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in organic light-emitting field-effect transistors

Takahito Oyamada, Hiroyuki Sasabe, and Chihaya Adachi®
Department of Photonics Materials Science, Chitose Institute of Science and Technology (CIST),
758-65 Bibi, Chitose, Hokkaido 066-8655, Japan

Suguru Okuyama and Noriyuki Shimoji
New Material Device R&D Center, Rohm Co., 21 Saiin Mizosaki, Ukyo, Kyoto 615-8585, Japan

Kazumi Matsushige
International Innovation Center (IIC), Kyoto University, Yoshida-Honmachi, Sakyo, Kyoto 606-8501, Japan

(Received 11 November 2004; accepted 17 January 2005; published online 24 February 2005

We succeeded in observing electroluminesce(ifie) of 2,4-big4-(2’-thiophene-ylpheny)thio-
phene(TPTPT) as an active layer in an organic field-effect transi®OFET). In particular, an
OFET with a short channel afsp=0.8 um demonstrated higher EL efficiency than one with a much
longer channeldgp=9.8 um). We observed a maximum EL quantum efficieney,,,) of 6.4

X 1072 % in the short-channel-length device at an applied source-drain voltagg=6f100 V and

a gate voltage ofVy=—-40V. From the OFET characteristics, although the TPTPT layer
demonstrated typicad-type operation, the occurrence of EL clearly indicated simultaneous hole and
electron injection from the source and drain electronics, respectively, undevhadV,. © 2005
American Institute of PhysicDOI: 10.1063/1.1870105

Research on organic field-effect transist@@~ET9 us-  tive layer in an OFET. We focused on TPTPT since the oli-
ing organic semiconductor material¥ accelerated after a gothiophene derivatives, both as single crystals and thin
series of articles by Schdh™* Although most of these ar- films, have been widely studied as a potential FET
ticles were eventually withdrawn, the ideas he containednaterial’ ™’ However, to date there have been no reports of
acted as a catalyst for advances in OFET research. In paEL using these thiophene derivatives. Here, we investigated
ticular, reports on organic light-emitting FETOLEFETY9  the OLEFET characteristics of TPTPT using different chan-
using an oligo-thiophene derivative,a-sexithiophene nel lengths(dsp=0.8 and 9.8um) between the source and
(a-6T),*10 stimulated great interest because they have arain electrodes and found that the OLET characteristics
variety of potential applications in light-emitting devices, or- were strongly dependent on channel length.
ganic integrated circuits for optical interconnections, and or-  Figure Xb) shows a schematic view of the structure of
ganic laser diodes. the fabricated OLEFET device. A highly doped-Si (100

Recently, there have been several important findings omwafer with a 320-nm-thick Si@layer (C;=1.18x 108 F)
electroluminescenc¢EL) in OFETs. Heepet al. reported  was used as a gate electrode. Bottom-contact-type source and
electroluminescencéL) from a bottom-contact-type OFET drain electrodes composed of (G5 nm/Au(50 nm were
with a bengb]anthracendtetracencgpolycrystalline film as  formed on the Si@n*-Si layer using conventional photoli-
an active layer under a so-callgetype driving conditior? thography and lift-off technique@.The channel lengths be-
demonstrating double injection of holes and electrons from
source and drailtSD) electrodes. Ahlegt al. observed EL
from poly(9,9-diethylhexyl-fluorene (PF2/§ in a similar (@)
OFET structuré® Both letters suggested that considerable
electron injection was produced by a high electrical field
between the organic layer and an under-etched Au drain elec-

trode, which induced a strong electrical field for electron L=0.8 pm, 9.8 pm

injection. In addition, Misewiclet al. observed emission of ®) Weimm "

infrared light from an ambipolar FET using a carbon nano- — —

tube as an emittéf. More recently, Sakanoust al. also suc- g

ceeded in observing EL from a bottom-contact-type OFET Source | (80 nm) Drain f—Au (50 nm)
using poly2-methoxy-5¢2’-ethylhexyloxy-1,4-phenylene - Cr (1 nm)
vinyleng] as an active layer, demonstrating that asymmetric $10, (320 nm) o i
source-drain electrodes of Al/Au greatly enhance EL sy

emCIenCy'l5 Carrierlrecombination and

In this study, we demonstrated EL of 2,4{dig2’- exciton formation region
thiophene-ylpheny)thiophene[ TPTPT, Fig. 1a)] as an ac-
FIG. 1. (a) Molecular structure of TPTPT() structure of organic light-
emitting field-effect transistofOLEFET). The area of carrier recombination
dauthor to whom correspondence should be addressed; electronic ma#nd exciton formation used in the calculation of light out-coupling effi-
c-adachi@photon.chitose.ac.jp ciency is indicated by a circle.
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FIG. 2. Drain currently) vs drain voltagdV,) characteristics depending on
channel length between source and drain electrodigs; 9.8 um (a) and

0.8 um (b), in OLEFETs with TPTPT layer as active layer. Various gate

voltages(Vy), 0 V (O), =20 V (A), —40 V (V), —60 V (), =80 V (<)
and —100 V (>), were applied in these devices.

tween the source and drain electrodes were 0.8 ang.9.3

with a width of 1 mm. After the photolithography process,
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FIG. 3. LuminanceL) vs drain voltage(V,) characteristics depending on
channel length between source and drain electrodigs; 9.8 um (a) and
0.8 um (b), in OLEFETs with TPTPT layer as active layer. Various gate
voltages(Vy), 0 V (O), =20 V (A), =40 V (V), =60 V (<), =80 V (<)
and —100 V (>>), were applied in these devices.

respectively. First, we discuss the FET characteristics of the
latter device(b). The OLEFET withdgp=0.8 um (b) showed
pronounced light emission with a maximum light intensity of
over 50 000 CPS, which was5 times higher than that of

the substrate was degreased with acetone and isopropanfk other devicéa), indicating that the application of a high
and cleaned before being loaded into a evaporation systengjectrical field approaching: MV/cm greatly enhanced the
An 80-nm-thick TPTPT film as an active layer was depositede|ectron injection efficiency. From the onset of the EL, elec-

on the Au electrodes in a vacuum afL X 1073 Pa.
All measurements were carried out in a vacuunrdf

tron injection started above the threshold voltagg~
-50 V, although there was no noticeable change in the

% 1073 Pa at room temperature. The dependence of the drain-v, characteristics arounty~-50 V, as shown in Fig.

current(ly) drain voltage(Vy) luminance(L) characteristics

2(b). We also observed an increase in light emission with

on the gate voltageV,) were measured using a HP4145 increasingv,. Appreciable EL was observed with\g higher
semiconductor parameter analyzer with the quantum effithan —40 V. It increased steeply with the highty, indicat-
ciency directly obtained by centering a highly sensitivelying that the application o/, intensified the local electrical

calibrated photon countédHAMAMATSU, C767) on to the
OLEFETSs. TheVy was scanned from 10 te 100 Vin =1V
steps and th&/; was scanned from 0 te-100 V in —20 V
steps.

Figure 2 shows the dependence of thd/, characteris-
tics on both channel lengthggn=9.8 um (a) and 0.8um
(b), respectively. The OLEFET wittlsp=9.8 um (&) showed
typical unipolar FET characteristics. ThgV, characteris-
tics showed linear behavior in the lovy region(=-30 V)
and typical saturation behavior in the higfy region (=
—-40 V), indicating the formation of a pinch-off region near
the drain electrode under saturation conditiofig;=
-40 V). However, the OLEFET with a short channd)
demonstrated unusug}-Vy characteristics. Théy progres-

field in the vicinity of the drain electrode, leading to the
enhancement of electron injection. In the case daf
=9.8 um, on the other hand, the onset voltadg, of EL
was observed around/y~-40V, which almost corre-
sponded to the turning point from the linear to the saturation
region as shown in Fig.(2d), indicating that electron injec-
tion began after the formation of the pinch-off region.
Figure 4 shows the dependence of the external quantum
efficiency (7e4)-Vy characteristics on the channel length,
dsp=9.8 um (a) and 0.8um (b), respectively.z,,; gradually
increased with increasing, in all the devices. The OLEFET
with the short channel lengttdsp=0.8 um) (b) showed a
maximum 7y of 6.4X 107%%, which was~9 times higher
than that of the other devida), indicating that the formation

sively increased and no saturation behavior was observeof the short SD length significantly enhanceg,; due to
even withVy=-100 V. Here, we suggest that a very high efficient electron injection from the drain electrodg, also

electrical field approaching-1 MV/cm, corresponding to
the electrical field in which conventional organic light-

progressively increased with an increas&/jn Since TPTPT
shows p-type FET characteristics, the major carrier in the

emitting diodes(OLEDs) operate, was applied between the TPTPT layer is holes and the electron injection efficiency

source and drain electrodes in the devitg when V4~

probably increased with increasing,. In addition, we ob-

-100 V, although the maximum electrical field between theserved that the OLEFET witllgp=0.8 um (b) showed a

source and drain electrodes was oal).1 MV/cm in the

other devicega). Therefore, it is probable that the high elec-

trical field significantly modified the energy barrier in the

pronounced decrease #y,; with increasingVy. This behav-
ior could be related to exciton quenching by the high elec-
trical field!® or exciton annihilation under the high current

vicinity of the drain electrode, leading to efficient electron density?o This issue is being given further consideration.

injection and carrier recombination in the pinch-off region.
Figure 3 shows the dependence of th&, characteris-
tics on the channel lengtldgy=9.8 um (a) and 0.8um (b),

Here, we discuss the possible mechanism of electron in-

jection in the OLEFETSs. Our results clearly demonstrated

electron injection from an Au electrode, which is usually an
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FIG. 4. External quantum efficiendyy,,) vs drain voltagegV,) character-
istics depending on channel length between source and drain electrod
dsp=9.8 um (a) and 0.8um (b), in OLEFETs with TPTPT layer as active
layer. Various gate voltage¥,), —40 V (V), =60 V (¢), —80 V (<) and
—100 V (>), were applied in these devices.
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~6%, and assuming an exciton-generation efficietwgy of
~25% due to the singlet exciton characteristics of TPTPT,
we obtained a maximury of ~0.6% indsp=9.8 um and
~5% in dgp=0.8 um, suggesting that the electron injection
efficiency was still very low.

In summary, we observed EL from an OFET with a
TPTPT layer as the active layer. We demonstrated a signifi-
cant improvement in electron injection and EL efficiency by
using a short channel length d§;=0.8 um in a FET struc-
ture. However, this electron-injection efficiency was still low
compared with the hole-injection efficiency. In a subsequent
study, we demonstrate that,; can be improved significantly
by selecting appropriate organic materials and altering the
source and drain electrodes configuration.

This work was supported by the Integrated Industry Aca-
demia PartnershifdlAP), Kyoto University International In-
novation Center. The authors especially acknowledge Dr. T.
Komatsu for calculation of the light out-coupling efficiency
€8nd Professor Masaki Shimizu for the preparation of TPTPT.
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