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Efficient Organic Light-Emitting Diodes with Fluorine-Doped Tin-Oxide
Anode and Electrochemically Synthesized Sulfonated Polyaniline
as Hole Transport Layer
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In this work we report efficiency measurements on light-emitting diodes with electrochemically synthesized
sulfonated polyaniline as hole transport layer. The anode used in our devices is fluorine-doped tin oxide,
the blocking layer is electrochemically synthesized poly(9,9-dioctyl-1,4-fluorenylenevinylene) and the electron
transporting material and emitter is tris-(8-hydroxyquinoline) aluminum. Sulfonated polyaniline based devices
presented efficiency of 0.79 cd/A.

I. INTRODUCTION But, of the many soluble conductive polymers developed

for this purpose so far, poly(3,4-ethylenedioxythiophene):

oly(styrenesulfonate) (PEDOT:PSS), is one of the most in-

Popeet al[1], who used anthracene as electroluminescent mak—)eSt'g"ﬂeOI matengls [10]. It IS a pqumerlc k_JIend, which can
e processed easily because it is dispersed in water. It was ob-

terial. Helfrichet al[2] used the same material, but with dif- erved that PEDOT:PSS reduces the effective energy barrier

ferent electrodes, achieving a smaller operation voltage. Th r charge iniection into the oraanic electrolumin nt m
major problem of these devices was the high voltage require _charge injectio 0 the organic electroluminesce a-
rial [11,12] leading to an improvement of efficiency when

for operation. The great development in this area began whely . . . .
Tang et al [3] and Burroughest al [4] reported electrolu- using this material as _HTM n OLE_DS' .
minescence at low voltages in devices constructed with low Stlfonated polyaniline (SPAN) is a self-doped conductive
molecular weight materials and polymeric materials, respecRClyMer. dispensing the need of blending with a doping mate-
tively. Since then, many different materials and device struchial. _SPAN synthesis and electrical behavior were investigated
tures were tested and developed in order to improve devicgY different groups [13,14,15] and Onodgal [16] reported
performance, increasing efficiency and lifetime. the application of SPAN to OLEDs. SPAN makes ohmic con-
tact with different metals [17] and for this reason it was pro-

t choi f : terials all better iniecti sed as hole injection material [18]. SPAN can be chemi-
a correct choice ororganic materials afflows a better injectio ally or electrochemically synthesized. The advantage of the
and recombination of charge carriers. Charge carriers that ar;

. A . . Sectrochemical synthesis when compared to the spin-coating
unable to recombine emitting light, contribute to reduction Ofdeposition is the lower waste of material, the formation of a

efficiency and loss of energyia heat dissipation [5]. Multi- . well-adsorbed and mechanically tough film, direct deposition

inside the devi lati h t the interf 41 desired substrate and possibility to control different para-
Inside the device, accumulating charges at he Interiaces andqq ¢ during polymerization. As a single component HTM,

increasing the recombination probability. In these Structureq is aiso not subjected to phase segregation. In this work

the layer in contact with the high work function electrode mMust o Jetermine the efficiency of devices constructed with elec-

tbe ta htohltir:ralnsportlrr(gf ma:_erlal I(HIMc)JI, and t{‘gt one Iln (Eon'trochemically synthesized SPAN and compare it with devices
act with the low work function electrode must be an electron . 4o \with PEDOT-PSS. as a reference.
transporting material (ETM). The energy levels of these mate-

rials should almost match the work function of the electrodes
to achieve a small injection barrier condition. The addition of

Electroluminescent organic devices were first reported b

Multilayer structures are the most used nowadays, becau

a recombination or an exciton-blocking layer between these Il. EXPERIMENTAL
two layers increases the light emitted by the device, improv-
ing its efficiency [6]. The electroluminescent devices were constructed in sand-

Many conductive polymers have been used as HTMwich structure. Glass covered with fluorine-doped tin oxide
in light-emitting devices.  Polyaniline [7,8] deposited (FTO) supplied by Vidcon Ltda (12/C0) was used as sub-
by spin-coating belongs to the oldest. Polypyrrolestrate and anode.
was also used as HTM [9] in bilayer with MEH-PPV.  The electrochemical synthesis of SPAN was performed in a
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Vacuum Level

conventional three-electrode electrochemical cell, containing
FTO working electrode, graphite as counter electrode, and a
saturated Ag/AgCl reference electrode. SPAN film formation
was carried out by cycling the potential between -0.15 and
1.10V at 100 mV/s in 0.1 mol/L camphorsulfonic acid (CSA)
+ 0.1 mol/L metanilic acidrframinobenzenesulfonic acid) + -25eV
0.01 mol/L aniline agueous electrolytic solution [17]. Elec- -3.0eV
trochemical polymerization was performed for 10, 20, 30, 40 -2.8eV
or 50 cycles.

PEDOT:PSS (Baytron P) was deposited onto FTO from wa-
ter solution as received and, in the sequence, annealed at 60 -4.4eV

FTO SPAN |PDO14FV Alg, Ca

-5.2eV
°C during 3 hours in vacuum. N
Poly(9,9-dioctyl-1,4-fluorenylenevinylene), PDO14FV -5.3eV
[19] was used as electron blocking layer and tris-(8- 6eV 59eV

hydroxyquinoline) aluminum, Algj as ETM. PDO14FV was
synthesized electrochemically, as fully described elsewhere
[19]. It was dissolved in CHGI(6 mg/mL) and deposited by
spin-coating £23 nm) onto SPAN or PEDOT:PSS film. Alqg FIG. 2: _Band diagram of materials based on literature values. The
was purchased from Sigma Aldrich and used as receivedlotted line represents the HOMO level of PEDOT:PSS.

The Algs layer (~48 nm) was deposited by sublimation at
a pressure of~107° torr. The chemical structures of these
materials are shown in Fig. 1. Ca and Al were evaporate
at a pressure o£10® torr. The thickness of the layers was
measured using a Dektak3surface profiler. The devices we
encapsulated using the procedure described by Torioéd
[20]. The current densityersusvoltage § x V) curves were
measured using a Keithley 230 voltage source and a Keithley O4F————T— T
2010 multimeter. The luminanceersusvoltage L x V) v
measurements were made with a calibrated photodiode, 012¢ , i
OSD15-5T (Centronic), and a Keithley 6485 picoammeter. 0.10 -
The electroluminescence curves were recorded using a

ices based on PEDOT:PSS (circles) as HTM were included
or comparison. Devices with this PEDOT:PSS layer thick-
fess showed the highest efficiency among those we have pre-
pared with PEDOT:PSS.

. : < 0.08
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FIG. 3: Current density voltage characteristic curves of (circles):
FTO / SPAN(40 nm) / PDO14FV | Alg/ Ca / Al; (down triangle):
FTO / SPAN(74 nm) / PDO14FV / Alg/ Ca/Al; (diamond): FTO

/ SPAN(131 nm)/PDO14FV/Alg/ Ca / Al; (squares): FTO / PE-
DOT(100 nm) / PDO14FV / Alg/ Ca/ Al.

FIG. 1: Chemical structures of the used materials: a) PEDOT:PSS;
b) SPAN; c) PDO14FV, d) Alg.

Figure 4 presents the x V curves of the devices whose
J x V results are presented in Fig. 3. Luminescence is not
observed at reverse bias and for this reason reverse bias data
are omitted in all figures. At forward bias all devices emit

. RESULTS AND DISCUSSION light, reaching a maximum of 500 cdfnfor SPAN (40 nm
thick).

The energy level diagram of the used materials, considering It was demonstrated that the introduction of PEDOT:PSS as
isolated materials, based on values obtained from the literatuiiatermediate layer between the anode and the electrolumines-
[16,19,21,22], is presented in Fig. 2. cent polymer effectively eliminates the potential barrier exist-

TheJ x V results presented in Fig. 3 correspond toing between the anode and PEDOT:PSS, so that the remaining
devices assembled with different SPAN layers. Results of deeffective barrier is only that existing between PEDOT:PSS and
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FIG. 4: Luminancex voltage curves of (circles): FTO / SPAN(40
nm) / PDO14FV / Alg / Ca / Al; (down triangle): FTO / SPAN(74
nm) / PDO14FV / Alg / Ca/ Al; (diamond): FTO / SPAN(131 nm)
/ PDO14FV / Algg / Ca / Al; (squares): FTO / PEDOT(100 nm) /
PDO14FV [ Alg / Ca/ Al.

FIG. 5: Current efficiencyx current density of (circles): FTO /
SPAN(40 nm) / PDO14FV / Alg/ Ca / Al; (down triangle): FTO
/ SPAN(74 nm) / PDO14FV / Alg/ Ca / Al; (diamond): FTO /
SPAN(131 nm) / PDO14FV / Alg/ Ca / Al; (squares): FTO / PE-
DOT(100 nm) / PDO14FV / Alg/ Ca/ Al

the electroluminescent polymer [23]. SPAN was proposed to : : : : : :

be used with the same intent [18]. The fact that better per- 1.0

formances are achieved with thinner SPAN layers than PE- o8l

DOT:PSS layers suggests that SPAN presents a larger polar- .

ization or charge displacement capability than PEDOT:PSS, ‘E 0.6

which leads to the energy levels equalization and elimination £ ol

of interfacial energy barrier even with thinner layers. This f ’

could explain the almost similar current densities even know- = 0a2f

ing that SPAN has a larger (more negative) highest occupied .

molecular orbital energy level, as represented in Fig. 2. How- oor i )

500 600 700

A (nm)

ever, a thicker SPAN layer could constrain the charge carrier 400
transport from the electrode, diminishing the injected carriers
into PDO14FV, due to its higher resistance.

The calculated current efficienciegrsuscurrent density
are shown in Fig. 5. As can be seen, the 40 nm thick SPAN-
base_d d_eV|ce presents hlg_her efficiency over all the CurrerEIG. 6: Electroluminescence spectrum of : (up triangles): FTO /
dgnsﬂy interval. The maximum value for SPAN-bast de'SPAN / PDOL4FV /| Alg / Ca / Al device: (circles): FTO / PE-
vices is 0.79 cd/A at 14.5 mA/chn So, although the devices poT:pss / PDOL4FV / Alg/ Ca / Al device; (squares): FTO /
presented similar brightness, the SPAN-based one is still MONBEDOT / Alg; / Ca / Al device; (diamonds): FTO / PEDOT:PSS /
efficient. PDO14FV / Ca/Al device.

The electroluminescence spectra of FTO / SPAN /
PDO14FV / Al / Ca / Al; FTO / PEDOT:PSS / PDO14FV
/ Algs/ Ca/ Al; FTO / PEDOT / Alg / Ca / Al and FTO /  PDO14FV. The transport of these carriers through the device
PEDOT:PSS / PDO14FV / Ca / Al devices are presented iris then hindered at the interface with Al¢see Fig. 2), due
Fig. 6. It can be seen that devices containing PDO14F\fo the presence of the energy barrier, avoiding that positive
and Algs layers show an electroluminescence spectrum anakharge carriers simply pass through the device without pair
ogous of device without PDO14FV layer, indicating that theformation and recombination possibility. At the other elec-
dominant emission is that occurring in the Alayer. This  trode interface, Ca provides easy electron injection, due to the
point is important since, despite the fact that the peak of emisabsence of an energy barrier hindering this process. The in-
sion of PDO14FV is almost at the same wavelength oAlg jected electrons are transported through thesAdgcumulat-
PDO14FV presents a broader emission spectrum, which leadisg at the Alg/PDO14FV interface, due to the energy barrier
to significantly different CIE coordinates, as can be seen irfor electrons at this interface. At this PDO14FV/Almter-
Fig. 7. face, there is then a high holes/electrons concentration, re-

The results presented above demonstrate that SPAN efpectively. Since the emission occurs predominantly in the
fectively favors the injection of positive charge carriers into Algs, it means that either the holes transport through these
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interface is easier than electron transport in the opposite di-
rection and so, pair generation and recombination occurs in
the Algs or; that pairs generated in the PDO14FV tend to be
transferred to the Alg) The second process is improbable as-
suming the correctness of the band structure presented in Fig.
2, because it would imply in pair energy increase, if additional
relaxation phenomena would not be present.

IV. CONCLUSION

In this work we reported the construction of light-emitting
diodes (OLEDSs) using electrochemically synthesized sul-
fonated polyaniline (SPAN) as HTM. The best performance
was obtained with 40 nm thick SPAN layer. This SPAN-
based device presented a higher current efficiency, reaching
0.79 cd/A at 14.5 mA/cth

Our work demonstrates that efficient OLEDs can be con-
structed using electrochemically synthesized polymers. SPAN
FIG. 7: CIE coordinates of (up triangle): FTO / SPAN / PDO14FV is directly synthesized onto the anode material and PDO14FV
/ Algs / Ca/Al device « = 0.23; y = 0.58); (circle): FTO / PE- is prepared by controlled potential electrolysis [19,24] and
DOT:PSS / PDO14FV / Alg/ Ca/ Al device & = 0.25;y = 0.57);  further deposited by spin-coating technique.

(square): FTO / PEDOT / Algy/ Ca/Al device & =0.23; y = 0.58);
(diamonds): FTO / PEDOT:PSS / PDO14FV / Ca / Al devieeX
0.17;y = 0.43).
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