIHEKI 20V O =218 14V, 33V ~ R4 127 b LTV 7= (Fig.
4-3()). 73 ABIZBWTHAEBROEAMN A, =232V b 16V, £ LT3V
ANEREIZTT LTINS Z ERbind(Fig. 4-3(b). ZHSDE—2 0% Vg~ A F A HAIC
7 MNTAHZ L, BHRRERHW LT Ry b T A RTBWT G, EIIREN A
Ny 77—k, Ny 7= ORFTHIICE 5 Z L 2R LTINS,

a b

535( )| . . : : 1.5 ( ). , ,
—_Vr=18V —_—V;=18V
—Vr=10V
—_—Vr=20V

-éO -‘IIO 6 110 20 -20 -10 0 10 20
Vs (V) Ve (V)
Fig. 4-3. Current oscillations originating from a single dot measured as a function of Vg for the
following: (a) Device A (ke = 2.4 nm and L = 50 nm) at drain voltage V'p = 20 mV and (b) Device B
(tre =2.4 nm and L = 400 nm) at Vb =5 mV. V't was constant at 1.8, 10, and 20 V.
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2 OO — NEE (r & Ve) DKL LTOE—27 27 oM HBT 201, F
LA VERO 2GR~y TR LB Vi OfEEZ 0V -30V £T300mV A7 v/
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In—Ve MR Z T Uiz, Ve OEEFISIC BN T, EIEEN BAFICHH SN, £, BlllS
NTBWRERIA 7y FF Y —Y RU 7 MZEXAE—27 7 MR L THEHMZE LT
BY, HEIRICBVTRRZERLFAKTHD. V=30V --30V THELZT—%%, K
LA VERD 2 Wot~vy 7L LTTay b LIEkERE Fig 44 (R T. 2, 7351 &
D stability XA 7 77 MY T HHDOTHD. WH W\ T A N TRENIZERD E—
7%, RFERINCT 7 FLTWDZ ERbD. 20Xk, Vr & e fnD Z & CERIRE
OAARZ RIS D Z LN TEZ. ZNHOEER~Y v L, WEAD SR TRT L D IZER
I DOEHBICTH D, 7272 L, Fig. 4-4b)D V=17 VIZEBWT, 774 b Ky M3 HE—&
T 77 LTHERT 29 RICER T2 B2 0N DEM /A AKX DERMEOY v
TR BT, Fig. 4-4 (R LTFED S, BI SNV EBIRIEENT 1 20 Ny MoHkT %
ZEDMERR SN, EBIT, O Ry NRFETLOHMETHY b, X7 V7 — ML
HH— Ry FOBEMMKBOGIENAIRETH DL Z & &R LT

Fig. 4-3 B LV Fig. 44 (TR LefERIE, B— Ry E oMl sns~ 77— FOHE
F R VAZ TR EL MONTHETHDH[4,7,8]. L, EHELRRERWT-T /31 212
BWTZOX) RBEPBH S D Z ETriflnen. 2k, SRR esHni-r /8
v NT LA TASA AN, FlzIE 2 A0 — R & UCTEIET 2 rlRetEN IR ¢ &
DI EAERTLEERGERTHD.
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ARFIETIX, Fig. 44 \ IR LT T — X 3T 5 2 &, B rmz Wi 707
— T ZAOEMWEDRHE A A 5 2N L7=. Fig. 44 123 TELUAI S 4172 current peak line
BExEZHW, =Ry NeRXo /by 77— DS — MNFERE Co/Cr T, ~ 12 (T /31 A
A) ~ 20(T A AB)ERE ST, ZNHDORERE, D2 DDOT A ZADT =& L L BT
Table 4—1 3 X (N Fig. 4-5 12" 7. AEWERL U727 310 AEETIE, /N 77— Mg
JE 200 nm @ Si0,, b v 77— MEFEITPEE 45 nm O MgF, & 300nm @ SiO, TH 5. AT
MR DF ¢ X ZAEE L BEEN DSV 7 EEEE (Si0213 3.8, MgF2 13 52 [14) & IRGET 5 &,
RELE Co/Cr i3I 1.7 (Fig. 4-5) L HEE 41 5. Lo L, current peak line DIE X 22 53RO 72, %
NENDT AL ZZBTHREE Co/Cr it 12 ~ 27 TH Y, FATERET VI L 5 i
(LD EEFHALNCER D Z b s. 2L, HERESCHEERZEICER T 256D TlE
L, R RE RN Ry T LA OBEELRBETH D, LI, flilgkL-ET 1
ERHWCZORE#ERT D,
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Fig. 4—4.  Typical two-dimensional contour-line maps of /p as a function of Vg and V1. (a) Device

A at Vp=20 mV and (b) Device B at J'p =5 mV. N is the number of electrons in a single dot.

Table 4—1. Averaged values of Cg/Cr, Cg, and Cr for four devices. Cs/Ct and Cp contain the reading
error of the slope and period of the current peak line, respectively. Cr was evaluated by using the

values of Cg/Ct and Cs.

Device Cs/Cr Cs (107 aF) Cr (107 aF)
A 1.2 £ 0.2 59 + 0.6 49 £ 05
B 20 £ 04 43 + 0.3 22 £ 0.1
C 1.5 £ 02 10 +£ 04 6.7 £ 0.3
D 2.7 + 0.8 94 + 0.9 35 £ 03
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Fig. 4-5. Plots of Cg vs. Cr of four devices, indicating simple current oscillations originating from
a single dot. Cp of four devices was evaluated by the period of the current peak line. However, Ct of
four devices was evaluated by Cg and the slope of the current peak line. Cg includes the fluctuations
that were derived from reading errors of the period of the current peak line, which are shown by the
vertical error bars. The horizontal error bars represent the fluctuations of Cr that originated from the
fluctuations of Cg. There was a positive correlation between Cg and Ct. The slope of the dotted line

corresponds to the evaluated Cs/Cr ~1.2 (blue) and ~2.7 (green).
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BEETNVELTERT DL ENRETHS. £, iHEERESICT D0, ET VTHE
PN IER R OSEATELSN O R K> MIHRiE L7z, 2 2C, EBRT — 21Tk L THIER
RIL T AT EITHZENE, 2OV 2ab—2a O HTIEARV. Fig. 4-6 1ZET /L
OWrEAE X O —F1T, By hORENIHEICH L TRETH S, ZOXTIE, By M
M7 L) THY, LFOEMm CITEMA Ry EFER. ZOETAEHEMATLZ &1L,
VERBRGRIT 2 RnDHAH LR, RTRA—=F 5B 52 LN TE., AREHE
(A v vathf XTEEIE L TWDHIIES XY MY 7 MY = T (Advanced Science
Laboratory -0 EStat)% >, 777 A FREREMN -, 22k b, (1) EROV I 2 Lb—
valr,(2) Ry MEMmE by 71Ny 77— NEBHOX ¥ /X2 A (OB EIHT-
DYDF 24T > 7. BT VIXEBIE SN TWD 0, 7 Ky 8T LA ORER 72 R % 15
HITENTEI, LB, vIalb—va UfREET LVOHEMEGDETHIT 5.

RFHIR UG E T L% Fig. 4-6 ([RT. ZORITIE, B & HETBORBERNENENR
HipoTnD, &EOY-H Ky hOmEWNERIE 30,20, 14nm TH O AL TIXZNEILL(K),
M), SUMNEMRES, ZNHD Ry NEAKFEIZWRSZ LT, Ry M7 LA 2R L7z, Fig.
4—6 |\ZRT Ky MELEOEA, FRET LSL, THUSNOEE T M SIS, BT 5 Ky B
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BOfHronTng. vIalb—ra T, F— NEBRO—FIZ1IVONRL T RAZHINL,
Ko heb ) —HOEMEEM LT, Fig. 4-6 1%, I 2 b—Ta I LDENIAETT
—v v TRLIEBDOT, BROME AR TEL TV D. Fig. 4-6(a)ld/N v 7 7 — MNMIEIE
ZHUNLUT-854, Fig. 4-6(b)ix b v 77— MIBEZHMLEBAE TH DR, wRicik~<5 X
INZBHE BV R HALTZ. Fig. 4-6()DEXIIFE, Ny MGfHE &2 BRO TR TR v
INUH LERRRICIZIE AT Ch 7. o T, KRy bRy 75— NEE Gl Ry A
RIZIFFHFI L TND D EEZE 2 BIVD. —F, Fig. 4-6(b) TlE, EXIAITR B L,
D S Ry MEIOEKIBIIEET S L Ky MIBIEFELNTWDEZ EBbD. £
D=, ZO Ky MEETIEFRRO S Ky b CrlI/hE< R0, L Ky b Crid k&< 7
STWD., 2, Blo Ry MEOLAZFOTE)E TMIlO Ry MECE S 72 1) 0O 240
BREWCE D LD THD. 7/ A=A —F—D Ry NERNEREZEHFL, Kv b
REOEMOAARLT — NEME OFBERELZELESED. 0o &b, 2Ky b7
VA MDD~V TF Ry b7 8, 28T 2IREFHEE, FFO Ry h2EH7 Ry b
R Lo TERIND Z BRI IND.
(@ » (b)

5] Top-gate
F“mm"“wm

=] Potential
high
 —

(1118

5}

Back-gate Back-gate

Fig.4-6. Simulation results of the electric potential (color) and the electric force lines (white lines),
in which the top or the back electrodes are biased by 1 V. Results for the LSL (L = large and S = small)
dot configuration with biased (a) back- and (b) top-gate. For details of the model, refer to the main

text.
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AMRETIEINOEDT I alb—ra rESEIER Ny MEBICH L TTY, FOICEE
L7z Ry R — hEE Cs/Cr éwﬂﬁ L 7. Fig. 4-7 |2 SSS, MSM, LSL D& OF] % 77
T, HEOEAMZHERT 272012, AICEEBEOMFE Ry hovIab—rva UiERE
77 7HICERAE DY ;@i;%é\, Ry MIXHTH D720 EEoitzE (£ 100 nm)
L TMEOMkxIE (&S 100 nm)DJE S D Z Kk L, Co/Cr bblZ T X TD 7 — AT 1.0 12

HIETTHD. vIalb—ra UfERIE ZOEE X —ELEERME S OFRZEITR 0.1%).

ZOZEND, Co/Cr ZHliT D DIZHR7RREEA v v 2Ty ab—a VRMTbi
T enbnd. £, FRAEO Ry FCIE, BET5 Ky hOREXIITE T C/Cr BB
095 ~ 127 EREBELTNDZ ERDLMND. ZHuL, FRO Ry FEZDORELD R v
~ DR R (Fig. 4-6)FB L O K v ~ OREE FHOIERNHEEICLY, EFos— MNHOE
RN =122 o T l2DTh D, HlAIX SSSELE TIE, FEEMmICE L7 Eo2mEb
H, by 7 — MNomE LI WAE TN EHDOFICERIIBPEE D, 2, BET S Ky B
MR E VAL, MSM BlE & RIS — SO ELRIIBRN M Ky NI & TS Cr 2 ED
L, Cs/Cr > 1 7257 LSL TlX, BT 2 K& 7 Ky MIS Fy hoBEXR Mz 51X
“fr’ch’:: LT, ColCr DED 1 MO DOTBEN KEL ootz T, ML ZH LKy & LT

WCHRBROFERPHER SN, 2D X7 2 Wty R = b— 2 T K D758
i i,3 WD Ky MEK -BLEICBWTHLAD THLI EBZ2bND. ZDO L1, Ky bd
TERSORLE D IERIFMEIC & o T, X T AH— NEIERED Cp/Cr(ONNTILT /S A A M)A
Vo= ayPNAELDLZ ENbiroT.

13F —@— Half-Circular [ ] |
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Q10 e - -
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Fig.4-7.  Gate capacitance ratio Cs/Cr of the central S dot for three dot configurations: SSS, MSM,
and LSL. The Cs/Cr for circular dots (red) and half-circular dots (black) are shown. The Cg/Cr value
of the circular dots was almost constant at 1.0, regardless of the size of the adjacent dots. Conversely,

the value changed from 0.95 to a value of 1.27 for half-circular dots with increasing adjacent dot size.
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b ESTEBHEEN Vs sl L VBRSNS RKETSH. 22T, &Ky b EFDS—
N B LWGE(Ce/Cr = const), by 77— NEIE Vr 228 S8 THE Ky MCH
kT HIREE—27 Ov 7 FEIZFEILCTH L7720, IREIOBIRITED L. TOED, #il%
Fig. 4-8(a)\Rd. Vr 22 L S ThH, BROEBEE—27 87 b5 Z LI L 0 iRBOIE
AR ENDOATHY, EEOIRBERIZIED SRV, —JF, £ Ky hOo EFO7— h
RELNEZR > TODHEHA(Ce/Cr # const), Vr L EE D L4 Ry MCHKET HIREN L
— 7 DVT NENERSTRLEDLED Z L TREOBRNSE(L L, L0 M1
FECE D, ZOHADH%E Fig. 4-8b)NIRT. Vr 228 k&85 L, & Ky Mol 2 IR
DAARD > 7 N EREIL D72 9D1Z, Bl AT RO IRBYRAED O ik (. O IR FEPE I HEIC A
T2 ENIFFCED. 2O XS REHERHINE, ~VF Ry hT AL ZADT7 LF VT
VIRFRERA — REMEL W o @S HERENEIC SR D 2 RIS D . Thbb, 2804
— 2RO FFT, ZON O EFE=z s he—AHOF— e LTHWAZ EITED,
HAOBRVRBFFEZED T2 LN TELZEEZRLTNA.

@)

Cg/Ct = constant

I
Ip

(b)

Ip

Vg ' Ve
Fig. 4-8.  The schematic current oscillations superimposed by the Coulomb-brocade oscillations
originating from two dots, where the peak shifts by changing V'r. When the Cg/Cr ratio of the two dots
is equal, the amount of shift of the oscillation peak originating from each dot is the same. In this
situation, the shape of the oscillation does not change (a). On the other hand, when the Cg/Cr ratio of
the two dots is different, the oscillation peaks with different amounts of shifts are superimposed,

resulting in changing the shape of the oscillation (b).
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4.5. MU TN — T A ZAO/ERLE T

T Ky 7 A O EEICEROMM T — MR i 75E, &7 — MoLbd RLaw
BIMOERMEIZRRDITIT THY, L0 EHERIREFMELGL Z LB/ TE 5. AHIT
X, 7/ Ky T LAIZ3 207 = WO AT M) TS — TS ZA%ERL, 20
TREh R 2 5T L 72

U7 N U PG — R 734 ZORAWE K & SEM % Fig. 4-9 12~ Eilb SiO,
(200 nm)/Si AR B2V —R « R A VEMFEMY v v~ L=1pm) Z/ER L ERLE
FMRHIZ MgF2 (45 nm)/Fe 7/ Ky 87 LA ZJE L(T VA I W= 600 nm), ANy XU
72 X0 7 — MBI SiO2 (200 nm)Z 2Rk L7, & D%, 2 J§ L A F(OFPR-800LB/PMGI-
SEO) W=7+ NI VYT T T7 480N 7 hA 77 evR 2Ly, EEY— b
7 My RAWCHEER LT, a2 7 hoXy RIERIE, B L U R F(ZEP-520A)% F W
FEB YUY 74 BL0NY 7 hAT7FavRIkY, EEMMS— NEM G, G2 % {Ei
L72. Si ANy 77—~ Vg & LM L, T=8 K IZHR\W\ CTHRENRFE 2 51 L 7-.
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MgF,/Fe nanodot array

Source

Source

Fig.4-9.  Schematic (a) and SEM images (b and c) of the fabricated Fe nanodot array-based triple-

gate device.
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LR DM D (Fig. 4-10(b)). Ziudk, FEMHEZS— ML > TR A VEREZEFHTELHZ L
ZRLTWD. L2, Fig 4-10(c) 2T £ 91T, Ve ol IZds TR 72 HREN RetE 03 @l &
NWiehotz, ZiUd, IREMEHEICFG LTS Ry b3 Gl FHEICFEL TS 72912, G2
ERy FOMOT — bERENNEL o T LIS ENFERNTHLEEZLND. LE
F— b AN L LB EEL2 EHT 5 7-0120%, 77— MCk R UERE LR+
HZVNENH L. THOSEEO L@ — FERY AT T Z & T, Fig 4-10(c)iZr Lz & 51z
—ED T — M LD BERERMITZ 20 o728 LT, ho 7 — k&2 v CTHERER 22 B fE
ERBTELNL LAY, £, 2OXHRET— e Ry NOBOFEOARE—M %
PR 22 LT, X 0EMICIRBYRIEZ AT TE DR IR CTE 5.

LSEWERL L7 U TN — R T AL 2D 5 5, IREFHESBIII S LZDIE 2 2OATH-
oo 2, BB — ooz bty REBIOWUNEmZ (ERIT 2 B0 BRI L 5
Ky hOEBZIZEY, TR ARERIMEL T LESZ ENFRTHS. EESY— D
a7 vy Rk, N ZFSEDIC 2 J8§ LY & F(OFPR-800LB/PMGI-SF6) % iV 5 )
Ak VYA DT Y R—7MF(190C 5 min) NS EIZR D, £T-, LB — b & /R
TOERDHE LY A N(ZEP-520A)D 7 Y N— 7 L (180°C 2 min) b M E & 70 %, Z D XK H 7
R COEHMIAOBILIRIY, Ny NEEESE, T4 2AxmfilbsETLES. 2k
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Fig. 4-10.  The drain current /p oscillations as a function of Vg (a), Vg1 (b), and Va: (c) for the
device (L = 1 um, W = 600 nm, #r. = 2.8 nm) at drain voltage V'p = 5 mV. The oscillations were

measured using one gate, with the other gates biased to 0 V during the measurement.
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Fig. 4-11. SEM images of the multi-gate Fe nanodot devices. Top-gates are placed facing each
other at the top and bottom (a), and three top-gates are placed at the top and bottom (b).

4.6. /NG

ARETIE, Fe 7/ Ry M7 VAITERO T — FERO T T2T7 A A% FRL, ZOES
FEEZFHMI L72. 1Z U, 7/ Ry RT LA 2205 — MR T4 T NG — T
NA 2 FLL, 2 OWRERIEZ RN Lz, (FRLI=Z T AT — b7 R, 52 itk
WTHBI L2 — Ky MIHRT 2 EIRIBEEFEEZ R L., £72, vV F Ry MEEICE
WTh, B~ Ry hOEMMKREEL My 7 — ey 7 P — hOMGIZL > THIEITE %
ZEERLE ZORRIE, TN LTV TF Ry o, H5 150 Ry MIH
kF By —mrTuyr— REERESY 2 SOF— MIEo TEFHTEXAHZ L ERLTWH
L. IBIT, TUX AT LT BEIERFRR T Ry T LA ICEKRT 5, 7 — ME&EE
Ce/Cr DEAL LR LT, ZOBRIE, AJ1I(F7— MEIEICK U CTHEMERIGE 2 5 2 5 Alaett
N CTE 5. 4%, SOICEENRERLETH D OO, URIOMETRENT LD
7 LX VT IVIEREE S — NEMERIIOEFUCH A TH LR H D, L, Ny T T
Ty REREMBBT HRERANE N, 77— Ty /r— REEO A4 - 47 i
INE o Tz, = VT Ry bTANA RACBWTZOMBETET NN, B Aa— K
MOSFET # % Z & T, IREIO A /4 72 ETE 5 Z L NG STV A[15].

Fe 7/ Ry R T LAIZ3 2D — MRV IFTZ M) TAT— T g AL ERL, 20
REVRFEZ 3R L7-. 2 OREE, R — M2 VR 2Bl T 5 2 L 2R
L7z, ZHUE, FERIICEE D ATI(7— MELIC L 0 IREEE 2 23 © & 2 TREME 2 Rie
T5. -, £7— b Ky NOBOFEOARE—MHICE D, EEFHESEMEICELT 5
REMENHIFFCTE 5. LacL, BEs— P2l 50BM 7 22Xk Y, Ry MR
BLTLEWY, TS ZANREBRIUET 2L WO MERH L. TNEMRTH72DI1I21E, £V
ERIRICBWTH — NEMEZ T 5 v 2R &2 MHSET 50, Ty — NEmEERLL 72
BIZFT Ry b7 LA ZFBKT D, HD50IEH LOMEBPEDO mWEE Ky b & ffaikoifl
HEDEERDTDHEVSTEERNMLETHDL EBZEZ NS, SHRUGEITINETIIH S
DD, KBFFENZ LV EHER R EZ W ZTF 7 Ry T LA T 51 2 ORRE 72 B {ED T RENE
ORI ENTET.
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Ho5® &S/ Ky T ULAIIBITS
B D K%

5.1. XL ®IZ

ZOETIE, BT/ Ry T LAICBT 2 HEEFRMEORBAEHOMNCTHZ &2 BHIE
L7z

B2 ETIE, ZHDO Ry MR T U HLMHET DRICEBNTS, B2 —mr7ny s
— NIRBI DB S D 2 E2HLMMIZ L. &5, Fe BEOSKMZMET L2 LT, i
H— Ry MIHRT DIREVFFED, —EOME Ciigish TEllllans Z & &R L7z
%3 ETIE, /ER L7 Fe-Mgh, RZHWeT NA AR 78y hF vy —TY R 7 MIXFL
THALE L8 ER S fF cE b 2 L 2R LT,

FA4BTIE, Fe 7/ Ry T LAIZEBT 2 BHEFRELZEHO 7S — AW THIETE %
Z L ERL, FRERIICHEES — NEMEO FIEEE S TE A Z AL MNIC L.

UL, 2D Ry BT X NIGHT 5T Ry 8T LA ICEIT 5 BRE RO R
LTV, Fl2IX, WP RERT LA A XDT AL A THLHIZHELLT, 7od
R BB ER G LN D DN THS. - T, 7/ Ry hT LA ZHE LT /3 A
WIEHT 2120, IREFHEEZ G572 O&UEEZRICT 2 LENRGH L. 2FED, EO L5k
Ky bOSARM( Ky MEE, Ky YA X, Ny MNHBEEHTHIUE, IEERERSE S
O GNCT HRNEND D, EEAELE T, EREmICBW AR EZRTZT /R
v FEHWD[1]. D7, BEE LR, BRoRmIREIZEYV T/, Ry M T LAIZB T 5
Ry NEE, Ry b A X, Ry MNEBEBENZ(LT 5 & FHEND. - T, BEE LR
WREIZ LY Ry Okl % 240 & TIREVFFE 2 335 2 & C, IREFERE O
DEMAEHLNITE D EEZDLND.

% 5 T T, Fe [RESCHER O RMIREEZ 2L S THERI L7 Fe 7/ Ky R T LA T /34 2
DM EBELR M EZFTM L. TR ZADa L E 7 B 2NN, 7—a 7oy
r— NIREORHEDS, D Ry MTHERT 28RN S, FIZ1 50 Ry Mok T
Ly TR~ BET 5 Z L AL C L. 2 ORI, BEEEICHE ST 5A
Bhix Ky NOBN, TNRA AL F 7 X AO8ME &I THECHDZ L%
ALTWD. 6T, ZOMAITEBRORERE(R v FOEELY A )ITK SR> 7.
AHFFENT Lo T, ZHD Ry MBFET DRI T D IRENFFEOFILT A ZADa ¥
TR AZL S THRENTEY, av X7 X AT HZ LT, 7/ Ky b7 LA
\ZH SRS DM B N D SET ISV o PR EE B b5 2 L AR LT-.
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5.2, ~r7uaVARXDF I Ky hTF A ZDOEXEME

HETREICOWTEMT 201, 7/ Ky T3 2RO AR 70 BRI 2 770 L 7.
TUBIZ, v~ 7 arY A DTS AL =10 pm, W =3 mm)D EZFEZ 740 L 7-.

5.2.1. T3 A{E#

R N O3A ORI ZE ZAL S H 2T N R EERT 572012, BROREORLR L L0 %
%ﬁbk.ﬁ@bk?ﬂ4xmﬁiﬁﬁﬁ@%ngﬂunﬁiﬁMmSQMMOmw&%
WIZAR Yy 2 70280 SiO (10 nm)ZHERE L 72 b D &% 5 TRV D& Lz, LI,
BARIL Si0y FICHESRL L 725 /XA A% Thermal-SiO, & ME5. ARy 2 U v Z R IT 9~ T RF
V7R R ARy H (150 WIZ LD, Ar 8 5 W) Ar-0x(1 Pa)DFREFHK F T2 A4 T O Si0,
2 —7y NN TTo T2, T U N—HNOH AL, &HATE(far + for) & —EILRD, Ar
L Oy DI AFRE: far & for ZBAL S THIA L72[2]. BN APEELIL fiepo = foo/(fartf02) & /X
T A =5 & LT (fapo=0, 0.5). ENEINDFRMETANR Y Z Y TR LT Si0; % Si02-0%
(faepo = 0), Si02-50% (fiepo =0.5) & FESS. T /34 2 DO/ERUTIL, 3 FEFH D HEAK (Thermal-SiO,,
SDH%SD&W@%ﬁﬁkaRm%Mﬁ&&ﬂ%&%&%iK?%V7L=wmn@
Avw/Cr Rz ERL L7, I EB 28512 L 0, FEMEIZ MgF, (45 nm)/Fe (fre = 1.04 ~ 3.80
n@f/FVF7V4%%ﬁLkFg&QVEBﬂ%“L®ﬁ%?T?2ET£%Lk
I, ZOFEBERIL tre DRI D 4 SOOI Z RIRFI/ER S 2 Z LN ARETH 5. Fig. 52
WZHRBWT, FERDOALE #FUﬁﬁ>MJ’%b610h,&ﬁéﬂéFﬂ%§ﬁF<@6 ES
J°, Thermal-SiO, JAki & 1) & [3] OLEICE X, Si0-0%HM % 2] & [4) OALEIZE W
T Fe RAE%E{T/-7T=. 2% Batch 1 &4 5. &IiZ, %ﬁ@@ﬁ%ﬂh%zfﬁ%@ﬁﬁ%
{To7-. Zh# Batch2 £ 95. T/ ZOBRMPEIL, FBEIZBWT 2 52 HWTIT

277,

Au/Cr electrode | MgF,/Fe nanodot array | SiO, layer
L =10 QA : :

W=3 mm

Fig. 5-1.  An optical microscopy image of the macro-sized device. Since the fabricated device is
large (L = 10 um), its conductance is too low to be measured in the thin #r. region. To avoid this
problem, the fabricated device has a comb structure (W = 3 mm X 7). This structure increases the
junction area between the electrode and the nanodot array, which makes it possible to measure the

conductance even in the thin #. region.
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Fig. 5-2. Schematic diagram of the EB deposition system used in this work.

5.2.2. aUHETHLAD Fe fEEF L O IKFYE

FBRICBIT DT AL ZAD a2 B AD Fe ER L EMREKFENE%E Fig. 5-3 (ORT
AUE T B AT, tre 3B X OB O & BIFEICHIBE L e, —IRAVIC, tre DIGANIZAEW,
WA Ry M A XML, By MHEBEEEEAD T S[3]. 2L, B0 bR VR
M52 L &2BWTD. /o T, tre DESE LCar &7 & v ANREHBENNCELT DD
XU =X FTNTHD. TNNAADALF 7 X A%, BWHNAFET D IPUEFE T O *
v NI — I EEREZ DL CTHET D ENTE D,

[l U tre 1230 T @(Thermal-SiOs) & A(Si02-0%)D 2 X 7 # L ZAXBH BT 2 ~ 3 Hid
FERND D Z LMotz I, Bilx O8Ny FTERL L 72 Thermal-SiO, FAk & Si0-0%
HEWDOT NAADa Ly 2 A%, HIfRO X 5127 -oTnsd, Ziud, FROFIMESR
WZ EERBEHRL TS, £70, Fig. 5327 £ 912, Si02-50% HIT/ER L7731 2D =2
Y HE Y B A, Thermal-SiOy EIZVERL L 727 A R L[RIRRE CTh o 7o, FEROFEIZ L 5
AE Y B ADENE, Si02-0% FISEBEEN O A XAD/NENT ) Ry BT LA DR
ENTWVDERETDZE T TED. Ref. [4IC XD &, BREND Ky FOBEI, £
I DR HEIE DB L o TELT 2 Z EMRHEINTWD., REFFETH = Fe i1 b [
OB ZRT EEZEZDLND. Si0-0% DOFEME T, A8y ZRIEREOBEAEIZE Y %<
D Si TV TR KBRS, TOREE LTEREEDT 7 Ky M7 LA BER S
NI EZZBND. WIT Si02-50%IF A Ny X RFIZ RS 2 s L7272, Thermal-SiO, & [Flff
WSiOFE TV TR RBRIEEAERNRENEONTZEEZLND.

BT E T HMSIE WV, /ERL72F ) Ry F T LAIZBT 5 Ky OS2 7
%2 ET, FREOBEE A MR LTz, Thermal-SiOs & Si0:-50% HIC/ERLL 727 "4 2D a v &
7B ANRRRE TH D Z L (Fig. 5-3(b)), BELUSIN A7 L EIZ Thermal-SiO, % fi/E
THZLOHLIEZERL, R TIEZ Ny NOBREELZFMT 2O M E LT
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Thermal-SiO> DV 12 Si0-50% % L7z, 7 /314 AR & RERICER L 72 Si0,-0%,
Si02-50% TR L7=F 7 K b7 LA O£ EE B IR WA B 28 A 775 08 2B 1 TR K 8
(HAADF-STEM){4 % Fig. 5—4(a)lZ/” 9. 2 b OB E HAWT Fe F/ Ky hOEEEE %
REE L, EORERZ Fig. S-4b)CE &7, BROBEEIC L T, Ky NOFEEITK 1.5
L LT 2. Si0:-0% FICIEENT=FeF/ Ry b7 LA, Ky MEEREL, R
v MFA XS E BB LT-. 2L, Fig. 5-3 \OR LTEARERN O PRI DM &
—HT 5. Fig. 5-3, 54 IR LTCRERN G, RO E Fe FHEICL->T, FH Ny M

FE, Ny bHAX, Ny MEEBEBALLT D2 L 2Rl
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8 10%} f 1 8 ' ,{v' :
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_§ i * ® Batch 1 Thermal-SiO, | § _é) 10 g , ! ® Thermal-Sio, :
SR, e |y G107 . soon |1
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O 107'%F 7 A Ba(chZS-Oz—O‘- i © ]0"3; v v Si0,-50% :
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Fig.5-3.  (a) The conductance dependence on #r. and the substrate type for the macro-sized devices
at T = RT. The conductance of the devices measured at V'p = 20 mV are plotted. The approximate
position of the substrates (“1” to “4”) when the Fe nanodot arrays were deposited is shown in the graph.
(b) The conductance dependence on the substrate type (Thermal-SiO», Si02-0%, Si0,-50%). Circle,
square, and triangle plots show the conductance of the devices fabricated on the Thermal-SiO,, SiO»-
0%, and Si0,-50%.
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Fig. 5-4.  (a) HAADF-STEM images of the Fe nanodot array formed on the Si0,-0% (fge = 1.26,
1.85 and 2.69 nm), and Si0»-50% (#r. = 1.24, 1.84 and 2.71 nm). (b) Dot number density evaluated by
the HAADF-STEM images. Red and blue circled plots are the number density of the dots prepared on
the Si02-0%, and Si02-50%. Si0,-0%, and Si0,-50% were prepared on commercially available SiN
(10 nm) membrane TEM grids. Then, the Fe nanodot arrays were fabricated, followed by the formation
of MgF> (10 nm). Because it is difficult to form the Thermal-SiO; on the SiN, the Si0,-50% was used
instead. The HAADF-STEM experiment was performed using a Titan G2 and JEOL ARM-200CF
microscope operated at 200 kV.
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5.2.3. LU RETAEEAWE Ry NEEOHTE

ZITHE, TRy T UAIZEEND Ny NOEBEEDOA —F —T AT 4 A= a v
%ﬁok.kiﬁ@ﬂﬁ%ﬁit@mFg55@K%#iémﬁbk%é®¥%%®Py
TR R EMAR T T VA RE L. ZOTT AT, MEoOHtGmo Ny ~E
®h%AXi% (LTCWRW, ZOETIVENRD KM TH Y, EBRORERBRL TV
R L LD, Ry hOEEEE N O —F—Z A7 4 A—v a3 VITARETH Y, K&
WOREIC LD NOEWE#ERT DI ENTEX 5.
S d, FEREE S g =3 eV OFRT oY MZBIT D bR a5 25. T=0K 2B
F5 b RARBL R IFKOAD LD IckSnd.

1
S(%)\/Z_m(bexp |- &) v2mg]

ZIT, gl IBAHEREA.60x 10 C), hix T T 7 ER6.63 x 1034 Is) TH D, ZZTiE, b
RVEATFE S=0.14 x nx 12 (m?) Z RO Ry MeimOBimfE (3 Ny Fo¥4%), &

DANE R m =4.55 x 103! kg ZRKE L. EIITEFDO b RVAREIZ L > TR D &K
E LT, 72, BEE N IX tre OHMNE & HITEAANIED T2 LRE LT, Z O TH
M7 TT N EAWCEBMOBM AR Lz, T A—2%, BEE N, Ry bO§8E K
v Oy PHIOERHCAY T H0E d, N> NHEBED D=2rt+d)Thb 5. FHEEILIN = -
X tpe tb (@, blI7 4 T 4 T NTA=Z)YEEFR L. MD/NTA—Z(r,d, D)b N & tre
ERWTERLE. ZOFRETIZBWT, &t (BT 5 b WP Re i3 BN AW CEHE
TE 5. InIC, EBREOBIUL Rr & T/ Ry 8T LA ORELE W CERETE 5. K
WIETIX, 74 v T 4 %479 2L T, BRDER EIHFR LT~ ah A XT3/
ADEEZEE REPITHES o 72, WERMREET, RBELOFOMED 7 Z 7 IZHH L
BPUEA R E L CEREDLEL L D% Fig. 5-50b)IIRT. £72, 5tE LNy NEEN %
Fe [EEDOR¥ L LT ey b L72b D% Fig. 55T, 74 v T 4 > 7 DFERIL, SiO»-
0% 2, TVEBED Ry MR ENTWDHZ EE2RLTVD. ZHUL, 5. 2. 21280
WARTFER L FJE L. S 512, AU Fe REIZEBIT 5, FEMHROEL N (Thermal-SiOs, SiO»-
0%)\Z & DEEE D ZE1E 1.5 [HRREE & RS S HAL7=(Fig. 5-5(c)). Z O HEAEFIL, [F U Fe i
JEIZBNT, DD 1.5 (ERRE OB E DOED 2 ~3 HFLE OIPUEOZERE (Fig. 5-5(b)IZ
25T LER LTS, Hflile e T VEHEZHWTRED o7 NiX, FEFEIC TEM BI85 R
2 BHRDIZ Fig. 5-4 IR LTS FREDOA—X—TiEd 2 b 00, FElITER > TV 5.
ZHE Ry FORE SOMBIZOMBRNET L THLIDEBZ LN, ZHDT /) Ky
IR T X NIGFET DHE, Ry MO U VBHUZIE 2B H 5. 2D X H 545,
KER N XNMARBIOES N T 7 Ry 7 LA OREHRIRFE A HET 52, VI 2L
—2a VCIRIMBREIN TN ENRENEEZEZX OIS, TEM BIEHEREOEL X

RT=
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Fig. 5-5.  (a) Schematic of the nanodot array model for the resistance analysis. (b) The calculated
resistance curves (blue and red) are superimposed on the experimental data for the macro-sized devices
fabricated on the Thermal-SiO; and Si0;-0%. (c) The calculated number density of the dots N is

plotted as a function of #re.
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5.3. A7V AAXDF ) Ky bT A ZADOEXRFRE

AT, ~7 84 XOFT A 220, 7/ Ry b T3 2O AR 2B L
Ry FOSHAOBRERET S Z ENTE L, AETIE, EANREBESEEORKME Ky
rDOGADBUEN, ~A4 7 aHh A XDOT A RAZEBWTHERETH D2 0FHE L=, EiZ, 4R
RO E Ny FOSMORERICOW TR T .

5.3.1. T3 A{E#

TR ADERTFIEL, 521 IZBW TR0 L EARMICFE U TH D, (ERLc~Aa 7
a A ZDOT A ZDRAK & SEM 4% Fig. 5-6 (27573, Thermal-SiO2 35 & UY Si0,-0% (&
FlI 52,1 Big, v v 7 L=1pum ® Aw/Cr BEME(ER L=, ZDO%, BEIZBWT
M ELZE EB R\ XL 0, BRI MgF (45 nm)/Fe (fre=1.90~3.01nm) 7}/ Ky b7 LA %
R L7=. ZOBRD, Fe ORGSR 0.02 nms! T—EThHo7-. 7/ Ky b7 LA DIEIZ W
=310 nm Th 5. Si BRI 7— MEME LTHEMA L7 FERLET A Z0ESKHHIED,
HRBARRTG A —=ZTF T4 FEH, EIZT=8KGEEAT—VRHIZB N TIT- 7.

Drain

MgF,/Fe nanodot.array

Fig. 5-6. (a) Schematic and (b) scanning electron microscopy images of the micro-sized device (L

=1 pm, W=310 nm).

5.3.2. {EEMEMO oL XY X A RTEM

AIEICIR N T, w7 aih A TS ZAOHARN LB EAFTM LI 25, T34 2D
SAUETBUAN tge EIEROEEIEKGE L TWDZ ENbhoT-. 2L, Ky MBI,
Ry A X By NEEBED, tre REBROFEEIZ L > TET D7D THD. AHITIEE
T, ZOMAR, v 7 ath A DT AL ZATBNWTHREKRTHLINTAELZ. T=8K IZH
5, ~A 70V A ZADTNRAADALE T LU AD tre B L OFAR ORI KT DU AFHE
% Fig. 5-71Z7. HABXOUREAO 7 1 v ME, Z1Z4 Thermal-SiO; 3 L T Si02-0%7
NAADALFE T B ATHIET D, 77 7HICE, AR Vb =20 mV IZBIF 5=
Xy R ATy FLTWAD, LML, tre=2.10nm, 2.12 nm @ Thermal-SiO, 7 /31 A D =
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Vﬁ?&VXiIb=%mVV%bTWET%ﬁ%&E’ﬁﬂok ZIT, INHOT AN
WBELTL =2V IIBF2av¥2 72 2%#0CTay b Lz, iz, RERIZE
wrﬁb<ﬁ%¢éﬂ,%E%ﬁ%mé@#okvﬂ4x%A,z_ﬁ—%yh_m%#
Ly TNV E TR LT T N, AN TR LTWA, w7 a4 XDT /34 R L H
RIS, ~A 7 0P A ADOT N ADALH T H A, tre DN LES THEBIEHIIZEEM
L7-. 243, Fig. 54 2R L2 K 91T, tre DEENNZLEN By BV X388ML, R MO
N FOVERBES D Lo 2 L B L TV D, S50, AU Fe FEIZBWT Si0-0%7 /3
A A1Z Thermal-SiOy T /N4 ALV b a L X7 X U ANRBMBRESWI E 2R L. Zh
%, AIEICB W TR LI~ a4 X7 AL ZAOBEBKIFHEOREREFE LW, Zhbo
FERIL, T/ Ry R T LA OV A XEBHE L TH, T35 AOREARN) 728 LR O R
HEHERFZTOR Y FU—27 L L TORR)ITEDL L RN EE2RLTWVD.
ZIMBIE, vA 7 et A XT AL RCEB W T SN IRERFEIC W TR T 5.
Thermal-SiOy 7 /34 AZH 1T MBI/ a v 77 2 v A(G)EE %, 7 — NEIE Ve DR L
L T Fig. 5-8 ("3, 22 TiE, HEMEO®H D G-V H#R T, IEEhOHF.L D £ 1%L EE L
LTCWDbDa7—nr7nryr— NEE & ER L. Fig. 5-7 007 my b LTHRL
72, tre DSFEF O (tre = 2.10, 2.12 nm) TIE, B bHA XAV/NE L, Ry SRS B
NTWDHTDIlzarZ o Z  ARIEFITEL 7> TWDH(G < 103 8). Z Ok Tl iz
2L DIAAXNEENDTD, Ry MTHKRTHIREIC—27 & /A X&2XHT 5 Z LR
HThoTe. tre DEINT 2L, Ny MEEEBEOBINC IV a2 7 2 0 23880, #5E7
IRENRFIE 2SI R | CBLH) S U 7= (Fig. 5-8()). 2O tre FEIK CIE, HEIWHIZBEG SO K
MIHRT HEM L IRIEO R 2IREINERAEDI > TWD. i, Erfbar s 4
YAQREM IV bEW RN ALK T B AERRT D Ry MIHRT HRESZD, RKH)
@Nyyﬁivyﬁéﬁﬁbfwék%igméjkﬁé%m%M?ék,@%@%@%
PEIZBLA X4 5 23 (Fig. 5-8(b), (¢)), EIZH— Ky MIHKT D 7V RIEHFES, HD
*Eﬁffﬁ@éﬂt@gS8@)%>2Wmn@ﬁﬁfi FRAADAL KT H AN
B barH 7 B ZADOMEIZESWIZ DI, IRENVRHEIZIE A LT, Fig. 5-8 TR L2/ T
THERTHDE, TRAAD AR H o ZAOHENNE, BB N EHE R NS T
VIR EANE L L TV, BROMEAZZ TH, ZOMAEBAOND N E I ME il
L 72, Si0:-0%T /3 A AT 2 M 2p o v & 7 & o ZIREHE % Fig. 5-9 1233, FR o
FERICED, Ny NEE, Ny Mo X, By MBS ZT 2720, IREMFMESBLE S
ND tre DFEIFHAN T 7 FLTWD., LL, 2 Z 7 X ZAOEINIED, #50 Ny MIH
%Té@%&%%#%gﬂ:1o@Pybmm%?évyfwﬁﬁﬁmﬁﬁﬁ%m¢5@
MEFERECTH - 72, & 51T, &FEM(Thermal-SiO, 35 LY Si0,-0%) EIC/ERL L 725 /34 2D
3/&7&/X®7D/%&%%%$%m@bt& A, AVE T B ARITNT A A
TIERBROIREVFFEN B S N D EAR b7z, B, G=10° ~ 107S DT /A AT
%, BROFEF(FN Yy MEEE, Ry MY A DIBRR <, &2 —EDOHE Ty v 772 ikH)
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Btk 2 R A S /L D L2 (Fig. 5-7, %), ZOFERNS, TARAADa L Z 7 B AN, F
J Ry b7 LA BT D EBFHEORMARET 2HERERTH DL B2 HiLd. Fig
57 FUZEBO SRR TRT L DI, IBERHEORHIT, T ADa v H 7 X2 R 2L 5T,
(1) IREVEPEDSBLH S 2RV A)FERE, (2) SET O & 9123 o FL R IREM DS — E A T8
P2 COfEE, 3) 7/ Ky b7 LA ICHRT M e RV RAE B S 5 ki K
LT HZ LN TED.
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Fig. 5-7.  The conductance dependence on #r. and the substrate type for the micro-sized devices at
T =8 K. Blue and red plots show the conductance of the devices fabricated on the Thermal-SiO,, and
Si02-0%. The conductance of the devices measured at V'p =20 mV is plotted, except for the Thermal-
Si0O2 based devices with #r. = 2.10 and 2.12 nm. The conductance of these devices was too low to be
measured at V'p =20 mV. Therefore, the conductance of these devices measured at V'p =2V are plotted
(blue square). The conductance of the devices which showed no oscillation characteristics is indicated
by triangle. Additionally, the conductance of the devices which showed the simple oscillations
originating from mainly a single dot are indicated by star. The conductance of the devices which
exhibited the oscillation characteristics shown in Fig. 5—8 and 5—9 are indicated by blue and red arrow
(a, b, ¢, and d). The characteristics of the oscillation properties can be classified into the three regions

indicated by the yellow dotted lines, depending on the conductance of the device.
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Fig. 5-8.  Typical examples of the oscillation characteristics for the devices with different #r.
formed on the Thermal-SiO,. The oscillation characteristics were measured by back and forth Vg
sweep at V'p = 10 mV. The Fe film thickness of the devices tr. = (a) 2.37, (b) 2.72, (¢) 2.92, and (d)
2.97 nm. Assuming an isolated sphere, the gate capacitance should increase as the dot size increases
with increasing tre. This means that the oscillation period shortens with the increase in fr.. However,
in the multi-dot device, the adjacent dots reduce the effective gate capacitance of the dot because the
lines of electric force are partially attracted to the adjacent dots. This effect is thought to be more

remarkable as tr. increases and the inter-dot distance decreases. Therefore, even if tr. is increased, the
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Fig. 5-9.  Typical oscillation characteristics of the devices with different #r. formed on the SiO»-

0%. The gate voltage sweeps were performed at V'p = 10 mV. The Fe film thickness of the devices fr.
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5.3.3. REMEMOREB LR LA EEKENE

5.3. 2 ICBWCHRARIZARBIRHEOFHI 2 TIE, /7 Ry b7 L AT 2 HETFED
R AR 325 2 SIXTE 20, EEVRHEOIREERTME, N LA EERFEZ T 5
LRy, WEFRMEE Ny Mo OBEREZSILICHLNCT 22 ERHFFTES.
Thermal-SiOy 7 /XA ANZBWTEIMI S L7z, v 7 A RIREBORIERE (DIKF1E% Fig.
5-10 \ZRT. BAF, 2DOFT /81 2% device A EFES. TH 8K 2006 90K £ T EFEES &,
WO IV RITMERF SN &, IRIBITHEFICHE L. ZhiE, 7—rrTRry
r— FIRBIOMKY &5 E— 7 NERICBWTER D G, EEORENRET 2720 Th
D, U—RXFT7NThDH[56]. ZOIREEKFMND, Fig. 5-10 (2R LIz RS > 7V 7efiz
L, B EO RNy MIHKRTH2H0THS Z E03bad. Fig. 5-10 TiE, T=90 K (A=
FNF— kT~ 8 meV)IIZBWTC Ry hd7 —nm 7 ay/r— RORER S, IREVEEA Y
RKLTWAHZ LAMRE LI, ZO/RRNPD, Ny FOFETZ RV —Ec 13K 8 meV & HEE
END. O, 2 BIIBWTHE L Ec ~ 10 meV & K& B TR0, [7 TR
BIRHEICOWT, RuA CBEKAEZF L2, ZORRE Fig. 5-111R-7. FLA &
JEARAEELE, Fig. 5-10 (2R U 7R AR A & [AER ORI A R 72, Vp &2 10 mV 726 500
mV ETEMIED L, U T NVRIRERE AR Lo E &, IRIBVSHEMICHEL TV D 2
ERDMND. T, IBEFEER EICOEDO Ry MBS TnWb 2 EaBExHL, UV —
AFTNThHDH. Ky by —uarrynaylr— RREZHET 5720121, Ry hoHE
TAHRALFX =N elp LV b REVWLERH L. 1o T, h/b@”%ixw%ch~8
meV)ZBET DL, Vp =500 mV IZB W TIREVFESHAE LIz E W RERIIR Y THD. =
NHOFRERMNG, ¥ TN IRIRBREIL IO Ky MCHKT D2 EnnhoT-.
BHEZRIRENRFIEIZ DWW T B IREEIRTTNE, B8 X OV R LA VEBIERIFMEZ 500 L 7=, MR
RFEDIREERFAMEA Fig. 5-12 123, LR, 2DO7 /3 X% device B L IFES. T4 8 K 7
560K ETLIFDE, Vg ~ -30 VARTIZE W THEI S AU IRE) B — 27 1 3# R S D 8, Ve
=-15V ~ 15V IZBWTHER SN D IRIEO/N S 2REITHA L, 2, Blae ¥ —
Kiofk%&#%X@FyF@?Hﬂ/7ﬂy7~hi%%éh5#,¢éﬁ#42®
Ky horZ—arrayr—RNIEENER> THLHRFFIND 2O TH D, ZORREIT
Fig. 5-12 (TR T GV B, 1A XD D8O Ry MRk T 57 —nmrTryr—
RIEEIN DR SN TVWD I EZ2RLTWS, 5, HIEREL T=150K (ksT ~ 13 meV)
EFTEASED &, REBEIIHEE L. 202D, NSR Ry b EcldBXZ 13
meV FEE L AL b5, B UIREEED N Lo VBIEREMEE Fig. 5-13 1281, W % 10
mV 725 100 mV £ THEMEIEDL L, Vp=100 mV (2B W T Vo ~-20V L& Vg ~22V 1L
HTT R IRE B — 7 SR S 72 b O O, IREVRHEIC KR E 2B TR o7, 2D, Vo =
500 mV (2B W THRBIOHRIE S O3 2 L, IREIOIRPEMEICEb LTz, S 61, b=
500 mV {IZBW T, IEEHFRFESHHBRICER Sz (eVp OEITHEE S5 Ec~13 meV XV
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Fig. 5-10.  Temperature dependence of the simple conductance oscillation of Device A (#r. = 2.95
nm) measured by Vg scans at V'p = 10 mV. Measurement temperature 7 = (a) 8, (b) 30, (c) 60, and (d)
90 K.
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Fig. 5-11.
nm) at 7 = 8 K. Measurement drain voltage V'p = (a) 10, (b) 50, (c) 100, and (d) 500 mV. After the

Drain voltage dependence of the simple conductance oscillation of Device A (fre =2.95

measurement was performed at V'p = 500 mV, the measurement was performed again at V'p = 10 mV.

This result corresponds to the graph shown in Fig. 5—10(a). The good reproducibility of the oscillation

characteristic was confirmed even after changing Vp.
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Fig. 5-12.  Temperature dependence of the complicated conductance oscillation of Device B (¢ =
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©

2.57 nm) at ¥p = 10 mV. T= (a) 8, (b) 30, (c) 60, (d) 90, (¢) 120 K, and (f) 150 K.
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Fig. 5-13.  Drain voltage dependence of the complicated conductance oscillation of Device B (#r.
=2.57nm)at T=8 K. I'n=(a) 10, (b) 50, (c) 100, and (d) 500 mV. After the oscillation was measured
at V'p = 500 mV, the oscillation was measured again at /'p = 10 mV, which corresponds to the graph

shown in Fig. 5—12(a).
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Fig. 5-14. Temperature (a) and drain voltage (b) dependence of the normalized
amplitude of the conductance oscillations of the devices (tre = 2.35 ~ 2.97 nm). The

devices with fre = 2.95 and 2.57 nm are Device A and Device B, respectively.
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Fig. 5-15. The simplified one-dimensional nanodot array model, where the dots
are connected in series. As the increase in the Fe film thickness, the number of the
dots with higher tunneling conductance than the quantized value increases. Such
dots are electrically conncted even if the physical gap exsits between the dots. This
means that with the increase in the Fe film thickness, the number of the effective

dots (red) contributing to the oscillation decreases.
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