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ABSTRACT: Devices with varying concentrations of single-

walled carbon nanotubes (SWNTs) dispersed in three deriva-

tives of poly(p-phenylene vinylene) are prepared, and their

electroluminescent properties evaluated. Increasing the con-

centration of SWNTs improves the electrical conductivity of the

nanocomposites. However, an undesired increase in the elec-

troluminescence (EL) turn-on voltage is observed for the

hybrids, possibly due to photoluminescence quenching of exci-

tons by the SWNTs. At relatively low concentrations of SWNTs,

there is an increase in the EL lifetime; in contrast, at relatively

high concentrations of SWNTs, due to photoluminescence

quenching by the nanotubes, significant reduction in bright-

ness and faster degradation of the EL performance of the devi-

ces is observed. VC 2011 Wiley Periodicals, Inc. J Polym Sci Part

B: Polym Phys 50: 272–279, 2012
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INTRODUCTION Advances in the fabrication, characterization,
processing, and performance of light-emitting devices
employing organic and polymeric materials are critical to the
development of next-generation photovoltaic cells, conduc-
tive coatings, optoelectronics, and flat-panel displays.1–3

Czerw et al.4 have studied the failure modes of polymeric
light emitting diodes (LEDs) in efforts to understand interfa-
cial issues arising from fabrication techniques as well as
how device lifetimes are limited by material degradation,
such as the delamination of layers (the cathode), the forma-
tion of gas bubbles, and the carbonization of polymers.4,5

Although it is known that protective encapsulation increases
device-lifetimes by orders of magnitude and inhibits the
growth and formation of non-emissive dark spots,6 methods
to shelter the active device from moisture add cost and com-
plexity to fabrication steps and still fail to completely elimi-
nate degradation.4,6 In this context, it has been suggested
that the incorporation of nanomaterials into conducting poly-
mers, used as the light-emitting layer in LEDs, might lead to
significant improvement in device performance.2,7 Single-
walled carbon nanotubes (SWNTs) are promising candidates
due to their exceptional thermal and electrical properties
along with their interesting chemical properties. SWNT-based
polymer nanocomposites have been shown to exhibit consid-
erable enhancement in electrical conductivity without loss of
chemical or thermal stability.3

Poly(p-phenylene vinylene)s (PPVs) have gained popularity
among conjugated polymers due to their physical and optical
properties (e.g., electrical conductivity and electrolumines-
cence (EL)) and because they can be readily synthesized in
high purity and with high molecular weights.8 PPVs also lend
themselves to side-chain functionalization, allowing one to
tailor the electrical, optical, and macroscopic properties of
the polymer chain along with the solubility in various
organic solvents. More precisely, side-chain functionalization
provides control over conductivity, emission wavelength, and
the solubility of derivatives, enhancing the attractiveness of
these materials and facilitating their processing in the manu-
facture of microelectronics and optoelectronic devices.

One of the most widely studied polymers in this class is
poly[4-methoxy-1-(20-ethylhexyloxy)-p-phenylene vinylene],
(MEH-PPV) (Fig. 1). The long-branched ethylhexyloxy substit-
uent on the aromatic ring gives enhanced solubility in
organic solvents, leading to easier handling and processing.
To generalize the results and to illustrate the inclusion of
SWNTs, we chose to study other PPV derivatives as well,
including poly[4-methoxy-1-(20-ethylhexyloxy)-p-phenylene
cyanovinylene] (MEH-PPCNV) and poly(1,4-dihexyloxy)-p-
phenylene cyanovinylene) (DH-PPCNV), which are also
shown in Figure 1. These derivatives are also examples of
how the solubility and color of this class of polymers can be
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manipulated. MEH-PPV is orange in color and soluble in tet-
rahydrofuran (THF) and N,N-dimethylformamide (DMF), but
less soluble in e-caprolactone (ECL). In contrast, the cyano-
containing MEH-PPCNV is bright yellow and readily soluble
in both DMF and ECL, while the DH-PPCNV is dark red-or-
ange and is slow to dissolve in DMF and almost completely
insoluble in ECL. Additionally, the presence of the cyano
groups in the latter derivatives decreases the electron den-
sity along the polymer backbone and can reduce the barrier
to electron injection in light-emitting devices.9

Considerable obstacles along the path to harnessing the
properties of carbon nanotubes in polymer nanocomposites
are their lack of dispersibility in solvents and polymers10–12

and their strong affinity for one another.12–15 SWNTs are rel-
atively inert and highly insoluble due to their sp2 hybridized
structure, a strong hydrophobicity, p�p stacking, relatively
strong van der Waals interactions,16,17 and their high aspect
ratio. Enhanced dispersion and dispersibility/or dissolution
have been achieved using surfactant-assisted methods18,19

and covalent sidewall functionalization of the nanotubes.20,21

The addition of surfactants to solubilize nanotubes introdu-
ces a third-component to polymer nanocomposites that can
lead to plasticization of the polymer and the creation of a
complicated interface between the polymer and the nano-
tube. On the other hand, covalent functionalization offers the
possibility of attaching functional groups or other molecules
to the nanotubes and therefore leads to enhanced compati-
bility with polymers.10,20,22–24 However, covalent chemical
modification interrupts the extended p-conjugation of nano-
tubes and creates defect sites, effectively reducing their elec-
trical conducting properties, tensile strength, and overall sta-
bility. While successful functionalization of the walls of
carbon nanotubes might find use in certain technological
applications, these strategies will compromise those applica-
tions that require high electrical conductivity,10 high
strength, and long-term stability. Thus, the focus here is on
the effects of SWNTs in electroluminescent polymer systems
by simple solvent assisted dispersion of the nanotubes.

Previous work in similar nanocomposite systems has shown
the ability to improve, systematically, the performance of
polymer-based devices using dilute concentrations of SWNTs

(i.e., 0.01–0.1 wt %).25–27 We show here that these benefits
do not translate to higher concentration SWNT-PPV nano-
composites, possibly due to the formation of an electrically
percolated network of SWNTs and/or due to photolumines-
cence quenching in these hybrid materials.

EXPERIMENTAL

Reagents
All solvents and reagents were commercially available and
used as received unless otherwise stated. For the synthesis
of MEH-PPV, the monomer a,a0-dibromo-2-methoxy-5-(2-eth-
ylhexyloxy)xylene was synthesized using a literature proce-
dure.8 The reagent 4-methoxyphenol was purified by subli-
mation. The THF and DMF used in the polymerization
reactions were freshly distilled from sodium/benzophenone,
and calcium hydride, respectively. MEH-PPV was prepared as
previously reported.28 MEH-PPCNV and DH-PPCNV were
used as received from Polyorganix, Inc. An aqueous solution
of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) was obtained from Bayer Corporation. Solvents
used in preparing the composites were analytical grade and
used as received from Sigma-Aldrich chemical company. Pre-
purified SWNTs were obtained from Carbon Nanotechnolo-
gies Inc., and used as received without further modification.

Nanocomposite Preparation and Characterization
The SWNT dispersions were prepared by ultrasonication in
the chosen solvents, DMF and ECL, for 3 h using a NEY
ULTRAsonik 19H sonicator. The dispersions were then cen-
trifuged to remove any remaining aggregates. In the case of
the MEH-PPV composites, centrifugation at an acceleration of
5600g gave a supernatant dispersion with a final concentra-
tion of 0.025 mg SWNTs/mL DMF. Subsequent addition of 1,
3, or 7 mL of this suspension to 5 mL solutions of 3.45 mg
MEH-PPV/mL THF yielded final composites with loadings of
0.1, 0.4, and 1.0 wt % SWNTs, respectively. For the MEH-
PPCNV materials, the solutions were centrifuged at 1000g
and a supernatant dispersion of 0.066 mg SWNT/mL DMF.
The addition of 1, 3, and 7 mL of this suspension to 3 mL
solutions of 3.33 mg PPV/mL DMF yielded final composites
with loadings of 0.7, 1.9, and 4.4 wt % SWNTs, respectively.

FIGURE 1 Structures of the repeat units of (a) poly[4-methoxy-1-(20-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV), (b) poly[4-

methoxy-1-(20-ethylhexyloxy)-p-phenylene cyanovinylene] (MEH-PPCNV), and (c) poly(1,4-dihexyloxy)-p-phenylene cyanovinylene)

(DH-PPCNV).
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Final composite concentrations of SWNT dispersed by ECL
gave loadings of 0.1, 0.3, and 0.7 wt % SWNTs in DH-PPCNV.

To evaluate the dispersion of SWNTs from their preferred
bundled state, UV–vis–NIR spectra were examined for each
dispersion solution using a JASCO V-570 UV–vis–NIR spectro-
photometer. Solutions with dispersed SWNTs show charac-
teristic peaks between 400 and 1400 nm wavelengths.19,29

These absorption bands arise from the van Hove singular-
ities that become apparent when SWNTs are individualized
due to their high density of energy states. SWNTs present in
bundles do not show van Hove absorption peaks; instead
revealing a monotonically decreasing absorption spectrum as
the wavelength increases.30

Dispersions of the SWNTs were then added in systematically
varying amounts to stirred solutions of each polymer to
obtain different concentrations of SWNTs. Efforts were made
to have roughly the same polymer concentration in each
solution and therefore roughly equal viscosity across the
samples, leaving only the effects due to the varying SWNT
concentrations on overall solution properties. UV–vis–NIR
spectra were collected for the polymer composite solutions
as well, and the continued good dispersion of the SWNTs in
these polymer solutions was confirmed.

Photoluminescence spectra were acquired by adding an
equal number of drops of a nanotube dispersion of the poly-
mer solutions onto cleaned glass slides. The droplets were
then spin coated into thin films at 1000 RPM using a Speed-
line Technologies P6204 spin-coater so that the data would
reflect those at the physical state of the working devices.
The photoluminescent spectra were collected with a Perkin–
Elmer LS45 luminescence spectrometer. The excitation wave-
length of 460 nm was chosen after observing an absorption
maximum at 454 nm.

Glass slides coated with indium tin oxide (ITO) were
obtained from SPI Supplies with an initial surface resistance
of �15 ohms/square. After cutting into 1 � 1 inch squares,
the ITO pieces were sonicated sequentially for 15 min in an
aqueous 2% surfactant solution, then in water, followed by
acetone, and finally in isopropanol. The ITO was then cov-
ered with two strips of Scotch brand tape to serve as a mask
against acid etching, which was conducted by placing the
slides in a solution of 1:1 H2O and HCl for 30 min. After
etching, the substrates exhibited a surface resistance of 23–
25 ohms/square and were again sonicated for 15 min
sequentially in DI water, acetone, and isopropanol. The sub-
strates were then cleaned under an oxygen plasma for 5 min
and then spin coated with PEDOT:PSS solution at 1000 RPM.
After drying the PEDOT/PSS-coated substrates for 2 h in a
vacuum oven at 50 �C, each of the polymers was then spin
coated at 1000 RPM, maintaining a thickness of �100 nm,
confirmed by contact atomic force microscopy (AFM) (Sup-
porting Information Fig. S3). The substrates were then
placed under vacuum at 50 �C for 1 h. Aluminum was ther-
mally evaporated at < 10�6 Torr using an Edwards E306
Thermal Evaporator. These procedures are shown in Sup-
porting Information Figure S4. The active sections of the

devices were then covered with an epoxy resin and allowed
to dry so that these regions were shielded from oxygen and
moisture during storage and device testing. This application
of a sealant to the device is effective, although not as insulat-
ing as the additional glass pane used in a previous study by
Burrows et al.6 The devices were tested using a Keithley 236
source meter unit, a Hamamatsu photonics photomultiplier,
and a self-written LabViewVR program. Current–Voltage–Lumi-
nescence (I-V-L) data were collected from 0 to 10 volts at
steps of 0.1 volts and normalized by the active area of each
LED section. EL lifetime measurements were collected under
a constant potential of 6 volts and normalized by the maxi-
mum intensity of each run. Testing under a constant voltage
as opposed to constant current density or EL intensity was
determined to be the most relevant procedure as the poten-
tial difference across the device is what determines elec-
tron/hole injection and thus eventual exciton formation.
Reproducibility of the electrical and optical output was high
and a testament to the easy device fabrication method that
allowed for many devices to be produced at once.

RESULTS AND DISCUSSION

The UV–vis–NIR absorption spectra for SWNTs dispersed in
DMF and ECL are shown in Figure 2. Sharp absorption bands
corresponding to van Hove transitions in the 400–1400 nm
wavelength range are easily discernable.19,29 The absolute
amounts of nanotubes dispersed in the two solvents are dif-
ferent, with the amount dispersed in DMF significantly larger
than that in ECL, consistent with previous results.13 Ausman
et al. have shown that certain solvo-chemical properties are
necessary though not sufficient for the dispersion of

FIGURE 2 UV–vis–NIR absorption spectra for SWNT disper-

sions in DMF and ECL. These dispersions were subsequently

mixed with polymer solutions to give nanocomposites after

complete removal of the solvent.
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SWNTs.13 In particular, solvents with high values for electron
pair donicity (b), negligible values for the hydrogen bond
donation parameter of Taft and Kamlet (a), and high values
of the solvochromic parameter (p) have the best chance at
being good dispersants for SWNTs. Thus, availability of a
free electron pair (Lewis basicity) and the absence of hydro-
gen donors are key factors. The solvochromic parameter is
an indication of the polarizability of a solvent. Among a large
variety of solvents previously examined, those that contain
amide groups, such as DMF and N-methylpyrrolidone (NMP),
have been shown to be two of the best solvents for dispers-
ing SWNTs.13 In our work, dispersions in DMF show the
sharpest van Hove peaks, corresponding to better dispersion
of the SWNTs. Simply based on the optical density of the sol-
utions, the dispersions in DMF were darker than the disper-
sions in ECL, which held fewer individualized SWNTs.

To measure the device performance and understand the
influence of nanotube incorporation, the electroluminescent
and photoluminescent properties of the nanocomposites
were probed and compared to those of the pure polymers. A
plot of current density as a function of applied potential is
shown in Figure 3 for MEH-PPCNV and the SWNT-based
MEH-PPCNV nanocomposites. The current density results for
the three different polymers based nanocomposite suites are
presented in Supporting Information Figure S5. An enhance-
ment in electrical performance in the form of lower poten-
tials for electrical turn-on, Vturn�on

I , is observed with increas-

ing SWNT concentration. For pure MEH-PPCNV, the value of
Vturn�on
I is 3.3 V and drops to 2.5 V, 1.9 V, and 1.9 V for the

0.7, 1.9, and 4.4 wt % SWNT composites, respectively. Fur-
ther, the slopes of the current density (I) versus voltage (V),
beyond the Vturn�on

I value, increase with increasing concen-
tration of SWNTs. This slope, dI/dV, increases by factors of 3
and 7 for the 1.9, and 4.4 wt % SWNT composites, respec-
tively. These two features of lowered value of Vturn�on

I and
increased dI/dV are likely due to the high conductivity of the
SWNTs and the formation of nanotube-assisted conductive
pathways in the devices.

To compare the different devices studied, we examined the
current density at a constant potential of 6 V. At this voltage,
the current density for the 0.7 wt % nanocomposite was
similar to that of the unfilled MEH-PPCNV with the exception
of a slightly lower value for the electrical turn-on voltage.
However, the current density for the 1.9 and 4.4 wt %
SWNT-polymer LEDs increased by factors of 4 and 9, respec-
tively, over that of the pure polymer. Several separate devices
were fabricated and all electrical tests gave similar results. A
double log plot of I versus V (Supporting Information Fig.
S8) revealed that the two more highly loaded devices are
Ohmic, and the pure polymer and 0.7 wt % SWNT hybrid-
based devices enter a space-charge limited conduction
(SCLC) regime above 3.6 V and 5 V, respectively. As a whole,
these data are consistent with a model in which the SWNTs
reduce the electrical resistance of the devices, allowing for a
higher current density through the material with the applica-
tion of a lower operating voltage.

The EL turn-on voltage (Vturn�on
EL ) and slope of the EL with

respect to electrical potential, d(EL)/d(V), were used as two
measures of the electroluminescence performance of the de-
vice. If the nanotubes were to act only as conductors of elec-
trons, then the values of Vturn�on

EL should mirror the electrical
activity in the devices, as it has with previous polymer-only
devices we fabricated using the same methods.31 We thus
anticipate that the addition of SWNTs enhance the EL per-
formance, with the emission of light occurring at lower elec-
trical potentials. Figure 4 shows EL performance curves for
MEH-PPCNV spun-cast from DMF with varying concentra-
tions of SWNTs. The results of the EL measurements are
inconsistent with the hypothesized trend. Although the elec-
trical turn-on voltage (Vturn�on

I ) decreases with increasing
SWNT concentration, the EL turn-on voltage (Vturn�on

EL )
increases with increasing SWNT concentration (see also Fig.
5). While the pure polymer exhibits the lowest value for
Vturn�on
EL at 3.7 V, those of the 0.7, 1.9, and 4.4 wt % nano-

composites increase to 4.7, 4.8, and 5.5 V, respectively.

These results, and similar results for the MEH-PPV and DH-
PPCNV hybrids, indicate that the required potential to detect
optical emission from the devices increases with increasing
SWNT loading (Supporting Information Figs. S6 and S7).
This behavior can perhaps be attributed to quenching by
the increased nanoparticle inclusions, which causes the
optical turn-on to appear at higher voltages where enough
emission events are produced to overcome the SWNT

FIGURE 3 Current density (I) versus electric potential (V) for an

ITO/PEDOT:PSS/PPV/Al OLED, where the PPV is MEH-PPCNV.

Two features are readily observed for increasing nanotube con-

centration: reduced potentials for electrical turn-on (Vturn�on
I )

and increased values of the slope of I versus V (beyond

Vturn�on
I ). Both features are consistent with a reduction in the

electrical resistance of the device upon incorporation of

SWNTs into the emissive PPV layer.
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photoluminescence quenching barrier and be detected
outside of the device. Furthermore, the formation of highly
conductive SWNT nanoparticle-based conductive network
pathways would effectively compete with the polymer for
electron transport and also result in an alteration in the elec-
trical field experienced by the polymer. Both of these possi-
bilities are consistent with previous results showing trends
of improvement in the EL turn-on voltage of devices using
significantly lower SWNT concentrations in their compo-
sites,25–27 where the quenching and formation of conductive
network pathways may have been negligible. The dominant
electronic interaction in polymer-nanotube composites has
been shown to be the photo-induced polymer-to-SWNT elec-
tron transfer.32–36 As such, changes in the efficiency of the
produced devices arises from a competition between the
improved exciton formation due to SWNT-enhanced electron
mobility and the non-radiative decay at the SWNT–polymer
junctions. Recent work has explored the influence of SWNTs
on charge-carrier mobility in MEH-PPV37 and found that
while hole mobility is essentially unaffected, electron mobil-
ity increases nearly linearly with SWNT concentration. While
the electrons in the nanocomposites travel through both the
polymers and the SWNTs, the increase in mobility is attrib-
uted wholly to the SWNTs with the polymers acting as
bridges between these more highly conductive pathways.
Keeping the concentration of nanotubes below their contact
percolation threshold could lead to improved electron mobil-
ity while guaranteeing that electrons move through the poly-
mer at some point, thus continuing to allow for electron–
hole recombination within the emissive layer of the device.

Another hypothesis could also rationalize the observed
behavior at high SWNT concentrations. Above the contact
percolation threshold of the SWNTs, it is plausible that the

preferred electron pathway (that of lowest resistance) will
be through the connected SWNT network. This connected
network path of SWNTs limits the number of electrons avail-
able for recombination in the emissive layer and eliminates
the need for the polymer bridges to complete the electrical
network. On the other hand, at low SWNT concentrations the
observed decrease in EL with increased SWNT loading at
any particular current may result from a decrease in exciton
formation or from an increase in non-radiative exciton decay.
An increase in the non-radiative exciton decay above some
SWNT percolation threshold should lead to an increase in
the photocurrent,38 which some recent work has reported is
the case.38,39 The increase in the photocurrent is most likely
due to the high population of the SWNTs and the ‘‘electron
expressways" that interrupt exciton pathways supporting
charge carrier separation as well as allowing little chance for
exciton formation to occur. In fact, while both Xu et al.39 and
Mulazzi et al.38 have shown increased photocurrent, Mulaz-
zi’s in situ polymerization in the presence of SWNTs led to
shorter PPV polymer lengths and directly demonstrated that
photoluminescence only occurs if the excitations remain con-
tained on short segments of PPV or are allowed to migrate
on longer segments without encountering the network of
SWNTs. Below the percolation of the SWNTs, where exciton
formation is still significant, the effect of charge-carrier sepa-
ration at the SWNT–polymer interface is more likely to be on
par with the effect of electrons preferentially moving along
the SWNTs when they are encountered. While Woo et al.
have demonstrated hole-trapping by SWNTs,40,41 Fournet

FIGURE 5 The current and electroluminescent turn-on voltages

with respect to SWNT loading for an ITO/PEDOT:PSS/PPV/Al

OLED, where the PPV is MEH-PPCNV. The turn-on current is

reduced with the addition of SWNTs. The increase in potential

required for EL turn-on hints at the possibility of photon

quenching by the SWNTs.

FIGURE 4 EL versus voltage for an ITO/PEDOT:PSS/PPV/Al

OLED, where the PPV is MEH-PPCNV.
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et al.25 have suggested that, above the percolation threshold,
the drop in EL can be rationalized by a change in the hole
conduction pathway from that of the polymer alone to the
combined CNT-polymer networks. Conduction via the latter
pathway would decrease the likelihood of exciton formation
in the emissive layer in a manner analogous to that men-
tioned for the electrons.

Photoluminescence spectra of thin films made from MEH-
PPCNV on glass with varying concentrations of SWNTs are
shown in Figure 6. Solvent was added to each solution
before spin coating to normalize the polymer concentration
and leave the amount of SWNT as the only manipulated vari-
able between the samples. While the emission wavelength of
the films remains unaffected, the photoluminescence at
600 nm decreases linearly with increasing SWNT concentra-
tion, further lending support to the idea that the behavior
observed during optical testing of the devices arises from
increased SWNT concentrations inducing other non-radiative
recombination channels and mechanisms. Similar quenching
data has been reported in the literature.32–34,36,38,42 While
we have taken great care to ensure identical polymer con-
centration and similar conditions for the development of the
films for photoluminescence testing, the quantitative inter-
pretation of the luminescence data and attributing them to
specific mechanisms is beyond the scope of the measure-
ments described here. Future experiments aimed at elucidat-
ing the fluorescence character of the SWNTs may include the
evaluation of absorbance and fluorescence of each compo-
nent, measurement of any Stokes shift, and fluorescence life-

times to interpret the Förster resonance energy transfer
(FRET) mechanism.

Another important property of polymer-based LEDs is their
device lifetimes. A constant voltage of 6 V was applied to the
devices while monitoring the time dependence of the electro-
luminescent intensity, wherein the devices were sealed from
oxygen and moisture exposure by an epoxy layer. While full-
erenes cannot behave as the metal nanoparticles of Hale
et al.7 which are tuned to resonate with the polymer’s triplet
state, both C60 and SWNTs have a high electron affinity and
can thus behave as radical scavengers and are therefore
expected to increase device lifetimes.43 The oxidative degra-
dation of polymers can occur via radical chain reactions of
both alkyl and alkylperoxyl radicals. It follows then, that
these routes of degradation may be inhibited by the pres-
ence of SWNTs, which are capable of trapping the radicals,
leading to an antioxidant effect on the polymer.9,13,43,44 On
examining the results of lifetime testing in Figure 7, it can be
observed that the addition of SWNTs to PPVs, here MEH-PPV,
noticeably improves the lifetime performance of the devices.
After 1 min, the brightness of the 0.1 wt % SWNT-based
MEH-PPV nanocomposite devices is at 67% of its original in-
tensity while the value is reduced to 25% and 9% for the
0.4 and 1.0 wt % SWNT devices, respectively. On the other
hand, for the pure polymer-based device the remaining
brightness was 3.4%. After 2 min, the pure polymer-based
and 0.1, 0.4, and 1.0 wt % loaded SWNT nanocomposite-
based devices retain 1.1, 33, 8.7, and 3.1% of their original
brightness. These results indicate that the intermediate con-
centration of the SWNTs leads to longer lifetimes, with the
lifetimes for the high concentration nanocomposites still
exceeding that of the pure polymer. This observed maximum
in the brightness retained and consequently apparent life-
time is thought to occur because of compensatory effects
with increasing SWNT concentration. The dispersed SWNTs
are thought to improve the degradation resistance of the
polymers due to the trapping of radicals noted previously.
On the other hand, with increasing SWNT concentration, the
material experiences decreased exciton formation due to
both the electrically percolated SWNT networks and the
increase in quenching of the luminescence emerging from
photo or electrical stimuli, and resulting in lower photolumi-
nescence. The optimal luminescence occurs at intermediate
concentrations of SWNT due to the combination of all of
these mechanisms with the trapping effect dominating at
low SWNT concentration and the quenching and exciton sup-
pression dominating at high SWNT concentrations. Overall
device failure, however is brought on by carbonization of the
polymer, leading to observable dark spots as well as possible
gas bubble formation and subsequent delamination. With the
relatively high current density in these devices, the presence
of bubbles is likely due to the formation of gases in the
organic layers as a result of Joule heating.4,5 Though these
experiments suggest the radical scavenging abilities of the
SWNTs, it must be noted that exciton population-dependent
degradation routes were not controlled for. This is relevant
in the case of the pure polymer where the EL intensity was

FIGURE 6 Photoluminescence spectra for various concentra-

tions of SWNTs in MEH-PPCNV thin films on glass. The inten-

sity at 600 nm for each sample plotted with respect to SWNT

concentration shows a linear relationship. The excitation wave-

length used here is 460 nm.
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higher than that for the composites, which quench excitons
at levels commensurate with the nanoparticle loading.

CONCLUSIONS

Varying concentrations of dispersed SWNTs were incorpo-
rated into three PPV derivatives, namely MEH-PPV, MEH-
PPCNV, and DH-PPCNV. Both the electro and photolumines-
cence properties of the nanocomposites and their applicabil-
ity as the emissive layer in OLED devices were characterized.
The trends observed were qualitatively similar for the nano-
composites based on three different PPV derivative polymers.
We found that the dispersed SWNTs affect two competing
aspects of device performance: charge transport and exciton
dissociation at the SWNT–polymer interface. The I–V curves
and the current turn-on potentials showed that increased
addition of SWNTs improved the conductivity through the
fabricated devices and extended the region of Ohmic behav-
ior. However, an undesired increase in the EL turn-on voltage
is observed as well as a decrease in the subsequent rate of
EL increase with increasing potential difference for the nano-
composites. This result is attributed to the observed photo-
luminescence quenching by the SWNTs as well as a change
in the charge-carrier pathways supported by other studies.
The photoluminescence studies on the nanocomposite dem-
onstrated that at higher SWNT loadings it is likely that the
interfacial exciton dissociation becomes dominant, observed
as quenching of the PL study and diminished EL perform-
ance in the OLED devices. Lifetime measurements revealed
overall improvement, most likely due to antioxidant effects
of the SWNTS. However, it was observed that above a thresh-
old concentration of SWNTs, the percolative nanoparticle
network begins to make an impact on the brightness of the
devices and gives the impression that the EL of the devices

is degrading faster with more SWNTs. Previous work has
shown improved lifetimes and lower electroluminescent
turn-on voltages in PPV/SWNT nanocomposites; however,
the SWNT concentrations presented were lower than those
used in this study, indicating that perhaps there is a limit to
the benefits of SWNT inclusions in OLED applications. How-
ever, the behavior observed with the addition of the SWNTs
can be used to optimize the use of nanoparticles in polymer-
based photovoltaic devices.
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