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Development of current driven light-emitting

devices based on nanogap electrodes
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1.1. IXC&HIC

T, 10T (Intemet of Things) R°E > 77— Al (Artificial Intelligence) & VMo 7231 LU M

WEHMNREL, EEEGICRERLEL L LEZET TR, =T U T, (4, 1
RT 4 7 ATp EOFIEAIROMEALE 4 e B i5e LT\ D, 2O X 9 72l O I LB T <0
PR OEFEL - LRI K> TRELS KA B TE T, 1965 4, Intel #1:00 Moore [T
FREEFEINRR IS S D N T o DR Z DS 2T 5 HEhE L7 (Moore DYERN) ., Zihva
FRIE & U OB R CHANBIR O T 2 L CE 7GR, 60 AELL BRGE L7-BIfETHLZED
FTRITIA ST, EFRBITHO TS (1), —F. FHEEROMHI I, Bl —7 - &35
TITBIT DFEHEDIX DD X 70 EOYBIR-ES, T/ A — MR — LV OREEHIEIC 237032 =
A MEKRZR EORRFMENBEE L L2255, £ 2T, Moore DIERIRUEROENEFER - £
WEIZE LT, Fibbkl - EEZI AN LT ) oL b= ABREFRF STV
(Beyond-CMOS, Fig. 1.1) [1], £D—>& LT, H—0F M FFoMREMEAE 13/ 1 & LRI
HZEEBRT (7= 7 b= X B’FEFLND,

B TR T L~V TGS 2 i S =280 ) #EW T H D, £z, BT R
ZFRFOH DML FOMEFCEOLIAR B, A8 EL (electroluminescence) 3%~ (organic light-
emitting diode: OLED) & L CIAK SN TV D, 1E0ICH, BRI rEREAAL L LTIcE
BIZ L > TREAENRETH D, 0 FIRIIIRCEMR & OMEIERIC XY B OB LT 572 L,
A EHC 2V =— 2 efiE 2 LT 5, LonL, BITEZ OB EREtEN T/ =17 b
0 =7 ZZHRTER S TN D LIEE VATV, FrZ, INL T OEFRNEI 2 FFHE T
FH LU DFETH Y 2-4]. WEEBHFRORMNH 5,

Novel computing paradigms and application pulls

. * Big data
)\ Efficiency * JoT and trillions of edge sensors
: and performance * Deep learning and artificial intelligence

* Exascale supercomputing
* Robotics and autonomous systems

Beyond CMOS

= Emerging Architectures
< Emerging Devices / Processes
1 More Moor

. ! @ Emerging Materials
| trend '

1
' ' ' Size

100 nm 10 nm 1 nm

Fig. 1.1. Relationship of More Moore, Beyond CMOS, and Novel computing paradigms and applications
(Courtesy of Japan beyond-CMOS Group). Reused from Ref. [1]. Copyright (2023) IEEE.



12. 7/ R7—I)L ELIRZDOBE

By AT —NOAT b L7 bu =7 AFETOVERES LOWREMITIL, i/ =17 b+
0= AR ~OIEH RN D Z S OBLRED RS [5, F1o. < Ondrm a0 1
(TEEAFERD 34 TR L Si R GaAs 72 E & (T U &3 D HEHHEREREL & e T/l S [6],
ZIT, 2 OOMERAITIT HDHEME : q,,q, [Cl. LFEFE ¢, HEOFEE . 2
BRI r (m] &35 &, FFEBRLTRICIN D Coulomb HDOKE SFIX, LLFOXL HICH#
¥5,

1
:41t€S€0 . q}l’# (.

TRDLLFELRO/NSIWVEREN, EIH Al TN TER SN 7 (BT - B4
DFEE NI R E <, T RLF—T 15eV BEICHARD [T, 2D X D i1
Frenkel Jihid - & PRIV, BAT VX —|Z K Db 7-AeffEns it L7z, =R (300 K) THE
E LT RRE A Rt rTRE C b D, F 7o, AR T DI FHRAEI TS FAEIEIC L o ORSE Il
T&E5 (8], L7eiio> T, AW BRI T MBI Ch D L E 2 2, BITEHE—FL~UL
DRFERRATO R HIT~OIS AT T A& HWic 2 27— o EL BIGUZBET %
%< O T TV D,

F /) A —/® EL (electroluminescence) BB IZEAR b o R /VBAMUSL (scanning tunneling
microscope: STM) (2 K D803 A CTh 5 [9-34], STM (I A 7 — VDR MREEE AT 5
AT 0 — 7 PO —TETH D, STImOBINT v T ZRBRENE DT TRED L HITE
HL, F v 7REHRICHND b R VERNOREIORI E 22D, T A —1L O
BTN EHIE & JRET R EBIEA DN TE H720, 3BT/ BIEWICx 3 HirHEst - RfER
7T AT ORIESe, B0k 2BXNRT 7 a—F « Bl TN AETH 5, 7
bbb, T A FENBIROBRIC, ZHORFIZ OV TR RN TE 5, STM %
HWCTH— 72+ 256, 525k (Fig 1.20) [18|£7213F v 7 D4 (Fig. 1.2b)
B3lCEET 5 Z & T, F v 7RI R E = N EZ T 9,

(a)
b
(b) ) §
¢
; 2nm
e I \
NaCl
Ag(111)]

Fig. 1.2. Electrical approach to single molecules by STM. A molecule is fixed to (a) a substrate or (b) the tip, and
localized current injection is applied. Reprinted figures with permission from Ref. [18]and [33], Copyright (2023),
by the American Physical Society.



TM (Z L DH— D FROGERIT, T/ Fv v 7EBNICAFET DR E~EREE T - 1IE4L
ZEAL, BRERLT b0 (EHEREIRE) & [9-22], 7/ ¥ % v 7B % E 0 IEH
PERIZ o r U o 7 B8, BTN~ ) Xy v 7EBwO (JfE) Ru77 X
T UROBMRN OFNA B~ B LT%‘éﬁ'ﬁ“é b (HERRIEFE) [9-34]0 2 FEEIC KB TE 5,

BRI 51T DR ERHE T RIS BB ORI EHARTT T 2720, SA T RCE BT
DFHROFENE— T G HN5 (Flg 13) [21], ABEILEMIEA - BAESHLOEARN 72
% LUV CEiET 5 9 A CREEE TH D, FHARELT 2 oo R LF—
BENCRET 2850 [16]. Hi—20 7 ORI /e —EIHES L OV = HIERNE TR X 536 [19].
Ty A= 3 OB [22]70 E bR S D, EEERNEIEIRIE STM Z W SR TO
WEFINKETH L0, FERT /¥ v 7 HEMRE FV 2% OLED #iE 4 It H L= RI2 LD
WEBIH W ONFET S GHEIIEE 148i22M) [2-4,35-38],

(a) (b) & ] . Bias
) ] 1 Experiment 26V
ST tip photon 953 w1 — 25V
2 s ] 24V
e 8 — 23V
8 5> / —-22V
e X ] —_— 21V
G E — 20V
i : 3 0 b
S —— 16 17 18 19

Photon energy (eV)

Fig. 1.3. Examples of luminescence from direct excitation. (a) Schematic picture of current-driven EL for a single
phthalocyanine molecule adsorbed on a few atomic layers of insulator grown on a metal substrate. The tunneling
current of a STM is used as an excitation source for induction of light emission from a sample. (b) Experimental
result for the bias voltage dependence of the luminescence spectra. Red, dark pink, yellow, green, dark green, blue,
and dark blue lines correspond to the results at V.=-2.6, —2.5, 2.4, —2.3, 2.2, 2.1, and 2.0 V, respectively.
Adapted with permission from Ref. [21]. Copyright (2023) American Chemical Society.



BB RTE & 13 RRAYIS, RS I E ER T/ % v v 7R A FIV TR T S A
HEINTND [39-52], FRHZZ DXL I 725R1FT ) A —A KT T ~DIERABEE ST
5o 212U, AR X DFRICORMEIIHEFDORERIEIC L > TRE LSBT 5, HIzI1E, Qn
HIXFEREAJR T/ X% v T EMmE WO, FIEEIC X D3RR e, BRI X
DIENHRE (hE) DiENER LT (Fig 14) [50], Z DA, EARE [39]. EAE 11972
CIC X DFFHED AN I E SNT WD, E LTCFIRHE AR D72 0I121E, Hel e
FTERGT R EERENNE L 72, 2D ORBARFE A B NRICIZ 5 Z LiX, FTO
LEEZHER L. 0 T OREA ORHEC SO CREEHET 2 72D THEETH D,

STM 1%, &2 T 27— LB L OHE—5F 27— /LTl L. ZDOERN « e %
PRS2 7- 00y — b LCIHEFICHEHTH S, *ﬁf By T DT HEREME A BT LW
Foxzvr b= AL LR « EHT5720I121%, FHEETH/ A —/L BL 2 %EELT
HEARMMETH D EEZHND,

(a) (b) (c)
3000 5
1500} A

~ 12000

—~ 0 ry " L Q
2 2.5V % 10000+

- =
£ 5000( / \ 3 80001

s) 4

O o ©. 6000/

= 2V =
o) i, £ 4000-

2 150} S e @
& ofse A b S 2000,

1. VJ N, —

~ - 0 = . . -
! 100} " “ 500 600 700 800 900 1000
Lo e Wavelength (nm)
0 beaes WA Nty S -
600 700 800 900

Wavelength (nm)

Fig. 1.4. Example of light-emission from an indirect process using fixed nanogap electrodes. (a) EL images were
captured to show the different light intensities vs. various bias voltages. (b) Spectrum evolution under different
applied voltages. The geometrical parameters of the bowtie-shape nanoantenna are width of 400 nm, height of 40
nm and a bowtie angle of 60°. (c) Comparisons of the emitted spectra of the nanowire (width, 100 nm; red line)
and the bowtie-type nanoantenna (width, 100 nm; height, 40 nm; bowtie angle, 60°; black line). Inset: scanning
electron microscope images of two antennas. Adapted with permission from Ref. [50]. Copyright (2023) American
Chemical Society.



13. 7/ R5—ILEZNRE

BETICRT 5 BMEFENBRROMME - LT, JoholfRIcx, &R~7 7 A~IicksH%
WENEZBND, ABFEI~A 70 « F ) A 75— LOX ¥ v AR 5 IEREHE L LT
WO TV D [53-56], HEIZEMRIIZR R TIXE S HMBNIZBRTHH R, FESOR
70 DAL DFREIN S, v 71 - F /) L7 hr=J RGBT b M
BICETAEBNERILL TS, iz, ~A47n8a « F ) BSHEH AT7 A (micro- and
nano-electromechanical systems: MEMS and NEMS) (%, # A& Hh— [T EMR Y THET
%1I~&B&ﬁk\@b®77)&~75/kbf%%kéhfw6#\_®i9ﬁﬁ®@
IR (F72ITFUCEED VAT AOEE) (TxH3 2 BRIL, & OB 2 05 13- 58l
THEFICHETH D, D TAT—NAOLFT L7 b= A%FEHT59 2 Th, [FEOH
RS« ) A —UZRBIT 2 BEERR ORI R AR TH 5,

SURHIZE DT X v > TRIDOHEBIGICEET 2F2EDIE L 1T <. HARTIL 1890 4RI 1 IhF
BRI FE ST L SNTWD [59], MEEFHRT H7-ODRELE K ITKEDET) (p) & ¥
Y v 7R (d) OMOBIL . V=pd)\ZHt> TRERIZEE S (Paschen OIEHI) [60), LAL.,
Y77 a LI FOX v v 7Tl Paschen OVERIMEIL, X v TEWNNEL 725 EBIRETE
DRI T T 5 [61-71), T/ A —VOREBRRIHET 2RENRHRETIIF ¥y v TRELD
FIBZ W3 572, FHEEMICKT L CREIT v 7 (=— RL) ElEHWESy v 712k -
TEBRMPMTHILTND [54, 61-65], Bl& LT, Peschot & DD E Fig, 1.5 12~ [54], A

(b) ~ 400 ¢
(a) ) Plane (Au ou Ru) ’:; 350 T ,,,771,,,
Piezoelectric actuator Point (Au probe) :; 500
?'D 2
= 250 - * Ru, air, Patm B
; 200 — = Paschen’s law (air, Patm) —
Z 150
= 100
g 50
Y +
0 1 2 4 5 6 7 8 10
Distance between the electrodes (um)
(e)
4
’; Ru 372,8 nm
' = Ru 359.3 nm
anode ] anode =
. = | Ru 3799 nm
wn
! g
' X+ 3
e’ Efo=PE ! ho ho E
E=V/d \[ / lE,m>350V/um R VAV, ‘ fe’ N> 2
m 11 8
! ]
: ~
(c) cathode o (d) cathode :
1 350 400 450
V=50V Wavelength (nm)

Fig. 1.5. Example reported by Peschot, A. et al. (a) Experimental setup. (b) Breakdown voltage (74) vs. electrode
gap (black line is the curve according to Paschen's law). Scenario for d <1 um: (c) Initiation of the breakdown by
field mission, (d) development of the breakdown with a metallic plasma. (e) Spectroscopic observation of a
metallic plasma in micro-contacts. Reused from Ref. [54]. Copyright (2023) IEEE.
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FH UL S E BIZ Auds LU Ru 27878 LT Pl EM E CuBe 7' — 71 l44% 7T A~ F5AH
HWRE L 72T 7B L > TSNS Xy v 72 L, BV R 1FE2HWTT v 7 ERE
100 nm 725 10 pm OFIPHCE> L CTHIET 5 (Fig. 1.5), #ETIL, ¥ v 7K @ 25 1 pm
% TIa1% & Paschen DIERIZ DML L (Fig 1.5b) . Z O FHFERIL 350 Vium TH D, ZDFE,

DOFBBFHHNT L > TEMDDFTINEN « @lfR, 77 X~{t35 (Fig. 1.5¢,d) Z & TR T
D NN RFH ORI 24 U % (Fig. 1.5¢).

MR OIREE L, BERT X% v 7EBmE W2 TH N D0 STV 564,
69-71], ¥FZ, Wang HIFZERF « KXUE TIZHIT D 20 nm DT/ F v v TEMIZIBT, Mﬁ
BEMISVETIRT LIZEHE LTV D [71], AETHW ORI, Sio 5k EiC
WA HERE L& TH D (Fig 1.6), SIITREZRMERIE CTHY | S0, I ’*ﬁ%ﬁ%btﬂ
IFHEREE AR SN, £, A FOTRVF—F v v 71335 eVIERETH D,
LoT, IEROHFETHINZISH L THTF A —IAOT L7 ha=r A2 EBT L, AR
FrEIMEICKEEZ & 2T RBENA DD, DX ) REERT ) X v v T EmE VR T
FEREEE e L OBELIFHEDIAICEH LI b D% < i 28 EHEIC ﬁﬁéﬁ%i_n
E TP, T A — NV OERNBIG 2 T X—ATEIMN - BF 52 L%, A7
—NOFF L hu=J ZAEFEHTH ) A TO TEHETH D,

Fig. 1.6. Device structure used in the report by Wang, H. et al. Device schematic of (a) top view and (b) side view;
scanning electron microscope images of a representative device with deg =60nm and 2a =25nm: (c) before
breakdown and (d) after breakdown. Reprinted from Ref. [71], Copyright (2023), with the permission of AIP
Publishing.



14. AP FERAVW-EREBRZS/ XA 7—ILELERF

B FOENTEREN Z T LW /=L 7 ho=7 AL LTER « EAL T 72DIC
X, A FREERE TE 5) ) A — AR EFERT L L7 =g AR TFPLETH
Do BUEHE SN TWD, 7/ ¥ v 7EMmS, A EL (electroluminescence) ¥ (organic
light-emitting diode: OLED) #1574 i) L 7 S R D Bi—43+F « &/ Zr—)L EL 2O
CTLATREHUTHAIT % [2-4,35-38),

(1) B FHREHET 2]

J1—ARF ) F 2 —7 (carbon nanotube: CNT) Z HWTIERLIL 727/ & v v 7 @AM B —
DT EEAS UTRRE T, Marquardt HIZE > TSN TS (Fig 1.7), BRI L 2 b
FHBRERIS, 7/ Fx v TR TERFET 2 0Wo a7 hob L BIRIHFEET L5
FIIRERET D ROFENE (F. 2,6-dibenzylamino core-substituted naphthalenediimide: NDI £,
F) . O TENZIS - T B R DO ER « =L X —RBERH (JR, oligo(phenylene ethynylene):
OPE 7 v R), CNT & O#:AHER (%, phenanthrene £5) | ZHERESEE S NI ICEREF STV 5

(Fig. 1.7a), OPE @ hexyloxy MIHIZ & > CTHFITadb L, iR~ 0 2 CTHEERL ATREIC
725, Fio, SAEFE LD tertbutyl FEIZL Y, NDI S 1)/ ¥ v TN Z

(a) | , Phenanthrene n-system (b) CNT

OPE rod r\
v

—
(2]
-~

7.50m BENSS NDI
A = JJ, chromophore 0.15

FL intensity (counts/s)

(s/53un0d ¢_QL) Ausuajui 13

18 | 2 (/ R 7O P 2:5

| o8 WA N e 2 R WS
0.00 R & Jaike \*“"/Y""”\'h"ﬁ r 0.0
R 29 &9 \l |

R |

T enam
Fig. 1.7. (a) Structure of the molecule, which consists of a central 2,6-dibenzylamino core-substituted NDI
chromophore (blue), two OPE rods (red) and phenanthrene anchor units (green). (b) Schematics of device
structure. (c) EL spectrum of the CNT-Molecule—-CNT junction, integrated for 60 min at /=5 V and /=20 nA
(openred circles). The data are compared with the fluorescence spectrum of molecules on highly oriented pyrolytic
graphite (black line). The spectra are very similar. Reproduced from Ref. [2], Copyright (2023), with permission
from SNCSC.



R T 5, EHIZ, OPE-NDIMIX imide A %7 L UUIFEEIZA U, ndfld ol 5 2
& T NDLEA COBMAMERNEAELZ LT LTWD, T/ ¥y v 7Emd, B LI
R 7-BR L ) 2 VRO, KRR AEKENC X > TAE L7Z ONT %, R T CERINIC
W2 =2 & TH5, DT EERBEKENICL YT Xy v 7HICEET 5 Z & T, Fig 1.7b
DEIRFT 52D, WESIZ CNT-S7-CNT #4557 70 645517z EL A2 L (Fig.
L7c. M) X, 77774 b RICEIE L7200 FOEOtA~2 v (Fig 1.7c, BH#R) L FREET
HDHZEMND, B T OERER I LT 5,

Q) 7 A MR [3]

Nothaft 1%, FENMEABGEBRANIRIENE R— R0~ (5 AR ZMEIREE Corti S B 7 K
R () FICX 28— 7 EL ##H&5 LT\ 5 (Fig 1.8), FB 13— M7 OLED
ERBRDTFIE « O 7 AR OVEH, @Ay Z VU 7128 % ITO (Indium Tin Oxide) &M
HERE, @A B 22— MM X% PEDOT:PSS  (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate) 73
HONZ In(piq)s (tris(1-phenylisoquinoline)iridium) A3 T oy X417z PVK  (polyvinylcarbazole)
FBLUPBD (polybutadiene) JRAMEDOHERE, OEZENEGEIEIZ X 2 Ba, Al IBOHEREIZ L > TE
flxhd (Fig 1.8a), FTNOINFENEYA b (npiqy) fHrEs (PVKPBD) #55r® EL A
~J V% Fig. 1.8b DR & R ENZIURT, HBHRO 613 nm LD ¥ — 7 13 In(piq)s |2 B
THRNTHDLZLIWRBREND, BREMD AT ML (Fig 1.8¢) (ZEH TS &, Inpiqks O
PL (photoluminescence) A7 kL (Fig. 1.8c, #’#F) & Fig. 1.8b1ZH1F 5 2 2DF —% & v hdD
7= (Fig. 1.8c. B0 IO RE R L TEY . F IO LT Inpiqs DI E 15T L hbim
LCW5, F7=, Hanbury Brown-Twiss (HBT) OHIER [72, 73]1% HV T In(piq)s /72 81) %)
T ORI (Fig. 1.8d) ZHET 2 &, K2y 01325 <1224 T, 2 %k E CAHBIE K g@(0)7s
0 ITIES<KKET @P00)~0: HTFDT v FNRUF 7)) BEIEATWS, Thbb, Bi—
Ir(piq)s 77 F DFCB ST Z L D30 D,



(a) Aluminium cathode

Barium

Ir(piq), doped
PVK:PBD
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Fig. 1.8. (a) Schematic representation of the OLED layer stack used for electrical excitation of single
phosphorescent Ir(piq); molecules. (b) The black curve shows spectral features measured on the isolated emission
site of maximum intensity. Comparing these spectral features with spectra (red line) recorded on the background
(outside spots of enhanced electroluminescence emission), it can be concluded that isolated emission sites are
related to electrical excited Ir(piq); molecules (613 nm), whereas the homogenously distributed background
electroluminescence can be attributed to polymeric background emission. (¢) Comparison of optically excited
emission spectra of single Ir(piq); molecules (red line) with the background corrected emission spectra of
electrically driven Ir(piq); molecules (black line), obtained by the difference of the two data sets in (b), corroborates
their identical origin. (d) Performing a background correction of the correlation function (g®(z), electrically driven
photon antibunching) measured on an isolated emission spot at an applied external voltage of 12 V and a current
density of 3 mA cm 2. Reproduced from Ref. [3], Copyright (2023), with permission from SNCSC.



() N T TIADRTET
X, T ATV ORNICENE G T EACIAD, SIESELETFOREHTH 5,
Honmou © 3 BDOH-PF (Poly[9,9-bis(3,6-dioxaheptyl)-fluorene-2,7-diyl]) H.53¥-#{% BC (PEOx-b-
PMA(Chal)yy) 437 CIEL S 7= U U A NICH CiAD 7= Mt FEE = 72 /ER L, H.— BDOH-
PF ﬁx%@%’%ﬁ% s L (Fig 19) [4], BARefERFEE LTE, &0 F (Fig19a) ZHHEK
BofHIIC BDOH-PF 23 EE & 72 % X 9 BC & BDOH-PF DIRAIE 2 ER %, Z DR
m%xz/:~b®% 17 ==/ % L. BCHENT PMA . PEO FEAH~FAEEL. U
VA () WEENRTE D (Fig 1.9b), PEO fHI#H% 5> BDOH-PF [ZTAHAESEAIZL Y BC &
PEOMHICPALIAD D Z &N TE D, HT AR EIZ IO Ay Z Y 7L, 20 Einb iR
DFETRAGERE A vy a—h « T=—)b, ZDO% AlEEAETHZ L TFg 1.9 D L)
IRFBETFINTENT D, Figure 1.9d (331D EL DR 23K T, FMITAT MBI Typel (Fig.
1.9e,1-5) &7 v— R72Type2 (Fig.1.9¢,6) (2SN D, s0Ai (Fig 1.9f) % R5 &, Typel ik
499 nm & B —7 & LI=FH A, Type 21% 538 nm 2 B — 27 & L=k E@REN L < Bl ST
%o ZILBITENZI polyfluorene (PF) 73 F-DE AL . 43T keto KIEIZEERT 5
PO 71— R385t %2 779, Figure 1.9e O Type 1 (Z81F DRI AT MLVOZALIX, 41

(a) BC: PEO,,-b-PMA(Chal),, (c) (e)
Hydrophilic PEO block Hydrophobic PMA block Al cathode (100 nm) Type!
T TT
,QO\/)’\O “ BC
f (70 nm
0 1
PEDOT:PSS (40 nm) 3
s
O O ITO anode (56 nm) 2
%
x o o] —/_ Hydrophilic PEO sidechain i &
Microscope cover glass £
-
w

Immersion

(b) e )
BDOH-PF
qufg?::>@@o@

Objective
lens.

Type I

%@2%? F

450 500 550 600

— () e i
Type |l Typell 1\
spin-coating annealing 15—4{( r 3
o / ]
at 3000 rpm at 90 °C gl _.4/..1 ’iL g
for 2 hours 10450 nm 550 450 nm 550 | 5
o §
mixing in chloroform 5 z
PMA phase — g || I | ||| o
Polyfluorene
o 0 —feafattl] 1l y
PEO phase "" 450 550 600
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Fig. 1.9. (a) Structure of the BC and of the polyfluorene BDOH-PF. (b) Scheme of the preparation of BDOH-PF
doped BC films. (c) Device structure of the OLED for single-molecule EL spectroscopy. (d) Microscopic image
of EL from a device with BC film doped with BDOH-PF at the concentration of one chain per 100 cylinders taken
at 8 V. Scale bar, 5 um. (e) EL spectra from individual spots in the EL image taken at 8 V and integrated for 0.5 s.
(f) Histogram of the peak positions of single-molecule EL spectra of 202 molecules (grey bars), together with a
bulk EL spectrum of a control device prepared with a neat film instead of the BC (blue line) and with a sum of EL
spectra of 70 single BDOH-PF molecules (grey line). Insets show histograms of the type I (left) and type I (right)
spectral peak positions. Reproduced from Ref. [4], Copyright (2023), with permission from SNCSC.
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OO OENFEIE (Fig 19¢,1,2) &, VU U FHNIFET DO THE DX ~—3

(Fig. 1.9¢,3-5) DR TH D, ZAUTHFOSARBEICERT S, LEXYH—D&EfFT Iy
H—, TROLIATIAD BN H—5 TN O BRISEEF TV DTN DND,

F72. Yamamoto HIXEFHRY V7T 7 ¢ THER L7z SkNa B k5 7/ AR—/LINIZ MEH-PPV

(poly[2-methoxy-5-(2‘-ethylhexyloxy)-1,4-phenylene vinylene]) % fHAIA A TZHIERL ) 7 A 4 —/L OLED
EWEL QWD (Fig 1.10) [35], A7 AEM EIZ AuT / — R GR3E) & SiNgfit (779 X~
LEEHEHERE) 2R, BTRY VY 77 7418k b /7 R—noR2—=27_ MEH-PPV
DAY a—h, LFETFEANEE ALY Y — FEEZKET D2 L TEHERT S (Fig 1.10a),
TR L7-Z 751321 eV (590 nm) fHEOFENE— 7 AR /L F— I OIREE— R2NELH]
& (Fig 1.10b, ¢). Z4UE MEH-PPV @ PL A7 kL e[ TH S (Fig 1.10d), £72. 3k
BEERL 2 MVem F2E CTH 1 | [RIFFC/ERL L7z o K & W MEH-PPV @ OLED ##%: & ¢ &
C—HLTNWDZ e ENTWD, ERNS OB LR/ 523, Price HIXT 1 A
T A Hifi~DISHE BEE L. FEkOREE 2 ~7- Kififd (~cm) 7/ OLED 7 LA OERIC
% LT3 [36],

Top Cathode o 0o
(a) e »
Insulating Si,N, layer o::% o
%
>
Semi-Transparent p ) =
Bottom Anode < ~
z‘ /"' ‘\ /
l 5 ! \/ C
2 r /Y ()
£ /YN
— 7 l,r“\ /
T
n
CH,
A light emitti MEH-PPV
Tt emivo potywmen I 15 17 19 21 23 25

Energy (eV)
Fig. 1.10. A schematic diagram of the nano-OLED and the molecular structure of the light-emitting potymer MEH-

PPV. EL spectra of (b) 60 nm and (c) 100 nm diameter nano-OLEDs and (d) a PL spectrum of a MEH-PPV film
(50 nm thick) spin-coated on an Au (10 nm)/Ti (5 nm) coated glass substrate. The EL (c) and PL (d) spectra (open
circles) are fitted (green lines) with multiple Gaussian functions (red lines). [35]
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@) FERIFEAT ) X ¥ v 7T (37, 38]

Anthopoulos & DFFFEY7 —"7"TlX, $5U V 77 7 1 (adhesion lithography: a-Lith) £ CEHR!
L= BAEE R D DIERFRT /) X% v 7B L - T, BAEE GEERISx LTI
RN D F 1) (281 5K U ~—LED (PLED) OIERUZEEI L CT\5, #2510 V75
7 A EOBEEZFIT 5 (Fig L1la), OFEMR EICEREHERS - ¥ —= 7 Ltk Q@RE
TN H AR L H Sy 7l (Self-assembled monolayer: SAM) ZHEpk L, @b 9 —FDO&E % L)
HHERRT 5, @RtV CHEEM B2 Bk R im @ An L, Rz #iE L72%. ©SAM &4 UV 4
YESTCIRET H LT, 2 BERNLKD T ) X v v TEMBEKARETH D, FTIEIAT
HEIZ XL > TERI L7z AVAu FERIFR T v » 7B EIC SRR Y ~—&2 A a— b
52 LT TWS (Fig L1b-d), TR_XTOHEFIT /Ty v FHBENT 712V (BHF 6V
PLE) TepELNTWS (Fig 1114, ), Figure 1.11e, £ 1% F8T2 (poly(9,9-dioctylfluorene-alt-
bithiophene)) % FV 72312 010V EUIN L 72BROBEIR—EE (V) Fthz R~ s, Wi 7 AR
IITEBRITE & A CTin T, R EN SO TN D, ERIL-F/ ¥+ v~ PLED OERE
FEAHEET D & 600kA/M? (2 b T 275, FTRE DR —M (Fig. 1.11d) 25 JRpTHIZ B
FENEWEFINEET D Z LITERT 5 LT\ 5, 7272 L, ARITKmfE bz B L7z
HTHY, 7/ AT —=NDF v FNVRICL HFETFHUNTE > TR,
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Fig. 1.11. (a) Adhesion lithography (a-Lith) process steps: (1 deposition and patterning of the first metal (M1) on
the substrate; (2) application of the self-assembled monolayer (SAM); (3) deposition of the second metal (M2); @)
application of adhesive material and peel-off; and (B resulting nanogap after SAM removal by oxygen plasma. (b)
Schematic of coplanar nano-OLED devices. (c) Optical micrograph of square-shaped nano-OLED device
consisting of asymmetric AV/Au electrodes. (d) Chemical structures of the various polymers employed and
photographs of the corresponding nano-OLEDs in operation: (i) poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO), (ii)
poly(9,9-dioctylfluorene-alt-bithiophene) (F8T?2), (iii) poly(9,9-dioctylfluorene-alt-benzothiadiazole) (FSBT), and
(iv) poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMOH-PPV). (e) Log—log plot of
the current-voltage (/V) characteristics of a F8T2-based nano-OLED. (f) Semi-logarithmic plot of the /}/
characteristics highlighting the bias region where detectable light emission occurs. [37]
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15. 7/ X%y v TERILERNLEEILDIRE

%14 BT, ZHETHE SN T ESER DT ) 27— IR T 2R L TE T,
Marquardt & (2 £ 5 H—3 T4 ATE T TIE 2], 0 THICOMERAT D Z L BRA[HET, R
DEWNALENSBUE CE 505, BH—03 12 BIHEIZAHE Lo FEGEROBIEEM: - FFErEOK
SITHED Y D D, F o, MARERTEADEBLRCEMIZ L 2 Bk F1HEENH O TRALETH Y |
s ME 2 oy 1B OB S & 5, Nothaft © D47 A My Ei5E 1 [3]. Honmou HIZ X 5%
FUE OLED D& 13 [4], A& B CILIIMESC SR TGO B B2, EadIzom L
TS DRI DOF N BINL Lz — 2 &8 U CBUIT 2L ERH D720, A MIEINL D
WEFRI, R OMEFRESARETH D, £io, mMERITERDPIEND 2D, T L Bk
MO ERER 72BN © #E LYV, Yamamoto © . Price © OfEf!J /7 75—/ OLED [35, 36]X°
Anthopoulos & DFFE 7 NV—T1Z L DIERFHRIL T/ v » 7F T [37,38)i%. F v v T T~
DR IR MRERTFEA L BT 2720, FERHROT ) X v v T EAFRT 27200 TRPVE
Thb, F£io, B4 1 EL FH-OH—0 1 LUV TOBRKOCFRIEMNT % FZ8T 5 72 01213,
FEAEILD 72 HAMER T A MRSy T ORMKIREE 73872 E DO TR ESHAT O B H 5,

PERDF 7 X v v TEMILFE R THER I TERY , EMeZOMDST & ORI
SN D RN F—ERED 128D 73 F- ~DRAY IR MR EA N TE 2o T, T T, AW
TIEHHLT ) AT — R HE & LT, T/ v v 7EXRYLFI /L (nanogap light-emitting
electrochemical cell: nano-LEC) % #2427 % (Fig. 1.12a), JEEE72EXULFHEE/V  (light-emitting
electrochemical cell: LEC) (%, J&tor 1 L EBME (A 2) DRGEAIEMHE L LR T, Al
A A DFA T v 7 REIEIZ L - T, BROMHFBEECEMFE OBREEZE D O TIKELET
iV EL EZ S T & 5 [87), AL T v v 78 ECIRHT 5 nano-LEC TiE, %]
BHAFFECThH > T, EEHER D TG 2 ME &9 & b iR kT2 2020
72 BL ZFEBTE 5, o, FBESCERRIKILT / ¥ v v 7HICRET 2 Z L A3ATRET,
FHNEVNAFEICHE CTE D, AFEFIIFAMEEROT, LN T PR ~EBIRTLZ L
WFCT& %, BRTOREZEICR 1L1IZE L DT,

(a) (b) ,,
Luminescent polymer ' HOSt_& electrolyte
Electrolyte: ® anion, @ cation @ Luminescent guest

Ib ®electron [,
—o ohole (=

7, s 77

[ ® Energy transfer: H*+G—>H+G*]

Fig. 1.12. (a) A schematic illustration of the device structure of a nanogap light-emitting electrochemical cell (nano-
LEC). (b) Proposal for single-molecule light-emitting devices based on nano-LEC:s. It is anticipated to evolve into
light-emitting transistors owing to its planar structure.
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BIES o
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X 7277 L. IS Xy v T BB TT ) A — L DOF v RVEITFEHR L TV,

X 512, nano-LEC (2% U CHMIGIREE CRME R— X0 R 20 S E 5 2 & T, FRRIIZHTH
R BRI ) TR AR T OEBANIFFTE 5, 1IBET HH T OREES Fig 1L12b 1R LTz,
X, T Xy o TEmE . B R—30 R BB S B R E RS T DAk
RENTWD, KFETORHERCHLRIE, TR Lo IcELdbivd,

O - BEEEm (7 F vy 7B 280 LIERE T TH DA

= FLA - ERRRESCIECAIY Y — A— R LA BN 2 ERIREDOTROERT (7 %
¥y 7H) ICIRETE D, £, Ny 77— MEEZAMTLZE TR F T VDAL ~DIS
MR CTE 5,

FHU@ : mhR N0 1% F— 0 b E LTHUY, B My GRS ) b ouoidt
ST L —RENC LD R D
= HEL I T OISIVEZ TSR L, BRI & 2 - IHIR 2 i T°& %,

O 1 4y THEA AR LA A
= R HTERO TR - B D5 = LA TE B,

7205 nano-LEC 1T, T ETHE SN TEIH - FHEM, JOr 1o, ZUH

OLED AUZE 7 ORI 5T DI IANLE OHENE & & T3%510 B B E & R EF o8 7- 72 dE i R Eh Al
W3 FRNFBTF- DML 720 Z LR SN D,
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1.6. WAZEE/

AWFFETIE, BT 2 27— VERBER LR L LTH/ F v v 7EREFER L
(nano-LEC) ZHEZE L. T OEMESGE LR GHEHZSEDL Z L2 HIE 35, nano-LEC DIFEHE,
LEC O 720D EBR L, 7/ Ar—nOA7 b= 7 hu=7 2A0HEKICKE < 5k
T 5 AREMEZ RO TN D,

KL OWIILA T D & B0 Th D,

BT, FFime L TIIEE S 0usE B a7z,

F2ETIE, FFOBRUSESLIE MM OBEN M Z R 2R~

3T TR, FREECRFERE - S, FHiliiE R & OFRTFIEIC OV TR,
BATETIE, ER LR T ORERIEZ FERRER & LGl

S E T, FERERE 2T IBRE R~

B 6 B TIE, AWFIEDRSE L A% DRI HON Tl 7z,
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21. ARFEROERCE

AREEIRFE BT DEXEFETL, 7V 7 BT D8 2 O5y THERRED AL —1E, 4%
E%@izw¥~%¢@é\xﬁ%%ﬁ TR 7 EBET RERFRSEAFET D720
HEREA72ET LV OREEITEE LV, Lv L, EI2E () Bl S AEE~DOBERTEA, QVW%E
HOER (ZZMER) ICX> THIRSD EE 2D, SHIFRICH L CEBERMDOET L& EE
THZETERPFEOMEA RS2 Z L1 T& 5, 22Tk, A EERETICBT 5ER
EERFEMAT IO BILDIREINZRET IOV TR S,

(1) FEAFIBRET L

BB O AREEA~OEMIEAL, EFREEY OB EM) O B ARPICE T2 T 2E T
NEFEEE L TER D, ThHDET T, E@ﬁ%#@%@&k%%%ﬁ%bﬁw# Rtk
HfROBTIZ2 D, ZTDO—2, AR NF -2k > TR Z 58 Ot & itk 35 €
FILRH D mgmwrmobﬁﬂg#%ﬂﬁlwﬁm)«®%*¥mm FoTHLNDER
BEREJaplE. R(2.1)IZ7” 7 Richardson-Dushman ORUZ L > TH 2 515,

Jrp =A"T? exp[-fﬁi @.1)
kgT
7‘:7’:“1/\ ¢, TEARERE (@R OMLFEKE FEAROE B E12i3A A b= r 1 F—D
) kgt RV UER. T BETHD, A=dumiekia TP/ (m) : EFOENE R, ¢ &

%ﬁh‘h 7T EER) 13A%) Richardson R & MEEN D B CTH D, ZORE, FH LIZE

FITIFERE O OFEZ I OT, @B EFEERNEICHEGRT oy LA LS (Fig 2.1,
AFTHEAROFEER), BHRF AL 78R4 2 BVE F RO = 1)L F—[M % Fig. 2.1c
VR, 2D & X O ARRRE IS B IR - Schottky ZhHRAZ K DK T 0A¢ & MR L TE 2, KX
CnHLvXR2)EHED

. —A
Jrg =4 ° exp [—¢ kBT¢

22)

AGIZERERE A5 x =\[e/16neFONLE CHifii /S F /dnch & 5, L->T. ZhaRQRAT
e, KQH&EHEH5,

e3F
4n€k123T2
Febb, fihzn| ksl BEEVFE L TT—4%%7my h RS Fav h) 7758, 2ET
TR IEOB & 2R oEAMWE (In|lJgs| <VF) 2B 5, AET /L% Richardson-Schottky
(RS) ET/NEWVVD,

—J5, PERPIZERER F SEINES N, SR mE O RV —FERENEL 720 | ﬁ%ﬂ
TR —ERER R ) U LTS WVITEASN D (Fig 2.1d), ZOHSREET
ﬁmm&wooTT//%”®R%%_ﬁ%kLTﬁUL\ﬁ@ff//kw%ﬁﬁﬁék\

Jrs =4 "% exp [— ¢—] exp 23)

kT
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Fig. 2.1. (a) Energy diagram for thermionic electron emission (TEE) between a metal and a semiconductor surface
(without an electric field). (b) Image force due to TEE. (c) Energy diagram for TEE. The effective barrier is reduced
when an electric field is applied to the surface. The reduction is attributed to the combined effects of the field and
the image force. (d) Energy diagram for field electron emission (FE).

BB B HHEERAPEAIVH T b o RVERE e 1 E. QAT T Fowler-Nordheim OFIZ & -
TH 2615 [74),

3
SF ~ 8my/2mZ (4, )?

Jon=
N Rrhg, T 3ehF

24

722U, e: BTEM, h: 7TV TR 4, RROHHFBEL m; : ETOFHE 5@“(3@6
ThED, K E /P R/ FE LCF— 2570y b AL BRI
ADEE ZFOERMEZEOND (n|/pn/F|oc1/F). 2Ok 2727 0y H‘ootU-'Ewwéf
FowlerNordheim (FN) 7'm > b FN E7 /L &9, ZHUE b U RVIRE B 2 DO AR
T IVTHD [T5]

FNT7'® oy MNIH—FHEEICRIT 2 EMENE 2 BT DBRIC B RIS Z LB TS
[76], B—5yFH:4 (Fig.22a) OERIERAHEEKEE AEUZ‘B GHTINZry b5 e, LIE

LI IME B4V (Fig. 22b), TvIMEDEE (V) 1. B Fermi ¥E(7 & 57Dtk h

#1138  (highest occupied molecular orbital: HOMO) (7 & @IZ\/V*\“_% (Ex—Enomo) & JVHHEEZS
D Z Lo TERY . Simmons E7/UIHESWNT, FN b /U~ DER ) & 2 FEE
(eVm=¢, Fig. 22¢) LRSIz, #IT, KV~ FHEAOIEL KM LTz, Landauer €7 /L

(Fig. 22f-h) (ZHEAWMEIRDS G2 HAL, BUETIE, WEMO Fermi MEAZ[E] (/A 7 A7) (2
HOMO & % W N3 AcfEZE a8 (lowest unoccupied molecular orbital: LUMO) (2 FH 39~ 2 IR RERE FE DR
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(c) (f)

E E
i /, " %HOMO%

%%

7 <Er-Enomo

0 2 4 6 8 10 eV=o | . %
1V [V 87 >Efr-Eqomo

Fig. 2.2. (a) Molecular junction (thiol bonds). (b) Fowler—Nordheim (FN) plot for a barrier with ¢ =4 eV and d
=10 A, as predicted by the Simmons model. Vi is determined from the minimum of the graph. Inset:

(h

corresponding 7V curve on a linear scale. (c—e) Simmons model. Here, a molecule is depicted as a tunnel barrier
of height ¢ and length d (c, for clarity we picture electron tunneling only). When a bias voltage (V) is applied, the
barrier is tilted (d). When e} > ¢, the barrier becomes triangular and electrons tunnel by field emission (e). (f-h)
Resonant molecular model. Here, the molecular levels are broadened by the interaction with the electrodes (f). At
elevated biases, the left and right chemical potentials open a window for transport of size el (g). The current
increases dramatically when a level is within the bias window (h, resonant tunneling). Adopted with permission
from Ref. [76]. Copyright (2023) American Chemical Society.

MR LT BRI MBS BN D B 2 b Tn D, B FHEEICEIT D =RV — W2
fﬁ$§%515 . CHRBMED R Z O FYEIT transition voltage spectroscopy (TVS) & FE[TAL,
RO TIIAS AN TWND
RS E7 /LR FN E7 /W%, RN ﬁmw_ﬁm FFES D Z &2 EL THDA, 37
(ZRHE L2 2R D (R F— 0 FEEL ) AR T, [RAEROREK
F”“C%’fnfﬁ%q%“ PEAFLR TE ALE03H 0, FEAFGED, BEasE) O fie L1l s,
TR O RTEMENL~DERFEAEZE L, L0 FEEZ KM L7=E7 /L & L T Gaussian Disorder
ETADFIONTND [77), ABBEORIE IR —7el2D, lx O 7ORIE (O FRLAIRS
TARE), FMHOST L ORBRBBOERY | JFFNRERT oy )Vie L) RERRD, Licho
T, INEGTOTFNAX =N A & LTEY AL (Fig 23a) . AHEBORIEREE (density
of state: DOS) QRSN T L 9 72 Gauss BIMG;(E) T35 Z L2030y,
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722U, Ny : &Y A NOEE, o, :Z/w“r—/\%ﬁzmﬂfﬁ{ﬁ?é EE; : HHENLOT )L F—
BIOERGMACBIT HHLOTRNLF—ToH 5, Gaussian Disorder €7 /L Tlk, EMEAIL 2
B - OFEMD B IO RAEENA~DIEN, @QUENERD SV 7 ~ORANTFLR S41T
W% (Fig.2.3b),
IRIREEDAR v B YA FO= R X —ZFHMEL LT, BRI 5 O x 720 BN -
FNX—E ZFFORy B 7 A b~OBE L — by, E)iX, Miller-Abrahams DX D |
(vo exp [—— exp [k ] E>0
v(x, E)= { BT
k Vo eXp [— ;] , E<0
LD, TZIEL, vy i IRy B 7 b= b a s RERERE (h VBRI D) | kg
PNV~ R TRETHD, =X —IZ Bl (E>0) ~OBENIEAT L X —IZLD
JNEDSELTZDS . Tl (E<0) ~OBENIFEREOATIRE DS & LTV D,
BN DDAy B 7 A MOEALZERIL, T DiRBBEI LT VWY Ev 7o
bz L CREM LT <, Rl x ISR 2 FET O ES E+AE DRIZH 5% v ) 7THE
Anix, LTOE 51275,

2.6)

An=v(x, E)G{E — ¢(x)}AE @7
72720, G:IRREEIE, ¢(x) : BEETORT vy L THDH, TDk, 7L 7 MRZALTW
< %*wﬁhél%%ﬁ%héﬁwm YT OMFE AR D, FEEE x O A MIAEET DB,
BEGBRART Y VD HAE %ﬁhfﬂ%l"]f\@)\ﬂ“ Z)Tﬁia)esc . XD L HicEED,

fax exp [ T ( - +Fx )] dx

oo 62 ' l
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Fig. 2.3. (a) Energy level distribution of molecules and the Gauss function approximation. (b) Charge injection in

Gaussian Disorder models.
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72120, kgt BV UEE, T RE, e: E1EM, c: BmE, F: &R THD, 22 Ta
I FIEIEEREC, B DI IV A MIEALEEFIILTBIERESND Z L2 ERT D,
DL EOIBFREA N « TRAX—ZOWTHEST B L. HEABFRINKRESD,

J=e f ) f wwesc )v(x, E)G{E — ed(x)}dEdx 29

Bissler |Z Monte Carlo 2 = L —3 3 V& W fT 2170, ROYDFERE L —Ed bz &
R LTZ (18], To/e L, RETNAEZBE LTIZHAE S, =/ F—[EEED & < AHHIIZ DOS DJA
D30 N UT-BRIT RS, S EINER 1 EN RO B ERN D803 5 5 [77]. TVS DA
WIZHRLND X DIT, 1FONTREOYERY R, BT WZESWTER I /RNT A—4
DEEIRERICOWTIHEELRRI D LE TH D,

(2) ZEMIEMHIRET L
BRI (BERTEARE) (CEENIC B E - &L T D s, ZEfiEm & LTE
RARERT 5, ZEMFERIC K DEFRHIRAEARIR X ZEAICIRS#E S & & 2R A ZEHE
farfil|BR AR (space charge limited current: SCLC) &\ 9 (Fig. 2.4a), SCLC O¥EBIZEL LT, &
FRA-EIR O A — X 7 BT L > THEABEEEDSRW, HHWVIE, A — v 7 Efilc L > T
HEASINIZZHF v V7 AT BT R v U 7 OFEARZRWZ R bd, ¥
V7§ 7 v 7O EFRR e B8R R OB g oo 132100 TR E N D,
g 27
SCLC SE'L‘]}
72120, e AWEBORFER, v HIINERE, L EmiEEE, o v ) 7BEIETH S,
Flo, AEERIZXY VT N7 v TBRHET D56, £0 8T v T O R F =570
& o TEIEAEI LY 52 5, HINEBEINNSWE & HEASNIZERIT N7 v THA
DR R —OBROTERAE FIET D, T OBROEREEFMEITA—I v 7 L7025 (Fig. 24b,
D)., FNEEZ BT L, ZHOENR b T v 7LD AT LD SCLCH;E (cci?) MNEih5
(Fig. 24b, @), HHBEELEZEZ D L N7 v TN FRIEI N, BIICERDPNLD B2 D
(Fig. 24b,@), b T v THELNREVNE EEBIROSH BNV 1T L ARICA2 5, bT v FUERE
FEDT R4 R CIE T 5 & R T v TYHEMIR I SN HIBFRICIS T A EIE
JERAAEQ2.10) &2 3E3E L <.

(2.10)

@.11)

P (i m )’" (2m+1)'"+1 il _Eg
tee =eNu o) G 2 M
LRED, 22U, e BEM. Ny IBBENOGIREBEE, N, it b7 v 7THBE,
Eg: b7 v TN SAREYEN DT RV —3E kg : BV~ T RETHD [19, =
DX S It eLc® b7 v 7 EMHIRENT (trap charge limited current: TCLC) &9, Hf&adIC
N THENNZFERASMEE Y | FEIREERHEN T v 77 U —0D SCLC ##E (Fig. 24b, @, o< 1?)
~NEBPENCECT D,
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Fig. 2.4. (a) Electric field relaxation due to space charge and space charge-limited current (SCLC). (b) Crossover
behavior of JV characteristics from ohmic to SCLC: () Ohmic characteristics, @) SCLC characteristics with trap,

(3 Rapid increase in current due to crossover, (4) Trap-free SCLC characteristics.
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22. BHELRZFOEMERE

4% EL (electroluminescence) & 1. M HOER T R/NLF—IZ L > THESFIE TRV
F—ARAE (pbiiRAE) 12720 | BhERAED D = RV —mITR S ZERILRIRIEIC R S (9%
T5) BOZRLX—% N LT 28425, ARBIGAFIH L7 A8 EL3 71X OLED

(organic light-emitting diode) & HFFIIAL, E D4 D &30 FH-E R K2 2 LED (light-
emitting diode) & L CHIHILD,

OLED DIAMZREMEIRIR A LU NI ~%, & ImiERTEA, A0 FORZEMED
BLEN D BEHEEO AR ERIC X o THRE/BE L7208 (B3 ~100nm) % 2 FEMHOE
MRCHERAT- B2 L5, JEIROBIE S ICER 2 it e ) BTroLmaid—HioE

WM Z VD 2 & ORI LA1TH, 20k 5 7efER OLED I, 19874 Tang HIZ k-

TIELOTHEZ 4, LD OLED OFEM LA K E < Il S H7- [80], Figure 2.5a 12, fRFEM72
2 JEFEE OLED D& & 7r TG 2 7T, ZAUTFEIRIC MgAg, FECJE (emissive layer: EML)
B L OVE 7tfE  (electron transport layer: ETL) 12 Algs (Tris<(8-hydroxyquinoline)aluminum) , 1F£L
g% g  (hole transport layer: HTL) (Za-NPD (N,N’-Di-1-naphthyl-N,N’-diphenylbenzidine) , F5i#1Z
ITO (Indium Tin Oxide) %\ \/=FE 7 TH 5 [81], =F/LF—[XFig. 25b DL LY THDH, F
FEMEITIRD 4 >Oufe, (1) EmEA, Q) Bk, Q) B () - 76, @)
JEEUD H LisfE A% % (Fig. 2.5¢) [6,82], LA FCid, AMEIZEEET 5 (1-3) DIEFRIZ- DU THE
=T R

T e
33eV
Alg, & X5s
EML, ETL Ty

( ) <O a-NPD

a-NPD

(HTL) % Alds

ITO 5.0 eV
ITO (Anode) 556V
(c) (2) (1) 6.0eV HOMO

@
. /E/
(\ -::
7w*;m3
i

(3 @clectron

@)hole

ITO —
<1)\.“"’ @ ©

Fig. 2.5. Typical OLED: (a) device structure, (b) energy diagram of each layer, (c) (1) charge injection, (2) charge
transport, (3) charge recombination and emission, and (4) light extraction process when bias is applied.
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(1) EhwH 6 OERFEAN
ﬁ%#%%i?%b%%yfﬁé$§%f%w\¥§%WK%@E%?UT$@EL@VO
;of\ﬁﬁh%%%&#ét TIFINT BN D X v U T HEAT HRNERH D, BARMIC
I A T ZHINT Lo THifiRa)» EE?LZ’ﬁ HOMO (Highest Occupied Molecular Orbital) ., @@
75 S-S LUMO (Lowest Unoccupied Molecular Orbital) ~ZILZFUEA SN D, {LFHIIC
FIONNITFA (E), FVINT=Fy () BERTLHZELERIZETHD, %’?iﬁ
FFRETOfREE LT Fig 25 1R T & 912, B TITEMOAFEHL L HOMO #7230
(mwﬁ$%ﬁ®$ﬁ&ﬁw4ﬁ/mizw% OAENE) . Bt I EmOL R &
LUMO HERZANUTV Y (IR MRS O MR & s\ VE B OFE) B2 ZTh ZigiR+ 5
& T, K —EREDMEI S AL, A7k v U TIEAEITO ZEMNTE D, Figure 2.5 O
B CIXBGR & 1E L EE ORI E 7B & LT CuPe (Copper(Il) Phthalocyanine) % 15 nm F2E
AT DL, EAOFEARENUESND Z ERMESIN TS [81], £z, BEIRIC Al &2 W
T, LiF O &9 B HENELE LR L ORICHATHZ LT, EFEAZEEL, KB
R T HLEMNEWNLTHZ LN TED [83), ZDXHIC, EHEE - m#h=0 OLED FEBLX
BTEANE « BEEEIROZEENEZ B BIZAI, a7 TIREEES T2 & THlY o,

(2) AT

EASNIZZENENOERMIINEN L DB L > THEENE KU 7 v 5, K 1. o1
Gy PR, SRR RO = 3L ¥ — X% Fig. 2.6 1TRT [84], MEHCHERII RIS 5E
ST IEREEIR (Ffdh) TSNS T2, BIRT- O3V X —HEALDEHAI /340 L, 315?\/1/
F—,N K (conduction band: CB, valence band: VB) JMEBEZE I 5, HREEM-EROLA . B
FE VIR FHGEL & BHGELIC K> TR E O | BRI UL, BENE OB SR iﬁ:ﬁf% 2o
— 5T, AREEIRIT NS en B REFF S TG FOERSERN DRSNS, 70T (van
der Waals /1) 1T & 253 TR LOFEA NI LE E0RE TlIenzs, 3 FEFINTEIRIPEAS
HHGA BT RNF— R RIBII NS, T ENLT 7 AOYEIT0 TEINEFF 3 72 < =
HRNF—N BB S VR, Ko T, @ ARAERN O &35 F O R EENLH] 2 78 >
T HZETRENIT S, (bhAHWE, ERLIEET VA ﬂ“/ﬁi‘q:"fi/\%& DI THE
DIV IRT L bR D) TENT 7 AERNEROBENE 2 E 2 D55120%, 5 2.1 i
\ZRE# D Gaussian Disorder &7 /L2 UIE LIZFHV 5415, Bissler [ Gauss i”O) DOS FiZHiT 5 1
BFOR Y T REDSDENET L, LUTO X S ICBBIEIRER TR H 5 2 & &
LT 78],

ﬂawm{—(;:»1 @.12)

272U, 0 0 TR OERERZE, kg 1 RVY~ VU ER. T RETHD, ERAPE
T 58551, DOS HORZRAF—FHH~DRy B ZIZBF 2G9N 7T EINEDT5 2
ERTRIS, BEIEITER F O E 725, Bissler (XS 512, Monte Carlo v = L—31/3 >
Z W TBEIE OBESURE AT L, ERDRE L, F2% F'ﬂﬁ"]iﬁﬁﬁ*é@ﬁé\b‘%jﬁ%
WIGEDRy B 7Ry UTBEEE L LT, Q213)&4572 78],
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Molecule Molecular solid
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Fig. 2.6. Electronic energy diagrams of an atom, a molecule, a molecular solid and an inorganic solid. Reprinted
from Ref. [84], Copyright (2023), with permission from Elsevier.

#:4{ #oexp[ (%)2] exp[C(e? — S WE], £>1.5

2
Ik,uoexp[ <3kaT) ]exp[C(o2 225)\/—] <15
TIEU. gy c BT C=3x10" em V2 (EH) TH D, Eio. TITRAFEHRAL — S &R
FTRTA=ZTHYD, Ry 7 A MBI D% FEIREES KOREZ L Tng,
QINTIIVEREENTNDHA, ZAUTERM#IEDS Poole-Frenkel B THL = 5 Z & 2R T,

2.13)

(@) IEfL - ETOFAES &bt ARk

IEFLEGEE & e Al L Cliank SN 1IEFLE B8, L 0470 HOMO B L O
LUMO [ZZNEHIUHEAT S &, Coulomb /I K- Tkt 1 (EFLEBT-DOXT) BRI
%o S DOTRNF—1L, B EALHEOFET L F—0 537217 HOMO-LUMO ¥ v v /'™
FAF—=LD HIE, T7bb, IEAL - EFINL L TWDIREEL » L 22E T, EEHIH B
B =L XA (ke —EEHERAE © S b —HEIREE : T) £2o< 5, FU X LRA
v B RO AN T2 BT DR, A B U RN AE > T— B 7 & = EEpNE T
ENEN 13 OEETAEMIND (Fig.2.7) [82]

i — EEREE TITRE T DAL LN DT O H WK AT TH 5, FLEREE (S) ~DiF
FHRIE (Si—SoBR) It EEL L Vo, Bt =EIUREE CTIXA BV TRE 123
DD, TI->SEBILIEI BAEZRIEE VD, BEOFENAMEICIE, BEAI% CAY U LEE
WEIR DT TI->S BRI TH Y | SioSo BEOANFNICTHET 5, dtdFmidt / ~
~A 7 uRETH D, FOREO ZEIHFNL 7O 3L X — | IIEEF IR LTV 22 D, — 0,
BEAENCIE IS I Ru 22 EOEF T2 E 7o OV A B BB/ ERANA L 5 (FER
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FEIHR) . L7cid> T ST HFEHNER (HEAE) R TioSe BRI X DN RGN WEE & 72
%o Fio, TURBEIT—HERE~OBBPAKES TH L7120, w1 7 n~I UPBREORN
Fnafio, WX, V7 AZNAVGTREEZTET. Do E A Ve L [AEDOFRE S
DILDHENE U CENEMALEEAE Y (Thermally Activated Delayed Fluorescence: TADF) #47}& Bi%
INTWD, ZHE, HFHGHIEY TS HO=R R F—F ¥ v 72 +ohs<<$52 L
T, FRREDOET Ti-S ihkl (IR AE) L, ZDH%D S1—So BRI L Dbt a 5 H
TEDLMETH D, OB TADF $EHIAR L7 bkl 12 #i5s 3~ CRLICRIT&E %,
T2 HEK T 100%DNERETFNZD T H AL D [85, 86],

\ Electron
/

Recombination

4 75%
3
a S’] % Intersystem A 4 4
A v'=0 crossing :
e v 3 A v
: Reverse . 2 ‘—‘
o { intersystem " g T /A A
Singlet exciton i crossing H S —
Triplet exciton

Fluorescence
Non-radiative traisition :
: Phosphorescence

Fig. 2.7. Schematic diagram of electrically induced exciton generation and relaxation processes (Jablonski

diagram). Sy, Si, and T} indicate the ground, excited singlet, and excited triplet states, respectively.
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23. BERIEERNLEIL

w2t E/L  (light-emitting electrochemical cell: LEC) % 1995 A%, Pei 52 L - THANZ#H
& I NT2 [87), LEC [XHEDOTEMEE DA T b 2= BATEA - BEATHE IS K ORI 2 %8
BATRE R, =— 7 IRRNHE T TH D [88-93], Z DX 5 2k, IEMEEHICE D afdEho
I DM X I L > TEHEND, #EN Y 7T, BBOMEHEREOBREIC L 598
VBT D720, TNEIDHERESBES 7= 2 fEtkiE %95 OLED [ZH~EEHDBASG THDH, +
7o W7 B A LD RG IR TERMNATEEZ2 DT, fEKD OLED TIEEBINH L\ 2 =—
I IREEDFRFTNEIINTE (Fig.28), BIZIFA T v—a—T7 1 7k THEE 7
F—7 BT L7= LEC [941°, T+« v 7' a—T7 4 U I Ko TT 7 A N—{RICFOSE % Bk
L7z LEC[95], fififfgth—T A k~— & fHAE DO T ififfE iTEE LEC OB ZET H 45 [96, 97,
LEC OEZEEFELL, Fig 2912789 3 DDET /UL - TRl &5 [98],

HERULF: F—E 7 (electrochemical doping: ECD) £7 /L (Fig.29,top) | Pei HIZ& - THA
ENTETNVTHD [87-89], EMERHED = VX —X% Fig. 2.10 [T~ d, THRLXF—F ¥ v
E, 29 2 0HE 2R OB A A T2 V ZEIIL TS (0<V<Ege) L. JEMEHNDOT
=F L DTFFUBENENGR - BERICS] X FE O (Fig 2.10a) . A TEX _HE
(electric double layers: EDLs) 7348 HICTEL SN D, BEZ SHIZRE LT D (V2Ee)
EERNNEBEBXR EBIZEFL (100 Vim A—F—) | B TRk —ENN N 5720
WA T ANZRNF—F % v FITHEG LR, o) U712k - TESL - ﬁ%ﬂ%@ﬁ®
HOMO * LUMO ~ZNEAUEAT S (Fig.2.10b) . {EASNTZEMIIT =F 2 « WFH 2 DSy
L > THIfE S, IEEBNTpn v U 7 R—=7 AR S nD (B5b¥E —vr7),

(=]
&
£
O
e
3]
=
()

Working
line

Fig. 2.8. Unique structure of LEC. (a) A light-emitting fork. Reprinted from Ref. [94], Copyright (2023), with
permission from John Wiley and Sons. (b) fibre-shaped LEC. Reproduced from Ref. [95], Copyright (2023), with
permission from Springer Nature. (c) Stretchable LEC [97].
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=B 73R & & HITHEIT L, pn #EETRT 5, BoEHIZIESL - B3 N— 7
WO THEAM (8 ICExSi., 22 THMAaRET 5 (Fig 2.100), BERNZ LD S & F
¥ U7 R—7 a3 S, JTOIRREICER 2 [99],

EDL p-doped  junction n-doped EDL

i
1 ' ! .
EcD |- P} |®® @8]+

| i, S
o o of |

i

EDL Field free region EDL
] | ! . anion
1 1 i |
0D |-{{0. 00000

1 '@ | hole

@  electron

EDL EDL

[\Oo ©0.-00 9
= ? )

§ S

4 1@

pECD

Fig. 2.9. Electrochemical doping (ECD, top), electrodynamic (ED, center), and preferential electrochemical doping
(pECD, bottom) models proposed for the LEC operation. The black line indicates the potential within the device,
the grey region indicates the electric double layers (EDLs), and the yellow region indicates the recombination
region. Reprinted from Ref. [98], Copyright (2023), with permission from John Wiley and Sons.

©leee
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[S191D)
© cation
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@hole
® electron
© |

—_—

p i n

Fig. 2.10. Electrochemical doping (ECD) model: energy-level presentation of the transient response at (a)
0 <V<Eyle,(b) V=Eyle,(c) V>Ee.
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L7 haX A5 v (electrodynamic:ED) €7 /L (Fig.2.9,center) |%, deMello 525> T
BONCIER S NTZ 100, 101], 731 7 AEINC X - TRIEA 40 NS EBIC 5| & FE b, B
R CER _EEE, VI NT pn F—7HEEZNEIEAT 5 £ CIEERILY F—E
TETNERTND, LL, A 7 AHNRHIA F 2 REM ORI L > T3 NDE
ANTRTHBIEE N, EFREL 25 UTERILE R—E 727 V0B D, BT v
JNOBBR7 Y —FHIKTEZ 5,

Leger HIZ X » TIRRESNIEBIEERILS F—E 7 (preferential electrochemical doping: pECD)
E7 /L (Fig. 2.9, bottom) [102]i%, EXILT F—E L 7ET NV EIEFITI BTN DD, FilT
p,n WTFND—TTDO R—E L T OHNBE D Z & ZME L TWDHT20, R B I
<725,

TR, D 3 DOETIUTEMAE TOA— v 7 HFEfEICE B9 25 LA
ﬁ%ﬁ%éumﬁmkﬁﬁb%\ﬁﬁ%@®%ﬁﬁ A= v VT BAPMHET D5 AITERL
FR—EUTETN, A= v T HEMPERINT, ¥ ) TEARRTSREEIT= L7 b
REAF Iy 7T ANRIENE 12D, HOEMMOICA— I v 7 HERFEBL L TV L 55
IHEEERY: F—Er ZETURTEIN & 725, WTOBEIZRBWTYH, BEAINCHE-

TEMAAEICER BRI TIULY o 7L s IR EE COMMRERTEAN G TX
%o bbb, —AY7e OLED O X 5 I[ZEMOAFEE L 437D HOMO/LUMO T ¢ /L3 —E
MDD~y F 7R, BRIEANBR EOMAC L DFEEILEE 22 Th L, S, B
HBII AN I nm L F O S TH 5 [99]728, 10nmA—HF —DF /) F % v 7 EMMH] T LEC
& U CHERE T D ATREMEA IV,
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T ETHAE STV D LEC ORSEIE 3FRIEIC KB TE 5 (Fig.2.11) [105], #x b ZEEEAH
—f&A)72 LEC IXBEMO BN RIEMEAR Y ~— L BFE OIREM A 1EHE & L THW-, By
N—v o 7RIFEFThd (Fig 2.11a) [87-93], F7o. AFEFOREHNIRY ~—721F Tl <,
ITFBRRDOEGNE « 3605+ & BIRE OFEMIEN 2 B -, R F8B L O = A9
DT LD b DO BLHESND [106, 107], 2 D HIZA A HHEBEBSEEROA A Moy T.
07 A5 A BRIV LEC ThD  (Fig 2.11b) , AFEFTIIRIEKRBERNA A & LTR
LD 720, FEICERE OB ARETH Y | FBERMEOBEEARARICE Y RS 2 £ T
X5 LIRS TS [108-111], 3-oB 11X Fig. 2.11c iR & 5 722 R— 7RI LEC Th 5 [112-
115), ZAud, ERE LIEEE O 0EE L T C b BERINRE B & iR A cER _EE
IS D Z L NATRET, BARE L OFEMNZ LWOIEEMEHE V=T Th->TH LEC
ELTHRES D Z LN TE D, HIxIE, SBBEIEOAR - MHEHRE S 2 W CliReE R
A - RO IO N T o DA FEMEZSERE L7 [112, 113150, ROy 712 L D56
W EHRENES & Ky MEHWT, /T 57 —LECRHE LEC 2 B L= [114], =
— 7 IR A R RTS8 S STV D, WITo LECIZEWW TG
[FIfe 4 B FE A 2 OB R - & U COBMESS R H 5 [92, 110,112, 113), T 72 H, ZAUER
FEE R DR S DT/ v v 7 HEMGRE VT LEC EENEBLITX 5 rlREE 4~ 7,

(a) (b) (c)
Electrochemically doped LECs lonic-material LECs Electrostatically doped LECs
(W eSO ©
© o o0 0
o
@ oW
@ Cation @ Cation
Electrolyte i Electrolyte
@ Anion n e . @ Anion o
- © Anion , - .
Light-emitting material - Light-emitting material

* quantum dots

polymers + jonic transition metal complexes
* small molecules » ionic small molecules
 transition metal dichalcogenid

* branched molecules * perovskites

» organic single crystals
+ inorganic single crystals
es

Fig. 2.11. Schematic illustration of the three types of LEC structures. (&) The electrochemically doped LECs consist
of amixture of light-emitting materials and electrolytes as active layers and two electrochemically stable electrodes.
(b) The ionic-material LECs using light-emitting cations with counter anions. In principle, this device does not
require the addition of an electrolyte because of the ions in the materials. (c) Electrostatically doped LECs with a
binary structure. The active layers are completely separated by electrolytes, in which the interface of the light-
emitting materials and electrolytes induces electrostatic doping. Reprinted from Ref. [105], Copyright (2023), with

permission from John Wiley and Sons.
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24. FEHEEF AR UTIZEB T/ Xy TEEO LD

JEEM T E NI EICEBIERINT 5 &, RARIZ K - TiilEN ZE T
@1@?5 EEE (BR) HUNEE, b VERNTE 2.1 §iTiR7= FowlerNordheim D= (7
(24) IZ&-oTH BN, AKELEENEED ko R VET T RQR.149)D X 5 IZEINEEVIC

Eefil4 % [751
2
:e_V g, exp [_4_J2m¢] @.14)

72720, e: BEMN, h: 77 /7 R S MR, ¢, 0 ROMEREL m, - AHE
DERETHD,

BTDO M REHEIZIE, =XV =L RFE LT E FMNDHMEETF F o x b (elastic
electron tunneling) &L . b LT B BRICEMSOIERE, BB O 772 EEFAEEH L,
TARNF =% R THALDHIEHMER T > kL (inelastic electron tunneling) HHENFES 5, —
FNX—K L ER-ELE (V) FEOME % Fig 2.12 (R T[116], B FOFERME S x Y 7%
MfxER 2D 2 EDTE DR R VX — (h=eV) ITELTEBIZAL D, Lo T, Eit
BRIV =hvle CIR IR ZRFD, ZOREMNT 5 2 LT, B IEIEE h ok skik T
IR OIRE) = L X — UM BT D AN SO NS, 72720, Eic LA EREbIINE
W2sd, JEE 1 Gy (UdY) OAT v 7R 2 RigGy (PIdVY) ovE—r L Car s r s
ZDIAEBIRT 5, AR E—7 2585701203, BIKE THERAIT 9 L8R3 H 5, STM %
@Db&#é@b@%/%&y7ﬁ@%&9+fi A E O h k) 7T ko
TR L= X =R E LTBHIESND 2 E03h 5, BT RN — DL X AR
ko (FE) Fl7I XE %M LT TS [39-52),

/
* Total
e Elastlc
\ Elastic ﬂ , 4
tunneling av t
€ Ihv
Electrode eV -
d21 4
W A
Electrode
hv/e I;

Fig. 2.12. Energy diagram of the tunnel gap and voltage (¥) dependence of current (£), dZ/dV, and d*//dV>.
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Fii 77 AE AN (surface plasmon resonance: SPR) OBEEL DU T Fig. 2.13 1ZR 97 [117], 4
BRENATO2OJRKTHBE O 2L LB, BRI > fEpT CILIEIL, &
T2 S & CIXAICHEET 5, ZOfER. EOEMIMANLADER I L > TER
PRET D, TOETLHZE T, &BTOHBEFPENRET 5, ZhaeRm77 A€
LWV, BEEmIE (BRI ZAH LR, &oAECHE TLRNENEDT 2 (Fg
213a), ZOLEN (=R yBU M) ERETTAEUBRMIGTH LT, TOERTH
T LNTED (EHT T AT, Figure2.13bD X H IO R LV /S X
DB T / HEEIZB W T, #ENICE TREINA CIAD B, B L7 77 XEe 320k
mC R b S s (fERE 77 XEY), RfERE 77 AE 30 (localized surface plasmon
resonance: LSPR) |21V | F/ HEEFITROVER DB RAET S, 2 50OF EEMEEST 5 &
S HIZHRWERDHEEIND, Thbb, A0 —n3E&E T/ ki OXREIZIHBNT
FIRE LR ERITREBICEN SN L METE D,

(a) SPR (b) LSPR

Surface plasmon

Absorbance

Reflectance

&

Wavelength
Angle / Wavelength

Fig. 2.13. (a) Prism coupling configuration of surface plasmon resonance (SPR), where a light beam impinges on
a thin metallic film deposited on a prism. P-polarized light absorbed by the surface plasmon is seen from a
minimum in the reflection spectra. (b) Representation of the localized surface plasmon resonance (LSPR) on
nanoparticles and absorbance spectra obtained for binding events on nanoparticles. Used with permission of Royal
Society of Chemistry from Masson, Ref. [117], Copyright (2023); permission conveyed through Copyright

Clearance Center, Inc.

32



T X o TEMRTIE, BETBEEE R RV ST T (RfE) RS T AEUN
JE L, ZNNER ISR S5 2 & TRET D (Fig 2.14), BRORSHMEHZ L > TF 7 X%
VRENEET D O 2. PURNVETICE DT RAX—ITERIKRTT D, Lo T, B E
IXBMSEACEMEBELEIC L VBT 5, 2O, BIMEIOFEII»D»DOLTT /Xy v
AR TSR E 5, EAMICITHE BT b 3T 2858, =R VX —RIFAI L D %
S F— (hv) (FEIIEEICKHET DR X — (V) AT &5 (h<eV), T70bb,
FIUINEEE DT 1L F—xti L2t R K 0 RIERMITHRIET 2 [23-34,39-52],

Fig. 2.14. (a) lllustration of light emission from a bowtie-shaped tunnel junction. The nanoantenna is made from a
single-crystal gold nanowire and the tunnel junction is formed by electromigration. The tunneling process occurs
between the two closest Au atoms. (b) Schematic of the metal-air-metal (MIM) junction. When a voltage is
applied across the MIM junction, electrons will tunnel both elastically and inelastically. The elastic electrons will
tunnel across the junction without energy loss. The inelastic electrons will excite surface plasmon and emit
radiation into free space. Adapted with permission from Ref. [50]. Copyright (2023) American Chemical Society.
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— 4. BT RF—REINEEL EES5E bRE S TS (hv>el, Fig. 2.15), ZAud,
TIREUHRIZE Dt — L MREEE RO AEER [1181°, Ay h=L 7 kv -7k
—VREDAR [119], BB T4 A D BRI [120172 P12 K> TR SN D8, DI
AR 2 BRI ET 5 2 IR E LTRETH D, BT bR 7 7 A8 35
IRREERAFIEDMERN 2D | ARIRFRFICEB W T HET MR K D50 2 5 27, 32), FHf
Bta) ) v TEBENHREA L, AEHEND O RV X—BENZ L0 B D kIt
LSBT BIFET S [33], 7272 L. Bibod &30 AGEFRIC X A3 oL, B RN
Tk, FUNEEIE, IREEZR & Dbk x 2RI R E UKFFET D72, BBMEO WA 7 — /L5
KT T OFEREZZBFICAND L HERF TG EREREALETH D L1 5,

(a) (b) % Hot electron g
B Hot hole x\\\ﬁ -
Je*’\&\\\\
Tip  Surface Tip  Surf. - hv=3eV °e\$ﬁ/
- hv=2ev -
fff -_--L-hv=ev - hv=eV ‘ /f’
A
F!-le 3e ,/
h

Fig. 2.15. Light emission from nanogap electrodes due to energy above the applied voltage (iv >eV). (a) Energy
diagram in emission caused by the interaction of multiple electrons. Reprinted figure with permission from Ref.
[118], Copyright (2023) by the American Physical Society. (b) Energy diagram in high-energy emission derived
from hot carriers. Reprinted with permission from Ref. [119]. Copyright (2023) American Chemical Society.
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25. RMERZROERE

KTV AR s e A FIUIN U7 BROMERRIEEBI G L, F v v I DRKURP £ ITEZEFICH D

Dy BHOLNNEIFX ¥ v T ORT— /U Lo TERIEN R 5, iEREDE IOV T Fig 2.16 12
RY[56],

KRR DDIRNF v » TRICBIT D EOS G, BRI mEE LN % & Btz o—
WEFPEI L > TREDF LERT D, ZD&E, EFEREICIDRESFDOA A1t
(alEH) & A Aoz L H5UEDA F 218 (BIER) 75%; Do RS NTZA A IR
IR L CIRBTERAESED WIEH) ., ZhoDfERIC :&ﬁ%ﬁﬁﬁﬁ% EEL |
\ZEF - A AL, o THERIEICE S (Fig. 2.16a) . %%%ﬁo LR s
CREFDEMENCAAET D T ARINARIHEZE L, hEtsh b Z & TR é ?&b% %
LT ¥ v TS FIC L > TRAR S [54, 121, 122], 1889 £4EIZ Paschen M8 L7-, JEHS
ZHUT DIHREE Ve & ST T p, EEMREIEEREE d OFEICBIT 2 BAFREC (Paschen DIEHN) [60]1%
# @ Townsend DB A8 L TX(2.15)D X 5 ic@ b T4 [123],

yo—_ Brd

* K+ In(pd)
7272 L. BKITEHE LTH A5, Townsend DELGwIZHAD < Paschen DEHIIE, FRIZ LA/ E
72 pdfili (ERE) CHATE 5, Hlha pd, HtfmzEREBEL T DL, 7T 71X Fig.2.17 D
£ 91272% [68], Paschen HHHRHIIAURIE F135 L OVEABIIREEEAS /N & < Z0dUiE, BMREIEN KR E <
RHZEETHILTHS, L, EERBLINYA 702 RA 7 —LDOFX v v 7128\ TIE
Paschen OVERIML S,

B ClE, B OZERIIIA A AT D X 0 KRS TIIFE L, —IICE
RIS DRI T 5, £z, wum$%®%?/7kOWT% RS EE TR K 2 HEfAk
ERHE SN TS, ZiuL, V7~ 7 aXy v 7B 2 mEROFEHSKRE T O
Emﬁ&ﬁ%05mnf&ézkmﬁﬁﬁémna@@#Emmént% IXERUC L TRl
~EEET D, TORFE, BIONAS LI OREN B U, WEMDBERL., & 2\ 5
MBS RliE - Sk U CARRD BRI S415  (Nottingham Z05) . B2ARMIC & &1k H A0
JRFTIENZ X0 | R EZR RS BRI S b (Fig 2.160), 20 & & ORRREEILEM
MEEEE I L, QAR LT EN B L2023 [68-71], F&GITHAE L- Bk 4 B
B F D2 2 & TR Z Y, BRI ERGREIRTET 5 [53-56), 7272 L. LV EBICHE
) DL, EMERREICR I N LDREAEZCMN, Bt & ORFEYHM4E LT

%@%%ﬁ#ébgﬁ%énmq

2.15)
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Fig. 2.16. The physical process unifying Townsend avalanche and field emission for microscale breakdown for
(@)d>10um, (b)d=5-10um, and (c)d=1-5pm. Reprinted from Ref. [56], Copyright (2023), with the

permission of AIP Publishing,
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Fig. 2.17. Paschen’s law. Used with permission of IOP Publishing, Ltd from Ref. [68], Copyright (2023);
permission conveyed through Copyright Clearance Center, Inc.
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F3E KRBT

3.1. XEIRIR

KR OEEFE « K EIZ L DEBIBIESCRMIBAZ T T2, FIRGES 2R T_XTO TR
AEFR TSNS E I v —T Ry 7 AN (KXUE, Fig. 3.1a,b), £721% 10* Pa A —¥—
DEZERE DR SN T- BZ8KIR 7 1 — 3—P (13-300K, Fig.3.1c) TITo7z, kM b KA
BORNEH, =T —%— (Fig3.1d) ®h 7oA 77— v K (Fig 3.1e) ZH\TIT
-7 (Fig.3.2),

Scanning Probe
Microscope

Fig. 3.1. Experimental environment: (a) Glovebox for solution preparation. (b) Glovebox for device fabrication
and measurement, and scanning probe microscope (atomic force microscope). (¢) Low-temperature and vacuum
probes station. (d) A mini-desiccator. (e) A transfer rod.
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Glovebox

(N,, ~1013 hPa, 300 K)

Solution preparation, SAM treatment

with a mini-desiccator with a transfer rod

Low-temperature &

Glovebox & vacuum probes
(N, ~1013 hPa, 300 K) s station
(~1074 Pa, 13-300 K)
Molecular deposition, EM, electro-optical
surface imaging characterization

Fig. 3.2. Sample transport, preparation, and measurements were conducted without exposure to the atmosphere.
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32. RFHEHE
ST VERUSESE A Fig 331087, KRENARTIUILLFO LH0 Th o,

(1) Au U — N, Bppeis e & o

() BOMMBIEES I (SAM) (1 & 2 FER sk L

@) TVZ bu~vA T b—ya Bk bt Xy v T ERIEK
4) THERE, A AU T

TRENEMARIC, LIT ISR

(1) Au U — N, ARG & ol

50 nm BV LIS & p-Si B RIS, BRI VI TT7 4 - 74 NI YT T T 4 RO TEM
RE— %y R V=R 2L, -/ Xy v 7ERAERZ HE L-, MEXE Fig
341 Y, B RF—r D 1= ;b (Fig 34a,b) 1L, Y —ABEM 1> (S) &*FMEM6 >
(el-e6) THERE SN D (Fig.34c), iBhRLZDO~HEL Y | Fig.34a DEME 4555 L=t D%
1 DOEMRE LTHEBREITo7z, UV — FBROA 7 —/1E, £ 200 nm, 1§ : 100 nm, &FHE
X :2lnm (4 :18nm) THD, (7272L. BEMIZE->TY — FEROMEIE 80-100 nm FRE DI 5
DENRDD,) AL SIOITEAEENEL 2, ICTiZ 3nmfEE Lz, 7ed, ATRIIE
ol (S TERsE - T T,

B R e R (Bransonic® M2800-], 77 YY) L 1T R R 1k 2T AR —
Jo, FERT R Rl Bk 227 m R — L (WTIVB B L) AL ERHWTERE & 5 5
FRGEE Lictk, UV A4 Y s — (PL16-110, UE1101N-19, SB-201-M3A3, Sen Lights

Au/Ti:
boonm 18/3nm
Dipping in oTS: ~3nm N
O o
(1) Au lead drawmg/substrate cleaning (2) SAM treatment
Gap: 20-50 nm
Electro- -
migration N Drop cast
(3) nanogap electrode fabrication (4) Molecule or ion deposition

Fig. 3.3. Schematic of device fabrication. Adapted with permission from Yonemoto, R., etal. (2023). Nano Letters,
23, 7493. Copyright (2023) American Chemical Society.
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—
[Y)
~

10 mm, 10 units

<

< >

10 mm, 10 units

—
(2]
~

SiO,: 50 nm
p-Si

Fig. 3.4. Substrate overview: (a) Overall picture. (b) Micrograph of the pad electrode pattern for contact. Six
electrodes per unit, enlarged white square of (a). (c) Micrograph of the electrode pattern, enlarged white square of
(b). (d) Schematic of the Au lead, enlarged white square of (c). Adapted with permission from Yonemoto, R., etal.
(2023). Nano Letters, 23, 7493. Copyright (2023) American Chemical Society.

Corp.) ZHWT 1047 UV A el LTc, BRI OA 7 ) 2 —FibREERIC, 1#7 & k
VEAWTSEER TS (1057, UVAY VS (104)) #1T-o7,

(5) BOHMEES I (SAM) (& 2 ROk L

NI TDEMRERETBSTLE D &F /) X v 7B UG b IH AR E 5] X
CTBENRH DL, ZNEMHET LD, T Fx v TERENC H O TR (self
assembled monolayer: SAM) (T J 2 HA R i OBERAEE 2 Jiw U, o T HERES P 2 iR b E 7213
) Xy TEGOIIRET D 2 & ailA e, B OB EHS FIRIER O JFERX % Fig. 3.5 |12
T WAES TIEE . SUSTERSEWVE R L B E OB T VX VD DR S LD, A
WS T OWRRICRET 5 & WaES T OISR R & FREE MU U635, £
o WA OO SO CIEE S 2 77 L L EH[R ClE van der Waals /172 & D4y 1R AAER-ME) & |
W5 TN BRINCERAERE R LT, MR E UCHRERIC T L W CRDON T ik
PEE > 1528 B CARRRAOICTE R S 415 [125]

ARFZBR T Si0) FIENTT 254y & LT octadecyltrichlorosilane (OTS, H AL T3, #
152 1 CH3(CH)SICL) % FV =, 0 F A L SAM FERGIERRIC DWW T, £ 21 Fig 3.6 1O
3, OTSIZHE D SiCLH: L Si0, #ifi D OH &AL, SFOREaE21ED = & TlaET 5,
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BARAIZIE, OTS Bk 7 o4& ik (1 mM) 2R L, % 24 RiliRiE 5 2 &
T SO, RIANCHRAEE A H UT-, A TRETMER Ol SRR 7 a—7 Ry 7 A
(R&IE) ITT Tz, AUPREICT ) vy v TE2IBKT 5 2 & T, AuBElBs L O Lz
J Xy TEMERESIEIRIL ST, FRICEIREO R EWEE 7213 v v T
T LTe PR ET T 2 Th 5,

(a) The process

m Self-assembling materials: reaction activity on substrate surface
Substrate [ - // . .
N - )

Reactive functional group

—_—> i Substrate dipping

Molecular |nteract|on '

Chemical reaction
with substrate

Fig. 3.5. Schematic of self-assembled monolayer (SAM) formation; (a) the process and (b) monolayer growth.
Adapted with permission from Ref. [125]. Copyright (2023) The Surface Finishing Society of Japan.

OTS
M ~387.93
Alkyl chain <
e { cl—si-Cl v
functional |
group cl "

—Sl—O—S -O—Sl—O—Sl-O—Sl-O—Sl—
(I)H (IDH (I)H (I)H OH OH HC|><14
—Sli—O—Sli—O—Sli—O—Sli—O—Sl—O—Sl— —§|—0—§|—O—Sll—O—Sll—O—Sll—O—Sll—

(b) Monolayer growth

Fig. 3.6. Molecular structure of octadecyltrichlorosilane (OTS) and SiO» surface, along with the SAM formation

process on the surface.
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Q) TV bhuwA T b—y g ikick b)) X v v TEMIEK
[EER T ¥ v > TEMOERFEIIRIO AL [126), BXULT A v ik [127]), HEEMHE A
v XL [128]0 Bl A A B — LA [129)72 ERkx 273, AR TIEZ= LY hr~xA 7 L—
3 > (electromigration: EM) {EIZ K> TH/ v v TEMAFR L, =LY ba~vAf 7 L—
g AEEIE. BEMRRICH L CERART Z & T, BFOEEIC L > TURFNEA L, Hli
DT CHEMW) 7252 2L TH/ Xx v 7255 FETHD [130-132], AFEERTIX
TN AT v TEEAZEHINT 5 Z & T, 2050 nm F2EDT /) ¥ v 72457, BRI iF'a%J
AEETEZ 03V & LTC20M%ZIC I3VEIIL, @EMHNC L 58 « 2 X7 X 2 ADRMTIH
DERERLTOD SHRICEERNZEIE Lz (Fig.3.7a), X v 7HRHZIC 30mVis OFE T
EIEFNML, 01 VS TOMYy L X7 2 AN IS A—H—LUTFTO LD % T ) X+ v 7B
ELTERAL, MEAEmE LTl L, #ilE LT, OTS L% O EM FikD Au U — Rif
(F 7 X v 7Em) OFEBROFTM IS (atomic force microscope: AFM) 8 X {4 % Fig. 3.7b,
c IZENEIRT, BEFINCER, Moar ¥ 7 2 ADOWEIL, YV —AAY Yy —2=v |
(SMU, Keithley 2636A, Keithley Instruments, Inc.) > 1 5% > /L% Labview CTHilffl « £=4%— 172
MDOATo Tz, RTRRIFEZERE Y 72— S—KN (~10%Pa,300K) T{T-7,

50 nm
@g = 03V 113V
& F 1
6 i
% 0nm
e Nanogap . 410.0 nm
g 4 formation q —
=1 L
'g oL  Conductance: i
o 6.7mS — 6.3 pS
I P 50 nm
(o] ™
" 1 " 1 " 1 ‘ "
0 5 10 15 20 25
Time [s]
0nm

400.0 nm

Fig. 3.7. Electromigration (EM) after OTS-SAM treatment. (a) Conductance changes due to nanogap formation.
(b) Au leads before EM and (c) Au nanogap electrode after EM. Adapted with permission from Yonemoto, R., et
al. (2023). Nano Letters, 23, 7493. Copyright (2023) American Chemical Society.
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() o THERE, A A AR T

FITARER THW = REMER U ~— : poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT, I
b)) . FEF M Gafx ) A U ~ — : polystyrene (PS, Sigma-Aldrich) 74 > #& K :
tetradecyltrihexylphosphonium-bis(trifluoromethylsulfonyl)amide  (Pess14-TFSA, Sigma-Aldrich) O ## & %
Fig. 3.8a—<c [ZENEIVURT, F7o, ML ARKN, T ZHAMR =D F8BT OWIEA~Y M vis
K OYEhhiER Y (photoluminescence: PL) A-X7 /L% Fig. 3.8d, e IZEANEFRT (b2 SEIT 460
m#%E—27 L9 5HLED 7T EMHEHALE),

T Xy TEMR DG ARA A EIROHEFHIT TN F ey 7% v 2 MEICK > T T 72,
BRI, TR ARG~ A 7n ) v 24— U 2T 0ol pL D L, B8 A 7 TF
=X —LBNb 1=y Ny (6 M5y, Fig 3.4b) OFEBUIAKZ T L1z, WK M 12 1
SR TRt L7-, F8BT, polystyrene Tl h/bT %, Peeia-TFSA TIEA K /) — /L& ERIEE LT
=, B % Fig. 3.9alZ~d, F7-. Bil& L CFSBT F1% (Pessia-TFSA ARIEHT) ODHISEEH
g% Fig. 3.9b 13, FEMHRNO K 912, BRI LU v v T~ OBERI 72
WEBLTETD, BN O XS ITHIES LTV D K 9 IR A AWM S 777E L7, Figure
3.9b DIHENOEMIZISIT 5 AFM = &8 (Fig. 3.9¢) # .25 &, Au U — R EIZ 7 O8E
fFAEL, T/ ¥ % v 7HBOR L TV AN LND, RTRRITMZESR T/l S -FET1E
B JEHZ =T Ry 7 2N (0,<0.1ppm, KE+E) TITo7,

(a) (b) (c) (CHy)5CH3
+
n H3C(H,C)5~P—(CHy)43CH3
(CHy)sCH;
F3OZCS’N\SC02F3
My, ~127,000 M 1.100
Mpn ~48,800 w = 0
n M, ~1.020 d=1.07 g/mL (@ 20 °C)
(d) T T T T L T (e) T 3 T ) T L AbI
L ----Abs. | L ----Abs. |
1 I8 e 1 ) e !
A /% of F8BT 3 ] v of F8BT
[] L f LA in toluene sol | > O L [ layer on glass| >
[$) X i 1 = o =
c | ’ 1 [ w c »
© T ? ' cC © c
2 Co Iy o -0 (]
g it 7 1 £ 9 =
2 0.5—; ¢ ! 055 & =3
< Wb/ B i :
£ B i/ : £ € £
= \ Pl =
s | v o 2 g
0 0
E L 1 s 1 4 1 ) 1 L . 4
300 400 500 600 700 400 500 600 700
Wavelength [nm] Wavelength [nm]

Fig. 3.8. Molecular structures of (a) luminescent polymer (FS8BT), (b) non-luminescent polymer (PS), and (c) ionic

liquid (Pess14-TFSA). Normalized absorption and PL spectra of (d) F8BT in toluene solution and (¢) F8BT film on
glass substrate.
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AHFSETIE F8BT & Peco1s-TFSA Z 31T CHERE S, F/ ¥ v FHIZEE F— 7R LEC 32
BlailAde, EEROT=8 polystyrene DA ZEIEME ET 5T/ X¥ v 7R HHIER L, Frik
ERET LTz, —H. KD LEC TIEREAR ) ~— L B OIRAIENEER & L C—iaicH
WHNTET, Lizh-oTC, A 22— Rk (3000 rpm, 1 min — bake: 90 °C, 30 min) (2~ C
F8BT & Pessia-TFSA DIRAHE, 5V L FSBT DAz YR L7-F 1 & RIRFIC/ERL - bk L7z, &
311, TRTCOFRTOEREEEZRT, £7o, ZNETERLEFE O AM @Bl K
TRIZE>TELND T/ Xy v 7 EMIEIL 20-50 nm B2 & gD Sz (Fig. 3.9d,e) .

70 nm

0 nm

50 nm 70 nm

0 nm 0nm

Fig. 3.9. (a) Schematic of molecular or ionic liquid deposition using the drop-cast method. (b) Fluorescence
microscopic images after FSBT deposition via drop-cast: examples of FSBT successfully deposited between
electrodes and within nanogaps (solid squares) and those that could not be deposited (dashed squares). AFM height
images of the Au nanogaps after molecule deposition: (¢) FSBT (solid box in (b)), (d) PS deposited using drop-
cast, and (e) a mixture of F8BT and ionic liquids deposited by spin-coating, respectively. Adapted with permission
from Yonemoto, R., et al. (2023). Nano Letters, 23, 7493. Copyright (2023) American Chemical Society.
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#*3.1 FEEREAT

#10O #F1O eSS R0 F1®

. ‘ Peso1+-TFSA on FSBT Peso1+-TFSA: F8BT

JT- K

IRAES (o CHER) s (A1 FEBT

. =P rFa v AE L a— b A a—k

PRI ¥ AR ¥ AR (3000 rpm) (3000 rpm)
VIR

(FSBT.PS) 100, 50, 10, 1 mg/L 30 mg/L 151 gL 151 gL
VIR .

(Pesrs-TFSA) 10gL i * i

X FEFODA F L RINEIRTERE 2OV TIE, FSBT & Pasia-TFSA VB &L 4:1 L7205 L 91T
TR 2 iR U 7=,
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33. FFFHEmE

(1) EROCFHRERH

AR ELOCFRESR T Fig. 310 1T, T X TOBXKUCFRHIEILHEZET (~10%Pa) T
PE LTz, RNOIREEIHIE LmLTBKﬁ%ymKiTEMéﬁtOy~xx9y~n:y
K (SMU, Keithley 2636A, Keithley Instruments, Inc.) (Z &> C, & ) LLETHEEE
@mmmmamemnHmmn0¢@ﬁw~71)@&ﬁ%m(%%ﬁﬁiﬂ%@mt
7o FUNGEE (V) OHIE<CHIET — & OB Labview & V2, TBEDM & 1 Fig. 34¢ (2
BIFLY—RAEWE 7 RELTERLE, 7ﬁ¥75 HOFNIE, ST 7 A 73— (Ocean Optics
Inc. 2748 : 400 um) Z il L CHEFHEEE~LFE LI, K7 7 A — LB FHEMEE O
W2/ R/NA T L4 (band-pass filter: BPF) £7213w > 7 /XA 7 ¢ /L% (longpass filter: LPF)
il L TRHEEZIRE L, BLOBEEERFEICOWTOMRE LTz, £%7 4 V% OFEBE
Fl - PHEmRRITENENEK 32, K33DEBY THD,

#UR)72 LEC (light-emitting electrochemical cell) Tid, FEEFINIT TA F o 0Mm0B3 4 A F I v

JICEH) (BXRULFE K= 7)) 750T, —EEEHREH CHHETRIENEIT 5, AMHE
I U LT DR T OBIERE AT 5729 \#E%Emmﬁ” L@ () EFTRE
(L) O @) BN (LeFetE) Z20E L7 (Fig 3.11a), £z, 1@ QBB IR
(VL) FPERIE CIEAT v FEEZFINT 25, LEC Tl R—v > 7RO Eb a2, &
JEFINE . & RO AT~ 7 BB T TR BN LT D RlREER B 5, DX H 72
R—E U URBEIZFES B 2T U A EHIHIT A 720, KWL CIEER— IV A EBFE- IR TR
P OOV A VLR ZRE L, BERiE, 78047ty MEE (Voo % 100 £
L CHRFNT pon R=7HEIRETEAL - MR LoD, 8018, A 1 o L A EE4E
&L (Fig.3.11b), B, FENIRED SV A BRI A E L7 [92],

Ciil. &Pwr.
sup. unit

Optical filter

v,

SMU {
Ch.1 Ch.2
Heater
Controller PC
% - (monitor)
Chamber (~1074 Pa) [

Fig. 3.10. Schematic of the electrical and optical measurement system. Reprinted from Yonemoto, R., et al. (2022).
Journal of Applied Physics, 132, 174303, Copyright (2023), with the permission of AIP Publishing,
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32 NURRZT 4% (BPF) OftkE

RERAL HILE R (nm) *FEE (nm) PR (%)
TECHSPEC® 400 50 91
RS h =2 2 460 60 69
TECHSPEC® 540 56 93

#33 vy A7 4% (LPF) OfHEE

it 'y N R (m) THEREF (%)
IR h=2 2 600 90
(8 Vv by Vs
Constant V
Waittime: 100 s
DC soak) I
Voffset o =
Pulse period: 1 s
— e
Pulse width: 0.1 s
ov Pulse voltage: V [V]
Waittime: 20 s

Fig. 3.11. Applied voltage sketch of (a) the /Lt characteristics, representing the time (7) response of current (/) and
light-emission intensity (L) under constant voltage application, and (b) the pulse-/V’Z measurement, where a pulsed
voltage (V) with a width of 0.1 s and a period of 1 s was superimposed on a constant offset voltage (Vo). The
current and light-emission intensities were measured by sweeping the peak of the pulsed voltage in the pulse-/VL

measurement.
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() FmtgEHh

TERL L 7= i T, S EBRpm 5 & 721 3R 7 [ ) BAEE  (atomic force microscope: AFM) |
& o THSF L7=RE G B S 47,

HOCBAMIE R IOt U 7o BB 2 R AICBIES T & 572, PUINEIICAFAE S 23 EER Y
~— (F8BT) OHGBIZAHTH D, FEBR% Fig 3.2 (TR d, A7 —VIiE, BFEAES AT
L—ADMio72 b D (A10858, ¥EAaAl k=2 R) &AM L7z, 365 nm A4 3% LED-UV 7 >
7 (C11924-111, AR h=2 R) ZhEYeE UCREA L, FSBT &bt L7=, *#L > X13 10
¥ (EPL-10, ¥ 7~ Y8&). 100 £ (EPLE-100, ¥ 7' ~Yet%) ObOZEMHEHA L, gL o X

(A10859, IEAAR h=2 R) ZHWT CCD # A7 (EO-3112, Edmund Optics, Inc.) 7> & [Hijf4 % B
BJLiz, ZOBSERORTORIFHZE DX D7, N=TIT7— AT IT7 4 v/ T 72—
P T T T ERHOTERARD Lo, UV CCD U A ZIZ@nank o1z, By
MR 450 nm, EERERE 91% D JNA T 0 v (LPF) Z MW, mgRIEEH Y 7
I (uEye Cockpit) &V E=%—L7c,

IFISEMER Y ~— (polystyrene) % FIVZF 10, L W HIA VY F8BT & 1 DFK HFFEREAMIL,
AFM (MultiMode 8, Bruker) Z i L7z, AFM [3EHAE 7 0 — 7 BEEEO R T, M2 Eet

(Fa—7) CTREFREEZEET D LT, HFERBROR 2R L, KPRy
PEARIETE D, ARM O % Fig 3.13a (2R 7 [133-135], AFM O FEEEII T o FLv—b %
DI T bR, e h— (OFT7 4+ A A—R) « L—Y— PV HET
DO D, e EFEERE 2N I TEMEES RV 72<EST5) & MO FRIC
Ko ThrFULAA=Rble, ZOEbARrEN—TEILRD X O ICHEH-FEHEEE ) =, ¢
TIHEFET 4 — Ry ZHIEI LN B (ny) \CEET D Z & CREMIRZ BB TE 5,
N FLNR—DlbIHEX, DT UNA—FEHIIL—F—% YT, TOHEE ETAAIC 4
NESNTEE Y — (T NEAA—R) THRIETZ2ZETHET 5, hrFLo3—0izb
tel, L=V —NORKFAENET D, Lo Ot =104 725 L—F—JDF LML E D
FTh, DEIESNIZT 4 M FA T — RO AZETEANE U D120, T2l X A& 5 HAIT
x5,

AFM ORIEE— RIZITW L O OFEEN B 503, AWFFE TlE PeakForce QNM  (quantitative
nanomechanical mapping) E— R&MH L7z, ZAUIRERER T T, R - M &)
Bea IetEREGD ZENTEDE— R ThD, AW TIE, mSBET TRl MitEgeab
W THRNT 5 Z & T, MR EICHER S =0 2B LT,

PeakForce QNM E— RiE, B F L= z fifE%, EsLilaHi< L 512 (Fig 3.13b DA
#1) HilfE9" 2 PeakForce tapping &— R CREMRG ZTGFT 5, ZIUZ L o THHMIZEERHEIZ
Rt S Clbi a2 (227 bE—F) L0 b REHIxT 2 2 A — V07
<, ABIED &9 7200 b WIREBHI B W TS BfREDBREZHEL Z LN TE 5, £o, et
% B OMRERE L BIEROERE CIEE &82 2 & T Fig 3.13b Ok « HFIRRT I H 72
BB O D EZRET 5, 7ok, HAMTEEDFREHIITS< & & (approach) . FRFRITZRET
DREN DB D & & (withdraw) DER T D, NI F L —DITRER &ML HHE
9%, Figure3.13b D7 —& )b, a8t L7 BEE-CEHE 0 ) & REEOBIR (7 4+ —A T —7,
Fig. 3.13¢c) =135, 7+ —AN—T7 AL ERIZOWVTEIIIT 5 [133-135], ZEE+23F0EH
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LHENTWD & & (Fig 3.13b, ¢, D) 1XIF & A ETIDBMEIN TV, REFDFEIE EIZITS <

(Fig. 3.13b,¢, @) & van der Waals /)RR EER I L - THEEH-FUEHEIZS 1 1MB1<, S BI0kE
S EBFHEOER DI L > THEERENCFRANAE T 5, RO 2 (DGR & BT
Ll & (Fig 3.13b,c, @) FANTIRKERD, ZOLEDNHEE—I T3 —RALIES, VAT A
DT 4 — KRNy ZIZ Lo T Y RFOMMEEHE L., ARMBERO Y —7 7 4 — A EIT—E
RTINS, ZHUC KD EERE 2 DD, T I DEEHDEENGED D & idd D kR T
W EHe T 5, ZOBR/NT e~ 7277 (Fig. 3.13b, ¢, @) 2L » ThMEN -2 55, HEFLR
BER M OMREEDSRRK E THEND & 1ZE A EIM# 72 < 725 (Fig 3.13b,¢c, ®), 7275L., #
CFUN—FRF NS Lo Tlebted T, REFFUBHHIEBE T v~ BT D 2 i &
TR 5,
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USB I
PC LPF 400 nm” «O"-ElgééV lamp
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Fig. 3.12. Set-up for fluorescence microscopy.
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Fig. 3.13. (a) Schematic of Atomic Force Microscopy (AFM). (b) Force and time relationship applied between the
probe and sample (blue solid line: when the probe approaches, red solid line: when the probe withdraws) along
with the probe trajectory (purple dashed line). Both are shown for one cycle. (c) Force curve for one cycle

calculated from (b). Information on adhesion and deformation, as well as the peak force, can be obtained.
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FAE REER

41. #=E

AW TIE, T/ ¥ v v TEME AR E LI LWERBER ORI 00, /%
¥ v 7ERULTFHOLEV (nano-LEC) 2T 5, mARILTFR 'L (LEC) 27/ X¥ v
AR C/ER U 7o s 37 < O (1) FTFRRSME & R TnE o i, (2) RO X
OFHEEDOIRGEE, NN ETH o7z, (1) T, FITIRRE & BEIC W T E%%ﬁﬁw
# (AFM) 43 L OVEXOLFRMEICESWTIRGEE L 72, T/ F v » B A A R
Pesis-TFSA & 5EEAR Y =~ —F8BT %, EALEIL Ry 7% ¥ 2 METHERET 52 & T, \Vk
B'E Y T nano-LEC I[ZFFE DR TRHMENSGOND Z &2 R LT, () T, &t - FBmED
B - BIE - WE - BRI CARGE LTZ, b SN =F T 51E, FSBT ORI E—
7 W RN T 23K 540 nm AFITIZFROFE G D e, FECBEETIL 300K T2V TH
Sz, —EBEEAHINT % & ERITFECONTHEIN L, & OEBIERR /A S R Bl S 7,
TETEOFRIER Sy & FEIE, 285 K ROMKIR THifl Sz, 2o OfERIEL, ERL=F 70
FfEEN O DT /) ¥+ v 7 EM% = LEC (nano-LEC) & U CHERE L7-Z & 2 BHREI O R
T, UL EOFERFEROFENA, 542,448~ LT,

—J. ¥ v T EMTIE Paschen DIERIDEAL, 5V R TH M 25| & Z 9 RE
PERH D, ZOBGUX, T AT —NVFEFORENEREL, BEIZEDRNOER L 20 5
Do LI, T/ X v v 7B D OREBRSIIHERIN D722 < FHTE ORIERFEIZI 52>
TR, ) A — GBI D HZEMER GO L, ZENRFFENELERT 5720
IZHERICHEETH D, AR TIE, MR DIEFANEDOIEL polystyrene & V=T F v o

TREMNZINT DRI R B - RECIREE O] - B - R - IRERFMERRT 72 ST XV
FRRE L7z, FOtiE, BUEMHRIOEIRIZ X > THlEE Z S, 400-600 nm DJAV E FaliPH TRl
SNT, BNBHEEIEIIE Lo TRARDMN, 3-15V OFiPHIZ 7=, T b OREEIX, FHIN
SNTERT v ML DX —ETIERL ., T/ Xv v 7 THE SN BRI OB
FHTHDHZEETFET D, £io, FGREIIEFERD 1.6 T RIEKFELTHEMLE, Znb
DFFFHET, T OEBEESL, BWORIERT T 7 XE 2 LT R & 1358700 |
BONTINRT ) Xy v TEBORR « 77 A~z kDT A —/VEZEEICERNT
Tl aRET S, LLEOFREEROFENA F 43 HilR LT,

Z 2T, R4 SVENFRC I 2 A B FEHEIC ST 2 ENENDOHR T O (LR
TOHEED) 2R TEL,
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F 4.1 5V HIIFHZEBIT 2 KB EIHEICHGST 22 NENOFE O GRS F
D), FREAIHIENELNTZE O[T GuUEIN) T, MEREIHELNTZFETOEEIT
RN TRLT=,

o FFOWE  ETOEE  FrOWE  Eromg T
<107 1 16 5 0 4
~101! 1 541} 6 0 0
~10710 4 1 18 2} 0 0
~107 0 5 8 {1} 0 51}
~10°8 2 2 2{1} 1 0
~1077 0 2 0 0 0
~10° 0 1 2(1) 1 {1} 0
~10° 3(3) 41} 1 7 {6} 0
~10* 1(1) 73} 6 {4} 2 0
>104 1 0 3(1) 0 0
et 13 (4) 43 {5} 51(2) {10} 11 {7} 9 {1}
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4.2. F8BT #F( - nano-LEC (HFFQD) D4
AKEITIE. A T R Pessia-TFSA & FIEMER Y ~—F8BT 2 F 1L Ei T/ Xy v 7B i

HERE L7z nano-LEC (GE 1D, Fig 4.1) |27 2 IR 24, MERIGHEER 3.1 IRLc &
B THL,

Au electrode

SiO,/p-Si

@ F8BT < Peeora-TFSA

Fig. 4.1. Schematic of a nano-LEC with FSBT and Pess14-TFSA deposited on nanogap electrodes, respectively
(device D). Adopted with permission from Yonemoto, R., et al. (2023). Nano Letters, 23, 7493. Copyright (2023)
American Chemical Society.
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10Pa, 300K FC—EEE 23V ZHN (Fig.42a) L7IZBEDEI « FEHRE ORERISEM: (Lt
FePE) % Fig42a,bIZ 2N EiRT, HIEITDR Eb 4l vIRL, Bebr7 4 2%
WTHRIHIER A3 IR L7, MIERRLA D 20 B OBERINER, Bt 4 pA BREE T L |k
MY R E & BT 10 pA FREE THRA IS L7 (Fig. 42a), R (IZHINT 5 B OIRLER
INTPES T, 540 nm (HTICBEE 723 Bl S vz (Fig 4.2b), F£72, 600 nm X 0 & B A
WZHFIWREIERBII Sz, D OFFEIL, F8BT D3RR Lk —FH L T\5 (Fig
3.8), FREDEHEIL, B TIER LZIZ00HE T THEONTEY . JIE Lz 13 B 4
DTIDOX I RFEPBIN STz (K41, —EEE 23 VHIIIRHIIT D I, Lt FeEOIREEK
% Fig 42¢, d IZENFIURT, RN T 4 V2 2 HOTITE LT, SEERINE
BN B 2D BRI IT AR 72 IR R A DS HERR S 4L, 285 K ATl CILFEITROBEIER 7y &
FENNPAZ I STV DT D05, LLEX D | BUEMEOEFEILR /> 235O RJH T
bolEZOLND,

5

(a) (c) ————————r—
30fovi  Constant23v | A [, by
: "~ 300K — 285K
——- 20 1 275K 250K
UL 225K — 150K
20 E_>600 nm | E 75K — 14K
= i < E
< ' = ]
= : = 100 | -
0 : |
0 | 0
: 1 I 1
0 5'0 160 0 50 100
t[s] t[s]
(b) (d) —————————1
[ov] | Conetamtzsv | ] %0rov constant23V_ ]
= Kk
40 T iomm 60F 225K — 150K
- ﬂ | Tk — 4K
= i < 4k
z a R
~ | - e
e 20t ;
i fEJ-l.i}M \
o

‘ xvfg&ﬁl‘}&..a»q

0 50 100

Fig. 4.2. ILt characteristics of the device: (a) current-time (/) and (b) light-emission intensity—time (L?)
characteristics at 300 K, 10 Pa at different detection wavelengths of the EL intensity. Temperature (7) dependence
of the (c) It and (d) Lz characteristics without optical filters. Reprinted with permission from Yonemoto, R., et al.
(2023). Nano Letters, 23, 7493. Copyright (2023) American Chemical Society.
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104Pa, 300K F C—EDA 7y MEE (Voma) (Z/7VVREE (V) ZEHE (Fig.3.11b) LT
HIE L7 - FENIRE O/ IV ABEERFE (VA IVLFHE) % Fig.43a,bIZENEIRTS
72¥, ZOBROFNITRET 540 nm fHL & B — 27 ITFF D/ KRR T 0 L& & W TR LTz,
BIEA 7y NEEOEINIES>TER L, BT Voga =23V D & (TR ST, [F—
TR L7293 TOHF T, BEEEE Ve 1L 2VEETHST, 7ULA [V 7ULA
LV B ORI O%7 4 V272 L) % Fig 43c, d IZZENTHRT, 61T 300 K DHRT
Bl =h7- (Fig 43d), Figure 43¢ .25 &, FEFWND F8BT CTIIENEMIL OGN SABLHI T
D ENDND, BT 7y MBI A IKEFFEROBE XX 1L T, BTt —=3
v VRN EBLSNZ L 2R LTS, —, EEEERTIIEE 2 4 FREIZHEINL Tv
%o ZHUE, KFEFIZBNT M7 v FEAHIREGR (TCLC) 2B THDH Z & &R LT
%, ZOX 5 7A%@ENE, F8BT % M\ 7= OLED OIS LB N T LIZLIFBIERSh TERY
[136,137]. FS8BT 73%32%0)35%?72 AR L U THERE L T D Z & 29 < FFd 5,

(a) AT LA T O R N |
107 — Vo2 V
— Votrset=2.2 V.
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o /
=10 7 .
7| olope ~1 _z
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10‘8 1l a0l i . sl L _11_lltll| L AZSOK(YQWSEQ-23V)
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VIv] VIV]
(b) (RRERL R B RELR (d) U U L BLELEEN ™
80F o V=2V o L e 300K ¢ 225K -
* Vorset=2.2 V |l ¢ 285K =+ 150K ol
i Votfset=2- { 100} 275 K 75 K . . 0—
60l (at ~540 nm) o I 250 K (w/o optical filter) ¢
— d = ‘]
< 40t g 3 .
< I =] - 50F o-
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0% % nitos mai N i oft &6 .5,31,% ﬁ*m R |
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Fig. 4.3. Pulse-IVL characteristics of the device at 300 K, 10* Pa with a BPF of 540 nm: applied offset voltage
(Vomet) dependence of the (a) current (/) and (b) light-emission intensity (L) vs. the pulsed voltage (V). Temperature
(T) dependence of the (c) 7V and (d) LV characteristics without optical filters at a constant Vome: 0f 2.3 V. Reprinted
with permission from Yonemoto, R., et al. (2023). Nano Letters, 23, 7493. Copyright (2023) American Chemical

Society.
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2 42 |ZHOCBAMIER ) &I ST TEIRIREE Z L ORfEIREEZ R, (7272 L, BHREGS
BFIZIT Pessia-TESA [3HERE L CUM 2L, ) Figure 3.9b, ¢ Ik L= & 912, SiO, E% SAM ALEE L 7=
OTS 43 - DA =12 L - T F8BT MWHERE S M7=y (F42a) LHERES L7en o785y (3R 4.2b)
DEEK S 72, 10 mg/L PA_EOPEECIERL U 72 AR IT, 20-26%F2E DOEIA T Au ik L OV
Xy v TEM LI TR S, Smg/L TIXEOEIGIID LI L, 133%7E 572, /010
HERE Sz S SN B (G5 42a) O ARM & &8, k4 % Fig. 44a, b ICENTHURT,
2B, ZNHOEBITESINERIZ A Z 7 —/L % VT Pewiu-TFSA ZFrE L7 (FSBT DA
W SITRRED) T/ X% v 7B D ARM B ThH 5, KO-, FSBT % HEfd
LT el Au U— Rt (OTS-SAM ALWBRt%, T/ ¥+ v BT O AFM @& SR, k5
%% Fig.44c,d IZZNTHR LTz, FigureddaZiZ, Au U— RERDICHEO X 572 b OnRF- T
DTN D, FT2 Fig 44b ORMEGTIR, B %5 ORMEDIRWE R EMR HICEF L,
WA HNCTE - T D, AuBMOA TR SN TS Au Y — FRORMES (Fig 44d) 121%, 2
DX D REFNIA LR, L3> T, Fig 44b (27 53U DKM EDR VE T2 HERS L 7= FSBT
ThHDHEEZEZDLIND, OTS-SAM MR L7z Si0, FIZ ) FSBT 23 MAEL TV D28, BiRIKIZ 72 D
Ko REpTE R G, BLEX Y | ERRIKIT T X v > TEMm EICHERE S 72 F8BT IZ[R
ESNDEBZLIND,

#42 FSBT IR = & 4y T-HERG kR

F8BT I ki AL (a) F8BT & ¥ (b) F8BT 72 L ot
100 mg/L 5(20.8%) 19 24
50 mg/L 5(20.8%) 19 24
10 mg/L 8 (26.7%) 22 30
5mg/L 4(13.3%) 26 30
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70 nm 70 nm

0nm 0nm
410.0 nm

05V 05V

ov oV

Fig. 44. AFM height images (a, ¢) and adhesion images (b, d) of the corresponding area in the device with OTS-
SAM treatment, showing with F8BT deposition (a, b) and without F8BT deposition (c, d). Adapted with
permission from Yonemoto, R., et al. (2023). Nano Letters, 23, 7493. Copyright (2023) American Chemical
Society.
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4.3. Polystyrene #FlL\f=F/ ¥ v THF (FFQ) D4

AHITHL, polystyrene (PS) %7/ ¥ v 7B LICHER LT=# T (BT, Fig 45) (2B
BHEBRERE TS, (ERAIHIR LR LI L BY Thb,

SiO,/p-Si

 PS

Fig. 4.5. Schematic of a nanogap device (©)) with PS. Adopted from Yonemoto, R., et al. (2022). Journal of
Applied Physics, 132, 174303, Copyright (2023), with the permission of AIP Publishing.
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10#Pa, 300K N C—EEEZHII (Fig. 42a) L7=BROEGR & FENIRE ORFRISENE (Lt F7E)
% Fig. 4.6a,b & Fig. 4.6c, d [ZENEIRT, 7085, Fig 4.6a,¢lL 5V, Fig 4.6b, d 135 V HINKED
B TH D, BWEDORIERE L, T 4 VX OFEBR L B HGEE DY RIS
WT, AW AREIC 2 5 K O ITRIE LTz, BERINER ., IEA/ A 7 A2 LT3 T
DO FMHFRC —EER (=420 pA) BB S BN o 72 (Fig 46a,b), 72, ME LT
N TOWEITRICPBI S 723, 540 nm A1, 600 nm £V & R RMTHE R 7L a
R L7z (Fig 4.6c,d), B SHU7ZEITIEL. SV HIINERZ 10 pA Kl 5 100 pA A — & — O#ipH
ThHY, BTHEENEERDOT ) X v v 7EmRE VBRI (F41),

(a) T Tr_(b) T

oV 1| co;starnt ;':V ) ] —— ~400 nm
L 0 —— ~460 nm
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| y
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E — ~§40 nm — >609 nm . E — ~5|40 nm — >l60|0 nm
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t[s] t[s]

Fig. 4.6. ILt characteristics of the device: (a, b) current—time (/#) and (c, d) light-emission intensity—time (L7)
characteristics at 300 K at different detection wavelengths of the light-emission intensity. (a, ¢) and (b, d) show IL¢
characteristics when 5 V and —5 V are applied, respectively. Reprinted from Yonemoto, R., et al. (2022). Journal
of Applied Physics, 132, 174303, Copyright (2023), with the permission of AIP Publishing.
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Figure 4.6 & [F UFEFICHBITHENEE (V) (R 2ER ) ERERE ) OBt

(IVLF#%) % Fig 4.7 R, [RS8 53 EBMEEL IR BOBE ORI L 5
FTRRDOETH -7 (Fig 4.7¢, d DiE#Y) . Fi=, F1©@ (£ 3.1, Fig. 45 LREROSEMETE
BIL7=, Fig 46 LIZR/RDFHETO VLR Fig 4.8, bt [A USRMECER L2 b
59 FBEBMEEEIZ3IVG 15V £ THF T LITHEX 27 (Figs.4,7c,4.8a,4.8b) , IVL Ktk

(Fig. 48a,b) OF7—&# MW THIH L, FOtmE—ER L) FrtEomx# 7= v M % Fig.
4.8¢c, AIZENZIURT, FEREITBROHEME & HIZRE AN ES THM L 72, LIFHED
W7 2y FOEEIL 16776 16 FTE(L LI, T_XTOFERFT1I LY KRENoT,

——~400 nm \
9 ——~460 nm 4
10¥ - ——~540nm
——>600 nm ﬁ
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Fig. 4.7. IVL characteristics: (a, b) current (/) and (c, d) light-emission intensity (L) vs. voltage (V) of the device at
~300K, 10*Pa. (a, ¢) and (b, d) show IV'L characteristics when positive and negative bias are applied, respectively.
Reprinted from Yonemoto, R., et al. (2022). Journal of Applied Physics, 132, 174303, Copyright (2023), with the
permission of AIP Publishing,
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Fig. 4.8. (a, b) IVL characteristics of devices fabricated under the same conditions as in Fig. 4.7. The emission
threshold voltages are (a) ~5 V and (b) ~15 V, respectively, both measured at ~107* Pa, 300 K, without optical
filters. Adopted from Yonemoto, R., et al. (2022). Journal of Applied Physics, 132, 174303, Copyright (2023), with
the permission of AIP Publishing,
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