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ABSTRACT: In this work, we report on the fabrication and characterization of
organic light-emitting transistors (OLETs) within an indium−tin-oxide (ITO)-
free platform, using graphene-based transparent conductive electrodes in place of
ITO as gate electrode. A direct comparison between twin bottom-gate/top-
contacts OLETs, where a standard ITO layer is replaced with a film made of a
few graphene layers, shows that comparable electrical characteristics can be
obtained along with a clear improvement in the electroluminescence generation
characteristics. Our experimental findings pave the way to the exploitation of
graphene-based transparent conductive electrodes within this class of emerging
devices on flexible substrates, further promoting the novel era of flexible organic
electronics.
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Organic semiconductor-based devices such as organic light
emitting diodes (OLEDs), solar cells, memories, and

field-effect transistors (OFETs) are expected to reduce
fabrication costs and enable novel functionalities with respect
to devices and systems based on conventional materials.1−5 In
this scenario, recently developed organic light-emitting
transistors (OLETs) are increasingly gaining interest within
both the scientific and technological community due to their 2-
fold functionality of behaving as a thin-film transistor and at the
same time being capable of generating light under appropriate
bias conditions.6−10

Nowadays, the most commonly used material as transparent
conducting electrode is indium−tin-oxide (ITO). However, the
exploitation of ITO is currently facing a number of challenges,
mainly due to the dramatic price fluctuations as a result of the
limited amount of available indium and to its intrinsic rigidity
and brittleness under bending.11 This has stimulated great
efforts in the quest for alternative transparent and conductive
electrode materials for various devices and the corresponding
technology platforms. Several types of new transparent
electrode materials may potentially replace ITO,12 including
metallic nanowires,13 carbon nanotubes,14−16 conductive
polymers,17,18 and graphene films.19,20

Graphene is a promising next-generation conducting material
with the potential to replace traditional electrodes, including
ITO in electrical and optical devices. A single sheet of carbon

atoms, also known as graphene, is a highly transparent and
conductive material. This recently discovered two-dimensional
crystal21,22 combines several key features including low sheet
resistance, high optical transparency, and excellent mechanical
properties,23 offering a potentially valuable alternative to
standard indium−tin-oxide. In the visible range, the trans-
parency of graphene films decreases linearly with film thickness
(and consequently number of layers). For 2 nm thick films, the
transmittance is higher than 95% and remains above 70% for 10
nm films,24,25 while for ITO a transparency in the range 60−
80% is met for film thickness below 200 nm.26 Further, the
optical spectrum of graphene is quite flat between 500 and
3000 nm, with the dominant absorption below 400 nm.27

Considering the low cost of chemically exfoliated graphene
compared to ITO or carbon nanotube mats, the combination of
high film conductivity, optical transparency, and mechanical
stability immediately suggests employing graphene as a
transparent, conductive, and flexible electrode.24,25,28

For example, touch screen technology (based on resistive
and capacitive effects) requires a sheet resistance of 300−1500
Ω/□ at a transparency in the range 86−90%.12 Recently, tens
of centimeter long graphene films fulfilling these requirements
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have been produced29 and engineered into transparent
electrodes for touch screen panel devices, leading to superior
performances as compared to their ITO-based counterparts. In
addition, ITO is a brittle material, and it has been shown that a
graphene-based touch screen can withstand without breaking
twice as much stress (6%, where the breaking takes place at the
metal electrode and not at the graphene electrode) as ITO.
In the present work, we demonstrate the successful

implementation of a graphene-based transparent conductive
gate electrode in organic light-emitting transistors, along with
an improvement of the overall performances compared to
standard devices having an indium−tin-oxide gate electrode.
Further, we show the feasibility of using graphene-based
electrodes to achieve an ITO-free technology platform along
with an enhancement of the performances for this particular
class of emerging optoelectronic devices.

■ RESULTS AND DISCUSSION

Graphene and few graphene layer (FGL) with lateral
dimensions of approximately 10 mm × 15 mm were grown
by chemical vapor deposition (CVD) on copper substrates30,31

(see Supporting Information for details) and then transferred
onto glass substrates, where the ITO-based gate electrode has
been previously removed (see Figure 1). Throughout the
article, we will refer to substrates and correspondingly
fabricated devices with gate electrode made of few graphene

layer membranes and ITO as G-OLET and I-OLET,
respectively. In our case, the indium−tin-oxide film has a
thickness of 120 nm, and it has a very smooth surface (surface
roughness <1−2 nm). Each substrate with FGL has been tested
in order to verify the film’s electrical conductivity. Electrical
resistances in the range from 1 to 3 kΩ (as compared to less
than 1 kΩ in the case of the corresponding ITO gate electrode)
have been measured in a two-terminal electrode configuration
(Figure 1c). A dielectric polymer layer (approximately 450 nm
thick poly(methyl methacrylate) (PMMA)) is deposited by
spin coating on both substrates (FGL and ITO), followed by a
curing process under vacuum at 90 °C for 18 h. As previously
demonstrated,32 a trilayer organic stack can be exploited to
generate light, which can be modulated by applying a gate
voltage. In this work, a bottom-gate/top-contact (BG-TC)
device configuration is used, as shown in the simplified
schematics in Figure 1a. The device’s active region consists of
three different organic layers: the first, in direct contact with the
dielectric layer, and the third layer are field-effect hole- (α,ω-
disubstituted-quaterthiophene with hexyl, DH-4T, 25 nm) and
electron-transporting di(perfluorohexyl-quaterthiophene, DHF-
4T, 25 nm) semiconductors, respectively, whereas the
intermediate layer, where the recombination and the emission
processes take place, is a host−guest matrix constituted by a
bis(10-hydroxybenzo[h]quinolinate)beryllium complex and
tris(1-phenylisoquinoline)iridium [BeBq2:Ir(piq)3, 60 nm].
Gold drain and source electrodes (70 nm) are deposited on
top of the uppermost organic layer. For the choice of n- and p-
type semiconductor layers and relative considerations on the
energetics of the trilayer structure, we refer the reader to ref 32
for considerations on energetics of the trilayer heterostructures
(see also Figure 1b). As for the choice of the host−guest, it has
been shown that the BeBq:Ir(piq)3 complex is a very efficient
combination with light emission in the red region of the visible
spectrum.33−35

Prior to fabricating organic light-emitting transistors on FGL
substrates, a preliminary investigation was carried out in order
to identify the concentration of Ir(piq)3 within the BeBq2 host
matrix, leading to the maximum output signal in terms of
electroluminescence signal. Trilayer structures have been
fabricated on a standard glass/ITO (gate)/PMMA (450 nm)
substrate by introducing in the host matrix concentrations of
Ir(piq)3 in the range from 2% to 16%. The experimental results
indicate that a 2% Ir(piq)3 concentration within the matrix
leads to maximum emitted light (see Supporting Information
for details).
Figure 2 shows (a, b) the typical transistor characteristics

(locus and multiple output curves) with (c, d) their
corresponding electroluminescence (EL) intensity (measured
with a photodiode in contact with the device and with an active
area larger than the device itself, a condition that ensures that
all emitted photons are collected) for applied voltages up to
−100 V for one of our representative devices. Solid symbols
refer to I-OLET, while empty ones to G-OLET, respectively,
both measured in a controlled nitrogen environment. In
particular, we recall that the experimental data shown for G-
OLET refer to a gate electrode composed of three layers of
graphene, estimated based on the assumption that each
graphene layer absorbs 2.3% of the impinging light at a
wavelength of 550 nm36 and determined prior to device
fabrication (see Supporting Information for details). At the
same reference wavelength, a thin film of ITO (120 nm) on
glass has a transmittance of approximately 88%. Electrical

Figure 1. Organic light-emitting transistor based on a few graphene
layer gate electrode. (a) Schematics of an organic light-emitting
transistor, where a graphene-based electrode is used as gate and (b)
relative energy diagram of the organic trilayer structure. The n- and p-
type organic layers within the stack provide electrons and holes to the
middle layer, where the recombination occurs, followed by light
emission. (c) Optical image showing a representative substrate where
the ITO gate electrode has been replaced by a graphene-based film.
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resistance of the gate electrode has been measured in a two-
terminal configuration showing values on the order of 1−3 kΩ,
as compared to 0.5 kΩ for ITO in the same conditions. In
terms of electrical properties, both transistors show very similar
responses, with measured drain−source current of few tens of
μA for applied biases VDS (=VGS) up to −100 V (see panel a).
Threshold voltages on the order of −30 V are found for both
types of devices, with estimated mobilities of 2.4 × 10−2 cm2/
(V s) and 4.5 × 10−3 cm2/(V s) for hole mobility in I- and G-
transistors, respectively. In both cases, multiple output curves
present a typical transistor behavior characterized first by a
linear region (ohmic region) up to approximately −40 V,
followed by a saturation region for larger biases (and up to
−100 V). We note that our G-device presents an unexpected
and not negligible leakage current through the dielectric layer,
when compared to the ITO counterpart. In this particular
instance, this large (∼μA) gate current is the result of the poor
quality of the FGL surface. In fact, a nonuniform flatness over
the substrate is inherent to the nature of the transfer process of
graphene films over large areas of a few mm2.37 The formation
of wrinkles is often attributed to the cool-down process upon
growth as a result of the difference in coefficient of thermal
expansion between the graphene and the Cu substrate.38

Inhomogeneity and kinks on the surface represent “weak spots”
for the subsequent dielectric deposition, thus creating paths for
the current to leak through the gate. Improvement in adhesion
is under investigation. We here refer the reader to the
Supporting Information (paragraph S5) for more details on
surface characterization of FGL and corresponding leakage
currents.
Further on, from an electrical point of view, these devices are

functioning very similar to one another. On the other hand,
when comparing I- and G-devices in terms of emitted light, it is
necessary to distinguish between the two sets of measurements.

In the case of the locus curve (Figure 2c), for the G-OLET we
found (i) an increase of the maximum emitted power of about
50% (corresponding to the bias condition VGS = VDS = −100
V) and (ii) no hysteresis between forward and reverse sweep as
compared to I-OLET (the direction of the sweeps is indicated).
The curve shape in the case of I-OLET suggests that using
indium−tin-oxide as a gate electrode has an overall “screening”
effect on the intensity of the emitted light within the transistor
structure. This is most likely the result of an induced charge
polarization effect that overlaps the normal electric field
operating conditions; in fact, due to the nature of the
underlying ITO (n-type oxide), the application of a bias across
the entire devices induces a polarization across each layer
within the heterostructure.39 The net consequence is to create
localized charge distributions of alternatively opposite signs
located at the interface between each adjacent layer and where
these localized/bounded charges are not readily available for
the conduction and/or the recombination process, thus limiting
(in time and/or in space) the light emission. Investigation of
the temperature dependence of the transport properties of
these devices will surely provide some additional insight;
however, at the moment, this is beyond the scope of the
present work. Figure 2d shows no light emission for applied
drain−source bias smaller than −20 V for both devices, while
for increasing bias a rapid increase of the emitted light is
detected. While in the linear region of the curves, G- and I-
OLET behave similarly (same dependence and comparable
values of EL), there is a dramatic difference for applied source−
drain biases larger than −30/−40 V (which corresponds to the
onset of the saturation region in the drain−source current
modulated by the gate voltage). We experimentally observe two
main features: (i) the emitted light in G-OLETs is systemati-
cally larger than the I-counterpart and (ii) it consistently rises
faster than the I-counterpart for the same gate voltage value. In

Figure 2. Electrical and optoelectronic characteristics of I-OLETs and G-OLETs. (a, b) Locus and multiple output curves of (●) I-OLET and (○)
G-OLET, respectively, with (c, d) their corresponding electroluminescence curves. Arrows in (b) and (d) indicate decreasing applied constant gate
bias, while arrows in (c) indicate the direction of the voltage sweeps. In terms of electrical properties, both transistors show very similar response;
however in terms of emitted light we observed an increase of the optical power associated with the emitted radiation (c, d). Details about the gate
leakage current contribution to the G-OLET drain−source current are provided in the Supporting Information.
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the condition of maximum emitted light (VGS = VDS = −100 V),
G-OLET presents almost double the power associated with the
generated light as compared with the I-OLET. In particular, for
higher source−drain voltages, a linear decrease of the emitted
power is observed in Figure 2d, which corresponds to a
saturation of the source−drain current in the output curves
(panel Figure 2b). In this region, the curve is steeper than for
the I-counterpart, confirming that the photon generation in I-
OLET is at least partially limited by the polarization induced in
the alternatively stacked layers upon external bias. In view of
these results, we should focus our attention on the intrinsic
differences between an indium−tin-oxide layer with a thickness
of 120 nm and a film made of three graphene layers. The
difference between G- and I-OLET devices is related to an
improved extraction of the emitted light through the substrate.
This is supported by the fact that very similar source−drain
current values are measured in both devices, suggesting that
both the gate modulation effect and the quantity of charge
carriers participating in the conduction are very similar (see
panel (a) in Figure 2). A change in the transmittance of the
generated light through the extraction layers (ITO-PMMA vs
FGL-PMMA) can be ruled out since a direct measurement of
the optical transmittance of these layers shows a maximum
difference of about 6% at approximately 450 nm in the visible
range (see Supporting Information). This finding by itself
cannot explain the difference of almost a factor of 2 in the
detected light, and furthermore this difference reduces to about
2−3% if considering the spectral range of the emitted radiation
(see later in the article). Thus, additional effects have to be
responsible for the enhanced electroluminescence measured in
G-OLETs, such as the following.
a. Cavity-like Ef fect.40 Considering that few graphene layer
behaves as a very thin and transparent metal, the entire device
(FGL/dielectric/trilayer organic stacks/metal contacts) is
expected to form a cavity within which the emitted radiation
can propagate, possibly multiple times. Interestingly, the
approximate size of the cavity (∼600 nm) is close to the
wavelength of the emitted light, as will be shown later. In
resonant conditions, enhancement of the optical properties can
take place.41 This hypothesis is also supported by the fact that
the emission takes place mostly below the (drain) electrode, as
will be shown later in the article. On the other hand, this effect
is not observed in I-OLET, because indium tin oxide is not a
metal. In this case, in fact, upon electron−hole recombination
and light emission in the intermediate organic layer, the
radiation is reflected by the top metal electrode, then
propagates through the organic layers and exits through the
bottom ITO gate electrode. In this case, no enhancement of the
electroluminescence is taking place.
b. Electro-optical Ef fects.42 A contribution due to a variation in
the electro-optical properties of FGL upon the application of an
electric field cannot be a priori excluded, even if many of these
effects are usually more dominant in the THz range, which is
far from our experimental condition. In fact, upon bias optical
properties of graphene have been demonstrated to be modified
when surrounded by a dielectric medium. In particular, in the
case of two different dielectrics (below or on top of it),
variation in the optical contrast of these two media can strongly
affect the propagation of radiation.
At this moment, however, it is beyond our experimental

capabilities to either distinguish or quantify these two effects.
In addition, from the curves in Figure 2.a, we were able to

estimate the external quantum efficiency (EQE) of our

transistors, a parameter that correlates the number of available
charge carriers with the number of emitted photons upon
radiative recombination. Figure 3 shows the EQE for both
graphene- and ITO-based transistors; corresponding drain−
source current curves are also reported (right axis). We observe
that (i) in the case of G-OLET the EQE closely follows the
corresponding IDS dependence and (ii) EQE value of I-OLET is
approximately half of the corresponding G-transistor and it
presents a hysteretic behavior between the forward and reverse
sweep, with the latter being smaller. Both effects are directly
correlated to the induced polarization in the presence of an
oxide gate layer (ITO), which has the net consequence of
reducing the effective electric field felt by the organic stack
within the transistor. Charges are actually bounded and/or
retarded at interfaces, thus being prevented from participating
in the radiative recombination process, resulting in an overall
reduced efficiency. These effects are absent when the gate
electrode is made of few-layer graphene.
Prior to proceeding to optical characterization carried out in

the atmosphere, as-fabricated devices were encapsulated to
prevent deterioration upon exposure to oxygen, as shown in
Figure 4a (see Materials and Methods for details about the
encapsulation process). Figure 4 shows the G-OLET in the
ON-state while mounted on a sample holder along with its
optical characteristics. Figure 4b is the optical image of one of
our representative linear devices in the ON-state, where the
transistor is biased with VGS = VDS = −100 V, a voltage
condition corresponding to the maximum output emitted
power. The normalized electroluminescence spectrum presents
a broad peak centered at around 626 nm, which slowly decays
toward the UV region of the spectrum; an additional smoothed
component “centered” at around 666 nm is also present (see
Figure 4c). The photoluminescence spectrum of Ir(piq)3 is also
reported for comparison. We were also able to determine the
color coordinates associated with a graphene-based light-
emitting transistor, which are x = 0.6957 and y = 0.3301,
corresponding to the white circle indicated in the CIE standard
color map in Figure 4d. We further studied in more detail the
localization and spatial extension of the emitted light of the G-
OLET device as a function of the applied bias. In particular, the
top panel in Figure 5 shows (left) the optical image of the
transistor channel (70 μm) in the G-OLET device, where

Figure 3. External quantum efficiency (EQE) for I-OLET and G-
OLET (left axis) and corresponding drain−source currents (right axis)
for one of our representative transistors. The net polarization effect
induced in an ITO-gate device has the overall effect of preventing
charges from participating in the recombination process, thus limiting
the value of EQE.
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source and drain are labeled accordingly within all panels (left
to right). While keeping constant the gate voltage (−100 V),
we have selected three representative drain−source voltages
(−60, −80, and −100 V) for which the conditions of maximum

output power are achieved. We found that for decreasing values
of VDS two features can be experimentally observed: (i) the
extension of the emitted light (w) is localized in correspond-
ence with the edge of the drain electrode and extends beneath

Figure 4. Optical images, emission spectrum, and color coordinates of the G-OLET device. Optical images of the (a) encapsulated substrate and (b)
the same substrate with one G-OLET device in the ON-state. (c) Electroluminescence (EL) spectrum of one of our representative G-OLETs. The
photoluminescence (PL) spectrum of Ir(piq)3 is also reported. (d) XY color map plane (CIE standard) indicating the color coordinates (x = 0.6957;
y = 0.3301) of our G-OLET (indicated by the white circle).

Figure 5. Optical imaging of the emitting stripe. (a) (Left to right) optical images of the device channel of one of our representative G-OLET devices
observed from the bottom in the following conditions (left to right): no illumination, gate bias −100 V, and drain bias −100, −80, and −60 V,
respectively. All images have the same scale. (b) Emitted light profile for different drain−source voltage at constant gate bias. Channel and electrode
positions are also indicated. (c) Extension of the emissive stripes determined experimentally for various drain−source voltages at fixed gate biases of
−100, −80, and −60 V. Dashed lines are guides to the eye.
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the electrode (without extending within the channel width) and
(ii) the width of the emissive stripe becomes progressively
larger. More quantitatively, we have measured for each bias
condition the extension of the emissive stripe along the vertical
direction (as indicated by the vertical dashed line in the left
optical image in panel a) and its relative position with respect
to the channel. Figure 5b and c show three representative light
profiles and the width of the stripes, averaged over the entire
recorded image across the channel, respectively. Thus, it is
possible to controllably tune the extension of the localized
emission region within the transistor beneath the drain
electrode by changing the source−drain and gate biases within
the transistor structure.

■ CONCLUSIONS

In conclusion, we have demonstrated that using graphene-based
transparent electrodes is a valid and promising alternative for
the fabrication of ITO-free organic light-emitting transistors.
Even though the transistor behavior is very similar in both ITO-
and FGL-based devices from an electrical point of view, in
terms of emitted light the G-OLET shows a clear enhancement
in terms of electroluminescence in the same operating
conditions. Graphene allows for a complete replacement of
current ITO transparent conductive films in multifunctional
devices, overcoming the brittleness limitation inherent to ITO.
Furthermore, the possibility of a large-scale CVD growth
process to produce graphene allows for a practical implemen-
tation of graphene films in multiple technological platforms
beyond OLETs, such as OLEDs and solar cells. This suggests
the potential of implementing a large variety of electronic
devices on multifunctional and flexible substrates, promoting
flexible organic electronics.

■ MATERIALS AND METHODS

Device Fabrication. Trilayer organic heterostructure
OLETs were fabricated in bottom-gate/top-contact config-
uration. The substrate consists of 25 mm × 25 mm square glass
coated with a 120 nm thick patterned ITO serving as a gate
electrode. For the fabrication of the G-OLET device on exactly
the same glass substrates, the ITO is chemically removed in
HCl solution and replaced with an FGL film. A 450 nm thick
PMMA film was spin coated on the substrate and annealed in a
vacuum oven at 90 °C for 18 h. The organic multilayer stack
and metal electrodes were deposited by thermal evaporation by
means of shadow masks in a commercial Kurt J. Lesker high-
vacuum deposition chamber at room temperature at a base
pressure of 10−6 mbar. Devices have the following character-
istics: 12 mm channel width, 70 μm channel length, 0.5 mm
wide source and drain electrodes. Thicknesses of dielectric,
semiconducting, and metal layers were measured by means of a
KLA Tencor P6 profilometer. The deposition chamber is
directly connected to a glovebox to prevent sample exposure to
air during the fabrication process and allow preliminary
optoelectronic characterization. Devices are encapsulated inside
the glovebox using a glass coverslip and an ultraviolet-cured
epoxy sealant. A getter (Dryflex, provided by SAES-GETTERS)
was also used to prevent any deterioration of the sample.
Electrical and Optical Characterization. Optoelectronic

characterization of our devices was carried out using a SUSS
probe station, coupled with a B1500A Agilent semiconductor
parametric device analyzer. The measurement setup was
equipped with an S1337 silicon photodiode (Hamamatsu)

with a sensitivity of 0.38A W−1 at 600 nm, placed in contact
with the devices to enable simultaneous electrical character-
ization and collection of all emitted photons. Electro-
luminescence spectra and color coordinates have been
measured by a Minolta CS-2000 commercial spectro-radio-
meter, while optical images were taken with a Nikon Eclipse 50i
microscope with a 10× magnification objective.
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