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An Organic Light-Emitting Diode with Field-Effect Electron
Transport**
By Sarah Schols,* Stijn Verlaak, Cédric Rolin, David Cheyns, Jan Genoe, and Paul Heremans
We describe an organic light-emitting diode (OLED) using field-effect to transport electrons. The device is a hybrid between a
diode and a field-effect transistor. Compared to conventional OLEDs, the metallic cathode is displaced by one to several micrometers from the light-emitting zone. This micrometer-sized distance can be bridged by electrons with enhanced field-effect
mobility. The device is fabricated using poly(triarylamine) (PTAA) as the hole-transport material, tris(8-hydroxyquinoline) aluminum (Alq3) doped with 4-(dicyanomethylene)-2-methyl-6-(julolindin-4-yl-vinyl)-4H-pyran (DCM2) as the active light-emitting layer, and N,N′-ditridecylperylene-3,4,9,10-tetracarboxylic diimide (PTCDI-C13H27), as the electron-transport material.
The obtained external quantum efficiencies are as high as for conventional OLEDs comprising the same materials. The quantum efficiencies of the new devices are remarkably independent of the current, up to current densities of more than 10 A cm–2.
In addition, the absence of a metallic cathode covering the light-emission zone permits top-emission and could reduce optical
absorption losses in waveguide structures. These properties may be useful in the future for the fabrication of solid-state highbrightness organic light sources.

1. Introduction
Organic light-emitting devices have attracted much attention
since the first report of electroluminescence in a device based
on an organic thin film.[1] Over the last decade, remarkable
progress has been achieved in the development of organic
light-emitting diodes (OLEDs) based on polymers as well as
small-molecule semiconductors.[2] It has been shown that the
current in OLEDs is typically space charge limited,[3,4] i.e., limited by the bulk of the semiconductor. In other words, the measured current is a drift current determined by the mobility of
the charge carriers. The carrier mobility in the organic semiconductor element of OLEDs is typically low.[4,5] To obtain efficient charge transport at reasonable driving voltages, the total
thickness of the organic layers in OLEDs is therefore generally
limited to 80 to 100 nm.[6] Consequently, light is generated very
close (within ca. 50 nm) to the metallic cathode. The proximity
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of the metal electrode induces severe absorption losses if the
OLED is used as a waveguide. This phenomenon has been
demonstrated by Andrew et al., who have reported a substantial increase of the lasing threshold of a poly(2-methoxy-5-(2′ethylhexoxy)-1,4-phenylenevinylene) (MEH-PPV)-based organic laser upon the insertion of a thin silver layer.[7] Reufer et
al. have proved that this detrimental waveguide loss caused by
metallic layers may be reduced by increased optical confinement.[8] However, this is only possible when the polymer layer
is sufficiently thick, in the order of several hundreds of nanometers. The low carrier mobilities of thick organic semiconductor layers give rise to a large electrical resistance, thus precluding the use of thick films in the fabrication of efficient OLEDs.
To circumvent this problem, transparent electrodes fabricated
from materials such as indium tin oxide (ITO)[9] or aluminumdoped zinc oxide (AZO)[10] have been proposed as alternatives
to inject electrons and holes in the organic semiconductor.
Yamamoto et al.[11] and Görrn et al.[12] have demonstrated that
thin ITO and AZO layers, respectively, can indeed be used as
low-loss contacts in waveguide structures. This is mainly because of the much lower optical losses in the visible spectral
range for these materials as compared to metallic layers.[13] In
addition, Reufer et al. have reported that thick, more conductive ITO layers can also be used for this purpose, provided that
a crosslinked hole-transport layer is inserted between the
highly conductive ITO and the emission layer.[14]
Recently, light-emitting organic field-effect transistors
(LEOFETs) have been proposed as lateral light-emitting devices, complementary to traditional vertical light-emitting diodes. Since these structures combine the optical output of an
OLED and the gate control of an organic field-effect transistor
in one single device, they may become interesting constructs in
the field of organic displays. Displays based on LEOFETs may
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light-emitting layer, which can be each optimized separately.
Such heterojunction concepts have been used in high-performance OLEDs.[38,39] However, this concept has been difficult
to apply to the above-mentioned LEOFET device architectures.
In this paper, a novel two-electrode light-emitting device
structure is proposed. The device is a hybrid structure incorporating aspects of both a diode and a field-effect transistor.
Compared to conventional OLEDs, the cathode is displaced by
one to several micrometers from the light-emission zone. Since
the light-emission zone is not covered by metal, the device can
be used for top emission or even as a waveguide. The micrometer-sized distance between the cathode and the active region
can be bridged by electrons with an enhanced field-effect mobility. Owing to this high charge carrier mobility, large current
densities are achievable. The external quantum efficiency at
these high current densities is as high as that of conventional
OLEDs comprising the same materials. In contrast to
LEOFETs, only two electrodes are used in our architecture.
Moreover, light emission in our novel device structure always
occurs at a fixed position, irrespective of the applied bias, in
contrast to the situation in LEOFETs where the emission zone
can be moved within the channel by varying the bias conditions.[30,31]
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eliminate the difficult integration of an organic light-emitting
structure and the organic driving backplane. LEOFETs may
also be used to study the optoelectronic performance of organic semiconductors. In contrast to OLEDs where charge transport occurs perpendicularly to the organic layers, charge transport in LEOFETs occurs in the plane and the carriers are
transported by field-effect.[15] In field-effect transistors the current flowing between the source and the drain is modulated by
applying a bias to a third contact, the gate electrode. In this
way, charge carriers can be accumulated or depleted in the
semiconductor close to the semiconductor/insulator interface.
The gate field provides an additional degree of control over
the amount of charge present in the semiconductor. In addition, the accumulated charges can flood deep traps, giving rise
to a higher effective mobility for the remaining carriers. The
field-effect mobility can be several orders of magnitude higher
than the charge carrier mobility in a conventional OLED.[16]
Although the basic concept of a LEOFET dates back from
1996,[17] the development of LEOFETs is still in a relatively
embryonic stage. The working principle of a LEOFET is based
on the simultaneous injection of electrons and holes into a double or ambipolar layer by tuning of the gate–source and drain–
source voltages. The accumulated charge is zero when the biasing conditions are such that the potential at some point in the
channel equals the gate potential. Consequently, at this point
the electron and hole accumulation layers vanish. Exciton formation occurs near this point and radiative relaxation of these
excitons to the ground state leads to light emission. The first
LEOFET has been demonstrated by Hepp et al.[18] and is based
on vacuum-evaporated tetracene as the organic semiconductor.
Since this first demonstration, LEOFETs have been fabricated
using polymers,[19,20] small molecules,[21–23] and a heterostructure of p- and n-type organic semiconductors.[24–29] Recent reports in the literature have focused on LEOFETs based on
an ambipolar polymeric semiconductor.[30,31] An overview of
light-emitting organic transistors has also been recently published.[32]
In LEOFET devices, the charge carriers have a field-effect
mobility, and depending on the type of LEOFET, the lightemission zone can be located at some distance from the metallic source and drain electrodes. However, to obtain these properties, three different electrodes need to be used: the source,
the drain, and the gate. In addition, most organic field-effect
materials demonstrate rather weak photoluminescence; analogously, most organic light-emitting materials show poor fieldeffect performance.[33] Indeed, a high carrier mobility, which is
a prerequisite for transistors, is favored by structural features
such as tight intermolecular p-stacking. Examples of suitable
materials include pentacene[34] and regioregular poly(3-hexylthiophene) (P3HT).[35] However, the photoluminescence yield
is usually low in such materials with strong intermolecular coupling. Conversely, materials exhibiting high photoluminescence
quantum yields, for example, poly(p-phenylene vinylene)s
(PPVs)[36] are usually characterized by low intermolecular coupling, and therefore limited hopping transport between molecules.[37] Therefore, it would be desirable to form a more elaborate heterojunction consisting of charge transport layers and a

2. Results and Discussion
2.1. Device Fabrication
The schematic architecture of the device is illustrated in Figure 1. The device has been fabricated on top of an ITO-coated
glass substrate and comprises an organic hole-transport layer
(HTL), an organic light-emitting layer, and an organic electron-transport layer (ETL). Prior to the deposition of these organic layers, an insulating layer of SiO2 has been deposited by
sputtering, covering only part of the ITO surface. ITO serves
as the hole-injecting electrode in the device. The cathode has
been formed by the deposition of a thin layer of 0.6 nm LiF followed by the deposition of 100 nm Al. This cathode has been

Figure 1. Schematic architecture of the OLED exhibiting field-effect electron transport. The device comprises an organic hole-transport layer, an
organic electron-transport layer, and an organic light-emitting layer. The
dashed lines AA′, BB′, and CC′C″C indicate three different cross-sctions.
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not positioned vertically above the ITO anode in the trench of
the SiO2 insulator. Instead, it has been located directly above
the insulator, as shown in Figure 1. The distance between the
metallic top electrode and the insulator edge ranges from one
to several micrometers. Accurate alignment of the metallic
cathode has been achieved by using an integrated shadow mask
technique[40] and the angled deposition of the LiF/Al layer
(Fig. 2).
The integrated shadow mask has been obtained by patterning
a 20 lm thick negative photoresist SU8-25. The different organic layers have been deposited after application and patterning of
the SU8-25 resist. After deposition of the organic layers, the
sample is mounted on a triangular sample holder and loaded in
an ultra high vacuum system to evaporate the cathode. During
this deposition process the flux has been maintained at a 45° angle with respect to the substrate. The SU8-25 profile thus creates
a shadowed region with a span similar to the thickness of the
SU8-25 such that the substrate is only partially covered with the
metal. Figure 3 shows a scanning electron microscopy (SEM)
image of the device structure. The shadowed region where no
metal has been deposited is clearly discernible. It is also clearly
apparent that the walls of the SU8-25 layer are slightly re-entrant (i.e., negatively sloped), which is typical for negative
photoresists.

Figure 3. Scanning electron microscopy image of the device structure.
a) Metallic cathode, b) shadowed region where no metal is deposited, c) the
20 lm thick SU8-25 layer, and d) arrow indicating the insulator edge.

The molecular structures of the organic materials used to
fabricate the device are shown in Figure 4. Poly(triarylamine)
(PTAA)[41] has been selected as the hole-transport material.
PTAA can be deposited by spin-coating, which yields a film
with a smooth top surface that is favorable for the deposition
of an additional layer. The bulk hole mobility of
PTAA is approximately 10–2 cm2 V–1 s–1.[41] The active light-emitting layer is formed by tris(8-hydroxyquinoline) aluminum (Alq3) doped with 2% of
4-(dicyanomethylene)-2-methyl-6-(julolindin-4-yl-vinyl)-4H-pyran (DCM2). DCM2 is a well-known redSU8-25
light-emitting fluorescent dye used in OLEDs.[42]
The photoluminescence quantum yield of this dye
family is about 40%.[43] The electron-transport material has been chosen based on the two criteria
that are important in our device architecture.
First, the organic electron-transport material should
have a high electron field-effect mobility since
this mobility determines the performance of the device. Secondly, since the electron transport is intended to occur at the heterojunction between the
ETL and the light-emitting layer, the lowest unoccupied molecular orbital (LUMO) of the electrontransport material should be slightly lower than
the LUMO of Alq3 and DCM2. N,N′-ditridecylperylene-3,4,9,10-tetracarboxylic diimide (PTCDIC13H27) satisfies these two conditions and has therefore been used as the electron-transport material.
Gundlach et al. have reported a field-effect mobility
of about 0.6 cm2 V–1 s–1 for PTCDI-C13H27 using Cr
top-contacts.[44] A mobility of 0.28 cm2 V–1 s–1 has
been obtained using LiF/Al top-contacts. Even
higher field-effect mobilities can be achieved by annealing after fabrication.[45] The energy levels of
Figure 2. Schematic depiction of the processing sequence for the fabrication of the
light-emitting field-effect device structure: a) situation before creation of the intethe highest occupied molecular orbital (HOMO)
grated shadow mask, b) deposition of the integrated shadow mask, c) deposition of
and LUMO of PTAA,[41] Alq3,[46] DCM2,[47] and
the organic layers, and d) deposition of the metallic cathode with the substrate
PTCDI-C13H27[48] are schematically depicted in
mounted on a triangular sample holder. During this deposition process, the atomic
Figure 4e.
flux is at a 45° angle with respect to the substrate.
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Figure 4. Molecular structure of the organic materials used to fabricate
the light-emitting device: a) PTAA, b) PTCDI-C13H27, c) Alq3, and d) DCM2.
e) Energy level diagram for these materials. The dotted lines indicate the
highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) positions of DCM2.

2.2. Device Operation

Figure 5. Band diagrams for the device under forward bias conditions
through different sections of Fig. 1: a) AA′, b) BB′, and c) CC′C″C cross
sections.

To explain the device operation, in Figure 5 we show the
band diagrams through sections AA′, BB′, and CC′C″C of
Figure 1 for the device in forward bias, i.e., for a positive anode-to-cathode bias. Under these conditions, electrons are injected from the cathode into PTCDI-C13H27 at the cross-section AA′. The semiconductor PTAA and the light-emitting
layer Alq3:DCM2 on top of the SiO2 (cross-section AA′) are
depleted of holes. As further discussed below, the LUMO offset at the interface between Alq3 and PTCDI-C13H27 prohibits
electron injection from PTCDI-C13H27 into Alq3 in the AA′
cross-section. As a result, the depleted PTAA and Alq3:DCM2
layers on top of the SiO2 insulator behave as a combined dielectric layer in series with the SiO2 insulator, and an electron
accumulation layer is formed in the PTCDI-C13H27 layer at the
interface with Alq3:DCM2. These electrons are transported laterally by the electric field from the cathode towards the SiO2
edge (from C′ to C″). The field-effect mobility of these charge
carriers is larger than the charge carrier mobility of a conventional OLED, making transport over several micrometers possible. Near the insulator edge, at position C″, electrons are in-

jected into the Alq3:DCM2 layer, where they recombine with
holes that are injected from the ITO and transported vertically
through the PTAA (see cross section BB′ in Fig. 5). The electron injection at position C″ into Alq3 is enabled by an enhanced vertical electric field at that position. The enhancement
of the vertical field at C″ has two different origins: first, the vertical and lateral electric fields in the channel (section C′C″) collapse into only a vertical field at position C″; furthermore, the
presence of a space charge of holes in PTAA increases the vertical electric field that attracts electrons to be injected in the
Alq3:DCM2 layer. This latter behavior is similar to the enhanced hole injection as a result of the space charge of electrons at the anode of OLEDs reported by Van Woudenbergh
et al.[49] Exciton formation occurs and radiative relaxation of
these excitons to the ground state results in light emission near
the SiO2 edge, at a micrometer-sized distance from the metallic
contact. As a result, this heterojunction device allows the
minimization of optical losses at the metal cathode. The vicinity of the ITO bottom-contact is of minor importance with re-
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spect to absorption losses because it has been shown that thin
transparent ITO layers have low optical losses in the
550–750 nm spectral range.[13]
We have confirmed this view of the device operation by measuring the characteristics of several control devices. We have
fabricated control transistors comprising the stacks PTAA/
PTCDI-C13H27 and PTAA/Alq3:DCM2/PTCDI-C13H27 on a
100 nm thick SiO2 dielectric using LiF/Al source and drain
top-electrodes. For the PTAA/PTCDI-C13H27 transistor, we
have extracted a field-effect mobility of 0.2 cm2 V–1 s–1 for electrons in PTCDI-C13H27 at the heterojunction interface with
PTAA. It is striking that the hole-transporting organic semiconductor PTAA provides a good growth surface for the electron-conducting PTCDI-C13H27, and that the hetero-interface
is appropriate for electron transport. This can be attributed to
the smooth top surface of PTAA and the formation of a highquality interface free of electron traps. We infer the latter from
the observation that the electron mobility in PTCDI-C13H27
transistors on PTAA-coated SiO2 is the same as that measured
in control transistors that have a gate dielectric consisting of
SiO2 coated with poly-a-methylstyrene (PaMS). PaMS is
known to provide a high-quality, electron-trap-free surface[50]
that allows good electron transport.[51]
Upon the insertion of Alq3:DCM2 between PTAA and
PTCDI-C13H27, the effective saturation field-effect electron
mobility drops to 0.08 cm2 V–1 s–1. The output and transfer
characteristics of this transistor are shown in Figure 6. We have
correlated the reduction in mobility to the different growth behavior of PTCDI-C13H27 on Alq3:DCM2, as compared to
growth on a PTAA surface. Figure 7a and b show the morphology of the PTCDI-C13H27 layer upon deposition onto PTAA
and PTAA/Alq3:DCM2 surfaces. PTCDI-C13H27 deposited
on PTAA/Alq3:DCM2 reveals a much rougher topography
than PTCDI-C13H27 grown on top of PTAA; this correlates
well with the lower field-effect mobility. The root mean
square (rms) roughness of the PTCDI-C13H27 layer is increased
from 6.7 to 10.7 nm upon the insertion of an Alq3:DCM2 layer.
Since both substrates (PTAA and PTAA/Alq3:DCM2) are
morphologically similar (both are amorphous flat surfaces
with the same rms roughness of 0.4 nm), the observed differences in the growth behavior of PTCDI-C13H27 likely originate
from interfacial energy differences between the PTCDIC13H27 and PTAA and PTCDI-C13H27 and Alq3:DCM2 combinations.
Additionally, a control transistor has been fabricated comprising PTAA/Alq3:DCM2 as the organic layers, to verify
whether Alq3:DCM2 can be used as the ETL instead of
PTCDI-C13H27. No field-effect transport of electrons has been
observed in this structure. The non-planar molecular structure
of Alq3 apparently prohibits efficient lateral electron transport.
This control experiment also proves that electron transport in
the transistor comprising the organic stack PTAA/Alq3:DCM2/
PTCDI-C13H27 and in our novel device structure (between
positions C′ and C″ in Fig. 1) indeed occurs through PTCDIC13H27 and not via Alq3:DCM2.

www.afm-journal.de

Figure 6. Electrical characteristics of a top-contact transistor comprising
PTAA/Alq3:DCM2/PTCDI-C13H27 as the organic layers (W/L = 2000/50).
a) Output characteristics for various gate voltages, and b) transfer characteristics of the same transistor. A saturation mobility of 0.08 cm2 V–1 s–1
and a threshold voltage of ca. 0 V are extracted for this device.

Figure 7. 2 lm × 2 lm atomic force microscopy surface scans of 50 nm
thick PTCDI-C13H27 layers on top of a) PTAA and b) PTAA/Alq3:DCM2. A
higher surface roughness is measured for PTAA/Alq3:DCM2. The rms
roughness is 10.7 nm for PTCDI-C13H27 on PTAA/Alq3:DCM2 versus
6.7 nm for PTCDI-C13H27 grown on PTAA.

2.3. Optical and Electrical Characterization
Figure 8a displays the experimentally measured electrical
characteristics of a light-emitting device constructed using the
architecture depicted in Figure 1. The device has a width of
1 mm and has been measured under an inert N2 atmosphere
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Figure 9. Normalized electroluminescence spectrum of the light-emitting
diode with field-effect electron transport. The spectrum corresponds to
DCM2 emission with a maximum positioned at wavelength k = 636 nm.

be recognized. In another control experiment, we have used
undoped Alq3; this device emits green light, peaking at
540 nm, as is characteristic for emission from Alq3.
In our device structure, the emission zone is well defined and
light emission always occurs at a fixed position, namely near
the edge of the insulator. This position is independent of the
applied bias. The left panel of Figure 10 shows a photograph in
reflection of a device without biasing. The metal electrode
(white reflecting area) and the insulator edge, indicated by an
arrow, are easily discernible. For this device, the distance between the cathode and the insulator edge is 19 lm. The right
Figure 8. Experimentally measured characteristics of the light-emitting
diode with field-effect electron transport. This device has a width of 1 mm
and a distance between top electrode and insulator edge of 3.5 lm.
a) Current–voltage characteristics, b) corresponding light output. The inset shows the equivalent circuit of this device. c) External quantum efficiency of the device as a function of the current.

immediately after evaporation. The metallic cathode of the device is displaced by 3.5 lm with respect to the insulator edge.
Under forward bias, the current increases with increasing voltage. The electrical characteristics can be explained by the
equivalent circuit shown in the inset of Figure 8b. This equivalent circuit consists of an n-type transistor with a diode between the gate and the drain.
The device emits red light upon the radiative decay of the excitons. The optical output intensity as a function of the applied
voltage bias is shown in Figure 8b. It can be seen that the optical output tracks the current characteristics. The normalized
electroluminescence spectrum of the device is shown in Figure 9. The peak emission wavelength is located at 636 nm and
corresponds to emission from DCM2. Two control experiments
have enabled us to verify that the observed emission indeed
originates from DCM2. In the first control experiment, we have
changed the dye from DCM2 to Btp2Ir(acac),[52] a phosphorescent dye with characteristic spectral features that can be easily

Adv. Funct. Mater. 2008, 18, 136–144

Figure 10. Left panel: Optical microscopy reflection image of a device
without bias. The white area is the reflective metal cathode, the arrow indicates the insulator edge. Right panel: Optical microscopy image under forward bias. A narrow line of light appears along the insulator edge. The
width of the line is estimated to be about 2 lm.

panel of Figure 10 shows an image of the optical output in the
dark when the device is in forward bias. A narrow line of red
light appears alongside the edge of the insulator. The light intensity increases with the bias voltage. Despite the narrow
emission zone, the red light can easily be observed by the
naked eye. The measured width of the emission zone is about
2 lm.
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2.4. Analysis
The experimentally observed behavior has been qualitatively
verified by numerical simulations. A simplified device, comprising a HTL and a light-emitting ETL, has been simulated
using the Silvaco Atlas 2D device simulator. The material parameters used in the simulations are summarized in Table 1.
For the ETL, an electron mobility of 8 × 10–2 cm2 V–1 s–1 has
been used, which corresponds to the experimentally measured
electron field-effect mobility of PTCDI-C13H27 in our device.
The hole mobility of the ETL is taken to be 5 × 10–4 cm2 V–1
Table 1. Summary of the parameters used in the 2D device simulator.

HOMO [eV]
LUMO [eV]
le [cm2 V–1 s–1]
lh [cm2 V–1 s–1]
Ldiff [nm]
s [s]

HTL

Light-emitting ETL

5.1
1.8
1 × 10–7
5 × 10–3

5.4
3.4
8 × 10–2
5 × 10–4
10
16 × 10–9

s–1. On the other hand, for the HTL, a hole mobility of 5 × 10–3
cm2 V–1 s–1 and a negligible electron mobility are assumed. The
HOMO and LUMO of the ETL and HTL are assumed to be
similar to the HOMO and LUMO of PTCDI-C13H27 and
PTAA, respectively. Typical values for the singlet lifetime (s)
and exciton diffusion length (Ldiff) have been obtained from
the literature.[53] The top contact is assumed to be located 6 lm
from the insulator edge. Figure 11a illustrates the simulated recombination zone as a result of applying a positive bias to the
anode. It can be clearly seen that recombination occurs near
the insulator edge, several micrometers away from the metallic
contact. The simulated recombination zone has a width of
about 2 lm, which is consistent with the experimental observa-

tions. Figure 11b confirms the presence of an electron accumulation layer at the interface between the HTL and the lightemitting ETL when a positive bias is applied to the anode with
respect to the cathode. This electron accumulation region
vanishes beyond the insulator edge, since electrons and holes
recombine there.
The external quantum efficiency of the fabricated devices
has been estimated based on the luminance, electroluminescence spectra, and current. The measured maximum external
quantum efficiency of the device is 0.02%, which is similar to
that of a light-emitting diode comprising the same materials.
Reference OLEDs with Alq3:DCM2 active layers have been
demonstrated with up to 0.5% efficiency.[42] In these reference
OLEDs, Alq3 is used as the ETL instead of PTCDI-C13H27.
However, we have not been able to use Alq3 in our structure
because it does not conduct electrons in the thin-film transistor
configuration. Further optimization of material combinations
is needed to increase the external quantum efficiency.
The light intensity can be tuned by changing the distance between the metallic contact and the insulator edge. We have
measured different devices for which the top-contact displacement with respect to the insulator edge is systematically varied
from 0.8 to 9 lm. In Figure 12a the measured maximum external quantum efficiency of each of these devices is plotted as a
function of the distance between the cathode and the insulator
edge. As expected, the maximum external quantum efficiency
remains constant. On the other hand, at the maximum breakdown voltage of the SiO2 insulator (about 30 V), higher currents are possible in devices with shorter cathode displacements with respect to the insulator edge. As a result, the
maximum achievable optical output power and brightness can
be higher for smaller distances. This is illustrated in Figure 12b,
which shows the light intensity of three different devices where
the distances between the metallic cathode and the insulator
edge are 7.3, 5.1, and 3.5 lm.

Figure 11. a) The simulated recombination rate and b) the simulated electron accumulation layer under forward bias.
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applied bias. We have fabricated this device using Alq3:DCM2
as a host–guest light-emitting material system, PTCDI-C13H27
as the electron-transport material, and PTAA as the holetransport material. Light-emission is correlated with the current, and can be modulated by the anode-to-cathode voltage.
The measured device operation has been verified by 2D numerical simulations and by the characteristics of a number of
control devices. Devices with smaller distances between the
cathode and the insulator edge allow for larger currents at the
maximum operating voltage, and therefore also yield higher
brightness. The external quantum efficiency has been confirmed to be as high as in a conventional OLED comprising
the same materials. The quantum efficiency is remarkably constant up to the maximum current, which corresponds to a hole
current density on the order of 10 A cm–2. This high current
density, in combination with reduced optical absorption losses
arising from the remoteness of the metal cathode, may lead to
interesting applications as waveguide OLEDs and possibly a
laser structure.

4. Experimental
Figure 12. a) The maximum external quantum efficiency as a function of
the distance from the insulator edge. The maximum external quantum efficiency is constant irrespective of the distance. b) Light intensity versus applied voltage of three different devices for which the top-contact displacement with respect to the insulator edge is 7.3 lm (dotted lines), 5.1 lm
(dashed lines), and 3.5 lm (solid lines).

Taking into account a 2 lm wide emission zone, the maximum hole current density in the device at the breakdown voltage of 30 V is estimated to be 13 A cm–2. This current density
is much higher than the current density obtained for conventional OLEDs (typically in the order of 10–2 A cm–2 at the point
of maximum external quantum efficiency). The maximum electron current density in the accumulation layer of the light-emitting device is even higher. Assuming that the current flow is
confined to a 1.5 nm thick electron accumulation layer, current
densities of 1800 A cm–2 are achieved. This is significantly
higher than the current densities achieved in ambipolar organic
light-emitting transistors reported up till now;[30,31] the improved performance arises from the higher electron mobility of
our device. Figure 8c shows the measured external quantum
efficiency as a function of the current. No significant roll-off is
observed within experimental error up to the maximum current.

3. Conclusions
We have realized an OLED with field-effect electron transport. In our device configuration, the metallic top-contact is remote from the light-emission zone. The micrometer-sized distance between the cathode and the light-emission zone is
bridged by electrons with an enhanced field-effect mobility.
The light-emission occurs at a fixed position irrespective of the
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Materials: PTCDI-C13H27 and Alq3 were purchased from Aldrich
and purified once by sublimation before loading into an ultra high vacuum system (p = 10–8 torr (1 torr = 133.3 Pa)). PTAA, received from
Merck, was used as received. DCM2 was purchased from H. W. Sands
and also used without further purification. The integrated shadow mask
was realized using SU8-25, which was purchased from MicroChem and
used as received.
Device Processing: The devices were fabricated on ITO-coated glass
substrates with a sheet resistance of ca. 16 X square–1. Prior to the deposition of the organic layers, a ca. 100 nm thick insulating SiO2 layer
was deposited on top of ITO by sputtering in a Pfeiffer Spider 630 instrument. The trenches were selectively wet-etched through the SiO2 to
contact the ITO layer, which serves as the hole-injecting electrode.
Next, a single layer of negative, epoxy-type, near-UV photoresist SU825 was patterned by photolithography to obtain a ca. 20 lm thick layer.
This layer was resistant to solvents, acids, and bases and was characterized by excellent thermal stability. Subsequently, the substrate was
cleaned with solvents (acetone and isopropanol) and exposed to an
UV-ozone ambient for 15 min. Then, PTAA was spin-coated at
1000 rpm on top of the patterned structure. The sample was baked on a
hotplate at 110 °C for 20 min after spin-coating to evaporate the solvent. In the next step, a 20 nm thick light-emitting layer was deposited
under ultra high vacuum (p = 10–8 torr) by co-evaporation of
100:2 (mass ratio) Alq3 and DCM2. Subsequently, 50 nm of PTCDIC13H27 was evaporated as the ETL. The deposition rate during evaporation was maintained at 0.5 Å s–1, and the substrate was kept at room
temperature. The sample was then mounted on a triangular sample
holder followed by the evaporation of 0.8 nm LiF and 100 nm Al. During this deposition process, the flux was maintained at an angle of 45°
with respect to the substrate. In this way, the SU8-25 profile created a
shadowed region where no LiF and Al were deposited. The shadowed
region had a span of about 20 lm, which was similar to the thickness of
the SU8-25 layer. All processing steps after UV-ozone treatment were
carried out in a dry nitrogen glovebox (<1 ppm O2, <5 ppm H2O) or in
ultra high vacuum. The glovebox and ultra high vacuum systems were
attached to each other. Therefore, samples could be transported from
high vacuum to the glovebox and vice versa without exposure to ambient atmosphere.
Device Characterization: The devices were characterized immediately after evaporation in an inert N2 atmosphere. The electrical characteristics were measured using an Agilent 4156C parameter analyzer.
A calibrated integrated sphere (SphereOptics Hoffman GmbH) was
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used for light-intensity measurements and external quantum efficiency
calculations. To determine the spectral characteristics, the emitted light
was detected by means of an optical multichannel analyzer (OMA) in
conjunction with a charge coupled device (CCD). These measurements
were performed at room temperature in a cryostat to prevent photooxidation.
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