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Abstract

Optoelectronic properties of light-emitting field-effect transistors (LETs) fabricated on bottom-contact transistor structures using a tetracene
film as charge-transport and light-emitting material are investigated. Electroluminescence generation and transistor current are correlated, and
the bias dependence of the LETs external quantum efficiency is determined. The device’s performance degrade rapidly upon gate biasing.
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he effect is attributed to charge trapping, which can be prevented by operating the devices in pulsed mode.
A model for the electron injection mechanism in a p-type organic transistor is proposed. On the basis of this model, electrical a

haracteristics, as well as the dependence of the external quantum efficiency on drain- and gate-bias, are well reproduced.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Organic materials have been proved successful for use as
ctive layers in electronic and optoelectronic devices such as

ight emitting diodes (OLEDs), thin film transistors (OTFTs)
nd photovoltaic cells (OPVs). Device performance and reli-
bility have been radically improved since early prototype re-
orts[1–4], allowing OLEDs to enter the market and OTFTs

o reach charge mobility comparable to that of amorphous
ilicon transistors[5–7]. Recently, organic light-emitting
field-effect) transistors (OLETs) have been demonstrated
8]. OLETs represent a relevant novel opportunity to inves-
igate fundamental optoelectronic properties of organic thin
lms, and to overcome some of the constrains posed by the
xisting vertically-stacked light-emitting devices. The higher
harge carrier mobility for OTFTs, if compared to organic and
olymer LEDs (of the order of 10−5 cm2/(V s) under dc oper-
tion[9]), should result in lower exciton quenching by charge

∗ Corresponding author. Tel.: +39 051 6398521; fax: +39 051 6398540.
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carriers in OLETs than in OLEDs. The three electrodes
vice structure of OLETs allows, in principle, to better con
injection and currents of electrons and holes to minimize
balanced mobility and enhance exciton density. Furtherm
taking advantage of the gate electrode bias, the locati
the exciton recombination region can be controlled.

In this work, the correlation between electroluminesce
and transistor current in recently discovered tetracene-b
LETs is investigated. The degradation of the device pe
mances upon device operation is studied and demons
to be prevented by pulsed mode gate bias. The light g
ation mechanism is also investigated. A hypothesis on
driving force and mechanism for electron injection from
into tetracene was formulated and, on this basis, an an
ical model able to describe the light and current outpu
provided.

2. Experimental

The FET structure employed in this study is reporte
Fig. 1. Two types of substrates have been considered. Th
1 Permanent address: Universidade do Algarve, FCT 8000 Faro, Portugal.type is fabricated by first evaporating contact pads formed
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Fig. 1. Structure of the organic light-emitting transistors fabricated on
SiO2/n-Si substrates (top). Light is generated by recombination of holes
and electrons injected into the transistor channel by source and drain con-
tacts, respectively. Example of a working OLET withWc/Lc = 200,000/5
(�m/�m) (bottom).

by 10 nm thick Ti/W adhesion layer and 200 nm thick Au
layer on 100 nm thick SiO2 (gate dielectric with capacitance
of 3.45 × 10−8 F/cm2) thermally grown onn-Si substrate
(gate electrode). Source and drain electrodes were formed by
sputtering 15 nm thick Au layer. Patterning was done by a
lithographic process. Ultra-thin Au electrodes with no adhe-
sion layer ensured charge injection to occur from gold, and
prevented shadow effects when subliming the organic ultra-
thin film. Gold electrode profiles were checked with AFM to
have smooth slopes and to be highly regular along the entire
channel width. Channel lengths (Lc) and widths (Wc) varied
in the range 2–20�m and 100–1048�m, respectively. The
second type of substrates was fabricated employing 290 nm
thick SiO2 (oxide capacitance of 1.8× 10−8 F/cm2) ther-
mally grown onn-Si substrate, respectively acting as gate di-
electric and gate electrode. A thin chromium adhesive layer
was deposited on the oxide surface before 50 nm thick Au was
deposited. After that, source and drain interdigitated elec-
trodes were photolithographically patterned.Wc was 20 cm
andLc was 15�m.

The substrate surface was treated with octadecyl-trichloro-
silane (OTS) to improve substrate coverage and film homo-
geneity[10]. Tetracene films with thickness in the range from
20 to 50 nm were sublimed in high vacuum conditions with
the substrate kept at room temperature. OLETs were then
p here,
w lified

photomultiplier[11]. Simultaneous current and electrolumi-
nescence measurements were systematically performed in
vacuum at room temperature both in dc and pulsed mode.

Leakage current through the oxide could result in electron
injection into tetracene followed by light generation. To rule
out any contribution of the leakage current to the light gen-
eration, some of the experiments were performed using an
ad hoc experimental configuration where the same bias was
applied to drain and gate with respect to source and currents
were measured at the drain. In this way, strictly no current
between drain and gate is possible, and the electrical charac-
teristics measured at the drain can be exclusively attributed
to the two-dimensional transistor channel.

3. Results and discussion

Tetracene LETs behave as p-channel unipolar transistors.
No electron current was ever detected in these devices[8].
Fig. 2 shows the light output intensity and the drain current
as theVDS = VG is scanned from 0 to−40 V. The onset of
the electroluminescence is at higher voltage than the onset
of the drain current and the electroluminescence intensity
increases faster than the current at higher voltages.Fig. 2
reveals the non-linear correlation between light and current.
T ned
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laced in a probe station inside a calibrated integrating sp
here light detection was achieved through a pre-amp
he external quantum efficiency (EQE) of the device, defi
s the number of emitted photons per charge carrier, is
escribed by a quadratic function in theVDS = VG applied
oltage (insetFig. 2).

Fig. 3 shows hysteresis loops for drain current and e
roluminescence intensity obtained by scanning theVDS =
G voltage in dc mode from 0 to−40 V and back. Bot

he current and light backward curves fall below the forw
nes due to a significant increase of the threshold gate
ge upon device operation[12]. Charge trapping was ide

ig. 2. Drain current (�) and electroluminescence intensity (�) as a function
f VDS = VG. The inset shows the external quantum efficiency measure

DS = VGS in the range from−20 to −40 V (the continuous line is a
o the experimental data with a quadratic function of the applied volt
ransistor withWc/Lc = 1048/5 (�m/�m).
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Fig. 3. Hysteresis loops for drain current (�) and electroluminescence in-
tensity (�) measured in dc mode. The inset shows the same drain current
measurement performed in pulsed mode with ms voltage pulses. Transistor
with Wc/Lc = 1048/5 (�m/�m).

tified as the possible origin of the increase of threshold gate
voltage during device operation. To avoid charge trapping,
pulsed voltages can be applied to the device. Indeed, pulsing
the gate with ms voltage pulses changes the device response,
i.e. the backward current curve is now superimposed or pos-
sibly higher than the forward one (see inset ofFig. 3). No
similar effect was observed pulsing the drain voltage. These
results indicate that the gate bias plays a major role in induc-
ing charge trapping. The effect of charge trapping on current
and electroluminescence was studied by transient measure-
ments where a constant voltage was applied to gate and drain
whilst current and light were measured as a function of time.
Fig. 4shows transient measurements for constantVDS = VG
= −40 V. The different decay of current with respect to elec-
troluminescence suggests that different processes are respon-
sible for charge flow and light generation. Inset ofFig. 4also
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Fig. 5. (a) Electrical output characteristics (symbols) and correspondent sim-
ulations (continuous lines). The mobilityµh extracted from the experimental
curves and used as parameter in the fitting is 1× 10−4, 2.6× 10−4, 2.6×
10−4, and 5× 10−4 cm2/(V s) for VGS −30, −40, −50, and−60 V, re-
spectively. Transistor withWc/Lc = 200,000/5 (�m/�m). (b) Experimental
(symbols) and simulated (continuous lines) optical output characteristics,
corresponding toFig. 5a.Transistor withWc/Lc = 200,000/5 (�m/�m).

shows that both current and electroluminescence transients
are not described by a single exponential decay. The elec-
troluminescence decreases faster than the current and after a
few hundreds seconds is below the detection limit. Although
the decay of the current is slower, it also approaches the noise
level after 104 s. The nature and exact location of charge trap
states in organic devices is still a matter of debate. Trap states
have originally been observed in amorphous silicon TFTs
[13] well before their investigation in organic and polymeric
TFTs[14]. Work is in progress to investigate deeply the nature
and energetics of traps in organic light-emitting transistors.

Figs. 5a and 6ashow the standard output and transfer char-
acteristics of the device[15]. A clear effect of metal–organic
contact resistance is displayed in theID–VDS curves at low
drain-voltage[16–18]. A decreasing drain current instead of
the typical saturation is observed for higher drain-voltages.
This effect was attributed to the increase of the gate volt-
age threshold during device operation. Charge mobility de-
duced from the transfer curves reported inFig. 6a is one
order of magnitude higher with respect to that obtained from
the output curves ofFig. 5a. Such a difference is caused
by the different gate bias mode employed to record the out-
put curves (constant mode) and the transfer ones (staircase
mode). Indeed, the major role played by the gate bias in in-
ducing the charge trapping was already underlined. The opti-
c tput
a
r

ig. 4. Transient measurements of drain current (�) and electrolumines
ence intensity (�) for constantVDS = VG = −40 V. The inset shows th
og–log plot extended to 104 s. Transistor withWc/Lc = 1048/5 (�m/�m).
al response of OLETs corresponding to the electrical ou
nd transfer characteristics are shown inFigs. 5b and 6b,
espectively.
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Fig. 6. (a) Electrical transfer characteristics (symbols) and correspondent
simulations (continuous lines). The mobilityµh extracted from the experi-
mental curves and used as parameter in the fitting is 2× 10−3, 3.3× 10−3,
and 4.4× 10−3 cm2/(V s) for VGS−20,−30, and−50 V, respectively. Tran-
sistor withWc/Lc = 200,000/5 (�m/�m). (b) Experimental (symbols) and
simulated (continuous lines) optical transfer characteristics, corresponding
to Fig. 6a.Transistor withWc/Lc = 200,000/5 (�m/�m).

4. Modeling OLETs

4.1. The model

The open question concerning the working mechanism
of OLETs is the electron injection from gold into tetracene,
which is energetically strongly unfavourable. The non-ohmic
contact at the metal–organic interface is shown by the non-
linear increase ofID [16–18]at lowVDS in Fig. 5a. Due to
this contact barrier, there is a potential drop near the source
and drain electrodes. The specific features of this voltage drop
depend on the nature of the metal–organic interface. The pro-
posed model assumes that the voltage drop causes a distortion
of the HOMO–LUMO levels of the organic material, near the
metal–organic interface, determining the conditions for the
tunneling of electrons from drain into the LUMO level of the
organic material.

Fig. 7a shows the schematic representation of the main
electronic processes occurring in a working OLET device.
The gate bias induces hole accumulation in the transistor
channel. Hole current flows towards the drain, which is neg-
atively biased with respect to the source. Together with the
direct injection of electrons from drain into the HOMO level
of tetracene, which leads to a purely non-radiative process, the
injection of electrons via tunnelling into the LUMO level can
a ity to
i form
e nce
e r and

Fig. 7. (a) Working principle of OLET device. The main electronic pro-
cesses taking place when the device is operated in standard p-type mode are
indicated. (b) Energy levels diagram showing the mechanism for electron
injection from gold into the organic material at the drain electrode.

intermolecular processes, which determine the detected light
intensity[19,20]. These processes include the molecular ra-
diative recombination, the exciton-charge carrier interaction
and exciton-metal interaction. For simplicity, in our model we
consider the intrinsic molecular light-emission efficiency, and
group all the extrinsic and intermolecular effects in a rescal-
ing parameterQE.

Fig. 7b schematically represents the effect of the voltage
drop on the electron injection barrier near the metal–organic
interface. The barrier becomes triangular-like with a height
(H) equal to the HOMO–LUMO gap and a width (W) in-
versely proportional toVDS. W is directly proportional toL,
i.e. to the extension of the region over which the potential
drops at the drain.L is a phenomenological parameter and
depends exclusively on the nature of the metal–organic inter-
face. Its value is deduced from the fitting of the experimen-
tal electroluminescence output characteristics. We anticipate
here that values ofL ranging between 3 and 15 nm were ob-
tained.

The analytical equations used to describe the number of
electron–hole pairs formed in the channel (Ne–h), the hole
current (ID) [15,21], the electron injection tunneling proba-
bility (Pt) [22,23]and the number of emitted photons (Nphs)
are given below.

N

w old
m -
lso take place. Injected electrons have a high probabil
nteract with positively charged tetracene molecules to
xcitons, which can then give rise to light emission. O
xcitons are formed they are subject to all intramolecula
e−h = ID(VDS, VGS)

e
Pt(VDS, 	Ee) (1)

here	Ee is the energy distribution of electrons in the g
etal around the Fermi energy level, andID andPt are de
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scribed by the following equations:

ID =




WCµhCOX

LC

[
(VGS − VT)VDS − 1

2
V 2

DS

]
, VDS < VGS − VT

WCµhCOX

2LC

[
(VGS − VT)2

]
, VDS ≥ VGS − VT

(2)




Pt = aH

eW
e−8πW

√
2mH/3h

H = ELUMO − EHOMO − 	Ee

W = H
L

VDS

(3)

NPhs= QE Ne–h(VDS, VGS) (4)

Wc, Lc, Cox andµh are the channel width, channel length,
oxide capacitance and hole mobility of the OLET device,
respectively. The gate-voltage threshold (VT) is considered
to change linearly during device operation in agreement with
the experimental observations (see previous section).

The overall trend of the simulated curves arises straight-
forwardly from the equations using the experimentalWc, Lc,
andCox. Fine tuning of the simulations is done adjusting the
values ofµh andVT in agreement with the experimentalID.

4.2. Simulating the electrical and optical characteristics
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emission intensity steadily increase if the gate is above its
threshold. Indeed, the gate-voltage determines the drain cur-
rent, but does not directly influence the electron injection. A
deeper insight on the electron injection process is provided
by the dependence of the external quantum efficiency (EQE)

F hys-
t of the
g
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F

Fig. 9. Experimental (symbols) and simulated (continuous lines) external
quantum efficiency as a function of theVGS (�) and ofVDS (�). Transistor
with Wc/Lc = 200,000/5 (�m/�m).
Figs. 5a and 6ashow the OLETs output and trans
haracteristics, respectively, with their correspondent
lations. The effect of metal–organic contact barrier sh

n the experimentalID–VDS curves (Fig. 5a) at low drain
oltage has not been considered explicitly in the model,
herefore simulations do not reproduce the S-shape beha
f the curves at low voltage. The decreasing drain curren
igher drain-voltages inFig. 5a is well described in the co
espondent simulations by inclusion of a linear increas
T. Consistently with this result,Fig. 8 shows that both fo
rain current and electroluminescence there is an increa

he gate-voltage threshold of about 10 V upon a cycled m
urement, which is reproduced with good accuracy by
orrespondent simulation.

Simulations of electroluminescence were performed
he same parameters used to model the current. The
oltage onset for light emission is independent of the
provided the gate is above its own threshold) in agree
ith the hypothesis that it is exclusively dependent on the

ure of the metal–organic interface.Fig. 5shows that at hig
rain-voltages the current slightly decreases, while the

ntensity continues to rise. This can be explained as foll
ince electron–hole recombination depends on the de
f holes close to the drain, the number of emitted pho

s expected to be proportional to the hole current. We ex
lso that by increasing the drain-voltage, the electrolum
ence intensity would increase more than the drain cu
ecause the tunneling barrier depends onVDS. In addition,

n the transfer characteristics, by sweeping the gate-vo
t a constant drain-voltage (Fig. 6), both current and ligh
ig. 8. (a) Experimental (symbols) and simulated (continuous lines)
eresis loops for drain current. Hysteresis is due to an increase
ate-voltage threshold during device operation. Transistor withWc/Lc =
048/5 (�m/�m). (b) Experimental (symbols) and simulated (continu

ines) hysteresis loops for electroluminescence intensity correspond
ig. 8a.Transistor withWc/Lc = 1048/5 (�m/�m).
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on the applied gate and drain voltages. In the proposed model,
EQE is proportional to the tunneling probability (Eq.(3)) as
easily deduced from Eq.(1).Pt depends non-linearly onVDS
and is independent onVGS. Fig. 9 reports EQE versusVGS
and versusVDS and the correspondent simulations. EQE de-
pends onVDS, whilst it does not depend onVGS. The good
agreement between the model and these experiments is a con-
firmation of the tunnelling hypothesis.

5. Conclusions

Optoelectronic properties of tetracene-based light-
emitting transistors were investigated. Device performances
degradation upon device operation was attributed to gate
voltage-induced hole trapping. Pulsed gate voltage operation
mode prevented the trapping. The crucial topic of energet-
ically unfavourable electron injection from Au contact into
tetracene was investigated. An analytical model of the de-
vice working mechanism was proposed based on electron
injection via a tunneling process enabled by the non-ohmic
contact between the Au drain electrode and the organic ma-
terial. Despite the simplified approach, the model reproduces
the optoelectronic characteristics of the device, including the
drain and gate voltage dependence of the external quantum
e onic
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