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Keywords: organic semiconductors, thin film transistors, bottom-contact

In this two-year project, n-type organic semiconductors NTCDI-OCF;
(naphthalene-diimide) and PTCDI-OCF3 ( N-bis (4-trifluoromethoxybenzyl) — perylene - 3, 4,
9, 10 - tetracarboxylic di-imide ) have been synthesized successfully. Through x-ray
diffraction analysis on single crystals of these organic molecules, it shows that in the
NTCDI-OCF molecular packing array the distance in between molecules is tightened due
to the electron-attracting group -OCF3 contained in molecules. That gives the devices
fabricated in this project from this material a better stability when operated in the air. The
smaller current decay and minor shift of threshold voltage of the device after continuous
voltage stress test indicates the compactness of stacking of the molecular arrays. By further
x-ray analysis on the NTCI-OCFj single crystal structure, it reveals that the conjugate
planes of molecules on each array lies on the same axial direction. The structural
characteristics lead the organic semiconductor a better performance when used in a device
with bottom-contact design. Various metals have been tries as contact electrodes and Mo
with a lower work function is selected. Optimizing the combination of those materials
developed in this project and bottom-contact structure, the achievable electron mobility is
3.58 x 107 em™ V' 57!, device on-off ratio is 5.2 x 10°, threshold voltage is 1.3 V.
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WER o ARF TR TREE Sy THA O EELRE > AR THIE
KEEE T A ER BN - a4E KK E & (photovoltaic cell ) ~ K% A & iu(solar
cell) ~ # # 5 & — 4582 (organic light-emitting diode)....... % AR S 6y T A S B
R E A S T AR 3 d B JE AN AT A0 T B 5 BAR AR R AR 0 T
VARE Jy 14T E KT T AIRAR B A B e i R > IAIER B SRk KA B e B 8y o
ML EFR AT ELERE L - FTAL &5REFOEBES  TERLLETE
ERT RS ER TR HFREM R A FEBATEOER  HE G EEr
#oRBAGENRATRBATSE  LFR LEABRRLE S ZHENARER
— iR S EEAGRTAERGTIG XN ETHRETE (e-paper or
e-book ) TAEAEMREBAZ > B —FRXAFRKRT R~ £~ EZERTRIrwh
(flexible) 89#EF % > AR RE THI—F > B EREOL T —EEEH
G BT e T RHAE R — B RA SR e A AR BB E b8 (organic thin film transistors,
OTFTs) °

M ERE SH 8 fe £ A4t F E82 (metal-oxide-semiconductor transistor,
MOS) & dh#8 & K- PR » B £ AOTFTsdk A A #-F S8 A IAMOS F 44 445 F
Wb RRAARSTEARETTARGIAGE - ASFH SR THELAT
HREEERETEX BB R FLE LR LT FH 4 (flexible electronics) 3%
HroF RSB AE R E T RA R T ~ EEE ~ RAKA ~ RS at R A
ME o A AN 0 RS EAA B AT A R B ES dn-type B LB AR o T B TS
AKX ERL TR TR EREAHNELER - ERBTRERIT T
BETHRRERABR A TRAMIL > KT HORFEBERER -
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ARAFEE AT 0 ARG E SR E FHA LA €4 (top-contact
devices) Wy LM EHMX > RE LA R F AT RELASHOAMHER L AR
6 E Y AR o Bk qk R AR B 6 A AR R AR > AR X B AR B RS i
AR LR MAT R T AR5 B AR 0 LA 44 (bottom-contact devices ) © 12 — A% Xk
o ALEBEELALEE T REBERGBEHELESEMHCR LB LEE
2H X AEAFARARF TR L - SR RAREHF O RRA RGBT B0
B REAASBAZGRTA R > 380K 8 R 60 448 RARIR R AR H 64 55 4

BRI AR MK E BB T T PR A LB BT S8 AT A
85000 pay kst o s ol E3RAE EARe) U RHARB R A A ST A KR
B E—FBEELEREBERBENEETE  ARERTHEASBLEREZ  Lh
BB A B AT — AR 0 F AR AR A oty AN AR SR 8 AR ST W M S M2 48 H el MR TR
FE G R 58 0 HA— AR A R R A BRSOk AR - BTIR O B
R —FAEN TR AR ARERET RN AL TEEEE LB
Je o A T 408 X U AR K09 BE sk U AR R R — AR 0 B A M F
MR A U2 ERE R R E DR ey AR 0 de sk — RBP T 3 %0 M SRR M E A
RGFBELERUBZ P mRKEZAE T AR SRR G o045 - KA RARF —
BB 8= H T MK TRA M ERE DT BB 3EAH %R RARN £
JB BARM A I AL T h B TR RLAR o
F A F LA A e S R R — > T &R E TR A A

(n-type) HAARERAAA KM (p-type) o 4w al 5 Pt - 8% bk % £ R 4HH4 #
1% B IR F R AR EAT R - REAHMAEERS TALILEHERR T RTEH
BEHIRE TR - ARy TILZER T A REET TR A L (CFEY<T
REBRA AR THEARLERER ) S FALBAKALETAT TG &
Y il A AN R R 4R R 0 Mt AR AR T o HAMRIE T T o0 A M OF SR MR
TORETAAKS TEEL  AF A ARBNEETIARM  AF KSR T R
HEREBEERYRTRANZERA-FEH LA fta2E  MIFEEBAKTH

TF ALK AR TFE PARE - BF > ABSFERERZIM T TRENE
Ao & F AA R A% TR A AR AR L 2 R ey B8 TR K o A ARCE SR W
T ORANERLRESKENEETEAGECRAY MM LR R LRt 4
A XBRHF R ¥ 0 Katz' 898 % B 5% 584 M 1 T vAnaphthalene -tetracarboxylic di-imide
(NTCDI-R) & 89— £ 7% & T2 A M-F ERAH > BRDEAEH R EEE S
Z b RENHLPTRAE B GARGE TR T REASRDGENETHERE
W SR RHF AT TEBNR A BREAZF R o A THERE
Wt FEBRKGEEB-ARFEMMEETHE  EEERCT S TR E
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BlFS £ 35 % 80 F] Nature €782000°4F ~ 2001 SF 8 & TIAA M A T THAEE
#84R8 (circuit) FoF] FOTFTs#: 4 LCD# k0 28 X #A~ % (active-matrix displays)
it /) #722003" 4F 35 Bl 4146 K 42 00 9 58 B PR e SL BRI EFIR T PTAF R a0 THL £ 8
XETFEHATH (flexible active-matrix electronic-ink displays) » F& T B 4o & #5145 |
Pr4eIBM ~ #&F1# (philips) ~ B W E5E (PR > Lucent) % &y &y 3% A8 B #F 7 B 45
gh 0 Bl 3 AR I R T AR b S AL E AR 6w A b — AR 0 3B R AR T OTFTs# 74 dkid
ETAROERM > EEAAMFEMOHAERT  LHAMOTFTIF A HH L ET
B R EMA AL E TR E GGG -

— 18 E dbBE Kw& 7T o R w18 2R 5 Rl AR(gate) ~ &4 & (insulator) ~ W 1a a4 /&
# (source) Fm ik A% (drain) %2 F 5 E (semiconductor) o H ¥ R & ~ JRAEFe iR
BARTRWZMBER > ABEXHY  SZATERFTANEELE R THE
RHE L — @ BT ey R (ITO) HFt - BEET R aIIRE > TR THME
PRKER EE - L R ER KR TSI BARE L MRy TRAIRT
% b BY R A B AR RE R > AL RAER RARZ B 6B A K h A B RAERT
BAE 7 X R THEE 35525 E dh §E(field effect transistor) ©

#HAr— BT DD EH B EE LB — & EH4H £(charge mobility, p, cm®
Vs Z & et E AR/ (on/off ratio ) 5 Z B & T AL &M T/RKIL (W/L) -
EHHHEMT > SRTFTRIR TATRREYAFELHMA S > 2R 5 5l
AHEFER — om0 AAKRLFERM T MR TR B ok R LR Kb
kA KR W B B ATATES R AR M R Y F o R P4 8y pentacene” B AME
AEHBHFECLLETHEI2om’ V' s B0k ELETAFIERLE (amorphous
silicon) #9-F S a2ARL#E o A KA B AB/B L EAEERE LD T ERER T
BE VR RTRESERRRAEFRERTRGHE  ThkEEPETH
By EE L (W) A EHO# L ETLGER > mk (L) 1;Beds T RERE
Pl 64 358 (channel length ) « #70 B] A AE S84 - AW/LOGAE £ — % > T RR
AFREERTROAMTET ST T BASHEERF > & TEIMPRTETE S
A LB IESITTE G > midF BT 5 & L€ AW/LEZ X7
104 E&)R 8] FPERB Z R B/t R A LA RE -

B AT — XTI RS AwmiE s AR R ENZAEH
AHEBYRERBEEE ATERIATEAHEHELE LENTEZ EEHER
LR ARREEE  REBRAELARFEEN - LEEXTHEAFEHRILENE
Bz L AABAMRFENE  BRRBHRERBESERELFINEZ L TRE
MR HAE o MABKIARER TR R L 0 AKX S T



organic layer organic layer

bottom-contact devices top-contact devices

Gate (G): M)#&; Source (S): Hi&
Drain (D): &4&; SiO, (Insulator layer): /& &

BA THEEXEELHLEHE (BL) LEEXEELHLERE (BE)

(top-contact devices)# &k &iE A AT L AR LT c A THRER A Z
KRB > T 448 X E A4 T K (bottom-contact devices) 45 & F #E sh #2049 B 4E -
B e BT AR BAR b 0 A AR R AT R A MR SR A8 F B — A A R R R AT
55 > AL B 5 B & 7 R KRR BRSE 0 B R AR A SO AR AR > BT — T
BB @E TR EECEAM T RN AR E TR LB b —E LS P8
BRE - RGN FE RAEARFERLANSES LA B2 RE A
Fodeth THMATHROAERTHERRTRASCARTHRENER - £ T
KREEBAHEEY  FAM A/ ZEEEPNER AAMT L 7 X558 8E 2K
ERBW > REFIMARFIRBEALEARE ST X EZLREBRBREZM T RA #
B E B o

T OTFTshg etk R B fo — A& - S8 AR A0 > AL TR LTS 518 EF
AR ERE (n-type) FofR ERA FER (ptype) > BH AR T FARARTANGH
HF R AMH ARG €A BMEEER > 55 4R SEGPIR (HOMO) Fo kK KA
#3k (LUMO ) - HOMORE, £ &2 A £ #41%3% TR > mLUMORRME 0 A £ % 5 1%
WEEF o Ay FEad Jag{g % (valence band ) #n{2iE % (conductive band ) #9& &
ABE) o E dh B A ARAEBAZ b3 T F B MARILR S — E R 0 FARE SRR E
MM L ERETKEMALTENCTE - EFENE M fAEEMER
BVER Bp S E LR ey TR - BMEE FA F ERAH] > F ik — il EE R
A% B FERARANER MG HEem)TRMAEL T  SEIHCEAFFERA
% 89HOMO ~ LUMOAE M T If > Bl B 57 R AR B st im — £ R - AVE db 8% ol 18 & 42
Mt &l aiamy ERMAEATCHEL  FIAKEA TAARRBEBIEZH - 4855
RELEAEETRAAGARERE TR > RAEMGTRER L B RR -

FAAF SR TRk R AR E L THRARKG MG — s >
FAF SRR o o THEPIAEL > TRk R A LIRS  mA B T rT
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BB FHABARE ARG BEAR - WwEB

fla;/é}/ Y i
AN o Y
30x Tsubslralez 55 OC
n= 10%°cm?Vv's™!
—I—substrate= -196 °C (002) (003)
10x p=10%cm?Vv's™ (004)
o i i mmasvane I I NI s
T f:;/”fff:;{//};/
T
lﬂ(.] Teubstrate= 27 °C &/kl’//h\* SRR /:1\\‘3]
n=06cm?’Vv's” N N
(002)
A 2 pentacenc
BB &ARmE Moy THEP B1% (8 B XBER9)

VApetacene & TN F) BRI L @ A B o THEFDRAE > AR B 18 & S 2 @K 3
AR S THEZIAR T R ALY o dn 7 Bl 69 A ARG AR AR - R e 8R 7] R AR T A
FAE o R > LA F AR TR AREERRIGEETMN > L5 AR TRERA K
45 (p-type organic semiconductor) Foi% & 7 & A A # - E 8 (n-type organic
semiconductor ) WAE o YA T 34t #Hp-typefun-typeis A& A 4 F S8 A 5 5l — B4~
4
1) 1% &R (p type)F #F E 5244+

HAFEF T BOUR T RS TRAN AR ERE £ A REE
T g pbAe ok o p-type s M E B S E RS T M M AT & $ RS A A
it&4 (polycyclic aromatic hydrocarbons, PHAs) #978 #4'H » L#r & 48 %) 1% 5 R
Ao AE I o B R LA B4 Rk R W p-type A 4R TR £ 8 > 588 pentacene' o
oligothiophene'” » # 4 #%4n T |8 C ° pentacene#y & #7 %% £y 7 72 19924 3£ #% G. Horowitz
BREMFIL ERRE0MEE2x107cm’ V' s - M RE 2B R A RAZF X
2119954 EHAH FRIE3.8x107em’ V' s > 19964 °890.62cm’ V' s' 0 A E

pentacene
s. N s N s
R W S
DH6T
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C pentacene¥2DH6T & T 1L 5% 4 44

20004 '° > pentacenety EHH B R LERIE> 2em’ Vs EHHHEHAE LR
AW ST ARENBEY HFRETBRTHO AR WAL RFRE - 5HE > E
FAAF LR T AR E R ERPEP A RAR L dotb— R > F B A FIZE 7Y
B - mBHRMETHHRETHETHE KRRCETAR L —LBEKEYETE S
7 9NE R e91% T R A M F 8% Aoligothiophene » 2] B AT #9 XK £ > & &£ R#
pentacene#y # #1% TR F LA H ; Hlde B D AT LEIDH6T > #19934F ' ssk A 71 3k
AR EHHEHE 005 cm® V' s o Htbasames o T E A 8 F4A 20,1
em’ V' s e HE o R 2]19984F 0 IBM R B F M DHOT#) & #7145 8 425 £0.13
em’V's o N FOIME B A T AR M E N T A Y B4 E o DHOT# 2 A < 18
3£ 6 69 thiophene % 8o ~ o 28 Kot Fhexyl (-CeHy3) o FBJR Rin i AR 0 L d5 o
ITH SRR o TIREAME LS T RAAN S A CEARS RN A
kAR B A 04 pk A e 1 48 U B AR 842 > #: ARoligothiophene s #8 &5 A 38 72 4 42 04 & 47
HEE > FBAREREOABREERMENARARARGEZZBAR - 54 Uk b
AERB-ERETRANGABRME AV oA RS s THEREBSESY &R
T B 1-10°"7 i o 42 A AR TR A oy F A H 0 B AT R % 2% 4k M pentacene 5
T E2R2EZXRLARSETHGHFEZH -

R
m

S S S S

Bis(dithienothiophene) HT-poly(3-alkyl)thiophene
R= CnH2n+1; n=6

£\£pdialkylanthradithiophene
R= CnH2n+1; n= 6, 12, 8

1

polyacetylene phthalocyanine
D UL Ap-types #-F Ea8 0 TR L

2) 1% E 7 (n type)F #F F 5L 44
BETAARFERMAERRE AT RARFERMIETHS REA
A MO BT ® A S @ AR AR TR 0 1R E IR 09 A MR AR H L
BEZ BETARFEINEZRANEATHRERETA > FAATHOARSY T £
TERMEEZ TRESHBERTFUARFKAALCEEREE” > THELMA
WA — R 2 1% 0 B E R A AL dotb— R IR T A HIERE
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TRF SR AR RN R A F PR TRIE - ARG T TSR —EL
REO S BUEMHHERE EREER

18R o BRA BT bR Rp-typetd A F 82 48 > n-typeth HHF R T 4
Yoy HARLS AR FEM T LY EANAHHB XL LMK T
(complementary circuit) = ; 2% HERNF > cHELEXNTRWLE > LA
W Bp-typeFfen-typet) A MG E LY - RRAZHAE -9 T b8 (F—MEp-typesk
n-type) AKEMERT » KEWENHAETHALNRL GG M > THAY
BB HAEGEHBLM TR T EFHEK - A SRR TR
B XEETBHNTHR > SN RRKER — TR0 sEE 0 B R AL 5] B
BB B FIABERRAS A RF TG TR TR FHENME 21
% T Litey BAR - XA — A SEE - SRR E TR RF TR
TR b T LA R w ko — 1 F I -

S £ 19904 Guillaud 4% i A8 A A R T 2R RRA K E B &Mt
# > lutetium biphthalocyanine (PcyLu) #Fethulium biphthalocyanine (Pc,Tm) % 4#4ve B
E:

—_—

@\VNS ~
X N
— }v[// M=Lu (Pc,Lu)
Q?\;%NX\[/@ Tm (Pc,Tm)

N N
SN N—
N

E Pc,LufePc,Tmay it £ 4 4

BERES TR - AEREZ T AT TR E ) > Hn-typesh & T2
#EH10°~10" em® V' " (A2 TF ) 33F 419944 Brown™ ey 5T R B Bk > & T A
tetracyanoquinodimethane (TCNQ) %4 H 09H ¥ B E 588 > L& EF -

N%*<>5N
NC CN
TCNQ

F tetracyanoquinodimethaneft % 4 4%

FlAkey - $ L RBELEETRTHAZFHETHHERIK > KHRA3X10° cm®> Vs’

0 B AU B L 2450 © FR4F 0 1995 °4-Haddon# %k 7 Ceo s ZW04EE TR E 582 - 15

TR EGEERFZETHCo BB ATH L BRFEEPAREE > LAK

A& £ Ceo /B2 AT > 2t M tetrakis(dimethylamino)ethylene ( TDAE ) % AT J2 3 T o9 R &

— BB E B R A A M SRR R ey A PR T AR s R Ae 4 TR
8



TR SRTEAFRE ORE - THEHMATREREZ T o THREE FIRink
% 5008 cm’ V' s EERERIEL15V o otk @& BTDAER 1 814 &8 3] 5
TRk FEREMAE03em’ Vs BRERBIKE-2TV o 2IEF R EH > A Ceofhik
0 E LI HA T RIETHB > B E R AAEEIRE - Bl LR A R BABE R B

BT SREERARE  ZFESEEERMFT > ZRATHASTERRET &
U R K KK -

Fe %% 8 Xk & P metallophthalocyaninesiE 18 K 3R & B 44 64 o T 2 AR &
p-typedd H A ERE M H R TRVERFHRHEREUER—BEHMLYER > ZLER
p-typet o T Lik £ — #5645 & T R MK I (Flm L) €8 ZOLEKRILE
T aeR (LUMO) WAEFAEE » TRARE T & % EA (injection) H #HH o
F o kB A n-type X o9 H #F SR A o £19984FBao” #h4% & Wy £ p-type > T
L3 hednE TR  RIDAIR p-typet # kB 4 Bn-type © XK PR T AL FE
EMHgRAEL > &K (C-) > & (CN-) & (F-) o H % 2k copper
hexadecafluorophthalocyanine (FisCuPc) P4 3| 642 fe sk 4F > B AEfe T B G -

T

-

@ -
!

L 107 L 1 L | ] 1Ve=
0 50 100 150 200 250
16.5 F Temperature (°C) Al 100 V

mobility(cm¥Vs)
y ]
2
{l

FigMPe, Ry=Ro=F, X=C, M =
Cu,Zn,Fe,Co

CligFePe, R{=Ry=Cl, X=C, M=Fe
(CN)CuPe, Ry=H, R=CN, X=C, M=Cu

Drain-source current (L A)

PyCuPc, Ry=Ry=H, X=N, M=Cu

it B0
0 20 40 60 80 100
Drain-source voltage (V)

G copper hexadecafluorophthalocyanine (F;sCuPc)

Pri3 5] e E T8k £ 40.03cm’ V' s TARBBEL&10%-10° - Adfe kAT Aras &
EFHHFRKTER » BPAEAF CuPct) THAEZRZTHREABEN > AAET
sl B8R AABE —RRAXRESHT  HARTRAMAAR RME > SHERE
FARAMHM TR KRR ARG TERIMA T LR T TRM

SR 33 B SRR PT 3R B4R TR A 8 Rk B4R 8 T a0t 7 X 0 LB B
2 RPFIRE 0 A3 & vAthiophene & £ 89 980 F 24 % 5 #£20004F Facchetti “#t % % T
% — 18 vAsexithiophene & % # a,0-diperfluorohexylsexithiophene ( DHF-6T ) n-type# #%
A o & EH:

— FF
N‘FF(CE//\ 5/£®K<SVJY»J X T
\ \/ N { Y F
F;C AN N
Co AT s T s T s F/a}:/<CF3

FFF FF F



B H DFH-6T % Tt &4 8

TU 0 AR Fe RARPTAE R 00 AR R A 245 RHBAERA T ARG RSE T4
FEZ0.02cm* V'sT o BARMMILE10° o FlAE 1 £2003 505 K T FAM Y 4%

do [T -

Bl (kA BEk29)

Hb i =BT TRk BIEF 50.08001 -4 X 107 - mBEE Z(AEY
MR 2R K ERLHEROBE L 1f22 R ES T4 tbisam ey T ot duif i o
i B9 £ 3 o) 5 e BF - SR WEA AT RikeEdsr X - M3
BT H»Fler FrRaBEEH R EHEL  AXBETETNRE (ARIL=

B85 FoyeE &) -

BJ EEI ¥y TFeishk
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Yt > 20034 Pappenfus’ & X Bk EHE & T
3,4-dibutyl-5,5-bis(dicyanomethylene)-5,5-dihydro-2,2:5,2-terthiophene (DCMT ) > 4 4%
4 K e

NC__ - S __ CN
S /7S
Bu Bu

B K DCMT % FAb £ 424 5

E %472 dythiophene & 2 48 £ 7% > CN-F 1E -2 3094 €T - i F B 69 18 5 % (butyl
group) X3t LA % T M hv i T ARJE - DOCMT M8 2 T4 145 60 BT » HA$H
R TR AR E —EREHTTRMEEL02em’ Vs BRMMIL>10°-

M7 LIk s RIRY &AM ~ Coo ~ R A YAthiophene s £ 69 & Fa1L&H T
AER AT TAMF SR LI 5 5hRA — T ROABRALE LB - TR
JA 2k AR H #AR B F AR o /£1996' #-Katz & B & 18 #6914 1,4,5,8-naphthalene
tetracarboxylic dianhydride ( NTCDA ) #» 1,4,5,8-naphthalene tetracarboxylic diimide

(NTCDI) © & T &M B L :

I
0. 0. 0O 0. _N._O
N N
= ‘/
OAOKO O N0

1
NTCDA NTCDI

L NTCDA ~ NTCDI 4 Tt &4 E

£ AINTCDA R A &% & F A F A0 M4 > 222 b B AT A —BETE
5B FIEAMMKLUMORM - AUt B L AR —ai8 & a8%
o e R AR R £ EEEAE TR K S12 um T 4250 um © A # 5 FNTCDA£3 x
107 torr# J& 77 F A 2k oM fe U4 b i oA AR B B55°C 0 LR 494500 A - £
AETHREAHFINNETHREELI3x107cm’ V! s' » 28 F — X RMEFT
BAE BEMEMECAH1-2ME%E (order) THEAMI - T ZRARTANTHHD
BAFARAR HHBY - il B I — 1B S HNTCDIFT R 80 T » 8 Tk
FRAF10" cm® V' s 0 {AFANTCDA ° 2| 720004 - Katz[¥% PP % Nature’ E# % T
naphthalenetetracarboxylic diimide * £ % & % NTCDA L % anhydride & A8 & % 4 %
11



imide ° Katz#F £ B B3 T % 42 ko sk oy XA - BB B UL R 09 Rk & 4E & BUX,
Ao FFRINETRMRERLARSN > BATRTARTY M HLEE R GIRA
Z B LIER e TALE MR T YRR 133 T —ERAA S S aiEmE R LA
BREIRE TR LM 5 FEERERIET T XA wBEM - T EAEE > &
AL S B RS0 IR AR 0 MR T AR A E T ek ey /AE 7 Xoh > b Tsg
WAk e 7 AREAE T A A BT ek 6y 7 APTIF R AE 0 E TRk £ 40.1
em’ V's! o T EREMILA10 -

O\S . O  Fr Ff FF
F- /\/V\/\/N N /] NN
NN A FF FFFFFF
FF FF FF 0O 0

W YT

§%

B M NTCDI#) » FAb S ke B B 37 4% (35%k A XUEk37)

AMA

L

A4 0 Katz 2 AR 7 2843 2 B & 2 K tYn-typeH #A 4 Sp-type A #HHt o, @
-dihexylquinquethiophene (DHS5T ) » 5k 7 B A @ # 3E H A8 ) oy Al XA K E il >
I (switching) 89 TR TREE L <S5VE>95V - TMHWwEN © AT LR #
n-type ¥ EREM A RS Z T > B EARER T RN T 5 o |mey AR L
JE o AR RE VTR R E AR A -



100 : : __.1E
-80
s & a
= ol
=r ; _|[
o ‘
] 20 -0 £0 80 100

BN ZAXTHEEHE (e h E31)
20065F * YooHF 22 [ ' X% & Ak B PDI-8CN, 6912 & T A A #AH > BiE k5
A TR BT EER - L2 &4 £ % APTCDAR &£ 36T & 45 B an

LRy taFor 48 Kb Lie A Koy R B BFEE L-CNAY 3842 & T 5k - (L2 &k T
Mo B OPT o -

0 o o
CHp N L NGy,
0 o

CN
Ti/Au | PDLRCN, | Ti/Au |

100 nm SiO,
P* Si substrate

O PDI-8CNy» FAL: A L F H B X T A Ak 4% (35k A XEk32)

T AEY Bl & R 0 —AACE ANER  RABRBARGH I A4 0 FEEAETHE
WHAAE LR BAB N EELR AR MG SMEE RIBESA IR
AAHZ ETRARERT LI - RE X TR LA A A MEBR GRS H
%o M S AEF bR BB SR AL Fe gk BAL OISR A SN TR B AKRKAEE
Fa A A SR M ey A SR RA THM TR AR - BRERE A
1-octadecanethiol (OTD ) 154548 K\ iF > 093] T X S o4 L B P T
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W/L=200 um/4 uym
<4 ’
107} = 0.14 cm*/Vs

-y
o
o
3

ren

~ 3 5
<409} Vos =40V {8.0m ¢
& @
£10° 6.0m ©
3 s
-7 -
'5 10 44.0m 8
“10* 2.0m ¢
— )
107 pasass y T 00 &
10 0 10 20 30 40
Gate-source voltage (V)
120.0p
— —— VG =40V )
— R —v—VG=3OV ’,0"
< 800p{ —a—v =20V s
5 &
E 00| T* V610V 7y Al
o —a—V, =0V ¥
£ 400 6 P Aol
fa f!&.A.AAA-A*‘"""
20.0p- A
9900000000000
0.0
0 10 20 30 40

Drain-source voltage (V)

BP vA OTD 446 T by T b8 T4

XREEF R RN T T MR EL014cm’ Vs s THESAMMILAL2 x 10° ~ THEE
3?‘%‘@“2%1 6V o ki FRF o 0B A I T AR X TR AL 2 TR W
1B5e2: > F— AEEMEROAHFRERALZTTER L&A —BRRARETH
8o BRI AE R TIAMM LB TREERAHHABETABRDRSFAE
PRI » AL KARMAMBRRTEMATEAHSL Ed BHHERET
FRAMFEERZEH IR ETARETRAAHLEE a@ﬂ%%ﬁ%ﬁ%i& T A% A
AL ©
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W ORI E
A B M F A

WwEQ £ MBERATHMAETEMEERT » BivikisERIIER &
TR ERE > WA igey s B BRI — B Zfafe 09 R AR TR (Vp ) @ 38w B 46y
TRITIFHIREHBRE > BABBRMEELRS THIEMHLE L eAXEe) X EHZE b
AR ER (Vi) A EREETRXAEREOLETR (V,>V,) BJ 556k
—ERAHABAE > EREREEERZIMACRFEREL -

V,=-100 V .060
1073
— 0.050
V=90V 1707 L
105 — 0.040 o~
V,=-80 V — L S
G q S.'
~10° — 0.030 «
V=70V e 107 B 2
. — 0.020 ~—
Vo=-60 V 10 K
V=50 V 00 — 0.010
V=30V I
= I T 7 100} = e —— 0.000
0 -20 -40 -60 -80 -100 50 (o] w0-150 -200
Vo (V) ()

(a) (b)

B QOTFTs A& /E4HHE * (a) IDVD ~ (b) IDVG
QUL — M E R AMERZ T ELE  #EHBEF > RA—HeeX:

Ip=W/2L Cop (Vg — V1)

f

FoRTARFERREFBHE - AP RERRERG TR WA TSN
R CARBRENTEZ WRATHHHE > LETHMENE > Ve MEER > Vit
A A BIR o AR AT KM PHV B o HAE B 2 AR T B TR A BB A 8
PN
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L
T

3

=4

8 oo

%}#

Acetic anhydride 85 B Riedel-deHaén
Acetophenone 99% B% B  Lancaster
4-Bromoacetophenone BB Aldrich
1-Bromooctane B% B  Lancaster
Chloroform-d; BB Aldrich

a , a -dichloro-p-xylene 98% BB  Acros
1,5-Dimethylnaphthalene BB Aldrich
Dimethyl-ds sulfoxide BB Aldrich
4-Fluoroacetophenone 99% B% B  Lancaster
4-Methylacetophenone 96% B% B  Lancaster
Hydrochloric acid 37 % 85 B Riedel-deHaén
Imidazole BEB  Merck
n-Octylamine 98% B% B Lancaster

LR P2 B G R AR AL A AR E R o M B BR AT % X 5 Flacetone ~ ethanol
carbotetrachloride * chloroform ~ ethyl acetate ( EA ) ~ hexane * methanol 4 %! 8 & # Acros
Tedia ~ Fisher ~ Merck ~ Fluka ~ Riedel-deHaén ~ J. T. Baker ~ Mallinckrodt3 A &] °

KRR %E

(1) 'H 3&4&k(Mass Spectroscopy)
1% 4% ;1 IMS-700 double focusing mass spectrometer (JEOL, Tokyo, Japan) * ¥A10kv
0 348 E B Je 3k S (Xenon, Xe) ° #2 & 'K (matrix) & 3-#4 & 53X ¥ B (3-nitrobenzyl
alcohol) #9154+ F > YAFAB(fast atom bombardment) k& El(electron impact).& 5% #f

FRBMELS T2 B RFRACE R L0 R AR -

(2) 7% 5 #1&(Elemental Analyzer, EA) :

1% 4% F Perkin-Elemer 2400CHNZ EA > VA Zh¥A K 7 iﬁv‘ﬁ“’!b/‘\%ﬁ}é i ¥ R B A

ZRALH(CO,) ~ K(H,0) ~ RANO,) > H o dfnl & L A § » 434 é\ 4y &
7(C) ~ &(H) ~ &(0) ~ RN)& T H Lt > & id %&*ﬁfi}ﬂﬂ:@% TEM W ESR
FIAT °

(3) MEEEIR A ER(NMR) *
1% 4% I Bruker-DRX-400 MHzA% 42 3k R 324K © 422 b= &4 o f('H)itp
7 (PC) AL £ 4545 B 42 Lppm ~ #4854 F # B 42 AHz © 3 ACDCl('H37.24 ppm,
€377 ppm) » DMSO - ds (‘H82.50 ppm, *C839.5 ppm)#=CD,Cly('H85.23 ppm,
1%&4mmémﬁolﬁﬁ%my&ﬁﬁ%@@mydKﬁ%ﬂ@mmowhﬁ

K (triplet)yFfemAX & % R(multiplet)

4 & %7’7 B8 f% 4% (atomic force microscopy, AFM):

BB ATAL A 09 5 A DI-3000A # & 0 4k A sk AKX - AFM& T+ F 4 Bk
16



R 0y — AR R W K R 69 & & 8855 B diT 0 & 5% i Binnig ~ Quate 2 Gerber &
19863 i > 45 & LA AR T M ey ~ 31 ) ey W45 - RAF Rk @ B R a9de
RAFE -
(5) R X-HH& 44 (power X-ray diffractometer) :
4% fiBede © DIAH R X-GHERLEAHR » WM 0/8 5505600 @ EATH a2
Z KA e
(6) ¥ b XAt 4% Le 4t 4R (single-crystal X-ray diffractometer) :
{%4# FIBRUKER SMART 1000 CCD Diffractometer System 7 X-4F &2 &2 4 1% ° #F A
BEDH KB BT REZRA - §FERZLZAALFTER >N ER
FHPAT
(7) MR A MAEENAMAZLK (thermally evaporator) *
LA SR AT B AL AT MM PIERAMATZASK
Lo MEAEMBE A AR ATBR T — R RS A EMETiES x 107
torr °
(8) Eohie T M =R # S (semiconductor parameter analyzer) *
EEATIE A TR E AHP 4156ARKE > B At EARGABHATEE
RIAE P BB R R BIAR AL  FIRE BT AR e iy TR SRR
BB G TRM B A F oA ESFE - HARREETLN NS ERER
S¥r £ 55 kAR E #- R A% E B (Drain current-drain voltage, Ip-Vp) VA B R A%
% A 4% & B (Drain current-gate voltage, In-Vg) 28] > H ¥ Ip-Vp il 42 7T VAR S 7T
P by fafe B IR 0 Flp-VeH 82 BT AT 5 TR 69 31T & 45 & (mobility, p) ~ B
I § B (threshold voltage, Vi) YA & B Bl Fb(on/off ratio) ¥ & & 69 T 5% -

TAF R AE

AERAMBEBEET LA AR > AR T EREF R PO
SVERFHM BT AREETIEOAHEHRLERA TEBXTHETFLEHE
E R E 69 500 & PTG WL B S ARG A A L LA R IR E AR AL - A S AT A
T ohBY L AR A T 48 X E 4% (bottom-contact) > 1 P 4% (gate electrode) 4% & #A4~E
R (dielectric layer) ZF (bottom-gate) © T35 X A &M ey WA 5 XA B BER
i

17



[

(Sputtered Gate, (Sputtered SID.) ﬂ]
I0) (5/D= Mo, ITO, MoW)
—
(deposition of
(PECVE Si0,) semiconductors)
Source Drain
- ;g!;%mm

R T3 X Ei%H B E LTS5 E

T RALEPT T BB U SR E R 0 T B4R (gate) &A% (drain) FelRiE (source)
ZEEE ATREEERAEAL S AHRARBEEEM > ATEREHFT XK RESL
100 % K indium-tin oxide( ITO )4 £ 3% 3% £ & > it #| ] plasma-enhanced chemical vapor
deposited (PECVD) &3k XM TR —AILs & 5 AITOX L o 3533 ekl 4%
i € A&k B AR A 2 0 R B R AR fe AR R R AN TR E 0 A TR A500/30
um e ERE T EEHBOEEE > AT R ARMRKXEE AL T X > LEBEHE K
AL B A A SRR RS E U B TR BRI E SR A
AFEERAF LA B I XFEFTEANLEE LB T EH
(top-contact) » B AR E &R HOHBRET TR WiEd LB EEA#
EEE Y LA AARMEB LM — 27T LA B TRy &
WAEMF G R ERE A RE LTI E - LMK TSR 1A 7 X farit
THMA T ERAN AR XRELZR ARERHERZSH > WwESHT

18



Glass substrate
e Organic semiconductor
|
Gate electrode f
R — E— Source/drain electrodes
l dielectric layer N

BS L3:AE TS mEEREE

WA RE T AR TR TAAA AT RSB TR EEEAN TR L RER
HRIBEBRIERHBERALBEEN F X EREARF T bbb Tt Thaig
BaFABKGSALE AR e8 5z 825 A48T LRE &IRHEA K
FEB TR AWK RETRY o) L ERAFE

A AR T T F SR AR S
B A F AR A B THBRU > o b RIRAZH T 0 & & B4 98 £ 88
(anhydride) ®&RE#IA I (amine)’ fu Ak=% (imidiazole)f4 & RAIRIL T 7+ £70
100 °C » #F RIERAE > A\ BB IRHE24. N F o DA RBIR 5 X35 B 23t A &
BEHTRIFE > RBEENLERRTHRAK  IRRIBITIFHEABD I L RIELZHE
o MLEMEREBE Y RMRFFEAZIE > FTELEETTFRAERFEIEMH - A
A o4 B AR B A R AR M AR AL R IR R ER ~ H R L E AR A o FFma) b
R B dn ik
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0, 0.0 HN—\ |
R
OO |m|dazole
+
70~ 110°C
OO0

R
( R= OCHj, OCF; )

T NTCDI-R& R iz

O N O
HN—,
T, O
+ imidazole ‘
70~110°C OO
H;N
O N0

F3CO’©)

BU PTCDI-OCF;4 & iz

{t&#HNTCDI-R (-OCH; ~ -OCF;) * & &7 &
A IK-OCH; &-OCF3 09 & M7 R & A8 B » A E B B A-OCF IR Ik & 147 - A2
% 4 & 1,4,5,8-naphthalene-tetracarboxylic ~ dianhydrde ( NTCDA ) #»
4-(tirfluoromethoxy)benzylamine ( -OCF;3 ) > ¥ 1.5 £, NTCDA #22.67 . -OCF;3 % & 10 %
imidiazole > #$RAMAE RA T B E100°CHIERE V120 - HFRIEEDE > BIA#
ﬁ%%%@ﬁ# RARAF IS IR B IE IR IR ARIF R E M 0 R R ET0% ° #AL T X &t
AR My 42 18 R IR ST ERATAL S M Br 2 R R BR BT R A AR > 48R F 49.550~60% ©

NTCDI-OCH; : 'H NMR (500 Hz, CDCls) & 8.74 (s, 4H), 8 7.51 (d, J = 8.5 Hz, 4H), § 6.84
20



(d, J = 8.5 Hz, 4H), § 5.32 (s, 4H), & 3.76 (s, 6H); °C NMR (100 Hz, CDCl;) & 162.84,
131.09, 130.81, 126.71, 113.88, 55.23, 43.44; EI-MS: caled MW, 506.5; m/e =506 (M +
H)"; Anal. Found (calcd) for C30H 6FsN2Og: C71.14 (71.12); H4.38 (4.66); N5.53 (5.92).
NTCDI-OCF; : 'HNMR (500 Hz, CDCl3) & 8.76 (s, 4H), 8 7.59 (d, J = 8.5 Hz, 4H), § 7.15
(d, J = 8.0 Hz, 4H), § 5.36 (s, 4H); °C NMR (100 Hz, CDCl;) & 162.75, 148.81, 135.12,
131.29, 130.88, 126.76, 126.63, 121.41, 121.04, 119.36, 43.26; EI-MS: caled MW, 614.4;
m/e = 614.0 (M + H)"; Anal. Found (calcd) for C3oH;sFsN,Og: C58.64 (58.65); H2.62
(3.04); N4.56 (4.81).

A& PTCDI-OCF; * &7 X, ¢

PTCDI-OCF; # #t & s ¥1 NTCDI £ 7| 48 [F] ° #% PTCDA ¥ fx #8 1t & 4 i& Fv
imidiazolef% * A THEE IS E100°CHBEE V128 > HFRET2HE > BIAHE
B B R AR RS IRIR B SR ARIF R A M 0 B F4560% o sy K& A%
HLE M 48 1B R R AT By B R B B PT R A AR AL 0 4R R 8 540~50% © M
R & B R 0 b A bR R A S AR IR B I AR AR SRR L Bk R IR SRR
WAl ALK E IR L E i RE R LS -
PTCDI-OCF;: Anal. Found (calcd) for C4oHa0F¢N,Og: C65.05 (64.73); H2.73 (3.02); N3.79
(3.90).
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A EREFNH

A AR T TR F LR A

1% 5 F A A M LR ey B b e B R XAT @ ATk > A AR T eyl i 4k
T A BB TREER  RTREEERASZIN REE WAL REET TR
MR EALEH REETABRCRHR TEELTRE MG M E AL ERBILR £ Bk
FEe AR IR E AR T THRER MG IRESGET T Hh AR TILEEH
e APy e 8 T3] L@ F AR ~ ZIRA TR ELTREH G
#h B feag B4k TR mBEEARF TR TOERE > RRFLTRRG
Moo T HABRBERRIE o WE B LT T RABAF R KR HKatz?F £
[ % 420004 “Nature” ¥ P 5 & ¢9NTCDI-R & 2| 09 H # T 454 BATILE &4 Ly
BR - gABRBRI S TETRRARRGTE MG AL THIGAE > &M
NTCDI-RA 3% 69 AR oy JR 2 09-CF3 4 #E i R &-OCF: &I K o sb— s 8 T8l »
THhNeH B L s ARARE (-OCF;): » T&#HNHEFI BT R %
0y EREATEAR a3 & o Bl EORE Hd o THBR B EARIT THAEX &
A EREG T RN - B3- 158 EREHCRBOARBT TR N> THH £
% ANTCDI-R A PTCDI-OCF; W A& 1L 52 & 4k o 284w o) & i BR BB M4 E C 3 N B

B3 -

R = -OCHj, -OCF3 F3C

3-1 NTCDI-R#2PTCDI-OCF;4t £ 4 # |8

BET ARG T BT
XRRE > &R EH IR ETAAMF ERMH > B2 08T R 5 40
A T LR B - PTAB B A MBI E BT RFLRBREE—> K5
R4 PR A TR TR R o 2o al T AT L3R X Bk aY T L4
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EFAFAEREETRUERRALESRZ Lo M TEMA TR E LR R
FACE SR A A IR Bt ey FRAI T > AB R R IBRT 0 1A Yoo FT R B RS R A
2006F“Applied Physics Letters” £ P B 4 i YAPDI-8CNy & £ 64 F 4548 X T4 A 4 412
T 2 A EE A FE TR T LM > LERMAL A TIHHMLE ] 08
Bb o 4B KB R T A EHMET TR MR SR AR AT LR R EFFAT
B ETHRAMEHERE  RRSABREETAEOTRERN K -

AHROT R AHRAT R Y HERBRILH G F K RS R S
RS TFRAAEMAEEE LEBXTHEAGEHRZ L —F & T Ak ka4
Je o B—FmBTAFREBREAEBHHARELR A HEEE A POFREE - o
B BB B8 3 Uk F R WA A 6913 IR AV A AT HE (pentacene ) BAF £ &AM A
FURBG A L AR ZTH EF] — Uk Loy KR o o B 3-2P7F >

pentacene
(P A H i+ H4t)
3.54 _10'5
3.0
-10°
251
S 20] e—m o ho7
»”
a)
2\0 1.54 _10'3'—'
1.0 .
10
0.5
O~O T T T T T 1 _10-10
-50 40 -30 -20 -10 0O 10 20

VG

3-2 Pentacene B #% 1 T oL BY UAF4F M

VApentacene B E 04 ARG X TR > KBE R A% FR A Taidm g
5028 cm’ V' s~ T EAMMIL A0~ THERERE-03V  db— T LB
F X REPTE R M BIE T » CRBAPTAE TR A L REHATR T
PR RERE TR M L2 4A Y - Ml R PP 1R E
FRAEM N> THABREERE BITEOR IR TILREHEE £R > KRIEE RN
LR T R 91 E T A M FNTCDI-CF #F £ & A0y L35 X T4 T2
E o B33P
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NTCDI-CF,

(N A% % S 3)
3.5 '
3.0
2.5
20
1.5
1.0
0.5

ID'*x 107

0.0 T T T T T T T T T
-50-40-30-20-10 0 10 20 30 40 50
YG

[ 3-3 NTCDI-CF3 7 #% 1 6 o 52 70 45 1

uNmmcméiﬁiﬁﬁim#ﬁ%é EE MRy fBEAEH A% TR TR
AR T AR MR E 501 cm® V! 5T A EABE B &10° ~ T EEE R E R &-1
Vo gL ﬂ%@igﬂw%%%ﬂ&ﬂmm@%%%ﬁ%m#%i EILE Ay

THEF R R0 SLRBEEFY TREATORABRE TR H I T
ME > g RERIRB K X PR RNERE - LEEE T REROEAEME o X5
W EMHBERE  KROVEEPI SR EHTLE &0 H #1% T T2 M HNTCDI-OCF;
EANT R T - AR BB B A #E AR EEBXEET
&M A8 I8 % UL P TR AR e # o i ANTCDI-OCF; & 18 A A - S A% 4t
FHB AT AT ARAH > A RAEZ AT AR R R R RSN - B Lo Sk
AP TR e RAREAR RSO A R THT B d THFEERR > RER
HAL ) T BAFEAF o do B 3-4PF T

fog

(e}

40°C =

6 60°C

51 RT \\\m%

4 T T T T T
varied substrate temperature

carrier mobility (xlO'z)

B 3-4 7 ) KA HE U 64 AT AR ik &
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BB P T AR BA A0 AR & AR R B40°CHF > THHFE) 89 T 1R ik

B
Fhaey Tk — T

R— AL B T A

SESPC A

Mobility x 102 Threshold Voltage
{cm2 ¥1s1) Lo 1 L V)
RT. 5.49 6.57 x 10¢ -9.2
40°C 8.49 4.04 x 105 -4.3
60°C 5.88 2.48 x 10° 6.6
80°C 4.60 2.22 x 10° 9.1

FAFRAR M AR WA 2 15 0 RIIENTCDI-OCF B E R LI X SEFH AR S

Mg o B 3-5P7 7

NTCDI-OCF,
F,CO
QO 0
N ' N
o] Q O_@

D% 107

0.0 —
-40 -30 -20 -10 0 10 20 30 40 90
VG

[ 3-5 NTCDI-OCF; # # i 12 5 &

lD-ll

ID x10°®
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FAFID-VG B 14 M43 d-40 VE|50 V » RA1EE R E T 550ViE5]E &8 ID-VDE -
B MR A0 VEIS0 V 0 B4R Bl e — 4 2 E R (0,10,20...50 V) 5] & &5
TUHID-VDE - &8 2R3t H % > ANTCDI-OCF3% £ 69185 TR A BB S Bz
TRk £ 4008 cm’ Vs - ERREAMAMILELIO s THERERLE43V - 1
TUARHFME A B3RS X B AR U R 0 BEAR 38 SURR B AT R 0 JL A R A M R AT
o e e — e kAR

WARFREZEFATEBX TEO4RE SRR A EAREZ F
YhdZ B 6y £ F M o B 3-6 5NTCDI-CF: % ok 3548 X TR0 T 3548 T 4% Tk & 4%
oy BB

FsC,
N ' N
O O
CF3
Top-contact device Bottom-contact device

35]
3.0
25]
20]
15]
101
0.5
A T e A W N -40 -30 -20 -10 D'VG1'0 20 30 40 S0
VG

0% 107

[ 3-6 NTCDI-CF;_E 4545 X, & AR ¥ T 345 X, AR 450

bR EARAT AR G AT TR M 0 3 AT R — B R 4%y E TRk £ 40.1 cm’
V' s o RERASNTCDI-CF; 33 184 # AT HH L fOR T 358 B 455 S aL ik > 4a R oy G
MEFT ZBE R T B A FER % - BRI A% THBXTHETHFH
EFEmEELIx10"em” Vs~ THETAMMIILL10" s ERRERTR LIV -
L dm B i SRR P AT RE I 0 Bp Ak & Bl Aced A MR SRR Lo R AR T
T BT A ER - BB AL AT A THEA B EHNH
B E LR R mEEEAFE N ERIL BRI TR EHF AR BEETA
H A FHFNTCDI-OCF ®#EAWMAE R E ) LA E#Z L 33T i LB
& 3-7 -
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L84,

Top-contact device Bottom-contact device

5

2.0 10
16 10
- 10-7
= 1.2
-8
5; 107 g
o 0.8 108
0.4 0™
o™
0.0 T T T T T T T T ].D- 0.0 ! ¥ ' T T T T T
<40 -30 -20 -10 0 10 20 30 40 SO -40 -30 -20 -10 0O 10 20 30 40 SO
VG VG

/& 3-7 NTCDI-OCF; b 35/ X, & 4 i1 F 3 4% R, & A% A4 14

FEMA TR EEL AT PR > R 0 TR RE I ANTCDI-OCF; %
FNTEBRXEETHEBERNEE 38T FEHRE 5001 cm® V' s~ TH
MM A10° - TR REREA43V - sb—HHER A TFTHBRTETHF L 41
FER LR TR AEER KRB TR SRR LI I LB TETFFER
FEE T RN LG AR BRI E T o ANTCDI-OCF3 & % 69 H # # 1%
T RBMERERRE M FTREALETHEXEEAHEHZE - FpiE A
T HEBXEETHLEHE T 0 NTCDI-OCF; 894 #HF M - & i@ % Xk b Katz#F % 8 # P
# ZNTCDI-CF; » {23tk —Frit o & wmAE 4 #H A4E i T 4508 X B AR A & 484% 0 9188
8945 BLANTCDI-OCF3 % £ 69 % db 88 LA 45 M IUNTCDI-CF34E 5 35 % © S A 35E

T E BRI B AR IR R RA MBI RGBT TEB R TR E R
BEARM > AR T LS F IR IR o
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Organic semiconductor

v

Mobility
Semiconductor (cm? V~'s™") On/off current ratio Threshold voltage (V)
NTCDI-CF; 9.7x10™* 2.3x 10 +11
NTCDI-OCF;  1.6X 1072 8.6 X 10° +5.5

% = NTCDI-CFE;¥i1NTCDI-OCF; & F $: /% X, T 4% T A 45 M

NTCDI-RA # 418 & b 5% ik 4% T R IR 03

M T BAE R T A X B AR AR AR E R AN BB A T R AR
HegE R — B TR A AR AR REEE ST R R TR
ETNAZREMHGTRAR - B3-84 RN BN THEEXTETHFHEAT
w42 o
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Q4
~ ™ IV
= 0.8 ;ii;:
ot ——NTCDI-OCF,) A o)
g 0.6] —o —(QTCDI-CF,) CF,
O
¥ 04/
E 0.2 Emo
Z OO0 0 COOOOO00 0 0000000 0.0 0000000 0 KO0O000 0 0 0

0.0 ; . : ; .
0 2000 4000 6000 8000 10000
Time (s)

Ugh,

3-8 4 TR AT T 4R B

g

Jw B 3-8FF i 0 424 L3N EF R 4 BRI E 0 mAEM A T B A R TR

A TR 28X T > YANTCDI-OCF:4 £ 698 #E T L TR F Fha i
Do R ERMBE IR P ATIE R KB AR EAL R AN THEX TR EHEZ P
£ YANTCDI-OCF3 & £ 69 T2 k0 B AL by » $24) 3530 » NTCDI-OCF; & 18
HHF R T TS Mag kA i fEal - Fikey > Krd
B RF &R T A LA 21 45 B R A AT £ 09ID-VGE B > 4o B 3-9F3-10 :

éﬂ* ﬁ‘*‘
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Square root of Drain Current (A“2 X 10‘3)

NTCDI-CF,

=
o

| —=—Before Stress
| — v —After Stress (release 1 hr)

30
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¥ HE

52 2 1ID-VG
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NTCDI-OCF,

N
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— o —Before Stress
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Perylenetetracarboxylic di-imide-based bottom-contact devices: A study on two kinds of source/drain electrodes, ITO and MoW

ARTICLE INFO ABSTRACT

Keywords: High-performance bottom-contact devices based on an air-stable n-type organic semiconductor
Organic thin-film transistors (OTFTs) N,N-bis(4-trifluoromethoxybenzyl)-perylene-3,4,9,10-tetracarboxylic di-imide, were fabricated, and the
;—Tyl;)e effects of crystal packing on indium tin oxide and molybdenum-tungsten alloy were shown in two differ-
erylene

ent electric characteristics. The estimated work function of indium tin oxide and molybdenum-tungsten

alloy were 4.7 and 5.0 eV. The calculated lowest unoccupied molecular orbital energy level of the organic
material was 3.7 eV. Transistors with indium tin oxide bottom electrodes exhibited a high mobility of
3.37 x 10-2cm? V' s71, an on/off current ratio of 6.5 x 10° and threshold voltage of —4.0V.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Organic thin-film transistors (OTFTs) are the best candidates for
flexible electronic devices. Using organic materials as the semi-
conductor layer has some advantages, such as low-temperature
process, large-area spin coating, inject printing, etc. [1,2]. Pen-
tacene, the hole-transporting material has been widely studied and
can be employed in electronic devices [3,4]. For the purpose of
making power-efficient complementary metal oxide semiconduc-
tor (CMOS) circuits, n-type organic semiconductors must compete
with p-type semiconductors [5]. Most electron-transporting (n-
type) OTFTs cannot operate in air, because they are sensitive
to both oxygen and moisture [6,7]. In recent reports, perylene
and naphthalene-based derivatives have demonstrated that high
mobilities of ca. 0.1-.7 cm? V-1 s~1 can be used as air-stable n-type
materials. In general, OTFTs are fabricated in a top-contact form,
in which the source and drain (S/D) electrodes are defined on top
of the semiconductor layer through a shadow mask [8]. Yoo et al.
reported on high-mobility bottom-contact OTFTs with PDI-8CN,
as n-type organic semiconductors. The device treated with hex-
amethyldisilazane (HMDS) and 1-octadecanethiol (ODT) showed a
mobility of 0.14cm? V-1s-1 [9]. The use of self-assembled mono-
layers (SAMs) which not only caused a lower surface energy of SiO,
(HMDS) but was also employed for ease of charge carrier injection
(ODT). However, the disadvantages of SAMs are that they only occur
in particular chemical regents, and metal gold, silver or mercury can
work with terminal thiol (-SH) groups for example.

We have recently reported N,N-bis(4-trifluoromethoxybenzyl)-
1,4,5,8-naphthalene-tetracarboxylic-di-imide (NTCDI-OCF3) as an
air-stable n-type organic semiconductor in the fabrication of the
bottom-contact device without any surface treatments [10]. The
chemical structure which has been modified by “~CF3” seems to
reduce the contact resistance at the top-electrode/organic film
interface. In order to improve the carrier mobility, the increasing
conjugated system of the center-core, naphthalene tetracarboxylic
di-anhydride (NTCDA) is replaced by perylene tetracarboxylic di-

0379-6779/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.synthmet.2008.08.018

anhydride (PTCDA) [11]. This is an ideal air-stable, n-type material
forinsynthesizing alarger conjugated system through two moieties
of PTCDA and 4-trifluoromethoxybenzyl amine.

In this letter, we fabricate the bottom-contact device with
a new air-stable organic n-type semiconductor, N,N-bis(4-
trifluoromethoxybenzyl)-perylene-3,4,9,10-tetracarboxylic
di-imide  (PTCDI-OCF3). Indium tin oxide (ITO) and
molybdenum-tungsten alloy (MoW) are used as two kinds of
source/drain (S/D) electrodes in our study. Electron mobility of
bottom-contact devices with ITO and MoW as S/D electrodes are
3.37x 1072 and 1.11 x 10-2cm2 V-15s-1, respectively. All measure-
ments are carried out through a semiconductor analyzer HP 4156A

Gc F3
Q}Q

S/D =1TO, MoW

Fig. 1. Schematic diagram of bottom-contact device (channel width/channel
length =500 wm/30 wm) and the chemical structure of PTCDI-OCFs.


http://www.sciencedirect.com/science/journal/03796779
http://www.elsevier.com/locate/synmet
dx.doi.org/10.1016/j.synthmet.2008.08.018

172 Letter / Synthetic Metals 159 (2009) 171-175

= 3.0 _ 10

e mobility =3.37 x 10

- on/off =6.5 x 10 -6

g 254025 £10 @

5 2 20 t107

%

& s E
1.5 F10° =

s Q 10 Q

-

g < 1.0 ST

- ™

= Vd=50V

S 0.0 1

~40 -30 20 -10 0 10 20 30 40 50
Gate Voltage (V)

Fig. 2. Transfer characteristics of ITO-based transistors. Inset shows mobility, on/off
current ratio (on/off), threshold voltage (Vr), source/drain electrodes (S/D) and drain
voltage (Vq).

in air. Fig. 1 shows the chemical structure and the profile of the
bottom-contact device with no surface treatments prior to the
evaporation of the organic semiconductor.

2. Experimental

For bottom-contact devices, glass was used as substrates and
sputtered ITO which served as the gate electrode was patterned
on the top of the glass. The insulator layer was 300 nm thick,
made of plasma-enhanced chemical vapor deposition silicon diox-
ide (PECVD-SiO;). ITO (100 nm) and MoW (100 nm) were chosen
as S/D electrodes for our devices. The defined channel length and
width of both two devices (S/D =ITO, MoW) were 30 and 500 pm.
For complete transistors, the organic material was put into the cru-
cible and thermally deposited through a shadow mask in a high
vacuum chamber. We maintained the substrate temperature at
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test in vacuum (~3 x 10° torr)

Drain Current (A)
)
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Fig. 4. Transfer characteristics of device reliability which were tested in vacuum
environment (3 x 106 Torr). Output drain voltage (V4) was +50V, and gate voltage
swept from —40 to +50V for each test.
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Fig. 8. AFM images (10 pwm x 10 wm) of PTCDI-OCF; deposited on SiO, (A, a), ITO (B, b) and MoW (C, c).
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110°C while PTCDI-OCF3 evaporated. PTCDI-OCF; was prepared
following a modified published procedure [12]. Materials were
purified via gradient-temperature sublimation which we used as
the semiconductor layer.

3. Results and discussion

Most organic n-type devices are fabricated in a top-contact form,
in which the source and drain electrodes are defined on top of
the semiconductor layer through a shadow mask. In our previ-
ous studies, the chemical structure including “~OCF3” was suitable
for bottom-contact devices. Here, the source and drain electrodes
were deposited beforehand on the dielectric layer, and then the
organic layer was allowed to evaporate fully. On this basis, we
synthesized a larger center-core of conjugated system in which
a perylene-core was selected in place of the naphthalene-core.
The performance of the bottom-contact device with ITO as S/D
electrodes showed a high mobility of 3.37 x 102cm2V-'s-1, an
on/off current ratio of 6.5 x 10°, and a threshold voltage of —4.0V.
Improvements of electric characteristics indicated that enlarged
conjugated size allowed increased electron flow and that the low-
est unoccupied molecular orbital (LUMO) was favorable for n-type
organic transistors. Fig. 2 shows the transfer curves of PTCDI-
OCF3, and OTFTs used ITO as S/D electrodes without any further
surface treatments of both SiO, (SAM) and S/D electrodes (plasma-
treatments). We tested reliability of PTCDI-based bottom-contact
devices with a continuing bias. Fig. 3 displays the transfer curves
of the device when operating totally 40 times. Output drain volt-
age (Vyq) was +50V, and gate voltage swept from —40 to +50V
for each test. A threshold voltage shift can be seen in each trans-
fer curve, shifting from the left to right side. We also test the
OTFT device in vacuum environment (3 x 10~6 Torr). As shows in
Fig. 4, output drain voltage and gate voltage were the same as
tested in ambient environment. Gate bias stress caused a shift from
the right to left side. The results can be seen in previous study,
Chestergield et al. have been demonstrated that the common TFT
instability of threshold voltage shift was observed for PTCDI-Cs
OTFTs. The deep accept-like trap states in the organic semiconduc-
tors may result in a threshold voltage shift [13]. The drop in device
on-current appeared to show that the decay of the electric char-
acteristics was mainly damaged by moisture and oxygen from the
environment.

In order to further understand electric characteristics of bottom-
contact devices, we tried another inorganic metal alloy, MoW as S/D
electrodes. OTFTs were fabricated without surface treatments and
showed amobility of 1.11 x 10~2 cm? V-1 s~1, an on/off current ratio
of 2.1 x 10°, and threshold voltage of +1.3V (see Fig. 5). Compared
with the ITO-based device, the MoW-based one displayed lower
ability in operating. In electron-transporting materials, lowering
the work-function of metals to improve the device performance is
the usual strategies for organic devices [14]. A higher work function
was estimated in metal alloy MoW than in metal ITO. Fig. 6 shows
relative energy levels of metal MoW, metal ITO and the organic
semiconductor (PTCDI-OCF3). For electron-transporting OTFTs, S/D
electrodes with low work function, were chosen to reduce the bar-
rier between metal/organic contacts. The threshold voltage of the
ITO-based device is —4V which is less than a MoW-based one
(+1.3 V). The reduced threshold voltage revealed that the carrier
can more easily pass through the metal/semiconductor interface
[7,15]. For the same reason, the ITO-based device also shows higher
on-current and carrier mobility. Furthermore, to obtain energy
levels, the metal work function and the highest occupied molec-
ular orbital (HOMO) of PTCDI-OCF; were measured in open air
by photoelectron spectroscopy with an ultraviolet source (RKI,

model AC-2). The LUMO energy level of PTCDI-OCF3 was calculated
by subtracting the energy band gap of the organic semiconduc-
tor.

Fig. 7 shows peaks of X-ray diffraction collected from organic
solid-films on the substrate of SiO,, ITO and MoW, respectively.
The intensity of the first diffraction peak growing on SiO, and
metal ITO was much stronger than that grown on metal MoW.
Fig. 8 shows surface morphology of PTCDI-OCF; deposited on the
SiO,, ITO, and MoW. Semiconductors grow on the SiO,, ITO, and
MoW, were showed surface roughness of 12.8, 9.46 and 4.06 nm,
respectively, estimated through atomic force microscopy (AFM,
Digital Instruments Nanoscope). When PTCDI-OCF3; was deposited
on the surface of SiO, and ITO, larger grain growth could be found
in AFM images (Fig. 8(A, a) and (B, b)). Fig. 8(C, c), however,
shows the flat film packing which conforms the low X-ray diffrac-
tion. In our experiments, although the varied morphology which
appeared in different metal substrate, metal work function seems
to employ the major component to the electric characteristic of
OTFTs.

4. Conclusions

In summary, we have demonstrated bottom-contact
OTFTs with an air-stable organic semiconductor, N,N-bis(4-
trifluoromethoxybenzyl)-perylene-3,4,9,10-tetracarboxylic
di-imide. High mobility of the ITO-based transistor and the
MoW-based transistor were, respectively, 3.37 x 10~2 and
111 x 1072cm2V-1s-1. The on/off current ratio of two OTFTs
was more than 10°. We found that different work functions of
S/D electrodes directly influence electric characteristics in device
performance. For electron-transporting materials, the metal elec-
trode that has low work function can be chosen as source/drain
electrodes in OTFTs.
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We investigated bottom-contact organic thin-film transistors based on n-benzyl naphthalene 1,4,5,8-tetracarboxylic diimides. The
electrical characteristics were tested in both air and vacuum environments. n-Type semiconductors which are modified by fluori-
nated imide can be operated in ambient environment. The close packing of the fluorinated ester imide group leads to carrier
mobility as high as 1.6 X 1072 cm? V! s7!. The short distance between each molecule can be found via a single-crystal structure.
© 2009 The Electrochemical Society. [DOI: 10.1149/1.3109597] All rights reserved.
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Organic thin-film transistors (OTFTs) are the best candidates for
flexible electronic devices. Using organic materials as the semicon-
ductor layer has some advantages, such as a low- temperature pro-
cess, large-area spin coating, inject printing, etc.'” Pentacene, the
hole-transporting material, has been widely studied and can be em-
ployed in electronic devices.>* In previous studies, organic semicon-
ductors which were synthesized by the perfluorinated group were
shown to serve as efﬁcrent organic n-type semiconductors and im-
prove device performance Compared with organic p-type semicon-
ductors, organic n-type semiconductors for practical application are
unusual and difficult to develop. Some of the n-type devices can
only be measured in vacuum or under an inert system. 57 In ambient
environment, O, and moisture can act as electron traps which di-
rectly damage the OTFTs. Katz et al. demonstrated that air-stable
n-type transistors based on NTCDI (N-substituted naphthalene-
1,4,5,8- tetracarboxyhc dnmlde) derivatives, and w1th a high mobil-
ity of 0.01-0.1 cm? V~! 57!, were measured in air. 8 In their studies
it was found that ﬂuorinated side groups may operate with high
mobility, more than 0.1 cm? s7! V7l in air.

Most OTFTs devices are fabricated in the top-contact configura-
tion, which shows better device performance than those in the
bottom-contact ones. However, OTFTs of the bottom-contact device
are the best candidates in integrated circuit design. In the bottom-
contact device, the morphology of the organic film seems to influ-
ence the characteristic of OTFTs. Dholakia et al. demonstrated that
contact resistance of organic films grown on metal electrode and on
Si0, will merge with the molecules oriented orthogonally, creating
an additional film grain boundary.9

In this study we synthesize four n-type organic semiconductors
and compare their device performance. All OTFTs were fabricated
in the bottom-contact configuration without any further surface
treatment (source/drain electrodes or dielectric surface), and device
measurements were carried out both in air and vacuum environ-
ments. A high mobility of 1.6 X 1072 cm? V~! s~! and good air sta-
bility with N,N-bis(4-trifluoromethoxybenzyl)-naphthalene-1,4,5,8-
tetracarboxylic-diimide (NTCDI-OCF;) were also found.

Experimental

We take a synthetic process of NTCDI-OCF; as a reference, and
the others are synthesized through the same procedure. A mixture of
1.50 g (5.59 mmol) of 1,4,5,8-naphthalene-tetracarboxylic dianhy-
dride, 2.67 g (13.98 mmol) of 4-(trifluoromethoxy)benzylamine,
and 10 g (0.14 mol) of imidazole was heated at 100°C for 30 min;
then the temperature was increased to 110°C for 12 h under inert
environment. The crude mixture was put into dilute hydrochloric

* E-mail: Thchan@ncnu.edu.tw

acid. Furthermore, the precipitate was filtered, washed with deion-
ized water, and dried under vacuum at 80°C. The remaining solid
was purified at least twice by gradient temperature sublimation. All
chemical reagents were purchased from Alfa Aesar, Acros Organics,
and Tokyo Chemical Industry Co. and were used without further
purification. Figure 1 shows the chemical structures of compounds
(), (b), (c), and (d).

A scheme of the bottom-contact OTFT device which we investi-
gate here is shown in Fig. 2. The 100 nm thick indium tin oxide
(ITO) as a bottom gate electrode was sputtered and patterned on a
glass substrate. A 300 nm silicon dioxide was deposited by plasma-
enhanced chemical vapor deposition for deriving the gate dielectric
layer. In the bottom-contact device, ITO was sputtered on the insu-
lator surface as the bottom electrode. The defined channel length and
width were 30 and 500 pm, respectively. In our work, the organic
materials were thermally evaporated in a high-vacuum chamber
(1077 Torr) with the optimum substrate temperature. In order to get
well-packed organic film, the deposition process is maintained at the
temperature of 40°C for NTCDI-OCF;, of 70°C for NTCDI-OCHj;,
of 80°C for NTCDI-CF;, and of 90°C for NTCDI-CH3s, respectively.
The evaporative rate was 0.05 nm/s, and the film thickness (80 nm)
was monitored through a quartz crystal oscillator.

Results and Discussion

A number of previous studies have demonstrated that organic
devices are sensitive to oxygen, particularly organic n-type
semiconductors.'®!! To further 1nvest1gate efficient and air-stable
organic n-type materials, we prepared a series of NTCDI-based mol-
ecules: compound (a) is modified by —CH3; compound (c) is modi-
fied by —OCHj3. Compounds (b) and (d) are the perfluorinated func-
tional group in which atom fluorine is modified in place of hydrogen
[-CF; (b) and —OCF; (d)]. We fabricated four NTCDI-based
bottom-contact OTFTs which were measured, in both air and

K©/ CF; OCH3 (©/OCF3

Oy N ONO ONO Oy N _O
(0] 07 N 70 0" N 70

ﬁ

a

15 ey

H;CO

b

Figure 1. Chemical structures of naphthalene-based n-type semiconductors.
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Organic

Figure 2. Structure of the bottom-contact device geometry used for devices
in this study. ITO is used as source/drain and gate electrodes.

vacuum environments, respectively. Figure 3 shows the device per-
formance of compounds (a) and (b). We found that the device using
compound (a) as the active layer works only at the first operation
and output current decays rapidly when operated twice or more.
Figure 4 shows the rapidly decreased current of the transistor. How-
ever, the device with compound (b) as the active layer operated
more stably in air and decreased carrier mobility, which is obtained
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Figure 3. (Color online) Transfer characteristics of bottom-contact devices
with NTCDI-CHj; [compound (a)] and NTCDI-CF; [compound (b)]. Devices
are tested in air and vacuum environments, respectively.
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Figure 4. (Color online) Transfer characteristics of the device with
NTCDI-CHj tested in air.

in air to the same order as is measured in a vacuum. A similar result
is shown in Fig. 5; compound (c) is not modified by fluorinated
species which use an active layer that cannot be operated more than
once in ambient environment. Comparing the decrease in on-current
with compound (c) and (d) in Fig. 5, it seems not to be consistent to
the decrease in carrier mobility (Table I). This is because the on-
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Figure 5. (Color online) Transfer characteristics of bottom-contact devices
with NTCDI-OCHj; [compound (c¢)] and NTCDI-OCF; [compound (d)]. De-
vices are tested, in both air and vacuum environments, respectively.

Downloaded 13 Dec 2009 to 140.113.39.164. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



H216

Electrochemical and Solid-State Letters, 12 (6) H214-H217 (2009)

Table 1. Electrical characteristics of each NTCDI-based bottom-
contact device tested in both air and vacuum environments.

Mobility in air

Mobility in vacuum

(em? V7! s7h (em? V7157
Compound (a) 1.0 X 1073 4.1 x 1073
Compound (b) 1.4 X 107° 3.6 X 107*
Compound (c) 33 x 10713 1.1 x 107!
Compound (d) 1.6 X 1072 3.2 X 1072

current is not the only reason which influences the carrier mobility.
The threshold voltage (V) of the transistors is also an important
issue. Similar results have been previously reported.lz’13 The air-
stable device is also found when OTFTs use fluorinated compound
(d) as the organic semiconductor. Electron-transporting materials
would easily form the trap because of the moisture and oxygen. The
existing trap state decreases the device’s performance, and the im-
purity even damages the organic semiconductor. Moreover, the shift
of V, in vacuum and in air which results from the deep acceptor-like
trap states in the organic semiconductors, and this may result in a
threshold voltage shift. Katz et al. claimed that closer molecular
packing could be found when a fluorinated alkyl chain functions as
an imide group, and strong electron-withdrawing groups result in
close arrangement and highly crystalline structure.

In recent studies we note that changing the imide group of
NTCDI derivatives could also modify the orientation of molecular
packing. In its chemical structure, the steric effect plays an impor-
tant role in molecular arrangement. We assume that the ester group

Figure 6. (Color online) Single-crystal structure of NTCDI-OCF; [com-
pound (e)].
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Figure 7. Transfer characteristics of top-contact devices with NTCDI-OCF;
(ITO used as the gate electrode and gold used as source/drain electrodes).

would serve as a soft and flexible component with greater possibility
of denser packing. Figure 6 shows the single-crystal structure of
NTCDI-OCF; [compound (d)]. The X-ray diffraction measurements
of the vapor-deposited thin films on the SiO, correspond well with
the reflections from the single-crystal data. The calculated d-spacing
of 20.1 A is quite similar to the estimated value of the single-crystal
structure, confirming that the molecule is perpendicular to the sur-
face of SiO,. The shortest distance from one atom to an adjacent one
is 1.21 A, and this short distance can act as passivation to avoid
moisture and oxygen. Electrical characteristics of NTCDI-OCF;
based OTFTs exhibit good air stability, and we are excited about a
high mobility of ca. 1.6 X 1072 cm?> V! s7! (estimated by bottom-
contact devices). As mentioned previously, even with the use of the
same organic semiconductor, the performance of a bottom-contact
device could not equally display the electrical properties as did the
top-contact device. As indicated in previous research, the mobility
of top-contact devices made from NTCDI-CF; [compound (b)] that
use gold as the top electrode was 0.12 cm? V! s7!. Our repetition
of this test returned similar results; the calculated mobility was
0.1 cm? V~! 571, However, we found that the performance of the
NTCDI-CF3-based OTFTs dropped off in the bottom-contact form
(ca. 1 X 1073 ecm? V-1 s71). Although the NTCDI-OCF; [com-
pound (d)] top-contact device showed a slightly lower mobility (Fig.
7) than previously tested, 0.08 cm?> V™! s7!, the transistor of the
bottom-contact device showed excellent carrier mobility (ca. 1.6
X 1072 cm? V~! s71). Recently, we also found that NTCDI-OCF;
based OTFTs exhibited good stability after performing bias-stress
test for a period of time. * In order to avoid moisture and oxygen,
resulting in extra trap states which influence the device performance,
all bottom-contact devices are tested in a vacuum environment.
Table I shows the electrical characteristics of bottom-contact OT-
FTs.

Conclusion

In summary, we have synthesized a series of organic n-type
semiconductors and tested bottom-contact OTFTs in both air and
vacuum environments. To develop efficient organic n-type semicon-
ductors, fluorinated imide groups could help to increase the air sta-
bility of NTCDI derivatives. We also found that a chemical structure
with fluorinated ester imide groups results in close molecular pack-
ing, which may be the reason for good performance in the bottom-
contact device. The single-crystal structure of NTCDI-OCF; can
indicate the short distance between each molecule; a high electron
mobility of 1.6 X 1072 cm? V! 57! is obtained by bottom-contact
OTFTs.
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