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Ambipolar Carrier Injection towards organic semiconductor lasers

Tanigaki, Katsumi
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i _The metal-semiconductor (MS) contact between a metal electrode and an organic semi
conductor is generally in the Schottky limit, and the barrier height against carrier injection from an ele

ctrode is greatly dependent on the work function of the electrodes. Consequently, metals with air-unstable
low workfunctions such as Ca are necessary for electron injection. Here, we report that the Schottky limi
t can be converted to the Bardeen limit and the carrier injection barrier height can become be independent
of the electrode work function. This is exemplified using tetracontane as a surface modification layer on

a Si02 dielectric gate insulator and the unambiguously evidences are given from the experiments of temper
ature dependence of FETs and photoemission spectroscopy. Based on this finding we demonstrate an air-stabl
e light-emitting organic field-effect transistor using Au electrodes for both hole and electron injection.

M-1



) X C—19, F—19, Z2—19, CK—19 (@m)

1. ERBYFIOLE X

T, ZRfRME, Ko X b, RERBEAN., K
AT S A7 EOBEN G, Ak
EREHINTWD, Fx UTBEIEL WS
BATIE, YU araiul b9 5 8k
RSS2 LT LS, Y O Zeaik
ERRALEZ LR T AT AL AOERR, A
VIV F Y ML DTN R BE
DIk A2 Mu, RIR 7 e 2 (B RL¥—)
\C X DEBREME~OFR &, B ORI
EENLTEASEBRPYRF STV D, 20
X R STV B A DA b
ARSI IS R H Y . D —
O THERE | THh D, MHEER T
RiiaE F—7 L Cxx VT 2RI E 5
Z LK VELRLEENS R L, Ao
MHIZL - T, EBIBERT S n Bl EHR—n
T 5 p MO BBMEREICSEIND, £
LT, ZOnfll p Bz L% pn #AEDORE
TEFEF—IVOBEMEER XY F
DI LR T 2 ENERFEE EL) E T O
FH Lo TWD, T2, ¥ BT 4 2K
THFEIZELY L—P—FFETHNER S
TW5, ZAUTxt LT, AR-ERIIREE D
Xy VT R VEMN SR TH D, Fi,
MEPEE R L 132D o N RRTRIEIZ
X v U YR EN N B AET DN D 720
DT, NTUrIARAEEIZBNT, F'— &
JERIE 2 4 L0 BB SET () &R
— () ZRIBFICEATDHZ ENTE D, Z
DOHFFT, BWEERD L 92 pn BEEEF
Bl7e< &b, H—fmFPTx v U7 OFR
BRONICENEELSELIENARETDH
D, BREOX v U Y E2RIECTEIUIEHKY:
BAERL—VPHRTFE2ERTLIENTELFL
BT 5, AL T UVAZITBWNTH
RIS RIO T O MR E Z RIS 5
AT PRI —~D—o s TN D,
—RIHER DB L OBESITIT, N—F
4= IVIvbhbEraybF—UUIvFR
D, N—=T 420 Iy NI, ELOEHEL
ERCEN SN DHR T, FERORFEDYE
NNBEMEBO 7 =V IYEMEE LR
X—rEICEHE (Erik) SNHBL T,
BEA% OREED R S 1348 O FEEICK
LT EILRY, RICE =T ERREND,
TR LT, gy b%x—U Iy MIES
RO 4@ & LB O EERBTVIREED
PRIZELUDBARTHY . HEEBROERED X
I8 E O FEREIKAE L TR T 5, Atk
MRIT, —RICay hFE—U I v ho#
BRL <, Mgty v Uy —EAEZFEHT S
7o DIZIE, EROM R A I3 5 FAEH
Hlpd, ZODIZ, BTEEAT LD
WZIE, KA TREEREREE D /NS0 Ca
B E AT AOMNENSH D, LILID

FHRITEAZ KT, b ULAKPEREERD
BhE, N"—=F 44— U Iy MEAILTAEHE
NTENXRNZRELEZDENTED
EWVWOREEKRT D,

—WREC, AREEER DL (TR — URE
DAECLHWERFEHRE R-oTWND, ZOHH
IZRO_Z>TH 5,

(1) EASKHEEBEFIE. 7F— MakRR
HHENIZ R T vy 7SR TLEWN, [ZEX v

V¥ e LTO®RBERZI 20,

(2) AEEROME-HIEZ < OEGE,
EE L TR MEHENDED T =13
T VAR = 13 DRI Y/ Ve = X 7O XY Y (VA WARYAS

D Eizh b,

F— Mk R R OB T v THEN O
WEZEERR T, 4 ¥ VU R Cavendish @ Friend
HOTN—TIZXVHRESNL TS, ZOH
HTIX, 7 — MERIKETH D Si0, DR E = H
LHFEDE S 1 (BCB) TiA#ET HH T, BT
REN B S D ERPID TR S
NCTWD, ZOFERIT, AHEERMENO
MR (X R TH D FE R T HELRW
HETHY, 7— MR A RGE L TR
FT o TN E R IR, BFEY U VEX
HEATET 2RLE T A L L TERERE
TEDHLEWVWIHIHELEZERL TS, —J, Fv
VXY a4 T D200 KOOBRTHDH, &
D OF v U Y iEAIBE LTk, A
KFET OHAITIZ, ZhETya vy Fx—V
Iy MEAVBKEHE Tilim STV T, A
YBRIZEFEHIEAT D DITIE, B
FHEENEW Ca R ERFEHITINEND D
E iR ST E T2, B THRERDARIL T,
eI LERIZIE, B & B — /L& R
WCHEATE, n o VT rELE p RoOx
¥ U T REPN TP CRIRICE Z 5 Tl
Wbt OMERSH D, TR ERD —
WEHIPEE LX)  pn BRI LD XA 4 —
N2 AERE3 I, SR Cilixy U 70
FREANE Z 0 BT 22 b IS B
I H MR CHIBRIEWBIR TH 508, @ T
IS D20, —RRITIX BB O
BB FRENMLEE SNDRNITH

>77,

2. OB

AWFIEIE Z O E &b TR Z 1T |
K& TLEREEMDFARNEX v U Y&
HAAREL T DM TH D, AW TIIAIE
PE RS S AT, Si0, 7 — Mk
IRFURNC R 70 AL A L CL AR - A s
ZHIEES 5 H T, EBBOLETHREF T
Rt DB LRV DEANEEE S
FHT D HEERETDLOTH D, A5
T, fE EOR PR RE & ARSI OGS
R A G b, @EMOLTHEO R
Wl HRPE 2 v U v DIE AN 72 B TR E & 7]
REETHHEMEIREL, KA T CTHEEES



YUY OEAFRKERAREICTA2EICLY

PR L —H —EA~DHF T~ D K X I3 BN
W cx 5,
3. WEDFHEE
BFEA : R—ILEA
Au

b"—, - ﬁ.ﬁ@}g .
Gate (Si) 7—MERE
L
T Ve

X 1. ZRmmALER & AS b I 2 R A A o
7= iR IE FET,

KET CEECEET D lMHEx v U v
BN R EE 7 FET % A8 (K & & FEMRCrE
KTELFEERT, X 1 ITRT LT Sio,
FotF w2 SUIR AR CUE LT, %@L
(2 in B O AR AR A KR S
oo ZOWEBEEEZRIETL2HFICLY, &
(Au) B HEREREOES NEE O =
v hHR—=U Iy I, NX—=FT 44—V 3I v

B L TX 5 EEEBRTRT (K2 5H),
*@io&ﬁ%fﬁ&éﬂtﬁ&% ﬁ%#
BRICRT L CEA LT, @B 5AC
@ﬁf@%kf~wwﬁlfé *%@T~
NOBEREIZE VBN AET D FEEIET
%o FEIEHHE FET 7 /34 A 2B D b 14
%A T = ZA&%tiT@7mkx%%%
TBZEL., L=V —RHODITR AR
FET #1227 5,

X 2. &R EEOES v ay FE—
)‘:‘)}\ (FEEX) EX—F 42U v b
(FTH),

4. HWFFEERRE

WP RO Tk ~7= Xk 912, K 31T
L7z by 7Em/ AR LT — l\ﬁ”ODﬁFA% FET
MEIZBWT, A¥EEKELTALT L
(M 34TF) ZHWT, Si0, 7 — hEZiED
FM % PMA & 5N T TTTC TIRH#EL7-F 34

AEAER LT, @EMOLGE OERE L5
REX 4177, ERFHE TR L LI,
Ca—Au T D AL Ca BN HEF () N
FEANZI AU B SR — L (h') D38k
JEA~TEAN S D D3, W$ﬁﬂ%$ﬁ®ﬁA
BWTh, TTC/Si0, K DGAITIX, FILZE
BFLEA—NLEBEREZEANATETCND %7%
ND, BIRERWNET, Au-Au BBOS B
%%%ﬁ%%wk%ﬁi@%&g%ﬁ%ﬂc
IR CLRGE L TREMENERE S 7265 M E
ﬁ®%§@ﬁﬁ\%&mﬁﬁﬁﬁw$T%&
SHICES T, BEREERA LSS
Ca—Au %ff‘ﬁk FIEIZITWVRERNSE B D & W
IEFEETHD,

Ca,Au Au

= RENERE
X 3. g @ (TCN 33 L OVPMMA) o |
R L7V T Ly R TP R &,

ZOHROMIRO—>O RN L, Hib S
HETYay b —U Iy b THo7=EE
& FREEERREON—T 4 — U I >
FAEELTNDETEHEHEDOTHD, ZDOK
I IRENEBICHEBIIZELTNDE DN E
W HEE, SILICEEMICmET Lz, EREA
B ERREOHEAN Y s y hF—VU I v
RN BHN—F ¢ — /) v hA~ZE LT
LHEAMRT DO, SOt FEEN A
ﬁméﬁf%ﬁﬁEQQ&ﬁ@éﬂé/a
v hFXF—[BEEN LD X DI T D EWN
I FEBRBGEE TAIUX RV, T OMGEA LT
N SR 3 TR AW ) e ﬁ%#%
KL EMOPEEIREBEM DR IMHEH S
mt@ﬁ%mﬁ%@ﬁﬁﬁ%éo%b\%é

a Tow b |
‘IZD_.- -
i 8o
- 400
b 6of
— 40}
3
- 20,
N A—— w :
-150 100
Va (V)
4. PMMA/Si02 & TTC/Si02 Jetk EIZ/E
U 7o A HECEE R FET OFFME,




MAN—F 4 —2 U Iy MTZEE L TWiUE,

SATIICCITIIL”

o 20 40 vé?w 50 o
K 5 BAOEEBEHEETLSIERE
B FET1d-Vg 4351,

SREEMOEFEEEICEGRRLS Y a v M ¥
—[EE X —EDOEE R TIET TH D, T,
BRBOT oI LAYL L BEIRO T 2L
LRANE A T INDFICE D, EREIC
X, SHE: 6 A/6 ¢, (22T, A B
Novay hF—[EEEE S, ¢, 38 BOMF
%0 12k, S=1 oEIE. @ROHEEHE
BB EAL UT= o3 720 BRE & & 34 o 5 e R
REAT, Yav bF¥F—UI v P THY 7=
NIEMOE = I B SR &
(CHEY L, &)@ & a2 AUERREE & & ML
B BB T HHETHDH, S=0 1Tz

10_1E 5 L | v X R | S 8 """:'
i TTC Lk
1072 o 0 3
= F PMMA 3
‘n Ca-Ca PMMA O ]
T i Au-Ca
3 1073 E
E E E
=
2 T PMMA
104? Au-Au © 3
[ PMMA
10-5 £ 5 5% gyanl o g A..ﬁ.l;AIC) e S
1074 1073 102 Tiaa
1 (em2 V171
4 6. Flx OFREEAE AT D EM
BB LR — AV BEE OBIR,

N=TF 4 Iy ey EFEMROMLF
BA% & MERALRIC T ABRRE D & & BT 5
T D,

X 5. 1R T & 51T, PMMA/Si0, B D HA
(ZIE, 1d-Vg FeMEIT B Ay B AR O 35BS
BETH D DIZK LT, TTC/Si0, Hk EizfE

T LUZ5ATIE, FA BRI KT
LARWEERENME SN TV DRENSND, 20
ko7, EBEREZE 2O NI LVEH)
EORBRLELTORLELDORXG6 THDH,TTC
THREMEM A L7~ TTC/Si02 Mz W\ T
FEFICIWETBEE &R — LV BEE O
WAL E DR S IVD Z B 0D,
AWFIEIL, 22K TREIL MR E D
RFEETE LT DTH Y | (B PN
KPP CTLREREX N T VP AXDERRD
CICHLER L — Y —~DFEB AT 72
HERMFIED—H LRV 5D,

X 7. FET BRSO XK

5. ERRRRIE
ks G 74

1. Denis Arcron, Andrej Zorko, Peter Jeglic,
Jingtao Xu, Jun Tang,Yoichi Tanabe, Satoshi
Heguri and Katsumi Taniagaki, Rattler Site
Selectivity and Covalency Effects in Type-I
Clathrates, Journal of the Physical Society of
014703_1-5, (2013).
10.7566/JPSJ.82.014703  #mif

2. Kazuaki Oniwa, Thangavel Kanagasekaran,

Japan, 82,

Tienan Jin, Md. Akhtaruzzaman,  Yoshinori
Yamamoto, Hiroyuki Tamura, lkutaro Hamada,
Hidekazu Shimotani,  Naoki Asao, Susumu
lkeda and Katsumi Tanigaki, Single crystal
biphenyl end-capped furan-incorporated
oligomers: influence of unusual packing structure
on carrier mobility and luminescence, Journal of
Materials Chemistry C, 26, 4163-4170 (2013).
10.1039/c3tc30220b A

3. Nobuhiko Mitoma, Ryo Nouchi and Katsumi
Tanigaki, Photo-oxidation of Graphene in the
Presence of Water, Journal of Physical Chemistry

C, 26, 4163-4170 (2013) 10.1021/jp305823u



4. Hiroyuki Tamura, Ikutaro Hamada, Hui Shang,
Kazuaki Oniwa, Md.
Jin,  Naoki

Akhtaruzzaman, Tienan

Asao, Yoshinori Yamamoto,

hangavel Kanagasekaran, Hidekazu Shimotani,
Susumu lkeda and Katsumi Tanigaki, Theoretical
Analysis on the Optoelectronic Properties of
Single Crystals of Thiophene-furan-phenylene
Co-Oligomers: Efficient Photoluminescence due
to Molecular Bending, Journal
Chemistry C, 117, 8072-8078 (2013). # i

5. Gang Mu, Jun Tang, Yoichi Tanabe, Jingtao
Xu, Bin Zeng, Bing Shen, Fei Han, Hai-Hu Wen,
Satoshi Katsumi__Tanigaki, A
Field-Directional Specific Heat Study on the Gap
Structure of Overdoped Ba(Fel-xCox)(2)As-2,
Physical Review B, 82, 054714 1-5, (2013)
10.7566/JPSJ.82.054714 i

6. Jingtao Xu, Jiazhen Wu, Yoichi Tanabe,

of Physical

Heguri and

Satoshi Heguri, Gang Mu, Hidekazu Shimotani
and Katsumi Tanigaki,L ow-Temperature Physical
and Thermoelectric Properties of Ba8Ni5Ge4l,
Journal of Electronic Materials, 42, 2025-2029

(2013). 10.1007/511664-013-2509-z 75

7. R. Nouchi, T. Saito and K. Tanigaki,
Observation of negative contact resistances in
graphene field-effect transistors, J. Appl. Phys.
111, 084314-1_7 (2 0 1 2). 10.1063/1.4705367
Ak

(F=RER) Gt 74
1. Katsumi Tanigaki, Thangavel Kanagasekaran,

Hidekazu Shimotani, Yoichi Tanabe and Satoshi
Heguri, Two extreme limits of carrier injection in
organic semiconductor FETs, American Physical
Society March Meeting, March 03-March 07,
2014, Denver, USA.

2. Katsumi Tanigaki (Invited), Superconductivity
and exotic properties arising from light elements
and d-elements, phonons and electron correlations,
ICTP LEMSUPER Conference,
21-November 27, 2013, Trieste, Italy

November

3. Katsumi Tanigaki (Invited), Interface between

Organic and Inorganic Compounds:
Fundamentals and Applications to Functional
Materials, November 07-November 08, 2013,
Tokyo, Japan

4. Katsumi Tanigaki ( Invited), Harmonic and
Anharmonic Phonons in Clathrates and Electronic,
Workshop,  November

France — Japan

04-November 06, 2013, Laussanne, Switzerland.

5. Katsumi__ Tanigaki,
Fundamental aspects and applications of devices

KeyNote Lecture,
based on carbon materials, Institute on Basic
Science 2013 Symposium on Nano Mateials, June
30-July 04, 2013, Seoul, Korea

6. Katsumi Tanigaki, Intercalation Compounds,
17th International Conference on Intercalation

Compounds, May 12-May 17, 2013, Sendai,

Japan.

7. Katsumi Tanigaki (Invited ), Electron
correlation  and  transport  in  organic
semiconductors, International ~ School &

Symposium on Molecular Materials and Devices,

September 25-September 29, 2012, Duhram, UK

(X&) Gt 24)

1 pEpEC, NEZEMZA T 2 WE OIS
ZRRVE CHRREMEERR, HAE T I v 7 A
2, 7, pp.326-332, 2012

2. REREC, WFIIT EEWEOWE. =
FEDOFRE & B, AARGEEES, pp3-8,
2012.

(BEZERARERE)
oHERIL Gt 01F)
oS kI Gt 01F)

(& DAt)

R—Lb_—
http://sspns.phys.tohoku.ac.jp/

6. WrFEHLRR

(1) WrEEE

A B (TANIGAKI, Katsumi)

ALK « o0 FRPRVRL Y @ S T p A -
iz
s 60305612
(2) #rgEHHE
2L
(3) EHEENFIEF
L



