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Elucidation of the mechanism of carrier injection and extraction at
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In order to understand and improve electronic devices using organic
semiconductors, it is indispensable to answer basic questions about "carrier” to carry electricity; "How
is carrier injected to organics?”, "How is carrier extracted from organics?" etc. The mechanism of
carrier injection and extraction has been so far discussed on the basis of the energy position of
frontier molecular orbital of organic materials. In this study, the electronic structures of films and
interfaces of several organic materials were investigated by our unique technique, high sensitivity
photoelectron spectroscopy, and the mechanism was discussed on the basis of the observed density of
states as well as frontier orbital positions.



X C—19, F—19,
1. BB LAOE R
ARCEERIT, FEEREEEINTHND LD
DN FEXY TRRENTZDERES ¥ Y 7
DRRD TH I WM B T D, Z D72,
—RIZEBNSX Y U T EIEATHZ LT
EAFENEIL SN TWS, A% EL F1%°
RN T VRAZTIZESLL, BN DLD
¥ UTHEADRZEFEIEOE L5 TED |
KEETH v U7 Z2EA L, #EAKHE T,
Whw LA —I v VA EBT 52 LR
TRBIZBWTEETHD, F¥ UTHEAL
BT DI, AEEEARO HOMO X
LUMO tEMD 7 =L I YD R )L F—
EICHYT B Sy U TEAREE 2 TS5
ZEMBHEEZLNTWD, 2 2IE F
—NVEANEE D DX, A A bR X
— D/ I WK AR O KR E 70
a2 AEGHhOENTEWD kﬂﬁ<ﬁ%ﬂ%z
LI T&E =, bivbiut 15 FERin b, XE
%%%mwfﬁkﬁﬁ%%wb‘égmﬁﬁ
ER _HEBORELIEAERE S AT HEE
RERTHLZEEHLMNILTE 2, —H,
TA A CIR, WY T VA EE L,
FLTOEBOEBE—FBIRFEEICHT S
Fitting parameter & L CiEAREEEZ LE L
T&7=, LU, EAOHERIZE L T, BB
To AEN AL T AR S ALY 72 & B 2 BT
WAHHDOD, JEERE BB T HLENDH -
720, FURAFEAOBE LB T, K
BED IV 1 —7 % BEICHBTE 57 /UL
TFE LR,
FHFHBEETEAET VITEMT XS X
SWVWARHD, ZTOFTITHE,

J= J,,exp( qu ){1 exp(—%)} J,=AT? exp[ q¢5]

D EHIT, WA Z G b= gL X — & L,
T &R TO X v U 7 BB O R RE
DHZFH#mL TS, LL, EKD
HOMO iUt DIRFER B D K/ b 58 % M IE
T THDH L, #HERM LIS TIE,

HOMO #iE o 3 8 B % & FAR O BB & »
B\ 7R OEMBEIHEICES T & i
RSB ZEETRETIEARWVWESI 1?2 F
7. AN R OBEBIELZED DT

JORA ST b

Hafir ekt w

h FX)TEA
: D(E) AE

LUMO F oo 7WIRIBEE

we (8,0,

=

il FipEs
X 1 B EE O BRI % RE
3~ % HOMO-LUMO R o % 7R

Z—19 (dm

)

%ﬁﬂlﬁ’@b7/277*$* TR, v—F
Xﬁﬁﬁ& EERGIE 22 U IS R AT 3
%éhfnémm\ﬁﬂmﬁbfﬁ%ﬁT%
%, EBEOT SA AT, o1& EMIC
SPATICER A S/ 5 &R MKEEBRE) TX 2
EWVWORELHY, STEAEZIZILDE LT
HEABERE LIS O BRI BN EA L FED D X 27 -
TWHZERHLNIENSOH 5,

INLOEABRRERHNT L LT,
HOMO-LUMO & ¥ v 7"INIZJAN 5 R g%
EombEERKN-THDH, ERET
}mMoEu®%miD&wﬁuigA
THEE LRV L LTERINTEZ,
LU, EWHEALIDIREEE /NS0 O
D, Ry U RF BRI H N
572, REIZE D B HE THILZEAIL
+oBEET I ThD, 2FED,. INET
D LD ITHEEDBRE O ZTHKIL L THEAZE
T D OVLEME O WE O D3 E AT B T
HIZEERBIFEICLTWAER, ERD X Sz
ExDHE, SEIERENNZNENDE
HTHEACEEL TWADOTIERWMN?
E R, KEBEBRTHIVTEWEN S IR
L. @EBREMH T CIEMEFBITHEN
HOMO /i b E5bETHELETLH LT
NI EIND,

2. W3R BEM

HHENE AR T XA 2 DR %EE?%%
Y U7 OFEAHY H UBEIZE LT, “F&
BEE S (RNUT A R)7 L) —smiyax
T A =X TR L CTE70EkETT V% LA
L. EF A AHEEBHATE2ET LD
%%%H%?J@;@:ﬂif%%%@w
f%tﬁﬁtﬁizw% BT e
ENESEEIEHL, 7213 ﬁuET
DIREBEEZ A7 X IZBEISEZAFIv s
Ly UTCTTHEEEH L., GDEAEERE &
F—#b - AI—RET COBRAEZ B Z
2, SO EXEHEERIT T 5, MR E L

TlX., A EL EFF0OEMREH TOF v VU
7EA 72 5 NT ﬁ%k@%mf@ AR~
@%%J?ﬁ@ﬁb%ﬁ@i% 45+ DL
BESIE N BRI EAR TN = Eﬁpi
L CE O A R L. Rprkm E~ofs
HETRTZELEEMET D,

3. WD FE

FEARHFZE (A) 12XV H24 4EJE F TIT TL
TEEEEARBE AL F LA E LK
(LSLE-UPS) &3 2 gk U<, fge 4k
ObH, ZOEBETIE, D, 77, Xe 7T,
LOHEBENE DI LT OLE %WEAt@m)
&%U LSLE-UPS Z#|FECTx 5, &< IZ
SEETIVE ) 7 a A —F— (R i@@@
Tﬁt%dﬁw%tﬁ%ﬂmfﬁét@Um
DR 7 757 RL~ULiN gl [ 3
YN ﬁbfﬁw%**ﬁwﬁuﬁg@ﬁ
BHLBHTE D, F2. EAMICA A 1L
R D = % L X —D Y (3-8eV) W



5720, HETOEFZRLF—R/IE L,
FERELTHREBEEZELS LD ENTE S,
ZORES, “HH R O E G
WMHAHEE IR TS, £, PYSBXLU v
v ue—7 (KP) flEL ARE L 72> T D,
BELHEEZBEDLETIT Y dic, K2R
T L RELKMIC 3 DICHBE LT HEE H
P TNRNE —FEAER LT, ZD7 HF
—\Z &V, in—situ ERME EITV, E
EOMEEERT D,

2 BH%E L7 “in-situ @RME” A7
RV A —

HERELTIE, A ELEFDOX Y Y 7
AN&EAAL 2 H =7y & LUTEE LTV,
TR BB O mEE LN KB T X
FOT ol b, NI UTVAZREEICED
Xy U T OEBEEN - AT FHIEZ LB
TELHAREMNE L7122 L n, HEEZE
FL., BREEFHEEDOHEROERHE T+ Y
T OEBEEN A ER L FEICEE L CiED
7.

4. HERE

(1) BERSIEHEEICLDINETFIHD
BRRE/L (3D BBENLETHH)

ARG BLAT DM T100005D 1
FBREO®EEEAZEI L TN, Bt
Zigmd DIIiEp pmA— X —DOEENRLEE
LW, £Z T, BhlE o e LTEHEDn 2
N7 MVEREL, TbEEETHET
p p mITWEREALT D Z & 2alAiz,

Ry R¥ v v PHITH B EWEN ZREEIZ
FHAT 272012k, Ko x A F—%2 T T
T2 WHERL DT 5720 & i 3 4uE, &%
AX—FHUNCLE XA FI v 7 L PiE2
—-3HMTICMA DN TEDEDT, VY7
XL TCI—R MIMFEICEHRTE S, 72770,
FOFEETITRETX HRPANTL . REE
EOMIMELIRD D Z ENMTE RN, £ T,
=X — %N <R BB L E&ONK
BLARZ MEFHHIL, TheoEEDb
L LT, BREL, THLULEDX AT
I LUV TIREBEEAZRETEDHEEZLD
na, ¥hbb, HoENHEART FLELT
. bt e= ¥ — KEFoOEB = L
X¥—., KEFHHEE) o7 —%ty hEIA
FICUNET DL 7DD T, 3D EEREN
B ONHEMSRZ L LT 5, BERTE, F

BT 0. leV LA TEED AT ML EFHIL
TCHERT DI L2 A, K8D LI iR
EHTWS, ZOWUETIE, 4.5-7.7eV £ T
0.1eV WAL TIEY 7203 & @R ENE AL
ML ERIEL, THIZHOEDZ XA T Iy L
VUTIRRBEBEZIRETHZENTETND,
o, ZOWETIE., Fy o TlENOA A
N R F— I WVVE T RV ¥ — Tl 3
HEEEREE RN TEDLZ L HEE
O EIZHFHE L TW5, (B 5FER 7 E%h
Rizksab0ThHhy, BETORMB R LF—
(W R X =D TR THE, — &0
RN B9 25) 72720, REEELE
LR DICITEY ., BEFEMONA 4 1L
Wrimf CRiET H2XNEND DN, Bio 3
XF—p A7 hT, BEET DR E
REEbENE, Ko X—nbEmTRL
X—FTORANRY NVEHEETH I LN T,
et FACWEREOBENEZI Y R Z &N T
x5, EBICK 3D X iz, AHEKEEMM
BChbd PIB7 HIEICHEMHT A2 LT, 7H
T DORBEEXBLZ LIS Lz, £7-. &
BN IREEEE AR S LT = L I HERL D)L
BEFHETHZENAELE 2D, K4 1RT
Loz, FEEHBI S COMEEIZE 72D
W7 oV IENOT T FEFHEL, T3 A
DESFEE OMEZ AT 5 Z LI L
7.

® w=177-70eV © hwv=69-60eV
® v=59-50eV O hv=49-45¢eV

Normalized intensity / arb. units

+ # +
8 7 6 5
Tonization energy / eV

3 pHMAMFHEAKRY ~v—ThH% PTBT

® Estimated from DOS

—— Conventional method

LUMO (PC,,BM) T

quasi Fermi level / eV
Ll B o

3

Do
PSS

g
EN

10" 10" 10" 107 107

s

Hole density / cm-3
M4 EEEESETH LN PTBT
D7 = VIO F v ) TR & ORISR



(2) a-NPD EROIREHKEDUWE L BENE
SR DHEE
SRS v ) T84 EAT 5 ET
RREEEHHRIIEECTH D, —XITIE HOMO <
LUMO \Z a3k~ % A 0 A A3 AR BRI RE 2 73 B -
LTWBEEZBNTWD, —J5, HOMO-LUMO
Xy THICHEETDIF Yy v THENMIT T v
TELTHREELTRBY, MEFEDREE ZBHE
e KO, BRABEOEER_RTA—FTH
HNEEBRT D LN TERMNoTZ, T2
T, X 5D X HIZa-NPD TR IKEERS B 4 5
MWL, XMOBXEELBEBELZRAL B
BEMORE I 21T o7, TORR, kA4
M RV F—DOPREIZHV BTV 72 HOMO
DAy MLE & BB SITIZIERE AL E
THDHI ERbrolz, 2O LiL, kT
FAD X ST HOMO DA T v MIHESWT
BRI EERT D EDZYMEERL T
2o

3, 3 3,
L L ul
X
o
2
(=}
T T T

DOS / em-3 eV-1

=
|
T

_t

Binding Enersy / oV

5 ERELET )J)'E'C?%'ﬂ 51 72a-NPB fi&
DARTEEE LA & F IS K 0 HEE L 7= B8
uii(E)

(3) A EL BT L 7 Ly MEF
DEA F v OEEERA

¥ EL M EHC B W CIE, BT EZERET S
7200 T, KABIR-ARCICESI L, Fim
NIE, ERENAICOBLI-=1L 7 FL v b
ZEULHZLEERHLTWS, ZOREHMK
BT I ST AA A0 & & RE s 73

TR+ 5 Z s Lz (H Kinjo et al,

Applied Physics Express, 9(2016) 021601),
EE. K6 DX
AF MR X =10 BT HNIT/HEN
3eV DR AF—DORHNIZL > TT7 =13
ALK Y RICHEET BEA A D HOMO HERL
(% & OHFPES - LUMO YERT IZAHY) 2381
TETW5, itﬁﬂéﬂhé%ﬁ/@ﬁm
X, FHESRETHIE SR TW D HEE 1 %
TheObNTEHLD I =L —/IC

Mwaé:&%%MLkO:@:&ﬁ\i
L7 hLy MELTWD Z & TRflnboE
FIEANFERENB D L TCWAZ EERIBLTE

(ZAHE EL APEHERRIZ 35 T

D EARRPE O AN B 1A S ik 23 B 2 2R A
ZRIZLTWVWDZEEZRLTND,

250 —
—Alqg; (hv = 3.6 eV)
—Alg; (hv = 3.4 eV)
——Alg; (hv = 3.2 eV)

Algs (hv = 3.0 eV)
—Al(7-Prq);

(hv = 4.4 eV)
— IPES (ref. 2)

100 +

50 H

Photoemission Intensiity / a.u.

0 —_ealtan

6 5 4 3 2 1 0
Electron Bindibing Energy Relative to VL / eV

H6 FHE EL MECTH D Alg3 HiE
FRIFEYE A AT L

(4) HETEHE L BESIFMED in—situ BIE
(FRF v FHIE)
HHENEIRD X v » THEN B S TR B E
EEXEHEOBEEZHND 2D, FTU VR
ZAEEAERR L, B AEALIZD, Sl
L7z LB AR AT, 3BT
I ERR A V- C60 h T v PR X KA
AW, ZoBEm#EICH LT, BEE2E X
MBRE LT EZ A, THRERTIES
BMRE T O X ST PYS IZB W T LB &
N, Fx U T EEFEALZEZTIE PYS D
Lﬁ@ﬁhi%v#635wfﬁ_ 7 LT
BV, C60 O LUMO (ZE A3 A - 72 REEDSELHI
éhfwé%w&%sz

................................

1009 Xelamp 25X 1000 pe X 100m58
pulse count
#1077
£
S10° A R 'Y
€. L i UJ:Z.,-JU\- 9 AR
10 s v y At
s | RUAW Al 238 o corosaso(any
24 = %@ ot 2 O GD200S250(A)_0.1sun&IR-
> Ple ¢ o) "% ©- GD200S250(EA)
10 4 wd \[\ S el | 1 ~@— GD2005200(lir)
. -~ GD2505200(311%)
Tt ¢ 17 Vebed =RV 2111 - GD2005200(FE7)

T T T T T T T T
25 3.0 3.5 4.0 45 5.0 5.5 6.0
Photon Energy / eV

7 BRREOARE T P22 D PYS
DAY kAL (Prelimanry)

(5) BINLEAMEL R ET NV AEOETHE
& DERA

A EL OFEARMBIZE LTk, RRLEM
R EMNLENIAAR EL EF RN EE ST
b, PEI (R xxFLoA3IV) &
ITO ELic&AiT 5 & (EFEED 1eV U E
KTFT2Zen@ESNTWD ITO/PEY
Bebq2 Stifi & ITO/Bebq2 Stif OPIE % 1T
277,

oz R X —HEALK A X 8 12T,
AR "V OfFENT LY PEI OFFEAIZ LY
ITO AR DOAEHFRE N 1.4eViHD T2 &



L2, ITO X° PEI & . Bebq2 & DEZEHENL
T EBWUNTHD, EFEX v FITHESL
EIEAREEEYL 1.2eVIEADT 5 Z &b
ST, F£72. Bebq2 PEIA L THY |
L7 by MELTWAHERENELRH 5 Z
Ebbnolz, LI, BRENET D E
FAWT, Bebq2 OB A AT DML L, EH
28 PEI #fiANIC k- T 0.6 eV b2k T 52
EEBILZ, 20X I, Ny 7y EOHE
MNZ LV VT OEFHBRFIINEACT 5 A]
BEMEDN B D Z LA RH LT,

ITo/ . 3
ebq2  |Bebay(aa nm) YDOSDIIE EHND
H22HENT PEI Bebq2 Be&°{;j':m)
2
|wmodtE) 2)8, 2.8, 5.6 7]
HOMO-E,°*
=5 'g . 24 2|8 2.15
B 5.
vv 1'39 E '1% ri1 08
o - - - - - - J . LE - g,,l..v ......... f ——1
Esom F g 0.63
om0 =2.71) = ad E,opt
LI B 2 =g2_71)
0 5 101 0 2
Thicknes: A g
T T T T

0 5 10 15 20
‘Thickness / nm

M8 mIKENXEBEBFHNNOHELN
7= ITO/Bebq2 A ifi & ITO/PEI/Bebg?2
S D 3L —YHENT X

5. ERBRpE
(W T H . BFFEfHE K O 32381
TR

Cdessamse) (BF19 1)

(1)”Significant relaxation of residual
negative carrier in polar Alg3 film
directly detected by high—sensitivity
photoemission”, Hiroumi Kinjo, Hyunsoo
Lim, Tomoya Sato, Yutaka Noguchi, Yasuo
Nakayama and Hisao Ishii, Applied Physics
Express Volume 9, Number 2 021601-1
(2016) ~4.

http://dx. doi. org/10. 7567/APEX. 9. 021601

(2) “Charge  carrier dynamics and
degradation phenomena in organic light-—
emitting diodes doped by a thermally
activated delayed fluorescence emitter”
Yutaka Noguchi, Hyung—Jun Kim, Ryuta
Ishino, Kenichi Goushi, Chihaya Adachi,
Yasuo Nakayama, Hisao Ishii, Organic
Electronics, 17(2015) 184~191.
http://dx. doi. org/10. 1016/ j. orgel. 2014. 1
2. 009

(3) “Analyzing Degradation Effects of

Organic Light-Emitting Diodes via
Transient Optical and Electrical
Measurements”, Tobias D. Schmidt, Lars

Jaeger, Yutaka Noguchi, Hisao Ishii, and
Wolfgang Bruetting, Journal of Applied

Physics, 117(21),
(2015)
http://dx. doi. org/10. 1063/1. 4921829

pp. 215502-1-215502-10

(4)  ”Determination of the highest
occupied molecular orbital energy of
pentacene single crystals by ultraviolet

photoelectron and photoelectron yield
spectroscopies”, Yasuo Nakayama, Yuki
Uragami, Masayuki Yamamoto, Shin’ ichi

Machida, Hiroumi Kinjo, Kazuhiko Mase
Kaveenga Rasika Koswattage, Hisao Ishii

Japanese Journal of Applied Physics
53(1S) (2014) 01AD03-14.

http://dx. doi. org/10. 7567/JJAP. 53. 01AD03

(5) “Complete demonstration of the
valence electronic
practical organic solar cell probed by
low energy photoemission”, Yasuo Nakayama,
Thanh Luan  Nguyen, Yusuke Ozawa,
Shin’ ichi Machida, Tomoya Sato, Hiroshi
Tokairin, Yutaka Noguchi, Hisao Ishii,
Advanced Energy Materials, 4(7) (2014)
1301354-179.

http://dx. doi. org/10. 1002/aenm. 201301354

structure inside a

(6) “Voc from a morphology point of view:
The influence of molecular orientation on

the open circuit voltage of organic
planar heterojunction solar cells”
Ulrich  Hoermann, Christopher Lorch,

Alexander Hinderhofer, Alexander Gerlach,
Mark Gruber, Julia Kraus, Benedikt Sykora,
Stefan Grob, Theresa Linderl, Andreas
Wilke, Andreas Opitz, Rickard Hansson,
Ana Sofia Anselmo, Yusuke Ozawa, Yasuo
Nakayama, Hisao Ishii, Norbert Koch,
Ellen Moons, Frank Schreiber, Wolfgang
Bruetting, Journal of Physical Chemistry
C, 118(46) (2014) 2646226470
http://dx. doi. org/10. 1021/ jp506180k

(7) ”Influence of the direction of
spontaneous orientation polarization on
the charge 1injection properties of
organic light-emitting diodes”, Yutaka
Noguchi, Hyunsoo Lim, Takashi Isoshima,
Eisuke Ito, Masahiko Hara, Whee Won Chin,
Jin Wook Han, Hiroumi Kinjo, Yusuke Ozawa,
Yasuo Nakayama, and Hisao Ishii, Applied
Physics Letters, 102(20) (2013) 203306-
175.

http://dx. doi. org/10. 1063/1. 4807797

(8) “Tuning gap states at organic-metal
interface by quantum size effects”
Meng—Kai Lin, Yasuo Nakayama, Chin-Hung
Chen, Chin—-Yung Wang, H.-T. Jeng, Tun—Wen
Pi, Hisao Ishii, S.-J. Tang,



Nature Communications, 4 (2013) 2925-1"7

(Fa%&) GH724)
(1)Energetic Relaxation of Anions in OLED
Films Directly Observed by High
Sensitivity Photoemission: Impact of
Orientation Polarization on Electron
Injection”, Hiroumi Kinjo, Tomoya Sato,
Hyunsoo  Lim, Hyung—Jun  Kim, Junki
Yamazaki, Koki Dote, Yutaka Noguchi,
Yasuo Nakayama, Hisao Ishii, 2015 Solid-
State and Organic Lighting (SOLED), Nov.
2-5, Soochow University Dushu Lake Campus,

Suzhou, China (¥BfFzE7H)

(2)"Direct Observation of Surface Anions
Relaxed by Spontaneous Orientation
Polarization in OLED Films by High
Sensitivity Photoemission”, Hiroumi Kinjo,
Tomoya Sato, Junki VYamazaki, Yutaka
Noguchi, Yasuo Nakayama, Hisao Ishii,
SPIE Organic Photonics + Electronics, AUG
9-13 2015, San Diego, California, United
States (FBfFafH)

(3) “Impact of Orientation Polarization in
Alg3-based OLED on Carrier Injection
Property ”, Hiroumi Kinjo, Hyunsoo Lim,
Hyungun Kim, T. Sato, Y. Noguchi, Y.
Nakayama, and Hisao Ishii, 6th Asian

Conference on Organic Electronics (A-COE

2014), Tainan, Taiwan, Nov. 12-14, 2014.
(FR 7))

(XE) Gh2#)

(1) ”Ultraviolet photoelectron
spectroscopy (UPS) I: Band dispersion
measurements of  “Insulating” organic

single crystals”, Yasuo Nakayama, Steffen
Duhm, Qian Xin, Satoshi Kera, Hisao Ishii
Nobuo Ueno, Chap. 2 (pp. 11 - 26) in
processes in organic
electronics: Bridging nanostructure

electronic states and device properties

eds. by H. Ishii, K. Kudo, T. Nakayama,
N. Ueno, Springer (2015).

Electronic

(2) "Photoelectron Yield Spectroscopy for
Organic Materials and Interfaces”

Hisao Ishii, Hiroumi Kinjo, Tomoya Sato,
Shin—-ichi Machida, Yasuo Nakayama

Chap. 8 (pp. 131 -155) in Electronic
processes in organic electronics:
Bridging nanostructure, electronic states

and device properties, eds. by H. Ishii,
K. Kudo, T. Nakayama, N. Ueno, Springer
(2015).

(PE ZE U PEHE )

OiEiRdt Gt o)

OFfsiRdt Gt o)

(F DAt
R _R— U
http://ishii-
lab. in. coocan. jp/pukiwiki/?FrontPage

6. HFFEAEAR

(D) MR

A3 AR (ISHIT HISAO)
THERF - LR ¥ — - %
Wr7e2&5 1 60232237

(2) WFge oy

7 # (NOGUCHI YUTAKA)
THEKRY: - iR v ¥ — - B
Wr7e2%5 1 20399538

(3) #FgE/HHE

il Z#45 (NAKAYAMA YASUO)
HURERRL R - BLLS2E0 - ShAl
WFgeE %5« 30451751

(4) B 9e 53

K. K. Rasika

FEREF - R 2 — - BB
e &K B 90631557



