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We present photoconductivity and Raman scattering data obtained from composite films of poly(paraphe-
nylene vinylene) (PPV) and single-walled carbon nanotubes at different weight concentrations from 0% to
64%. It is found that the introduction of nanotubes in the PPV precursor polymer solution, heated at 300°C to
perform conversion into PPV, yields drastic modifications in both the structural features of the composite
components and in the electronic properties of the composites. The PPV polymer matrix becomes more
disordered due to the introduction of nanotubes which induce a shortening of the polymer conjugated segments
as shown by Raman scattering spectra. In addition, these spectra yield information about the evolution from
small bundles to thick bundles of single-walled nanotubes as function of their concentrationx. Photoconduc-
tivity data show that the percolation regime begins atx=2%, indicating that a migration network for the
photogenerated charges is established above this threshold. By using a model based on distributions of PPV
conjugated lengths and their changes as function ofx, we calculate the Raman scattering band shapes and their
relative intensities. The theoretical results lead to a comprehensive interpretation of experimental data.
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I. INTRODUCTION

Conjugated polymers such as poly(paraphenylene vi-
nylene) (PPV) and its derivatives can form with carbon
nanotube composite films which are very promising materi-
als for potential applications such as transport layers, or to be
included in electronic devices, such as light emitting diodes
(LED), for example. To this respect it seems very important
to study the nature of photoexcitations in these systems. It
has been reported previously1–4 that the introduction of mul-
tiwalled (MWNT’s) or single-walled carbon nanotubes
(SWNT’s) in polymer matrices modifies drastically both
electrical and optical properties of the as-obtained compos-
ites. In particular, in such composites made with poly(
m-phenylene vinylene-co-2,5-dioctoxy-p-phenylene vi-
nylene) (PmPV), poly(3-octyl thiophene), and poly(methyl
methacrylate) (PMMA) the electrical conductivity increases
up to ten orders of magnitude. In photovoltaic devices based
on ITO/PPV/MWNTs/Al (ITO stands for indium tin oxide),
the external quantum efficiency of these compounds is twice
that of ITO/PPV/Al.5 Also, it has that been shown that pho-
toluminescence(PL) of composite films is dramatically
quenched and overall shifted towards the blue range of the
optical spectrum as function of the MWNT’s concentration.1

Additionally, previous works have reported strong modifica-
tions of the PL spectrum in PPV thermally converted at
210°C onto a MWNT layer.6 These data are characteristics
of interactions between PPV and carbon nanotubes. This was
also reported recently in PPV derivatives/carbon nanotubes
or C60 composites.7

Previously, we presented a detailed and comprehensive
experimental and theoretical study of optical absorption and

PL spectra of PPV/SWNT composite films at different con-
centrations from 0% to 64% obtained from precursor solu-
tions thermally converted at 300°C. We showed that the blue
shift and the decrease in absorption intensity as well as the
changes of the PL spectra are due to a shortening of the
effective conjugation length in PPV chains due to the in-
crease of the SWNT concentration in the polymer matrix.
This result has been completely confirmed by a theoretical
model for the absorption and the emission calculated bands.8

Furthermore, the quenching of the PL intensity observed
when the concentrationx rises (from 0% to 64%) can be
determined by the increase of short conjugation length seg-
ments in the film and by improved charge transfer from poly-
mer segments to SWNT’s.

In this paper, we present experimental and theoretical
photoconductivity and Raman studies of PPV/SWNT com-
posites to complete our previous works carried out in absorp-
tion and photoluminescence8 in similar samples. Additional
structural information are provided by means of transmission
electron microscopy(TEM), scanning electron microscopy
(SEM), and x-ray diffraction(XRD), together with Raman
scattering. In particular, Raman scattering performed in the
low-frequency region, via the radial breathing modes of
nanotubes, is powerful to determine both their tube diameters
and aggregation in bundles, whenever the tube concentration
is sufficiently high. Otherwise, spectra recorded in the
1000–1700 cm−1 region exhibit features of both PPV conju-
gated chains and the so-called “G” mode of SWNT’s. This
mode is observed in carbon nanotubes, the origin of which
being theE2g2

mode of graphite. Therefore, on the one hand
calculations of intensity ratios of Raman bands of PPV per-
mit to test the distribution of chain conjugation lengths found
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from the calculated absorption bands for the same samples.
On the other hand, the evolution from small SWNT bundles
to thick ones can be followed from the G band behavior.9

II. EXPERIMENTAL DETAILS

The sulfonium polyelectrolyte precursor polymer of PPV
was synthesized in our laboratory via the standard procedure
using the tetrahydrothiophenium group described
elsewhere.10 The powder of single-walled carbon nanotubes
used in this study is produced by laser ablation.11 The pow-
der of SWNT’s is dispersed in the methanol solution of the
soluble precursor polymer with sonication at different weight
concentrations of SWNT’s. Note that this dispersion is quite
uniform and stable without any nanotubes deposition for a
period of several months. Thin films of these resulting mix-
tures were obtained by depositing the solution under a nitro-
gen flow onto silica substrates for optical absorption, Raman
scattering, and onto silicon[100] single crystals or glass sub-
strates for XRD measurements or SEM observations. Before-
hand, all substrates were cleaned in an ultrasonic bath with
deionized water and ethanol. Then thin films were subse-
quently heated under dynamic secondary vacuum at a typical
temperature of 300°C for about 6 h to achieve the conver-
sion of the polymer precursor into PPV. The thickness of the
obtained films is about 200 nm. Raman spectra have been
recorded with different laser lines in the visible rangeslL
=676.4 nmd, in the near UVslL=363.8 nmd, and in the near-
infrared regionslL=1064 nmd, using a multichannel Jobin-
Yvon T 64000 spectrometer equipped with a cooled detector
and a Fourier-transform–Raman BRUCKER RFS 100 appa-
ratus, respectively. The scattered signal was collected either
at 90° or in backscattering geometries under microscope or
in macroscopic configuration. The wave number resolution
of the Raman spectra was 2 cm−1 in the near-IR and the
visible region and 4 cm−1 in the near UV region. All mea-
surements were carried out at room temperature and in am-
bient air. SEM images of the PPV/SWNT composite films
were obtained by using a JEOL JSM 6400F microscope and
high-resolution transmission electron microscopy(HRTEM)
images by using a HITACHI HNAR 9000 microscope. In
this latter case, the mixed solution of PPV precursor
polymer/SWNT’s is deposited by drop casting onto the Cu
support grid in order to form thin free standing films(thick-
ness about 40 nm). The films obtained were introduced into
the electron microscope, then were heatedin situ at 300°C
by means of a sample heater holder. Photoconductivity mea-
surements were performed using the 488 nm line of an argon
laser. Surface gold strips with a 1 mm interelectrode spacing
are evaporated and contacted to the external circuit with an
Ag-loaded epoxy resin and films are attached to the cold
finger of a cryostat. A high sensitivitys10−15 Ad Keithley
digital electrometer model 6517 was used to detect the ob-
served photocurrent. The ohmic law was checked up to
300 V/cm and the data were recorded by using a field of
100 V/cm. The dark current increased drastically by 11 or-
ders of magnitude fromx=0% to 32%.

III. RESULTS

SEM images of PPV/SWNT composite films at different
concentrationsx show that at high SWNT’s concentration,

the porosity of the composites increases with a dense nano-
tubes network. Forx=16%, individual separated bundles are
well observed while forx=64% SWNT’s are mixed in the
polymer network. Details will be published elsewhere.12 In
Fig. 1, we show the HRTEM image of the sample atx
=64% where we can see three bundles of about 20 nm in
width. Each bundle consists of about 15 SWNT’s whose in-
dividual diameter is around 1.33 nm. Let us note that in this
micrograph, one observes also a metallic particle encapsu-
lated in amorphous carbon. From a preliminary and com-
parative analysis of the x-ray diagrams of PPV and PPV/
SWNT composite films, one can deduce that structural
disorder and inhomogeneity rise in the polymer matrix of the
composite by increasing the concentration of nanotubes.13,14

This implies a decrease of the coherence length in the poly-
mer component.

In Fig. 2 we present the photoconductivity data taken for
an excitationlL=488 nm. In our experiment the percolation

FIG. 1. High-resolution transmission electron microscopy image
for the composite film atx=64%.

FIG. 2. Photocurrent at room temperature as function of weight
percentagesx for the excitationlL=488 nm. The solid line is a fit to
the data using the percolation model.
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regime begins atx=2% and is characteristic of a three-
dimensional system. The data given in Fig. 2 have been fitted
using a percolation model15 from which the percolation re-
gime threshold and the dimensionality of the systems can be
derived. In the system we have considered here, the dimen-
sionality parameter is found to beb=2 for the photoconduc-
tivity. Note that the values of photoconductivity change by
seven orders of magnitude in the range from 0% to 8%, after
which a “plateau-type” curve is reached.

The light power dependenceP of the photocurrentIp was
studied for each composite sample(from x=0% to 32%) by
varying the light intensity with neutral density filters(Fig. 3).
A power-law dependenceIp~ Pg is found for all x and the
variation of g versusx is shown in the inset of Fig. 3. The
minimum of this curve is found aroundx=2%, which is the
threshold of the percolation regime, in agreement with the
value found previously. This curve, in addition, is character-
istic of two different regimes. Whenx,2%, g decreases
from 0.75 to 0.20 as a signature of the introduction of a
larger state of disorder, decreasing the recombination mecha-
nism. Whenx.2%, g is stabilized at 0.20, the system being
presumably dominated by a dissociation of the excitons, and

migration of charge carriers. In a concomitant way, this re-
sult is in agreement with the PL quenching reported in Ref. 8
for high x concentrations. This point can be further argu-
mented by measurements of lifetime of the photocurrent be-
low the percolation thresholdsx,2%d. In Fig. 4 we present
the normalized photocurrent for different composite samples
after the laser excitation has been switched off att=0, and
for the same pump power. The lifetime of the photocarriers
increases substantially whenx increases, in agreement with
the large state of disorder introduced above. In the second
regime sx.2%d, the photocarriers are trapped more easily
on PPV segments, since the nanotubes favor charge transport
and the lifetime is shorter.

In Fig. 5 we show the maximum of photocurrent forx
=2% as function of temperature in semilogarithmic scale.
The photocurrent is decreasing with decreasing temperature
due to the lower mobility of the photocharges and the in-
creasing probability to be trapped. Due to this effect the in-
tensity of the PL increases at lower temperature in PPV
samples as shown in Ref. 16. The photocurrent is thermally
activated with an activation energy of 0.20 eV. This value is
very near the thermal activation value of pristine PPV
s0.25 eVd.17 This result implies that photoconductivity is due
to PPV photogenerated charges and the SWNT fraction in
the composite provides only the migration network for the
charges. The state of disorder that is invoked above to ex-
plain the behavior of the photoconductivity data can be
checked by additional spectroscopic measurements. In par-
ticular, Raman scattering performed on PPV has been shown
to be a powerful tool to check the effective length of conju-
gated segments by a determination of distributions of chain
lengths in various samples.18

FIG. 3. Light powerP dependence of the photocurrentIp at
room temperature for standard PPV and PPV-SWNT composites
films for different SWNT weight percentagesx. (a) standard PPV,
(b) x=0.5%, (c) x=1%, (d) x=2%, (e) x=8%, (f) x=16% and(g)
x=32%. Inset shows the variation of exponentg versusx. Abscissa
and ordinate axes are given in decimal logarithmic scales.

FIG. 4. Decay of the normalized photocurrent for the standard
PPV and PPV-SWNT composites films for different SWNT weight
percentagesx. (a) standard PPV,(b) x=0.5%, (c) x=1%, and(d)
x=2%.
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In Fig. 6, Raman scattering spectra in the range
120–220 cm−1 are displayed as function of the SWNT con-
centrationx in the composite films. The evolution of the
breathing mode band[Figs. 6(a)–6(g)] observed in the range
160–180 cm−1 in the composite films is presented forlL
=1064 nm. The band at 160 cm−1 [Fig. 6(b)] progressively
decreases whenx increases, while another peak around
180 cm−1 concomitantly grows in intensity reaching a maxi-
mum in Fig. 6(g) for x=64%. This result can be explained by
the aggregation of SWNT’s from isolated tubes to small
bundles and to thick ones.19 In fact, the frequency of the
breathing mode in this frequency region is modified by the
van der Waals interaction between isolated nanotubes,20–22

and the strength of this interaction increases as function ofx.
Using excitation wavelengths in the red range for which the
Raman response of metallic tubes is resonantly enhanced, i.e.
676.4 nm, a similar global behavior is found, in particular for
concentrations of nanotubes higher than 8%. Again our re-
sults are in rather good agreement with those presented in
Ref. 19, showing combined Raman and x-ray data of thin
bundles and thick bundles of nanotubes, respectively.

We present in Fig. 7 Raman spectra taken withlL
=676.4 nm of composite films for different concentrations of
nanotubes in the range 1100–1700 cm−1. We compare to the
spectrum of pristine PPV which exhibits the standard fea-
tures, i.e., five main bands at 1174, 1340, 1550, 1586, and
1625 cm−1, the assignment of which being published
previously23 (see Table I). Let us recall that a complete study
was consequently carried out18 showing that the stretching
vibrations of the vinyl group and the phenyl ring do not
significantly change in frequency with laser excitation wave-
length, since only an upshift of a few wavenumbers is re-
corded when higher excitation energies are used. An impor-
tant feature, however, concerns the intensity ratio between
the 1550 and 1625 cm−1 Raman bands. Due to resonance
conditions with the electronic transitions of long conjugated
segments, this ratio is larger than one forlL=676.4 nm, as it
is shown in Ref. 18. Asx increases the main features of the

spectra are determined by the nanotubes vibrations contrib-
uting to the band at 1300 cm−1 (D band) which has been
ascribed to intrinsic defects and disordered graphitic struc-
tures. Moreover, for this excitation wavelength, at high
SWNT’s concentrations, the Breit-Wigner-Fano component
of metallic tubes(G band) is obviously recorded and this part
of the spectrum resembles that of pristine SWNT’s as shown
in Fig. 7(g).24 Notice that this is consistent with the forma-
tion of thick bundles embedded in the polymer matrix. On
the other hand concerning the PPV polymer, we note that the
intensity of the Raman band at 1174 cm−1 is decreasing asx
increases. This effect is due to the increase of the short seg-
ments in the sample and to the decrease of the relative con-
tribution of PPV segments to the Raman scattering.18

In Fig. 8 we show the resonant Raman spectra with the
excitation wavelengthlL=363.8 nm of PPV and PPV/
SWNT composite films at different concentrations. In this
figure we observe only the contributions to the Raman scat-
tering coming from the vibrations of PPV segments, since
only the electronic transitions of these segments are in reso-
nance with this excitation wavelength, with no contribution

FIG. 5. Maximum photocurrent of thex=2% composite versus
temperature. The solid line is a linear fit with the Arrhenius law. The
ordinate axis is in decimal logarithmic scale.

FIG. 6. Raman scattering spectra of the composite films at room
temperature taken withlL=1064 nm in the frequency region
120–220 cm−1. (a) x=0, (b) x=1%, (c) x=2%, (d) x=8%, (e) x
=16%, (f) x=32%, and(g) x=64%.
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of SWNT’s. The spectrum is characterized by five main
bands at almost the same frequency as given before in Table
I. From Fig. 8 we can notice that the intensity ratios
Is1174d / Is1586d sI1/ I4d andIs1551d / Is1627d sI3/ I5d decrease
as x increases from 0% to 64%(see inset of Fig. 8). This
trend is a signature in the different samples of an increase of
the short segment percentage with respect to that of the long
segments.18 In addition, this behavior is equivalent to that
observed from partially PPV converted samples at different
temperatures.25

In the spectra shown in Fig. 8 there is an additional fea-
ture at 1411 cm−1 already observed in Fig. 7. This feature is
more intense forlL=363.8 nm and its relative intensity in-
creases withx. This small band is again a signature of a
partial conversion of the prepolymer solution as observed in

spectra taken at different conversion temperatures for pris-
tine PPV,25 in which it is shown that it increases when the
conversion temperature decreases. This band is ascribed to a
vibration of the precursor polymer which turns out to be
Raman and infrared active, presumably as a consequence of
an increased disorder in the samples.

In order to interpret the Raman scattering data, we have
carried out calculations on the model published previously18

in both resonance and preresonance(RRS) conditions for
PPV. To do so, we use the functionsa fsVL ,vd of the first-
order RRS cross sections18 for each vibrational frequencyv f
considered, given in the following equation:

a fsVL,vd < o
n=2

10

uMnu4Sf,nUo
l=0

1

s− dlRnsVL − lv fdU2

3
1

Î2pD f

expF− Sv − v f

2D f
D2GPn, s1d

where VL is the laser excitation frequency,v is the fre-
quency in the Stockes range,D f is the width of the Raman
band considered whose maximum is atv f given in Table I,
andMn is the electric dipole moment intensity for the electric
transition to the 1Bu state of each oligomer withn phenyl
rings,26 whose frequency is indicated byVn (see Table II).
The functionsRnsVL− lv fd for l =0, 1 which weight for each

FIG. 7. Raman scattering spectra of the composite films at room
temperature forlL=676.4 nm in the range 1100–1700 cm−1. (a)
x=0, (b) x=1%, (c) x=2%, (d) x=8%, (e) x=32%,(f) x=64%, and
(g) SWNT powder.

TABLE I. Assignments of the most intense Raman active modes
of PPV.

f Frequencyv f scm−1d Main assignment

1 1174 CuC stretching + C-H bending
of the phenyl ring

2 1330 CvC stretching + C-H bending
of the vinyl ring

3 1550 CvC stretching of the phenyl ring

4 1586 CuC stretching of the phenyl ring

5 1625 CvC stretching of the vinyl group

FIG. 8. Resonant Raman scattering spectra of the composite
films at room temperature forlL=363.8 nm.(a) x=0, (b) x=2%,
(c) x=8%, (d) x=32%, and(e) x=64%. In the inset we show the
intensity ratiosI3/ I5 and I1/ I4 as a function ofx.
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oligomer of lengthn the cross section, are given in the fol-
lowing equation:

RnsVLd = expF− o
f=1

5

Sf,nGo
j=0

2

o
f=1

5
sSf,nd j

s jd!

3
gn + isVL − Vn − jv fd
gn

2 + sVL − Vn − jv fd2 . s2d

In Eq. (2), Sf,n are the contributions to the total Huang-
Rhys factorsSn=o f=1

5 Sf,n which come from each vibrational
mode (labeled byf) interacting with the electronic excited
state 1Bu of every oligomer withn phenyl rings. These con-
tributions are related to the electron-vibrational couplings for
each vibrational stretching mode we consider heresf =1
−5d and whose frequency is indicated byv f. j =0, 1, 2 num-
bers the vibronic processes considered in the following cal-
culations(up to two vibronic processes) in the same approxi-
mation as we have used in the optical absorption
calculation.8,18 In this paper, we do not take into account any
change ofv f with n, which is related to the length of the
segments.

In Table II, we giveVn, Sf,n and the damping factorsgn,
for T=300 K. Vn have been evaluated in the same approxi-
mation as in Ref. 27, and they are in agreement with the data
reported there.Sf,n are fitted from the Raman experimental
spectra of the oligomers, taking into account also the prop-
erties of the electron vibrational couplings in the 1Bu excited
states for intermediate and short segments.28 As it can be
seen from Table II,Sf,n change as function of the stretching
mode frequenciesv f sf =1−5d and of the number of the
phenyl ringsn. In particular, S1,n and S3,n increase forn
going from 2 to 10, whileS4,n andS5,n decrease andS2,n do
not show a significant change in the same range ofn. This is
due to the different behavior of the five electron vibrational
couplings coming from the decreasing localization of the
electronic states 1Bu for increasingn.

We want to note that all the values given in Table II and
which are used in the calculated RRS spectra given in the
following are the same than those used for the optical ab-
sorption calculation from the same samples.8 In Eq. (1) we
have weighted the contributions of thev f coming from the
effective lenghts withn phenyl rings withPn, the double
Gaussian distribution given in Eq.(3).

Pn =
1 − G

s2ps1d1/2expF− Sn − n1

Î2s1
D2G +

G

s2ps2d1/2

3expF− Sn − n2

Î2s2
D2G , s3d

wheren1 ands1 are the values of the most probable segment
lengths and the related dispersion, respectively, of the distri-
bution forn=2−6 (short oligomers), while n2 ands2 are the
values for the parameters related to the distribution forn
=7−10 (intermediate length oligomers). G is the weight of
the second distribution with respect to the first one. All the
distribution parameters used in the calculated RRS spectra
are given Table III. We note that these are the same as those
used in calculated absorption spectra given in Ref. 8. In all
the calculated spectra shown in the following,D f, appearing
in Eq. (1), is equal to 7 cm−1 and is constant for allf.

In Figs. 9(a) and 9(b) we show the calculated spectrum
for lL=676.4 nm and 363.8 nm for the samplex=2% by
using the values given in Tables I–III. The relative intensities
of the main peaks are in very good agreement with those
shown in Fig. 7(a). The calculated changes of the intensity

TABLE II. Values of Vn, Sf,n, and gn, used for the calculated
Raman scattering band shapes and the intensity ratios of different
PPV and PPV-SWNT samples.

n 2 3 4 5 6 7–10

VnseVd 3.78 3.25 3.00 2.86 2.75 2.60

S1,n 0.40 0.40 0.42 0.45 0.50 0.52

S2,n 0.10 0.08 0.08 0.08 0.08 0.08

S3,n 0.12 0.12 0.12 0.15 0.20 0.20

S4,n 0.96 0.95 0.92 0.92 0.75 0.70

S5,n 0.32 0.25 0.23 0.15 0.15 0.10

gnseVd 0.12 0.12 0.14 0.16 0.18 0.20

TABLE III. Distribution parameters used in the calculations of
the Raman scattering band shapes and the intensity ratios of stan-
dard PPV and PPV-SWNT composite films for different weight
percentagesx from 0.5% to 64%. Standard PPV is indicated with
x=0.

x n1 s1 n2 s2 G

0 3 1 8 2 0.3

0.5 3 1 7 2 0.26

1 2 1 6 1 0.2

2 2 1 5 1.4 0.3

16 2 1 5 1.2 0.29

32 2 1 5 0.9 0.22

64 2 1 5 0.7 0.21

FIG. 9. Calculated Raman scattering spectra in preresonance
slL=676.4 nmd and resonance conditionsslL=363.8 nmd at RT of
the composite films withx=2%. (a) lL=676.4 nm, (b) lL

=363.8 nm.
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ratio of Is1174d / Is1586d= I1/ I4 and Is1550d / Is1625d= I3/ I5

as function ofx concentrations are shown in Fig. 10 forlL
=676.4 nm andlL=647.1 nm. From these data one can de-
rive that the calculated ratioI1/ I4 shows a decrease ofI1, the
peak intensity at 1174 cm−1, whenx increases, as experimen-
tally observed. We note that in these calculated ratios, we do
not take into account the decrease of the PPV fraction in the
composites asx increases, which is responsible of a further
decrease in the experimental data.

In Fig. 11(a) the calculated spectrum for thex=64%
sample is shown forlL=363.8 nm. In Fig. 11(b) the changes
of the intensity ratiosI1/ I4 andI3/ I5 versusx concentrations

are shown. All the results shown in Figs. 9(b), 11(a), and
11(b) are in excellent agreement with experimental data of
Fig. 8.

IV. DISCUSSION

In this paper we have presented several experimental data
of PPV/SWNT composites, by using different techniques:
TEM, photoconductivity, and Raman scattering. Our aim is
to reach a more comprehensive understanding of the effects
of nanotube introduction in the polymer precursor of PPV
subsequently heated at 300°C. This study should complete a
previous investigation presented in Ref. 8 about experimen-
tal and calculated absorption and PL spectra of the same
samples.

From XRD studies carried on our composites as a func-
tion of the SWNT concentration we observed an average
decrease of the coherence length of the PPV polymer, as an
indication that the structural order of the polymer matrix is
affected by the presence of nanotubes, leading to a more
amorphous compound. In parallel way, the presence of
bundles of nanotubes is demonstrated.29 From similar data
reported on standard PPV and on samples prepared at differ-
ent temperatures,14 we can deduce that the presence of nano-
tubes in the polymer precursor prevents a complete thermal
conversion of this precursor into PPV. The increase of the
SWNT concentration leads to a system which behaves like a
PPV sample converted at a lower temperature. It is known
that this decrease is responsible for obtaining PPV samples
characterized by shorter effective conjugation lengths.25

These results are furthermore corroborated by experimen-
tal Raman scattering results. In addition, calculations of the
relative intensity of the Raman bands of PPV segments dem-
onstrate changes as a function oflL andx, as a proof of the
shortening of the effective conjugation lengths. This result
brings to the same conclusion as proposed in Ref. 8 where
the optical absorption and the PL emission together with the
calculated spectra have been reported as a function ofx. In
fact, we have proved there that all the variations of the opti-
cal absorption spectra as function ofx are the signatures of
the fact that the polymer precursor is not totally converted.
The main changes are the blue shift of thep→p* main
band, the shift and the intensity increase of the bands initially
(for x=0) at 4.7 eV and the intensity rise of the peak at 6 eV.
All these modifications in the spectra, as proposed in Ref. 8,
can be related to the shortening of PPV conjugation lengths
and to the tetrahydrothiophenium group contribution.

Furthermore, with the Raman data on SWNT’s, in the
range 1450–1650 cm−1 for lL=676.4 nm(see Fig. 7), we
have proved that as function ofx, the SWNT bundles change
from small (see for instancex=16%) to thick bundlessx
=64%d. The change of the band shape in this frequency re-
gion is due to the Fano coupling which becomes more effec-
tive in thick bundles as reported in Ref. 19. In our experi-
ment, the evolution of the band shape as a function ofx is
very well demonstrated. These results are also confirmed by
the Raman scattering data in the range 120–220 cm−1 for the
same wavelength.

The change of the RBM mode frequency from about
160 cm−1 to about 180 cm−1 as a function ofx is due to the

FIG. 10. Calculated intensity ratiosI3/ I5 andI1/ I4 as function of
x (percentage of SWNT weight) for lL=647.1 and 676.4 nm.

FIG. 11. (a) Calculated resonant Raman scattering at RT of the
composite films atx=64% for lL=363.8 nm;(b) calculated inten-
sity ratios I3/ I5 and I1/ I4 as function ofx (percentage of SWNT
weight) for lL=363.8 nm.
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evolution from isolated tubes or small bundles into thick
bundles. This is an effect of van der Waals interaction be-
tween tubes30 and/or an effect of the pressure induced on the
bundles by the PPV polymer.31 All these data are in excellent
agreement with those obtained with TEM shown in Fig. 1,
where for x=64% the packaging of bundles is very well
observed.

In this paper we have also presented data of PC as func-
tion of the SWNT concentrationx. Let us recall the previous
conductivity measurements on PmPV-SWNT composites
given in Ref. 2 show a percolation behavior with a threshold
of approximately 8.5% nanotubes mass fraction. It is pointed
out that two regimes of current versus voltage are recorded
for low and high fields.2 In our case, beginning fromx
=2% we observe the dramatic increase of the PC which
shows a percolation behavior. This can be interpreted by the
fact that a low fraction of SWNT’s is sufficient to create a
network for the migration of the charge carriers. Therefore,
SWNT’s are responsible for both effects: the shortening of
the PPV segments during its conversion and the migration
network of charge carriers. The data of PC are in very good
agreement with the interpretation we have proposed for the
PL data. Indeed, we showed that the intensity of PL spectra
is dramatically quenched for the composite films with in-
creasingx.8 This effect can be interpreted by considering the
decrease of the PPV fraction in composite films for different
x and the increase of the PC, as we report in the present
paper. Moreover, we have shown in Ref. 8 that PL spectra
taken from composite films with differentx are characterized
by important changes in the emission band shapes. All the
changes in the PL bandshape are very well reproduced by a
model based on the interchain and intrachain dynamics of the
excitations and on shortening of the effective conjugation
lengths. Then, the PL only occurs if the excitations remain
trapped on short segments or migrate on longer segments of
PPV without encountering the SWNT network. On the other
hand, the migration network of SWNT’s prevents the radia-
tive recombination of charges and increases the probability
of charge separation and therefore of the PC. This type of
charge transfer has been reported previously.4,32,33As a final
remark, our method of preparation of PPV/SWNT compos-
ites leads to a system in which the percolation threshold is
very low (2%). This behavior is consistent with the PL and
PC mechanisms as discussed in the present paper. This may

be surprising in view of previously reported results2, al-
though not unique in polymer-nanotube composites. Our
method of preparation implies the mixing of the precursor
polymer and nanotubes dispersed in methanol. In that case, a
strong interaction between the two components may arise,
the precursor polymer acting like a surfactant and therefore
dispersing the nanotubes. The low percolation behavior can
then result from the shape of the tubes which provide easily
the migration network mentioned above. In a concomittant
way, the interaction can prevent the total conversion of the
precursor polymer into PPV upon thermal annealing. This
last effect is then responsible for the shortening of the con-
jugation length of PPV, as demonstrated by our experimental
and theoretical results obtained in both absorption, photolu-
minescence, and Raman scattering. Then the 2% threshold of
the percolation behavior of the PC data turns out to be also
important to put in evidence the consequences of the conju-
gation length shortening in all optical data of the PPV com-
ponent in the composite films, as discussed above.

V. CONCLUSION

In conclusion, we have presented in this paper photocon-
ductivity and Raman scattering data obtained on PPV/SWNT
composites, in which the concentration of nanotubes has
been varied from 0% to 64% in weight. Our results complete
those previously published, reporting results in UV-visible
absorption and photoluminescence. The theoretical analysis
leads to a coherent interpretation in terms of segment length
distributions in the PPV polymer. In particular, a shortening
of the conjugation length of PPV explains the obtained ex-
perimental data, such as the behavior of the photolumines-
cence occurring if charge carriers remain trapped on short
segments or migrate on longer segments without encounter-
ing the SWNT network. In this respect, the PC data are very
important to explain the decrease of the photoluminescence
intensity, as discussed in the text.
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