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Abstract This article discusses a strategy to reduce the
degradation of a poly(p-phenylene vinylene) (PPV) film at
the interface with an indium—tin oxide (ITO) electrode. It
consists of using a less aggressive leaving group, the
sodium dodecylbenzenesulfonate salt (DBS), in the chem-
ical synthesis of PPV starting with the polymer precursor,
and performing the thermal conversion into PPV at a lower
temperature (100 °C) than in the conventional synthesis.
The absorbance spectrum for an ITO/PPV + DBS film
indicated that the polymer is less degraded and has the
emission efficiency increased by ca. 4.5 times in compari-
son to ITO/PPV films obtained with the conventional pro-
cedures, i.e., with thermal conversion at 200 °C, in vacuum,
during 2 h. The main reason for the enhanced performance
of the route reported in this article is a decrease in the
oxygen concentration at the ITO/PPV interface, as inferred
with X-ray Photoelectron Spectroscopy which corroborates
the optical properties.
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Introduction

The conjugated, light-emitting poly(p-phenylene vinylene)
(PPV) is promising for use in optoelectronic applications,
such as polymer light-emitting diodes (PLEDs) [1] and
photocells [2, 3]. This possible use is due to the significant
progress in finding new routes to synthesize PPV from a
soluble, non-conjugated polymer precursor, namely poly
(xylylidenetetrahydrothiophenium chloride) (PTHT) [4].
PTHT films are converted into PPV films through a thermal
treatment in which the tetrahydrothiophenium lateral group
is eliminated, generally at high temperatures (>200 °C).
This procedure is not compatible with PLED fabrication,
where materials with different thermal properties may have
to be employed. Moreover, during the PTHT thermal
treatment, chemical sub-products (hydrochloric acid, HCl)
react with the hole-injector transparent electrode (indium-
tin oxide, ITO) forming indium chloride (InClz) [5-7]. This
sub-product degrades the ITO film and diffuses to the ITO/
PPV interface, forming an oxidized layer [8]. This non-
intentional doping causes the interface to behave as a
Schottky barrier, thus leading to a hetero-layer device,
regardless of the work function of the hole-injector metal
[9]. The degradation at the ITO electrode decreases the
charge injection efficiency and the electroluminescence
quantum yield [9, 10]. The main effects on the transparent
electrode (ITO) have been analyzed using X-ray photo-
electron spectroscopy (XPS) experiments [8, 11], scanning
electron microscopy (SEM), and dispersive X-ray spec-
troscopy (EDXS) [8, 11, 12].

As an alternative to the conventional chemical synthesis,
PPV can be obtained at a lower temperature by using the
dodecylbenzenesulfonate (DBS) anion as counter-ion of the
PTHT polymer. The DBS anion may act as a less aggressive
leaving group [13], thus reducing the electrode degradation
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during the PPV conversion process, as suggested by
Briitting et al. [9]. The low conversion temperature opens
the possibility of using PPV as an active layer in multi-layer
organic semiconductor devices. In this article, the authors
have utilized this new chemical route to investigate the
effect on absorbance and emission properties of the PPV
layer deposited on ITO-substrate, when a less aggressive
leaving group, the DBS anion, is used as a counter-ion for
PTHT. XPS was used to probe the ITO/PPV interface.

Experimental section

Ultra-thin PPV films were deposited onto glass substrates
coated with ITO. The substrates were washed using the RCA
procedure [14], dipped into a solution containing H,O
(Milli-Q):H,0O,:NH,4OH in the proportion of 5:1:1 (v/v) at
80 °C for 30 min. Then, the substrates were rinsed with
ultrapure water (Milli-Q) in order to remove chemical resi-
dues. The PPV precursor (PTHT) was synthesized by using
the chemical route as developed by Bradley [4]. PTHT +
DBS spin-coating films were processed from aqueous solu-
tions with concentrations of 11.77 and 58.85 mmol L™" 1:1
(mol/mol) for PTHT and DBS, respectively, and thermally
converted into PPV + DBS at 100 °C (DBS100), and
200 °C (DBS200) for 2 h in vacuum (0.1 atm). For com-
parison purposes, the PPV spin-coated film was processed
from a PTHT aqueous solution with concentration
11.77 mmol L™ without DBS, being thermally converted at
200 °C (PPV200) for 2 hin vacuum (0.1 atm). Spin-coating
deposition was performed at approximately 2,000 rpm,
leading to a thickness of ca. 10 nm for the films.
Ultraviolet—visible (UV—Vis) absorption measurements
were performed with an Ocean Optics USB2000 spectrometer

and a deuterium-tungsten lamp. The photoluminescence
(PL) spectra were obtained at room temperature using the
458 nm line of an Ar™ laser as the excitation source. The
spectral analysis of the photoluminescence was carried out
with a USB2000, Ocean Optics. The samples were kept in a
cryostat in vacuum (1 x 107> mbar). The XPS experiment
was carried out on an Omicron ESCAplus P analyzer using a
MgKo X-ray source in ultra high vacuum with the pressure of
the chamber at 5 x 107'° mbar. The pass energy was 50 eV
to obtain wide scan spectra, while 20 eV were used,
depending on the signal intensity, for scans of the O 1s, C 1s,
in 3d and Sn 3d binding energy regions.

Results and discussion

The absorbance spectra in Fig. la for the spin-coated
PTHT and PTHT + DBS films display two bands for
stilbene moieties at 320 nm and aggregated stilbene units
at 360 nm [15]. The addition of the DBS leaving group
decreased the band intensity assigned to the aggregated
stilbene, as indicated in the spectrum for PTHT + DBS. It
was noted that this spectral range corresponds to the
absorbance of the PPV units with lower conjugation
degrees (n < 3). Figure 1b shows well-defined bands in the
bandgap region for spin-coated PPV, DBS100, and
DBS200 films, with the absorption of the PPV + DBS film
displaying a trend for decreasing intensity below 450 nm.
This decrease is generally associated with the reduced
concentration of PPV segments with low conjugation
degrees. The reduction in the effective conjugation length
for the PPV layer is attributed to breaks in the conjugation
caused by structural defects incorporated during the
conventional thermal conversion [16]. The defects are
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probably caused by carbonyl groups (C=0) attached to the
polymeric chain because of the polymer thermal oxidation
which occurs above 150 °C [17]. In subsidiary experiments
(results not shown), the authors observed that the absorp-
tion of ITO was little affected by thermal treatment or
exposure to a pH 5 of HCI solution. Therefore, the deg-
radation of ITO should be a surface effect, being restricted
to small distances from the polymer/electrode interface, as
mentioned in the literature [5-8]. However, this effect is
sufficient to increase the Schottky barrier for the hole-
injector metal (ITO), as a non-intentional hetero-junction
was produced [9]. To probe this surface effect, the authors
resorted to XPS (see below), as the UV-Vis spectroscopy
could not provide detailed information.

Upon absorbing light, radiative processes, energy trans-
fer, and/or charge diffusion take place in PPV. In particular,
PL is observed because of the PPV segments with the highest
conjugation degrees (n* — mtransition). Figure 2 shows the
PL spectrum normalized by power absorbed (Pot) at room
temperature for all the samples. Here, Pot = 1 — 10~4(*) and
A(4) is the absorbance intensity for the excitation wave-
length at 458 nm. Well-resolved vibronic structures are seen
in all spectra, with almost the same spectral shape and peak
position for the zero-phonon emission at 508 nm. Therefore,
these spectra confirm that the thermal conversion of PPV
was achieved. The PL peaks in the lower energy range
in Fig. 2 are related to the phonon replicas transitions
[18, 19]. The difference in energy between the zero-phonon
peak (4; ~ 508 nm) and the first vibrational mode (4, ~
538 nm) is 1,235 cm™!, which agrees with infrared and/or
Raman spectroscopy results [16]. One feature that distin-
guishes the PL curves is a small blue-shift (~5 nm) and
narrow line width in the sample DBS100. This indicates a
decrease in the aggregation of PPV species, and is consistent
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Fig. 2 Normalized photoluminescence spectra for spin-coated films
of PPV200, DBS100, and DBS200 on ITO substrates
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with the narrow width in the absorbance spectrum for the
PTHT + DBS film in Fig. 1a. For higher conversion tem-
peratures, the PL spectra for DBS200 and PPV200 samples
are red shifted and the line width is increased, thus con-
firming the increase in polymeric aggregation. This depen-
dence on the temperature is probably associated with the fact
that the glass/vitreous transition for PPV is ca. 200 °C.
Therefore, a thermal treatment at this temperature should
increase the entanglement of polymer chains.

Using the Franck—Condon’s factor for the emission
spectrum, one may estimate the Huang-Rhys’ parameter
S by calculating the ratio /,/1y, where I, is the zero-phonon
peak intensity and /; is the first phonon-peak intensity [20].
The values of S are given in Table 1 for all samples. It is
important to stress that the absorbance intensity is very low
in the emission range and, therefore, self-absorption is not
significant. As obtained previously for bulk PPV films, the
parameter S for PPV increases with the thermal conversion
temperature, due to oxidative processes [13]. The best result
in terms of relative emission efficiency was obtained for the
PPV + DBS film converted at 100 °C (see Table 1). This
sample has an emission efficiency ca. 4.5 times the value for
the film obtained with the conventional thermal conversion
process (PPV200). The relative emission efficiency (#7) was
calculated from the area of the curves in Fig. 2. This effect
is a consequence of the small number of defects incorpo-
rated, mainly carbonyl groups, during the low temperature
conversion [13]. Therefore, the thermal degradation of PPV
is decreased when DBS is used as counter-ion for the PPV
precursor and the conversion process is performed at low
temperatures. This finding is consistent with the study of
Briitting et al. [9], where a less aggressive leaving group of
PTHT was used, i.e., a derivative from a weak acid. In
addition, upon using a long counter-ion chain, as the DBS
used here, the aggregation is also reduced, as indicated by
the PL line shape in Fig. 2 for the DBS100 sample and the
absorption spectrum for PTHT + DBS in Fig. 1a, in com-
parison to the DBS200 and PPV200 samples [21]. In con-
clusion, two effects can be associated with a decreased
emission efficiency: oxidation and aggregation.

The hypothesis of incorporation of structural defects as
being responsible for decreasing emission efficiency in the
PPV films converted with the conventional procedures

Table 1 Huang-Rhys’ parameter S and relative emission efficiency 5
of spin-coated films of PPV200, DBS100, and DBS200 on ITO
substrates

Film S ~ L/l n ~ PL/Pot (arb. unit)
PPV200 1.82 0.75
DBS100 1.62 3.22
DBS200 1.89 1.03




J Mater Sci (2011) 46:2644-2648

2647

41C 1s
1 PPV200
= ]
D .
g
Z
> -
% 1DBS200
C
[0}
2 -
1 DBS100

T T T T T T T T T
290 288 286 284 282 280
Binding energy (eV)

Fig. 3 XPS spectra at the beginning (before sputtering) for DBS100,
DBS200, and PPV200 samples for the C 1s binding energy

could be confirmed by studying the ITO/PPV interface with
XPS measurements. The latter were performed with poly-
mer layers being successively removed through cathodic
erosion with Argon ions. It was noted that the low energy
used in the sputtering did not degrade the polymer chem-
ical structure. Figure 3 displays C 1s spectra recorded
along the film surface in the initial sputtering; the energy of
the main peak for C 1s was 284.5 eV [8]. The XPS
restricted spectra had the peaks fitted after subtraction of a
Shirley background using Gaussian—Lorentzian line shapes
obtained from the CasaXPS software package. Figure 4a
and c shows the experimental and fitting curves for C s
bands with energy levels at 284.5, 285.5, and 288.0 eV for
the initial and after sputtering measurements. The two
lower energy bands are attributed to C—C and C-H bind-
ings for PPV, respectively; the higher energy band

Fig. 4 XPS spectra for the
beginning and after sputtering
for a DBS100, b DBS200, and
¢ PPV200 samples at the C 1s
binding energy. The fits are also
shown

(a) DBS100 - C 1s
After sputtering

Initial

Intensity (Arb. Unit)

200 288 286 284 282 280
Binding Energy (eV)

corresponds to C=0 [8]. Table 2 shows the atomic per-
centages of carbon and oxygen elements for the samples in
the beginning (initial) and after sputtering (sputt.). Signif-
icantly, the initial amount of carbonyl for PPV200 is twice
the value for the DBS100 and DBS200 films. The forma-
tion of carbonyl groups in polymeric films is responsible
for introducing structural defects along the PPV main
chain, and these defects represent non-radiative channels
that cause the emission efficiency to decrease [16].

The number of carbonyl groups generated during the
thermal conversion into PPV may be diminished by
replacing the Cl counter-ion of PTHT with DBS and by
using lower conversion temperatures (<150 °C) [13]. This
is precisely what occurred in this results, as confirmed by
the percentage of oxygen in Table 2. The DBS counter-ion
decreases the attack by hydrochloric acid released during
thermal conversion of PTHT into PPV on the ITO/PPV
interface [4]. Indeed, the percentage of oxygen for the
DBS200 sample is lower than for the conventional sample
(PPV200), indicating that DBS practically does not react
with ITO. Furthermore, when DBS is incorporated in the
PTHT matrix, sodium chloride (NaCl) is formed which
assists in controlling the pH and hampering an acid attack
to the ITO layer.

Table 2 Atomic percentages for oxygen and carbon atoms obtained
from the XPS spectra in Fig. 4 for the samples at the beginning
(initial) and after sputtering (sputt.)

Sample Atomic percentages + 2%
C o
PPV200 (initial) 36 41
PPV200 (sputt.) 25 44
DBS100 (initial) 70 19
DBS100 (sputt.) 24 38
DBS200 (initial) 69 18
DBS200 (sputt.) 30 34

The uncertainties are + 2%

(c) PPV200-C 1s
After sputtering

(b) DBS200 - C 1s
After sputtering

Initial

Intensity (Arb. Unit)
Intensity (Arb. Unit)

200 288 286 284 282 280
Binding Energy (eV)

200 288 286 284 282 280
Binding Energy (eV)
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Conclusion

In this article, the authors have studied the influence from
the thermal conversion process on the PPV emission effi-
ciency at the interface between ITO and a PPV thin film.
The authors adopted the alternative strategy to obtain PPV,
in which a less aggressive chemical leaving group (DBS)
was used in the polymer precursor, and thermal conversion
was performed at lower temperatures than in the conven-
tional synthesis. The sample DBS100 obtained with this
strategy exhibited an increased PL emission efficiency (ca.
4.5), which was attributed to a significant reduction in the
oxidative process at the ITO/PPV interface, in addition to
less chemical and/or thermal degradation of PPV. The
results with three types of PPV samples could be summa-
rized as follows. The sample DBS200 had higher efficiency
than the PPV film produced in the conventional method
(PPV200) because of the lower number of defects. Its
efficiency is lower than for the DBS100 because of a larger
degree of aggregation [22]. Finally, XPS experiments were
used to demonstrate that less structural defects, mainly
represented by carbonyl groups, were generated with the
use of DBS and lower conversion temperatures. Therefore,
in PLEDs, a considerable decrease is expected for both the
Schottky barrier at the electrode/polymer interface and the
device operating voltage.
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