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Light emission from an ambipolar semiconducting polymer field-effect
transistor
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Ambipolar light-emitting field-effect transistors are fabricated with two different metals for the
top-contact source and drain electrodes; a low-work-function metal defining the channel for the
source electrode and a high-work-function metal defining the channel for the drain electrode. A thin
film of polypropylene-co-1-butene on SiNx is used as the gate dielectric on an n++-Si wafer, which
functioned as the substrate and the gate electrode. Transport data show ambipolar behavior.
Recombination of electrons and holes results in a narrow zone of light emission within the channel.
The location of the emission zone is controlled by the gate bias. © 2005 American Institute of
Physics. �DOI: 10.1063/1.2149986�
Several research groups have published results recently
showing light emission within the channel of organic field-
effect transistors �FETs�, mainly for small molecules1–6 but
with some reports involving semiconducting polymers.7–10

Generally, the bottom contact device geometry was used
with gold as the metal for both the source and the drain
electrodes.1,2,4,5,7 Although light emission was observed near
�or even slightly under� the negative drain electrode, these
devices showed only hole transport. This is to be expected
since electron injection from a high-work-function metal,
such as gold, into the organic semiconductor would be lim-
ited by a large-energy barrier.

Showing electron transport in polymer FETs had proven
difficult until recently. Chua et al.11 determined that hydroxyl
groups serve as traps for electrons at the polymer-silicon
dioxide �SiO2� interface in FETs fabricated on Si with SiO2

as the gate dielectric. By passivating the SiO2, with pure
nonpolar polymer dielectrics, electron transport was
achieved in various conjugated polymers.

Efficient ambipolar injection in an FET requires the
“two-color” electrode geometry, where the channel region of
the transistor is defined by a low-work-function metal on one
side and a high-work-function metal on the opposite side.
Light emission in the channel region of an FET using the
two-color electrode geometry was demonstrated.3,6,8–10 Of
those who employed the two-color electrodes, only Rost et
al.3 were able to show ambipolar behavior. Yet, the effect of
the gate bias on the light emission was left unclear.

In this work, we report a semiconducting polymer light-
emitting FET �LEFET� fabricated by employing a new
“angled” evaporation technique to deposit top-contact two-
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color electrodes. Ambipolar transport was achieved by pas-
sivating the gate dielectric in a similar fashion to that re-
ported on by Chua et al.11 Under ambipolar conditions,
recombination of electrons and holes resulted in the observa-
tion of a narrow zone of light emission within the channel.
The emission zone moved across the channel as the gate bias
was swept during collection of the transfer data.

To fabricate the devices, a heavily doped n-type silicon
wafer was used as the gate electrode. The gate electrode was
coated with 400 nm of silicon nitride �SiNx� deposited by
plasma-enhanced chemical vapor deposition. The SiNx sur-
face was cleaned by sonication in acetone followed by an
isopropanol rinse and further sonication in isopropanol. The
device was then rinsed with ispropanol and dried under a
stream of N2�g�. The SiNx was passivated with a thin film of
polypropylene-co-1-butene, 14 wt % 1-butene �PPcB�, see
Fig. 1�b�.

FIG. 1. Molecular structure of �a� SY and �b� PPcB. �c� Energy level dia-
gram �units in eV� for the Ca source electrode/SY/Ag drain electrode device

structure.
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PPcB was obtained from Aldrich and used as received.
20 mg of PPcB were dissolved in 1 mL decaline at 190 °C.
The substrate was placed on a spin coater preset at
2500 rpm. The PPcB solution �at 190 °C� was deposited
onto the substrate. As soon as the PPcB solution covered the
whole surface, the spin coater was turned on for 60 s. Uni-
form, 100 nm films of PPcB were obtained �thickness deter-
mined by Dektak profilimetry�. After transferring the coated
substrate into a nitrogen glove box, the PPcB film was then
dried at 200 °C for 3 min.. “SuperYellow” �SY�, a polyphe-
nylenevinylene �PPV� derivative obtained from Covion �see
Fig. 1�a��, was spin cast onto the substrate at 3000 rpm. After
the film deposition, the multilayer samples were annealed at
200 °C for 30 min.. The calculated capacitance of for the
PPcB/SiNx gate dielectric was 9 nF/cm2.

The samples were mounted onto a silicon shadow mask
in preparation for the angled evaporation technique described
below. Using the angled evaporation, Ca ��Ca�2.87 eV�

FIG. 2. Schematic of the fabrication of the top-contact two-color electrode
geometry by the angled evaporation technique: �a� The substrate is mounted
on a silicon shadow mask at an angle to the metal sources, and the first
metal, Ca, is evaporated; �b� The angle of the mask is changed with an
electric motor, and the second metal, Ag, is evaporated; �c� The deposition
of the two-color electrodes is complete; and �d� Final structure of the two-
color LEFET after the removal of the silicon shadow mask.
and Ag ��Ag�4.26 eV� were deposited during the same
pump down at �1�10−6 Torr to create the two-color elec-
trode geometry. The resulting energy level diagram for SY is
shown in Fig. 1�c�.

The devices were tested using a Signatone probing sta-
tion that is housed in a nitrogen glove box. The oxygen count
was �1.5 ppm during device testing. A Keithley 4200 Semi-
conductor Characterization System was used to gather the
electrical data, while light emission was collected simulta-
neously with a Hamamatsu photomultiplier. For each run, the
Ca electrode was always negative with respect to the Ag
electrode. The channel region was imaged by focusing a
Pulnix charge coupled device camera on the channel through
a 40� magnification microscope objective.

The top-contact two-color electrode geometry was real-
ized by developing a new angled evaporation technique us-
ing a silicon shadow mask. The shadow mask was fabricated
by etching two parallel rectangles �1000�100 �m� through
a silicon wafer �250 �m thick� separated by a 20 �m
“beam.” The rectangles defined the electrode area, while the
beam defined the channel region. As shown in Fig. 2, by
evaporating at an angle, the shadow created by the beam
enabled the fabrication of the top contact two-color electrode
geometry. The devices reported on in this work had a 16 �m
channel length and a 1000 �m channel width. Channel
lengths less than 5 �m have been achieved with this
technique.

Figure 3 shows transfer data �Id versus Vg scan� for the
LEFET, together with the gate dependence of the light emis-
sion. The transfer scan was run with a constant drain voltage
�Vd� of 200 V. The low-work-function source electrode �Ca�
was grounded and the gate voltage �Vg� was swept from
0 to 200 V. When Vg=0, there is no voltage drop between
the source and gate. There is, however, a 200 V drop be-
tween the drain and gate which polarizes the gate dielectric
and induces a hole channel in the vicinity of the high-work-
function drain electrode �Ag�. The current in this region �at
lower Vg values� of the transfer scan is hole dominated.

As Vg increases, the voltage drop between the drain and
gate decreases, causing the magnitude of the hole current to
decrease. Simultaneously, the voltage drop between the
source and the gate increases, but is oppositely charged,
causing the gradual buildup of an electron channel near the
low-work-function source electrode �Ca�. At about Vg
=90 V, Id reaches a minimum and then begins to increase

FIG. 3. Transfer scan �Id vs Vg� for the SY LEFET along with the corre-
sponding emitted light intensity vs Vg. The emission zone is located in the
channel: �a� Near the Ca source electrode, �b� near the center of the channel,
and �c� near the Ag drain electrode �see Fig. 4�.
again. This is the crossover point from hole-dominated cur-
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rent to electron-dominated current. Crossover is expected to
occur at Vg= 1

2 Vd, in good agreement with the data in Fig. 3.
Using standard FET analysis,12 the field effect mobility

��� can be calculated from the saturation regime of the trans-
fer characteristics from the equation for the drain current,
Id=�Ci

*2W /L*�Vg–Vth�2, where Ci is the capacitance of the
gate dielectric, Vth is the threshold voltage, W is the channel
width, and L is the channel length. The resulting hole and
electron mobilities are �h=3�10−4 cm2 V s and �e=6
�10−5 cm2 V s. The electron mobility is lower than the hole
mobility, which is likely due to residual electron traps that
are still present after the PPcB passivation.

The light intensity data corresponding to the transfer
scan is also shown in Fig. 3. The light intensity data begin
increasing around 80 V while hole current still dominates,
reaching a maximum around 120 V, well into the electron-
dominated current regime. By employing the two-color elec-
trode geometry, light emission should be observed when both
electron and hole currents are simultaneously present during
device operation, consistent with the light intensity versus Vg
data in Fig. 3. At the crossover point, the hole and electron
currents are nearly equal to each other, and the quantum
efficiency for light emission is maximum. Note, however,
that the light intensity peaks at Vg�120 V, i.e., when the
electron current is greater than the hole current. A higher
electron current might be necessary to achieve maximum
brightness because the higher density of electron traps would
reduce the number of electrons available for recombination.

The images taken of the channel region during operation
show the location and width of the emission zone. The emis-
sion was found to be in a very narrow region ��2 �m�
within the channel. The emission zone is not stationary
within the channel, but in fact moves from the source to the
drain as the gate voltage is swept from 88 V �a� to 93 V �b�
to 98 V �c� in Fig. 3. Shown in Fig. 4 are photographs which
image the position of the emission zone corresponding to
points a, b, and c in Fig. 3. In Fig. 4�a�, the emission zone is
close to the calcium source electrode. As Vg increases, the
emission moves across the channel �Fig. 4�b��, finally ap-
proaching the silver drain electrode �Fig. 4�c��. This gate-
induced shift in the emission zone from the source to the
drain takes place over a small voltage range near the current
crossover point. The emission line is near the center of the
channel at the point where current crossover occurs.

The capacitance of the gate dielectric, 9 nF/cm2, is rela-
tively small. In order to increase the brightness of the emis-
sion from an LEFET, a higher gate dielectric capacitance is
needed. This can be achieved by using a thinner dielectric
film and/or increasing the dielectric constant of the gate di-
electric.

In conclusion, an ambipolar polymer LEFET using the
top contact, two-color electrode geometry �Ca as source and
Ag as drain� has been demonstrated. Direct imaging of the
emission zone within the channel region showed emission in
a narrow region within the channel. The location of the emis-
sion zone is controlled by the gate bias. The emission zone is
near the center of the channel at the crossover point where
the electron and hole currents are equal. The gate bias in-
duced shift in the emission zone, coupled with the ambipolar
charge transport, indicates that the device is truly a light-
emitting transistor.
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FIG. 4. The top photograph shows the Ag and Ca electrodes and the channel
of the two-color LEFET. Photographs �a�, �b�, and �c� are taken in the dark
while the device is operating. The emission zone moves from near the Ca
electrode, �a� Vg=88 V, to midchannel, �b� Vg=93 V, and then approaches
the Ag electrode, and �c� Vg=98 V.


