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ABSTRACT: In this study, multilayered, organic-based light-
emitting transistors (OLETs) were produced and characterized.
The neutral cluster beam deposition method was applied to
successively deposit organic semiconducting layers of pentacene,
4,5-di(9H-carbazol-9-yl)phthalonitrile (2CzPN) doped onto 1,3-
bis(N-carbazolyl)benzene (mCP), and 1,3,5-tris(1-phenyl-1H-
benzimidazol-2-yl)benzene (TPBi) as the hole-transport, emissive,
and electron-transport layers, respectively. The effects of drain
electrodes (Au or Li/Al) and TPBi on the device performance were
examined under ambient conditions. The bilayered pentacene
(bottom, 50 nm)/mCP:2CzPN (top, 50 nm) and trilayered pentacene (bottom, 50 nm)/mCP:2CzPN (middle, 50 nm)/TPBi
(top, 10 nm) OLETs demonstrated both electrical switching functionality and control of electroluminescence (EL) in air. In
particular, the EL intensity (IEL) was significantly enhanced in the asymmetric bilayered devices adopting a low work function
Li/Al drain electrode owing to the lower electron injection barrier. The operating light emission mechanisms responsible for the
observed EL and recombination zone were discussed with the aid of photographic images provided by a charge-coupled device
camera.

■ INTRODUCTION

Organic light-emitting transistors (OLETs) have attracted
considerable attention for their potential applicability to new
organic-based optoelectronic devices.1−6 OLETs are multi-
functional optoelectronic devices that combine the light
emission characteristic of organic light-emitting diodes
(OLEDs) with the electrical switching property of organic
field-effect transistors (OFETs) into a single device.7−9 An
OLET circuit design can be utilized not only to decrease the
number of parts required but also to fabricate highly integrated
optoelectronic devices through a simple and inexpensive
process.10−12

The first reported tetracene-based OLETs were operated in
the unipolar mode.1 In the device configuration, however,
imbalanced carrier injection and transport existed because of
the electron tunneling from the drain electrode to the tetracene
active layer. Severe unfavorable exciton quenching at the
interface was inevitable. As in OLEDs, facile injection and
transport of majority carriers (holes/electrons) are crucial
requirements for generating electroluminescence (EL) in
OLETs. Different methods to improve carrier injection and
transport have been developed. For example, strategies such as
interface modification, adopting asymmetric electrodes, and
synthesis of new electron-transport materials with high
mobility have been reported.13−17 Efficient injection of both
hole and electron carriers has been accomplished using
asymmetric electrodes made from low and high work function
(WF) metals.13,14,18,19 Materials such as electron-transporting

tris(8-hydroxyquinoline) aluminum (Alq3), bathophenanthro-
line, and 1,3,5-tris(1-phenyl-1H-benzimi-dazol-2-yl)benzene
(TPBi) reduce the potential energy barrier between the
emission layer and the injection electrode and also act as a
hole-blocking layer at an appropriate energy level compared to
the emissive layer, leading to an improvement of the EL
performance of the devices.20,21

In fabricating OLETs, different schemes have been proposed
including single ambipolar materials, co-evaporation of two
unipolar materials, and multilayered structures.22−26 Among
the approaches, the majority of the cases of OLETs based on a
single component and blending experienced difficulties
achieving balanced injection and carrier transport. Although
there is growth incompatibility and a physical separation
between the transport layers, OLETs adopting bi- or trilayered,
heterojunction-based configuration have demonstrated im-
proved carrier injection and transport, resulting in high
external quantum efficiency, carrier mobility, and current on/
off (Ion/Ioff) ratio.

2,16 This has been well-demonstrated through
several studies of multilayer-based OLETs using thiophene and
perylene in recent years. In particular, in the authors’
investigation on α,ω-dihexylsexithiophene (DH6T)/P13-
based OLETs, the charge transport and light emission
demonstrated a close agreement with the recent simulation
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studies performed by Li and Kwok.27 However, synthesizing
materials with high carrier mobility and sufficient photo-
luminescence (PL) remains limited. Furthermore, efficient
charge transport, effective recombination of electrons and
holes, and Ion/Ioff are required to be more useful in display
applications.15

Most of the previous measurements were carried out either
under an inert atmosphere or in a vacuum as most organic
materials are sensitive to moisture and oxygen that penetrate
the channel region.6−8,13,18,28 Device parameters such as
mobilities deteriorate with time, and therefore, the OLETs
do not show reproducible device characteristics and opera-
tional stability, as shown in the measurements of 2-(4-
pentylstyryl) tetracene-based OLETs conducted by Cicoira
et al.29

In this paper, the fabrication and characterization of
multilayered, heterojunction-based OLETs are presented.
Pentacene and 4,5-di(9H-carbazol-9-yl)phthalonitrile
(2CzPN) doped onto 1,3-bis(N-carbazolyl)benzene (mCP)
were successively deposited as p-type and n-type materials,
respectively. In particular, dopant 2CzPN is known as an
efficient blue fluorophore.31 To improve the injection of
electrons, Li/Al and TPBi were also used as a low WF
electrode and an electron-transport layer, respectively. The
molecular structures and relative energy levels (in eV) are
displayed in Figure 1. The highest occupied and lowest
unoccupied molecular orbitals (HOMOs and LUMOs,
respectively) of pentacene, 2CzPN, mCP, and TPBi are
estimated to be (−5.0, −2.9), (−5.8, −3.0), (−6.1, −2.4), and
(−6.2, −2.7), respectively.28,31,32 The energy levels are well-
matched to inject carriers and form singlet excitons for efficient

light emission. The deposition scheme employed herein is the
authors’ self-made neutral cluster beam deposition (NCBD)
apparatus described in detail elsewhere.6−8,13,18,28,33−35 The
unique advantages of the NCBD method in growing films are
enhanced packing density, crystallinity, room-temperature
deposition, and surface morphology, which cannot be achieved
using other vapor deposition and/or solution-processing
techniques.
Herein, focus is first placed upon the morphological,

structural, and luminescence characterization of the organic
active layers by microscopy, diffraction method, and
luminescence spectroscopy. Different device parameters were
derived from the current−voltage (I−V) and current−
voltage−light emission (I−V−L) characteristics of the
OLETs obtained in air. The heterojunction-based OLETs
exhibited acceptable device performance and EL near the drain
electrode. The conduction and light emission mechanisms in
action for the observed EL are discussed based on the charge-
coupled device (CCD) photographic images.

■ EXPERIMENTAL SECTION
A schematic view of multilayered, heterojunction-based
OLETs with a top-contact, long-channel geometry is displayed
in Figure 2: bilayered devices with symmetric (Au only) and
asymmetric (Au and Li/Al) electrode configurations called
devices A and B, and trilayered OLETs with a third TPBi layer
with symmetric and asymmetric electrode configurations called
devices C and D. The four types of devices were fabricated to
clarify the functions of the symmetry of the electrodes and an
additional TPBi layer for the I−V and I−V−L characteristics.
All OLETs were fabricated using thermally grown SiO2 (300
nm) on a highly n-doped Si wafer.
All OLETs were fabricated using thermally grown SiO2 (300

nm) on a highly n-doped Si wafer. SiO2 and n-doped Si wafer
were used as the gate dielectric layer and gate electrode,
respectively. A successive cleaning procedure was applied to
the SiO2 gate dielectrics to improve the device performance:
ultrasonic cleaning with acetone, hot trichloroethylene, HNO3
(20%), methanol, deionized water, and then blowing with dry
N2 followed by UV (254 nm) treatment for 15 min.13

A layer of 50 nm of pentacene (Sigma-Aldrich Co.) as a
hole-transport layer was deposited at an evaporation rate of
0.7−1.0 Å/s in a high vacuum of 6 × 10−6 Torr using a
custom-made NCBD apparatus. mCP and 2CzPN (LUMTEC
Co.) as electron-transport and emissive dopant layers were co-
deposited to a thickness of 50 nm directly on top of the
pentacene layer. For devices C and D, 10 nm of TPBi
(LUMTEC Co.) as an electron-transport layer was then
evaporated on top of the mCP:2CzPN layer. For the source
and drain electrodes of symmetric devices A and C, Au was
evaporated on top of the mCP:2CzPN layer and TPBi at a
deposition rate of 2.5 Å/s with a thickness of 50 nm by a
shadow mask. For asymmetric devices B and D, Au and Li/Al
were successively deposited at a rate of 2.5 Å/s for the Au
electrode with a thickness of 50 nm and at a rate of 3.5 Å/s for
the Li/Al electrode with a thickness of 70 nm. The channel
length (L) and width (W) of the OLETs were 200 μm and 10
mm, respectively.
The morphology and crystallinity of the thin films grown on

the dielectric substrates were scanned utilizing atomic force
microscopy (AFM) (PSI Co.) and X-ray diffraction (XRD)
(Rigaku Co.). The PL spectra of the thin films were acquired
using an F7000 (Hitachi Ltd.) instrument. An optical probe

Figure 1. Molecular structures of (a) pentacene, (b) mCP, (c)
2CzPN, and (d) TPBi. (e) Energy-level diagram for Au electrode/
pentacene (bottom)/mCP:2CzPN (middle)/TPBi (top)/Au or Li/Al
electrode (units in eV).
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Figure 2. Bi- or trilayered, heterojunction-based OLETs with top-contact geometry: (a) device A, (b) device B, (c) device C, and (d) device D.

Figure 3. X-ray diffractograms and AFM micrographs (insets: 5 × 5 μm2) for (a) pentacene, (b) mCP:2CzPN, (c) TPBi, (d) pentacene (bottom)/
mCP:2CzPN (top), and (e) pentacene (bottom)/mCP:2CzPN (middle)/TPBi (top) thin films deposited on SiO2 substrates at room temperature.
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linked to an HP4145B and an 818-UV Si photodiode equipped
with an 1830 C power meter (Newport Co.) were used to
obtain the I−V and I−V−L plots of the OLETs in air. The EL
photographic images of the OLETs were captured by a CCD
camera (Q Imaging Co.) fixed on an optical microscope.

■ RESULTS AND DISCUSSION

Comparative Analysis of Thin Films. Comparative
characterization of the surface morphological and structural
properties for different thin films deposited on top of SiO2
substrates at room temperature was examined using AFM and
XRD. The topographic two-dimensional AFM images of the
single-layered pentacene (50 nm), mCP:2CzPN (50 nm),
TPBi (50 nm), bilayered pentacene (bottom, 50 nm)/
mCP:2CzPN (top, 50 nm), and trilayered pentacene (bottom,
50 nm)/mCP:2CzPN (middle, 50 nm)/TPBi (top, 50 nm)
films were observed by running section analyses over 5.0 × 5.0
μm2 in a noncontact mode, as displayed in Figure 3. All five
films exhibited pin-hole free, complete coverage, and the
average root-mean-square roughness (Rrms) values for the
pentacene, mCP:2CzPN, TPBi, pentacene/mCP:2CzPN, and
trilayered pentacene/mCP:2CzPN/TPBi films were measured
to be 6.8, 0.18, 0.91, 0.32, and 0.24 nm, respectively. The
observed low Rrms values for the films deposited using the

NCBD scheme indicated that the weakly bound cluster beams
of organic semiconducting molecules undergo efficient
fragmentation into energetic individual molecules to form
uniform and highly packed films without the requirement for a
thermal annealing process.
The XRD diffractograms of the single-layered pentacene (50

nm), mCP:2CzPN (50 nm), TPBi (50 nm), bilayered
pentacene (bottom, 50 nm)/mCP:2CzPN (top, 50 nm), and
trilayered pentacene (bottom, 50 nm)/mCP:2CzPN (middle,
50 nm)/TPBi (top, 10 nm) films deposited on the SiO2
substrates in Figure 3 were obtained in a symmetric reflection,
coupled (θ−2θ) mode (0.154 nm Cu Kα radiation). As
indicated in Figure 3a, several multiple-order diffraction peaks
were observed in the pure pentacene films. The sharp first-
order peak and distinct three higher order peaks can be
matched to a sequence of (00l) reflection lines with multiple d
spacings on the basis of the crystallographic parameters of
pentacene: the four reflection peaks located at 5.9°, 11.6°,
17.4°, and 23.1° are equal to 15.0, 7.6, 5.1, and 3.9 Å, which
correspond to the highly ordered triclinic pentacene film. In
the cases of single-layered mCP:2CzPN and TPBi films grown
on SiO2, as displayed in Figure 3b,c, there were no peaks,
indicating that the films were amorphous.36,37 In the cases of
the bi- and trilayered films in Figure 3d,e, the diffractograms

Figure 4. Normalized PL spectra of single-layered (a) mCP, (b) 2CzPN, (c) TPBi, and (d) mCP:2CzPN with the excitation wavelength (λex) of
290, 330, 312, and 290 nm. (e) Bilayered pentacene/mCP:2CzPN and (f) trilayered pentacene/mCP:2CzPN/TPBi layers with λex of 290 nm.
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displayed a simple feature composed of lower signal-to-noise
ratio and distinct individual peaks from only the bottom
pentacene films. Preparation of smooth, continuous crystalline
pentacene films results in favorable hopping of the majority
charge carriers between the well-packed grain crystallites,
which is essential in devising high-performance, heterojunc-
tion-based OLETs.
The PL spectra of the different films were monitored using a

laser radiation with an excitation wavelength (λex) in the region
of 290−330 nm. The typical normalized PL spectra of single-
layered films of mCP, 2CzPN, and TPBi are displayed in
Figure 4a−c; the PL peaks were located approximately at 351/
366, 502, and 385 nm, respectively.30,38 A pentacene film is
known to exhibit no fluorescence in the condensed phase.17 In

the cases of the 2CzPN-doped mCP and multilayered films
displayed in Figure 4d−f, only one blue emission peak
positioned near 480 nm was observed. Because of the
substantial overlap between the PL spectrum of the mCP
host and the absorption spectrum of the 2CzPN dopant, an
efficient energy transfer from mCP (band gap Eg = 3.7 eV in
Figure 1) to 2CzPN (Eg = 2.8 eV) was expected to occur in the
co-evaporated or multilayered films. The peak position was
reported to be strongly dependent on the 2CzPN dopant
concentration, and in this study, the optimized doping
concentration of 2CzPN in mCP corresponded to the level
of 6 wt % with an emission peak wavelength of ca. 480 nm.32,39

Device Parameters from I−V Characteristics. The
effects of drain electrodes (Au or Li/Al) and TPBi on the

Figure 5. Typical output (drain current IDS vs drain voltage VDS) characteristics of bi- or trilayered, heterojunction-based OLETs: (a) device A, (b)
device B, (c) device C, and (d) device D.

Figure 6. Typical transfer (drain current IDS vs gate voltage VGS) characteristics of bi- or trilayered, heterojunction-based OLETs: (a) device A, (b)
device B, (c) device C, (d) device D, and the corresponding EL curves obtained in air.
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device performance were examined under ambient conditions.
Figures 5 and 6 display the typical output and transfer
characteristics of the multilayered, heterojunction-based
transistors A−D with the corresponding EL curves. All the
output plots in Figure 5 indicate the dependence of drain
current (IDS) on the drain and gate voltages (VDS, VGS)
expected for the typical unipolar p-type characteristics
functioning in accumulation mode, which consist of linear
and saturation regimes. The average field-effect hole mobilities
(μeff

h,avg) can be directly deduced from the transfer curves in the
saturation regime in Figure 6: each transfer scan was
performed at a constant VDS, where IDS satisfies the following
relationship

I
WC

L
V V

2
( )DS

i eff
GS T

2μ
= −

where W and L refer to the channel width and length,
respectively. Ci and VT refer to the gate dielectric capacitance
per unit area and the threshold voltage, respectively. The Ci
value measured for SiO2 was 11.6 nF/cm2. Using standard
OFET analysis, the values for μeff

h,avg obtained from the fits of
the transfer characteristics for 10 transistors with standard
deviation (σ) are listed in Table 1, with the other device
parameters Ion/Ioff, VT, and trap density (Ntrap).

In Table 1, it is clear that the μeff
h,avg values of the bilayered A

and B OLETs were higher than those of the trilayered C and D
OLETs by the order of magnitude of 3 or 4 times. The values
of the bilayered transistors were comparable to or somewhat
less than those obtained from the single-layered, polycrystalline
pentacene-based transistors grown on SiO2 dielectrics, which
were among the best to date.34 The decrease of the μeff

h,avg values
observed in the trilayered devices appears to be unavoidable. In
the present OLET configuration in Figure 2, when the gate
electrode is negatively biased for the bottom pentacene layer,
the middle mCP:2CzPN (50 nm) and particularly the top
TPBi (10 nm) layers in direct contact with the source
electrode act as blocking layers with a high energy barrier for
hole injection (the HOMO values of mCP and TPBi: −6.1 and
−6.2 eV in Figure 1). The resultant unfavorable hole injection
and conduction lead to an ineffective hole accumulation at the
bottom pentacene layer and could explain why the extent of
μeff
h,avg reduction in the trilayered C and D devices was

considerably substantial. Similar behavior was also reported
in the studies of multilayered organic devices.15 Here, although
mCP and TPBi are known as ambipolar and n-type
semiconductors, the magnitude of the μeff

e,avg value was
measured to be low, corresponding to the space−charge-
limited case.40,41 Therefore, a well-balanced ambipolar carrier
transport was not expected in the present heterojunction-based

Table 1. Comparison of Device Parameters Deduced from the Fits of Observed I−V and I−V−L Characteristics for Bi- and
Trilayered A−D Devices with Corresponding Standard Deviations (σ)

μeff
h,avg ± σ (cm2/V s) Ion/Ioff VT ± σ (V) Ntrap ± σ (×1012 cm−2) VEL starting ± σ (V)

device A 0.31 ± 0.063 6 × 105 ± 3 × 105 −33.0 ± 5.0 2.03 ± 0.46 −77.0 ± 6.8
device B 0.25 ± 0.13 4 × 105 ± 4 × 105 −40.6 ± 9.1 2.43 ± 0.37 −33.0 ± 10.2
device C 0.073 ± 0.0065 2 × 105 ± 1 × 105 −56.4 ± 4.8 2.46 ± 0.24 −51.0 ± 4.0
device D 0.067 ± 0.025 1 × 105 ± 3 × 104 −41.7 ± 4.8 2.51 ± 0.59 −61.0 ± 3.6

Figure 7. EL images of bi- or trilayered, heterojunction-based OLETs captured with a CCD camera under proper gate and drain biases (exposure
time = 2 s). Red and blue lines indicate the source and drain electrodes and are colored to clearly identify the positions of EL emission: (a) device
A, (b) device B, (c) device C, and (d) device D. For all OLETs, gradually increasing edge emission occurred only near the electron-injecting
electrode, i.e., drain electrode.
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OLET devices, and the asymmetric electrode configuration
could promote the facile injection of electrons, which resulted
in substantial EL intensity, as described below.
The high μeff

h,avg values observed in the bilayered A and B
devices were ascribed primarily to the growth of high-quality
pentacene layers. As indicated in the aforementioned XRD and
AFM results, the authors’ NCBD scheme improved the growth
of closely packed and nanometer-sized grain crystallites on the
SiO2 dielectrics without any thermal post-treatment. In fact,
the favorable improvement was directly revealed in the Ntrap
values. The traps are known to be associated with structural
disorders and defects in the active organic layers and therefore
strongly correlate with OFET and OLET performance. The
Ntrap value can be determined using the following equation

N
C V V

qtrap
i T TO=
| − |

where q is the elementary charge.42 The values derived for the
films of the A−D devices are listed in Table 1. The low Ntrap
values of the whole devices indicate that the pentacene-active
layers with high quality experienced good hole conduction.
The large pentacene grains were likely to reduce grain
boundary-induced scattering during hole conduction, resulting
in an acceptable device performance.
I−V−L and EL Mechanism. The EL intensity (IEL) was

also recorded during the monitoring of the transfer I−V
characteristics. Further, a series of photographic EL images
were simultaneously obtained using a CCD camera linked to
an optical microscope to analyze IEL and emitting positions
more clearly. To increase the light emission, in this study, the
efficient blue fluorophore 2CzPN was doped onto the mCP
layer. Figures 6 and 7 display the VGS dependence of IEL and
CCD images for the A−D devices: the light emission was
detected only in the vicinity of the drain electrode in all A−D
devices, and there was a tendency for IEL to increase with
decreasing VGS (i.e., increasing |VGS|) at a fixed VDS = −90 V.
In the I−V−L characteristics, the most intense emission was
observed in the bilayered B device at VGS < −35 V, whereas the
weakest emission was observed in device A at VGS < −75 V;
the two trilayered C and D devices demonstrated comparable
IEL.
In principle, the emitting position and the dependence of IEL

on the gate bias can be explained according to the spatial
distributions of hole and electron carriers under proper VGS
and the injection barriers depending on the HOMO−LUMO
energy levels. IEL is expressed in terms of the general relation
IEL ∝ pn (μeff

h + μeff
e ), where p and n, respectively, refer to the

hole and electron carrier densities. In the case of ideal OLETs
with balanced p ≈ n, the maximum emission occurs at VGS =
1/2VDS, where the same voltage drop exists for the hole and
electron carriers. In the majority of multilayered, hetero-
junction-based OLETs, however, owing to the unbalanced
carrier densities (i.e., typically p ≫ n), the relationship cannot
be generally fulfilled, and the ordinary shortage of the highly
mobile electron carriers significantly results in the dependency
of the EL process on the gate biases VGS, as indicated in Figure
6.
A key part for understanding the EL process observed in this

study is related to the ease of electron injection, layer structure,
and location of hole−electron recombination. Figure 8
presents the schematic energy diagrams of the entire injection,
transport, and recombination of charges under different bias

conditions. At a fixed VDS = −90 V, the electric field gradient is
formed between the electrodes of the drain and source, as
pointed out in Figure 8a,b. As VGS is more negatively biased
(i.e., increasing |VGS|), the HOMO and LUMO levels of the
organic active layers move up with respect to the energy levels
of the source and drain electrodes, which causes a decrease in
the hole injection barrier and an increase in the electron
injection barrier. Then, the holes easily injected from the high-
WF Au source electrodes flow into the HOMO level of the
pentacene layer, and the accumulation layer forms an active
channel for hole carriers in the bottom pentacene layer.
Conversely, electrons injected from the drain electrodes are
necessary to overcome the unfavorable higher injection barrier
to flow into the LUMO levels of mCP:2CzPN in devices A and
B or the LUMO levels of the TBBi/mCP:2CzPN layer in

Figure 8. Operating conduction mechanisms of bi- or trilayered
heterojunction-based OLETs with the corresponding energy-level
diagrams to explain light emission (a) at VGS = VDS = 0 V and (b) at
VGS = 0 V, VDS < 0 V. (c,d) Device A, (e,f) device B, (g,h) device C,
and (i,j) device D at VGS < 0 V, VDS < 0 V.
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devices C and D. Afterward, at certain −VGS values (Vturn‑on
EL in

Table 1), the recombination of holes and electrons begins to
form singlet excitons in the mCP layer followed by Förster
energy transfer to the 2CzPN dopants with a smaller band gap,
where the resultant light emission occurs. As anticipated in the
energy diagram of Figure 1, the characteristic EL emission was
due only to the highly fluorescent 2CzPN dopant molecules,
which trap electron and hole charge carriers efficiently and
accept energy well from the mCP host matrix. The observed
EL was consistent with the aforementioned PL spectrum. IEL
increased with increasing |VGS|, as indicated in the I−V−L
characteristics of Figure 6. Here, owing to the high electron
injection barrier, the singlet exciton formation and subsequent
energy transfer responsible for the substantial EL always
occurred near the drain electrode, where the electrons are
injected, as clearly displayed in the captured CCD images in
Figure 7.
In the cases of bilayered OLETs, IEL was significantly

enhanced in the asymmetric device B adopting the low-WF Li/
Al drain electrode owing to the lower injection barrier.
Although the charge transport was governed by the hole
transport in the pentacene layer, more electron injection from
the Li/Al electrode formed superior hole−electron density
balance. Such facile injection led to higher exciton formation
followed by the emission of a more intense EL in the vicinity of
the electron-injecting drain electrode of the device B at lower
Vturn‑on
EL < −35 V compared to the device A occurring at Vturn‑on

EL

< −75 V. In the cases of the trilayered devices, although the
widely used TPBi as an electron-transporting layer in OLEDs
was inserted to boost the electron transport, the third layer
rather induced higher VT, Vturn‑on

EL , and Ntrap. As suggested by
the lower μeff

h,avg and Ion/Ioff values, for the devices C and D, the
transport and IEL did not increase significantly by tuning the
electron injection through high- and low-WF metals.
Several recent OLET systems have demonstrated similar EL

phenomena occurring only in the vicinity of the drain
electrodes at the proper negative bias.13,15,16,43 In particular,
the present authors’ work on P13/ DH6T devices was
consistent with the carrier transport and EL predicted by the
simulation investigations.7,27 Conversely, our observation
stands in sharp contrast with previous studies of ambipolar
devices. For example, in the measurements of thiophene/P13-
based ambipolar OLETs conducted by Muccini et al., EL was
observed in both the (±)VGS region.

23 In the case of DH4T/
P13-based OLETs reported by Dinelli and co-workers, the
layer in direct contact with the dielectric governed the EL
phenomena, irrespective of the deposition sequence of the
organic thin films.44 Understanding the overall EL phenomena
from the multilayered OLETs clearly depends on the
mobilities of the organic active layers with different HOMO
and LUMO energy levels, electrode materials, bias conditions,
deposition scheme, and device configuration. Additional
combined experimental and theoretical studies are required
to develop the comprehensive operating EL mechanisms and
the structure−performance relationships. Several optoelec-
tronic devices using different semiconducting organic mole-
cules are in progress.

■ CONCLUSIONS
Bi- or trilayered, heterojunction-based OLETs with a top-
contact geometry were fabricated using the NCBD method.
The surface morphology and crystallinity of the organic films
were examined by AFM and XRD. Further, different device

parameters of the OLETs such as μeff
h,avg, Ion/Ioff, VT, Vturn‑on

EL ,
Ntrap, and IEL were deduced from the fits of the I−V and I−V−
L characteristics observed in air. The effects of the drain
electrodes (Au or Li/Al) and TPBi on the device performance
were also examined under ambient conditions. All devices
demonstrated both electrical switching functionality and
control of EL in air. In particular, IEL was significantly
enhanced in the asymmetric bilayered device adopting the low-
WF Li/Al drain electrode owing to the lower electron injection
barrier. The trilayered devices utilizing TPBi as an electron-
transporting layer rather indicated higher VT, Vturn‑on

EL , and Ntrap,
and the transport and IEL did not increase significantly by
tuning the drain electrodes through high- and low-WF metals.
Operating light emission mechanisms responsible for the
observed EL and recombination zone were discussed with the
aid of photographic images provided by a CCD camera. We
hope that the authors’ investigation can provide insight into
the operating EL mechanism and structure−performance
relationships of π-conjugated, organic-based optoelectronic
devices at the molecular level.
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