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Optical constants of highly stretch-oriented poly„p-phenylene-vinylene…:
A joint experimental and theoretical study
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We have determined the frequency dispersion of the anisotropic complex optical constants of highly stretch-
oriented poly~p-phenylene-vinylene! chains from Kramers-Kronig transformation of polarized near-normal-
incidence absolute reflectivity data, inversion of polarized reflectance and transmittance measurements, and
spectroscopic ellipsometry. The spectroscopic data are discussed in comparison to the results provided by
correlated quantum-chemical calculations. On this basis, we assign the nature and polarization of the optical
transitions in poly~p-phenylene-vinylene! chains.
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I. INTRODUCTION

Among conjugated polymers, poly~p-phenylene-vinylene!
~PPV! and its soluble derivatives attract a great deal of
tention for their use as active elements in the production
low-cost, light, and flexible optoelectronic devices such
light-emitting diodes~LED’s!, photovoltaic cells, and lasers1

The development of the organic LED technology has n
reached the stage of commercialization under the form
backlights in flat panel displays.2 In parallel, this research
has stimulated new studies in the field of amplified optica
pumped stimulated emission in thin organic films, with t
perspectives of achieving electrically pumped solid-st
polymer lasers.

In spite of the impressive technical performances reac
for the LED devices, many fundamental aspects of the e
tronic and optical properties of the materials are not yet fu
resolved. For instance, the frequency dispersion of the c
plex refractive index (ñ5n1 ik) of PPV has not been stud
ied so far in great detail, and the assignment of the opt
transitions and their polarization in this conjugated polym
is still under debate. The knowledge ofñ is very important to
characterize the propagation and losses of lasing mode
waveguides, rings, and microcavities.3–12 In multilayer LED
devices, the real part of the refractive index of the polym
film defines the amount of light reflected back into the d
vice, thus preventing its escape. The value ofn is therefore a
PRB 620163-1829/2000/62~15!/10173~12!/$15.00
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critical parameter governing the external quantum efficien
in LED’s.13–15

The influence of side groups, chain-end effects, interch
interactions, and polarization of the medium has been
voked to rationalize the nature and polarization of the opti
transitions above the lowest absorption band in PPV and
its substituted derivatives.16–29The absence of a unified pic
ture is mainly due to the lack of high-optical-quality oriente
samples of PPV that would allow for an unambiguous e
perimental determination of the anisotropic optical respo
of the material. Recently, the assignment of the optical tr
sitions in PPV has been refined on the basis of reflectiv
measurements performed on highly stretch-orientedunsub-
stitutedPPV samples.30 Additional insight was afforded by
polarized absorption spectra of oriented poly@2-methoxy,
5-~28-ethyl9-hexyloxy!p-phenylene-vinylene# ~MEH-PPV!
blended in a polyethylene matrix.31

In this paper, we present a spectroscopic determinatio
the anisotropic optical constants of highly stretch-orien
PPV by means of Kramers-Kronig transformation of the
flectivity spectra, inversion of the reflectance and transm
tance spectra over the transparent spectral region, and s
troscopic ellipsometry. The experimental data are compa
to the results provided by correlated quantum-chemical
culations. The very good agreement between the experim
tal and theoretical spectra allows to shed light on the po
ization properties of both the real and imaginary parts of
dielectric constant and refractive index. On this basis,
10 173 ©2000 The American Physical Society
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controversial origin of the high-energy transitions in the o
tical spectra of PPV and substituted derivatives is also
cussed.

II. EXPERIMENT

The stretch-oriented PPV samples were prepared acc
ing to the procedure reported in Ref. 32. The stretching r
is 3 and the thickness of the film is between 17 and 18mm,
as measured by a Mitutoyo comparator in several differ
positions of the sample. The optical reflectance~R! and
transmittance~T! spectra were measured with a doub
grating, Varian model Cary 5E spectrometer between 0.4
6.9 eV ~3000 and 180 nm!. The light was linearly polarized
by a Glan-Taylor prism operating in the 250–3000-n
range. We used the partially polarized light of the spect
photometer for the measurements in the 180–250-nm ra
which is not covered by our polarizers. The spectra hav
resolution of about 0.5 nm and are collected in 3 s averaging
time. A Harrick depolarizing filter was used to avoid th
effect of the dependence of the detector response on the
larization of the light. In order to define the direction
polarization parallel to the chain axis, we aligned the pol
izer with respect to the samples in such a way that the op
signal associated with the lowest absorption band was m
mized. The perpendicular component can then be obta
by rotating the polarizer by 90°. We used an aluminum m
ror, whose absolute reflectivity was previously and indep
dently measured using a VW accessory as a reference fo
reflectance measurements. The relative reflectance of
sample is then normalized to the reflectivity of the mirror
obtain the absolute values of the anisotropic reflectance
our films.

Spectroscopic ellipsometry measurements were also
formed on the samples with incidence angles of 65° and
using a Sopra Model No. ES4G ellipsometer with rotati
polarizer~RPE! in the spectral range 1.4–5 eV. We align
the incidence plane with respect to the chain axes by m
mizing the intensity of the lowest absorption band. For ea
incidence angle, two measurements with the incidence p
parallel and perpendicular to the polymer chains, resp
tively, are performed. Note that imperfections in the flatn
of the sample as well as a small misalignment of the cha
with respect to the optical axis can affect the ellipsome
signal, which is a complicated convolution of the optic
response along the two axes defined on the sample sur
Since the signal obtained for the polarization perpendicu
to the chain is much lower than that associated with
parallel component for the lowest absorption band, a sm
error can also be unintentionally introduced during the
convolution of the signal. Measurements performed at t
different incidence angles~for which the ratio between the
two anisotropic contributions are different! can help in over-
coming such problems.

The Raman spectra were recorded with a Dilor Mo
Labram Raman spectrometer equipped with a He-Ne la
(lexc5632.8 nm).

During the ellipsometric, reflectance/transmittance, a
Raman measurements, the sample was maintained unde
nitrogen gas flux in order to prevent its photooxidation. F
thermore, all the measurements were repeated in orde
assess their reproducibility.
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III. RESULTS

Figure 1~a! shows the room-temperature near-norm
incidence absolute reflectance spectra of oriented PPV
polarizations parallel and perpendicular to the chain dir
tion. For the parallel component, a strong signal associa
with the 0-0 vibronic transition of the lowest absorption ba
is observed at 2.48 eV~500 nm! and is followed by a well-
resolved vibronic progression with peaks at 2.70 and 2.95
~460 and 420 nm, respectively! and by a shoulder at 3.10 eV
~400 nm!. We also detect a weak structure around 2.18
~570 nm!. On the high-energy side of the spectrum, a lo
intensity peak is observed at 4.71 eV~263.5 nm! accompa-
nied by a shoulder at 4.56 eV~272 nm!. Moreover, a change
in the slope of the spectrum occurs around 3.76 eV~330 nm!,
thus indicating the presence of other transitions. The lo
energy part of the spectrum~below 2 eV! is dominated by a

FIG. 1. ~a! Room-temperature polarized reflectance and tra
mittance spectra of highly stretch-oriented PPV. The solid a
dashed lines refer to the parallel and perpendicular compone
respectively.~b! Calculated reflectance spectrum fromn andk de-
duced by KK transformation~solid and dashed lines for the parall
and perpendicular components, respectively!; spectroscopic ellip-
sometry ~filled and open symbols for the 65° and 70° inciden
angle, respectively; circles and squares for the parallel and per
dicular components, respectively!. The vertical bar at 5 eV sepa
rates the spectral region where the light is polarized by the G
Taylor prism ~below 5 eV! from the spectral range where th
partially polarized light of the spectrophotometer is used to rec
the spectra~above 5 eV!.
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FIG. 2. Raman spectrum of highly stretch
oriented PPV. The solid and dashed lines cor
spond to the~z,z! and ~x,z! components, respec
tively. We show in the inset the magnification o
the ~x,z! spectrum.
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series of fringes due to the interference of the light reflec
by the front and back surfaces of the film.

The lowest optical transition and its vibronic satellites a
practically not detectable along the perpendicular compon
of the reflectance spectrum. This confirms that the polym
chains are very well oriented and the misalignment angl
very small. A single absorption feature is observed in the
spectral region at 4.47 eV~277.5 nm! for the perpendicular
component. Below 2.4 eV, a reflectance signal arising fr
the contribution of the back surface and a series of inter
ence fringes are clearly detected. Changes in the pat
these fringes with respect to that observed for the para
component points to the anisotropy of the refractive inde

Figure 1~a! also reports the polarized transmittance sp
tra of PPV up to 2.4 eV~about 500 nm! beyond which the
film is no longer transparent to the radiation. Interferen
fringes are also detected in these spectra.

Figure 2 shows the Raman spectra of the highly orien
PPV chains obtained for the electric field of the exciti
radiation polarized both parallel~z! and perpendicular~x! to
the chain axis. We focus here on the scattered radiation
larized along the main chain axis. In the~z,z! configuration
~where the first term in parentheses refers to the polariza
of the exciting radiation and the second to the polarization
the scattered radiation!, Raman lines are detected at 11
~0.145!, 1328~0.165!, 1548~0.192!, 1583~0.196!, and 1627
cm21 ~0.202 eV! and are superimposed to a broad and si
soidal photoluminescence background arising from the p
resonant absorption of the 632.8-nm laser line. The st
tured background prevents the observation of the w
Raman bands reported by other authors.33,34 In the ~x,z! con-
figuration ~see the enlargement in the inset of Fig. 2!, the
Raman lines have a much lower intensity due to the h
degree of orientation of the polymer chains, and a sinuso
background is again detected. Since the exciting radiatio
focused on the surface of the sample, we suggest that t
oscillations could be attributed to the interference betw
the photoluminescence emitted at the surface and that e
ted there but reflected by the back surface of the sample
fact, at this wavelength, the penetration optical path de
estimated as the inverse of the absorption coefficient~see
next section! is about 77 and 220mm for the parallel and
d
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perpendicular polarizations, respectively. These values
much larger than the sample thickness, thus allowing
light reflection from the back surface of the sample. Th
interpretation of the structured background of the Ram
spectra is further supported by the comparison of the frin
there detected with those observed in the transmittance
reflectance spectra in the same spectral range. Since for
polarization the number of fringes detected in the three ki
of spectra is identical~within the experimental uncertainty!,
we argued that interference effects play a role in the exp
nation of the data. Moreover, the different number of fring
observed for the two polarization configurations confirm
this interpretation and points out the strong optical birefr
gence of the sample.

IV. DATA ANALYSIS:
DETERMINATION OF THE OPTICAL CONSTANTS

We have determined the complex optical constants of
material both from theR and T spectra and from spectro
scopic ellipsometry. Different kinds of data analysis we
carried out on theR and T spectra in order to extract th
dielectric functions along the parallel and perpendicular
rections, both below and above the energy of the lowest
tical absorption band.

In order to evaluaten below 1.6 eV, where the sum ofR
andT is within the experimental error equal to 1, a numeric
inversion of theR andT spectra has been performed by a
sumingk50 and the sample to be flat with parallel surfac
and by modeling its reflectance and transmittance from
sum of the internal reflection components.35,36 The values of
n used as input for the numerical inversion are obtained fr
the pronounced interference fringes observed in the trans
tance and/or reflectance spectra by the well-known form

1

lk
2

1

lk11
5

1

2nd
, ~1!

wherelk11 and lk are the wavelengths of two successi
maxima~or minima! andd is the measured sample thicknes
In this spectral region, the model provides then spectra re-
ported in Figs. 3 and 4~open squares! as well as the sample
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thickness~17–18mm! in very good agreement with the in
dependently measured values. The advantage of using s
simulation model instead of the more simple calculatio
based on the interference fringes is justified by the fact
we can separately evaluate the refractive indexn which gov-
erns the absolute values of reflectance and transmittance
the sample thickness, whose product withn determines the
spectral path of the fringes. The coincidence of the measu
and derived values of the sample thickness is a check of
quality of our data. In the model, partial coherence has to
considered since a fully coherent transparent system w
lead to large interference fringes with extrema at 0 a
Rmax5@(n221)/(n211)#2 for the reflection and at 12Rmax

2

and 1 for the transmittance. The absence of such feature
our spectra is probably related to small inhomogeneity in
thickness of the samples and/or to slight curvatures of
surface.

The same model was also used without imposing the c
dition k50. In this way, ñ can be determined in the fu
spectral range whereT is available, thus allowing for the
description of the increase in the absorption coefficient at
absorption edge where the approximationk50 is no longer
valid. The values ofn andk obtained by means of this simu
lation model account very well for the interference fring
and givek50 below 1.6 eV, according to the first procedu
used. These results are also reported in Figs. 3 and 4 as
circles.

FIG. 3. Frequency dispersion of the parallel component of
real~upper panel! and imaginary part~lower panel! of the refractive
index of PPV~solid line from KK analysis; open symbols from th
inversion procedures ofR and T; dotted line from ellipsometry a
70° incidence angle; dot-dashed line from ellipsometry at 65° in
dence angle!.
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The numerical inversion procedures ofR and T lead to
values ofn at very low frequency that are close to 2.5 a
1.6 for polarizations parallel and perpendicular to the po
mer chains, respectively. These values progressively incr
as the incident photon energy shifts towards the lowest o
cal absorption band. The frequency dispersion of the an
tropic dielectric constant deduced from these data, more
rectly related to the electronic structure of the materials
comparison toñ, is reported in Figs. 5 and 6.

Above the absorption edge, the measured reflectance
responds to the near-normal reflectivity~i.e., the reflectance
of a semi-infinite material!. With an appropriate extrapola
tion of the data beyond the highest and lowest measu
energies, we performed a Kramers-Kronig~KK ! analysis to
calculate the dispersion of the complex dielectric functio
The high-energy tails added to the measured spectra hav
ensure that the value ofn in the near-infrared~NIR! region is
compatible with that obtained by theR andT inversion pro-
cedure. Figure 1~b! shows the reflectivity spectrum of th
PPV films used for the KK analysis. For energies below
lower limit of the experimental range, the extrapolation
made under the form of a straight line through a const
value for both polarizations, thereby neglecting the signat
of phonons. The choice of the high-energy extrapolat
curve is much more delicate. Usually, the simplest appro
mation consists in using data from the literature; however
the best of our knowledge, such data are not available

FIG. 4. Frequency dispersion of the perpendicular componen
the real~upper panel! and imaginary part~lower panel! of the re-
fractive index of PPV~solid line from KK analysis; open symbol
from the inversion procedures ofR and T; dotted line from ellip-
sometry at 70° incidence angle; dot-dashed line from ellipsom
at 65° incidence angle!.
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PPV. We have extended the spectra above 5 eV on the b
of measurements performed with partially polarized ligh30

keeping in mind that the absolute values of the optical fu
tions may not be fully reliable in the high-energy range. T
extrapolation of the spectra above 6.5 eV was first based
the formulaR5R0(v/v0)s, whereR0 is the reflectivity at
the frequencyv0 , which usually corresponds to the highe
energy probed by the experimental measurements and w
the exponents is generally chosen between 2 and 4.37 We
have failed when trying to adjust this parameter in order
ensure that the refractive index obtained by the KK analy
coincides in the transparency region with the results obtai
by R and T inversion. This demonstrates the existence
additional optical transitions above 6.5 eV, as suggested
electron-energy-loss spectroscopy~EELS! data on oriented
PPV showing optical transitions above 10 eV.38 A simple
linear extrapolation of the reflectance spectra between
and 15 eV yields a good match between the dispersionn
in the NIR spectral range obtained by KK analysis and t
provided byR and T inversion. The results are weakly a
fected by changes in the slope of this linear extrapolatio

There is a major concerning with the kind of extrapolati
used here since different choices might lead to changes in
absolute value of the optical constants and shape behavi
critical points such as at the absorption edge~where the nu-
merical KK analysis suffers from a lack of resolution!. Nev-

FIG. 5. Frequency dispersion of the parallel component of
real ~upper panel! and imaginary part~lower panel! of the dielectric
constant of PPV~solid line from KK analysis; open symbols from
the inversion procedures ofR andT; dotted line from ellipsometry
at 70° incidence angle; dot-dashed line from ellipsometry at
incidence angle!.
sis
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ertheless, in spite of the integration procedures, the lo
character of the KK analysis does not affect very much
spectral behavior of the optical constants, except for the
ergy ranges close to the extrapolated regions. If optical f
tures are not properly accounted for by the extrapolation
yond the energy range covered by the experimen
measurements, a ‘‘tail’’ effect can introduce an addition
background to the high-energy part of the calculated disp
sions. This effect might be detrimental for our analysis d
to the existence of optical features with different polariz
tions that overlap in the energy range above 4.4 eV. O
different approaches lead us to the conclusion that the sh
of the spectra above 6 eV~Ref. 38! does not affect the KK
analysis significantly and hence the quality of the data
ported in this work. The results of the KK analysis are r
ported in Figs. 3–6 and compared in the low-energy rang
those obtained from theR andT inversion technique. Figure
3 and 4~5 and 6! refer to the dispersion of the parallel an
perpendicular components ofn and k («1 and «2), respec-
tively.

The reliability of the KK analysis is further supported b
analyzing the ellipsometric data. Ellipsometry has two m
advantages with respect to reflectance measurements:~i! it is
less sensitive to the surface roughness and to light-scatte

FIG. 6. Frequency dispersion of the perpendicular componen
the real~upper panel! and imaginary part~lower panel! of the di-
electric constant of PPV~solid line from KK analysis; open sym
bols from the inversion procedures ofR and T; dotted line from
ellipsometry at 70° incidence angle; dot-dashed line from ellipso
etry at 65° incidence angle!.
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effects;~ii ! it allows at each frequency the simultaneous d
termination of two physical parameters, i.e.,n andk or n and
d. In the case of bulk samples, this allows the determina
of both the real and imaginary parts of the dielectric funct
without going through a complex treatment such as a
analysis. The main drawback with anisotropic samples is
the measured ellipsometric functions tan(c) and cos(D) are
related both to the incidence angle and the anisotropic re
tance coefficient for polarizations parallel and perpendicu
to the incidence plane. The parameters have thus to be
convolved from a set of measurements performed with
ferent orientations of the sample. Assuming that the ani
ropy is uniaxial and that the optical axis of the sample lies
the surface and can be oriented either parallel or perpend
lar to the incidence plane, the formalism is simplified a
leads to35

tan~c i ,'!exp~ iD i ,'!5
r p

i ,'

r s
i ,' , ~2!

r s
i
5

cosf2A~ ñ'
2 2sin2 f!

cosf1 A~ ñ'
2 2sin2 f!

,

r p
i
5

ñiñ' cosf2A~ ñ'
2 2sin2 f!

ñiñ' cosf1A~ ñ'
2 2sin2 f!

, ~3!

r s
'5

cosf2A~ ñi
22sin2 f!

cosf1A~ ñi
22sin2 f!

,

r p
'5

ñi
2 cosf2A~ ñ'

2 2sin2 f!

ñi
2 cosf1A~ ñ'

2 2sin2 f!
. ~4!

r p
i ,' andr s

i ,' are the~complex! Fresnel reflection coefficient
for light polarized parallel~p! or perpendicular~s! to the
incidence plane, respectively, with the optical axis of t
sample being parallel~i! or perpendicular~'! to this plane;
ñi and ñ' are the complex refractive indices along the e
traordinary~parallel to the chains! and ordinary~perpendicu-
lar to the chains! axes, respectively;f is the angle between
the normal to the surface of the sample and the direction
propagation of the incident beam. The detector is fixed at
angle2f in the incidence plane.

On the basis of a couple of ellipsometric measureme
performed for the two orientations of the sample at a fixedf,
we can numerically invert Eqs.~3! and~4! and extractñi and
ñ' . Since these nonlinear equations provide multiple so
tions, we have selected the correct values by comparing
ellipsometric results obtained at different incidence ang
with those afforded by a KK analysis. The constraint of ha
ing similar results from ellipsometric measurements p
formed at differentf angles also requires the conversion
the nominal value off into an effective one~67° instead of
65° and 71° instead of 70°!. This partially compensates th
possible misalignment of the sample with respect to
beam, which can lead to a deep modulation of the ellip
metric response. The intrinsic small misalignment of t
chains in our sample can also affect the results, particul
in the direction associated to the lowest optical reflectan
-
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The complex refractive index determined by ellipsome
is reliable only in the spectral region where the sample
be considered as a bulk. Below the absorption edge at
eV, a depolarized light component is superimposed on
ellipsometric signal due to the reflection on the back surf
of the sample. This additional component strongly modula
the values of the ellipsometric functions, particularly tan(c),
and affects the spectra at the absorption edge. We repo
Figs. 3–6 the ellipsometric data for the two polarizations a
compare them to the corresponding frequency dispers
obtained byR andT inversion and KK analysis.

The agreement between the KK and ellipsometric res
is satisfactory for the parallel component of the optical fun
tions for energies above the lowest optical transition wh
the sample can be considered as a bulk. Changes in the
nal as a function of the incident angle and significant no
can be detected at the absorption onset due to the cont
tion of the back surface of the sample. The larger deviati
between the absolute values of«2 ~or k! determined by the
two methods in the high-energy range~see inset of Fig. 5!
can be attributed to light-scattering effects~due to surface
imperfections!, which partially attenuate the measured r
flectance. This discrepancy is clearly seen in Fig. 1~b! that
compares the measured reflectivities to those estimated
the ellipsometric data.

The comparison of the results obtained with the differe
techniques is less meaningful for the perpendicular polar
tion since the weakness of the signals makes all the meas
ments more sensitive to any small experimental or sam
imperfection. The small fraction of incorrectly polarize
light, which has negligible influence on the parallel comp
nent, could significantly affect the ellipsometric functions f
the perpendicular polarization, leading to an offset of t
data with respect to those provided by the KK analysis e
though the spectral shape is quite satisfactory. In spite of
decrease in the measured reflectivity due to diffusion
light, we have more confidence in the values ofñ deduced
from the KK analysis of the reflectance spectrum along
perpendicular component than in the corresponding data
tained by ellipsometry. This fact is further supported by t
consistency between theR andT inversion results and thos
afforded by the KK analysis.

To the best of our knowledge, there are a limited num
of experimental studies that have provided a quantitative
termination of the strongly anisotropic optical properties
conjugated polymers by means of different spectrosco
techniques.39 Due to the complexity of the systems und
investigation, it is very difficult to estimate the uncertainty
the absolute values of the optical properties, which also
pends on the adopted experimental technique. However,
generally assumed that the refractive index determined f
coherentR and T inversion has a maximum uncertainty o
about 5%. The intrinsic error of KK analysis is about 10%,
particular in the region close to the high-energy border of
spectra. We cannot provide an evaluation of the uncerta
for the ellipsometric data due to the complexity of the syst
under investigation.

Finally, we would like to comment on the polarizatio
properties of the transitions appearing in the high-energy
of the spectrum. From the«2 spectra reported in Figs. 5 an
6, it is difficult to directly assess the polarization of the pea
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around 4.5 and 4.7 eV due to the presence of a backgro
created by the other optical transitions. Moreover, these
peaks exhibit a small red shift~about 30 meV! when going
from the parallel to the perpendicular polarization. After su

FIG. 7. INDO/SCI-calculated absorption spectrum of an 11-r
PPV oligomer; the solid and dot-dashed lines refer to the para
and perpendicular polarizations, respectively.
nd
o

-

traction of the background from the«2 spectra, the peaks
appear to be more intense in the perpendicular spectr
thus suggesting a perpendicular polarization for the ass
ated optical transition.

V. THEORY

We have initially optimized the geometry of an eleve
ring PPV oligomer~PPV-11! representative of the corre
sponding polymer with the help of the semiempiric
Hartree-Fock Austin Model 1~AM1! method,40 assuming a
planar conformation for the conjugated backbone. The tr
sition energies and transition dipole moments of the low
200 excited states~up to 7.3 eV! are then calculated by
means of the semiempirical Hartree-Fock intermediate
glect of differential overlap~INDO! Hamiltonian~as param-
etrized by Ridley and Zerner! coupled to a single-
configuration-interaction ~SCI! scheme.41 The optical
absorption spectrum of the chain is simulated by plugg
the INDO/SCI transition energy and transition dipole valu
into a frequency-dependent sum-over-states~SOS! expres-
sion for the imaginary part of the linear polarizabilityã.42

We simulate the parallel and perpendicular components
the optical absorption spectra from the frequency dispers
of v Im ã(v), using the transition dipole moments calculat
along the chain axis and the in-plane perpendicular axis,

el
d
of

r
r

ry

te

-

FIG. 8. Upper panel: INDO/SCI-calculate
frequency dispersion of the dielectric constant
an 11-ring PPV oligomer@solid line: parallel
component of«2(v); dotted line: parallel com-
ponent of«1(v); dot-dashed line: perpendicula
component of«2(v); dashed line: perpendicula
component of«1(v)#. We show in the inset the
calculated dispersion of the real and imagina
parts of the parallel component of«̃(v) when
taking into account only the lowest excited sta
and the associated vibronic structure@solid line:
«2(v); dotted line: «1(v)#. Similar curves are
displayed in the lower panel for the refractive in
dex.
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spectively~see Fig. 7!. As described in our previous study,30

the calculated spectrum of the fully oriented PPV oligom
within the experimental spectroscopic range is character
by ~i! an intense absorption feature at 3.0 eV~peak I! and a
weak shoulder around 3.7 eV~peak II! that are both polar-
ized along the chain axis and originate from a mixing
one-electron excitations between delocalized molecular
els (d→d* ); ~ii ! an absorption band around 5.5 eV~peak
III ! with a dominant perpendicular polarization that resu
from a mixing of excitations between a localized and a
localized level (l→d* andd→ l * ); and~iii ! a fourth absorp-
tion band~peak IV! beyond 6 eV polarized along the cha
axis and mostly described by excitations taking place
tween localized levels (l→ l * ).

Figure 8 reports the calculated frequency dispersion of
real and imaginary parts of the dielectric constant«̃(v) and
refractive indexñ(v), respectively, for both the parallel an
perpendicular components. These simulations are obta
on the basis of the expression«̃(v)5114px̃ (1)(v) ~in
CGS units! and @ ñ(v)#25 «̃(v); the linear susceptibility
x̃ (1)(v) is taken here equal toNã(v), whereN is the den-
sity of PPV-11 chains. We thus neglect local-field effects
the dielectric function43 but choose the value ofN in such a
way that the calculated value of the real part of the para
component of the dielectric constant at the static lim
matches the experimental value. This results in an effec
value ofN equal to 3.1731021cm23 ~note that such a value
leads to a density of PPV unit cells on the order of 11N
53.4831022cm23, which is larger than the experimental e
timate made from the lattice parameters of crystalline PP
6.3631021cm23.21,44 The theoretical~Fig. 8! and experi-
mental ~Figs. 3–6! spectra are observed to be in excelle
agreement.

We have also simulated the coupling between vibratio
modes and the lowest optical transition of the PPV cha
such coupling is clearly observed for the parallel compon
in the frequency dispersions ofñ and «̃ ~see Figs. 3–6!. The
corresponding simulations are shown in the insets of Fig
where only the lowest excited state, which is strongly op
cally coupled to the ground state, has been involved.
vibronic effects have been treated on the basis of the
placed harmonic oscillator model, as detailed in ear
works.28,45 Using the Franck-Condon approximation, the i
tensity of an optical transition between the vibronic lev
ug,0& in the ground stateg and the vibronic levelue,n& in the
lowest excited statee is found to be proportional to~i! the
square of the electronic transition dipole moment^gumue&;
and ~ii ! the square of the Franck-Condon factor^0un& de-
scribing the overlap between the two vibrational wave fu
tions. The latter term is expressed in the harmonic appr
mation by

^0un&25
e2SSn

n!
, ~5!

whereS is the Huang-Rhys factor associated with the vib
tional mode. In the case of PPV chains, we explicitly co
sider two effective Raman modes at 0.21 and 0.16 eV;
associated fractional Huang-Rhys factors are taken in a
ratio ~i.e., Stotal52S0.211S0.16), in agreement with the rela
tive intensities of the two modes in the experimental Ram
spectra28,45~these values are consistent with the Raman sp
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tra reported in the present study!. We have previously esti-
mated the total Huang-Rhys factorStotal of highly conjugated
PPV to be 0.7; this estimate was made from a linear extra
lation of the values obtained when fitting the vibronic stru
ture observed in the highly resolved photoluminesce
spectra of PPV oligomers containing from 2 to 5 rings a
dispersed in an inert matrix.45 This choice of Huang-Rhys
factor leads to a remarkable reproduction of the relative
tensities of the 0-0 and 0-1 vibronic features of the low
absorption band of PPV in the frequency dispersion of«̃ ~see
Fig. 5!; this agreement confirms the highly delocalized n
ture of the PPV backbones under study. The larger inten
of the 0-0 peak has also been reported in previous exp
mental studies of highly conjugated PPV’s;46,47 this contrasts
with the spectra of very short oligomers where the low
two vibronic peaks have similar intensities.45 Both the ex-
perimental and simulated spectra also display a shoulde
the high-energy side of the lowest absorption band that
assign to the 0-2 vibronic transition. Interestingly, the calc
lations agree with the experimental data in that the rela
intensities of lowest two vibronic satellites are reversed wh
plotting the frequency dispersion of the imaginary part of t
refractive index. The fine structure observed in the lo
energy region of the frequency dispersion of the real par
ñ and «̃ is also remarkably well reproduced by the simu
tions.

VI. DISCUSSION

This work reports a detailed characterization in a wi
spectral range of the complex optical constants and their
larization properties in highly stretch-oriented PPV. Su
data were not previously available in the literature since
refractive index has been traditionally described in the
ergy range below the absorption edge, i.e., in the spec
region of photoluminescence3–5,7,8 and light guiding.48–50

The values of the refractive index reported for unorien
films of soluble PPV derivatives used in optical devices va
between 1.5 and 1.8 in their transparent region. Anisotro
optical behavior is sometimes observed due to the prefe
tial deposition of the chains on the substrate.3,51 Such values
are slightly lower than the average refractive index^n& @^n&
5(n112n')/3# estimated from our data~see Figs. 3 and 4!.
This effect can be attributed to an increase in the chain d
sity when going from substituted to unsubstituted PPV ba
bones; in other words, this implies that the number of P
monomers per volume unit decreases upon substitution,
reducing the macroscopicp-electron density. In contrast, th
anisotropy and dispersion properties of the refractive ind
in the 600–800-nm spectral range of the PPV samples
ported in Ref. 49 are in good quantitative agreement with
results. The value of̂n& and its dispersion also matches th
data reported in Refs. 52 and 53 for isotropic PPV thin film
We thus conclude that, as expected, the derivatization of
PPV backbone by electroactive side groups, modulates
only the processability but also the electronic and opti
properties of the material.

Similarly, only a few experimental studies based
optical52 and EELS38 measurements have described the op
cal constants of PPV above the absorption threshold.
optical data obtained for unoriented samples52 appear to be
underestimated for both the real and imaginary parts w
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respect to the present results averaged over the two pola
tion components. It is not straightforward to make a dir
comparison between our data and the EELS spectra s
significant differences are expected in the shape and abs
energies of the optical features.54 As a matter of fact, the
lowest optical absorption peak in our samples is redshi
by more than 0.5 eV and the high-energy bands have a
duced relative oscillator strength when compared to the
responding features in the«̃ spectra deduced from EEL
measurements obtained for a small momentum transfer~0.1
Å21!.38 Moreover, the optical transition at 3.7 eV is mask
by the lowest absorption band and the vibronic replicas c
not be resolved in the EELS spectra.38 We believe that the
differences observed in the optical properties are due to
chemical and morphological quality of the two samples a
not to the different techniques used for their characterizat

The theoretical simulations confirm that the fine struct
observed in the low-energy range of the frequency disper
of the optical constants originate from vibronic effects th
can be described within the Franck-Condon approxim
tion.28,45 The spacings between the vibronic replicas in
reflectance spectrum are 0.22 and 0.25 eV, thus larger
that in the optical absorption spectra reported in Ref.
which were simulated by the use of two effective modes
0.16 and 0.21 eV. This probably originates from the mixi
of the real and imaginary parts of the refractive index wh
calculating the reflectivity spectrum. More relevant valu
close to 0.2 eV are obtained from the«2 spectra correspond
ing to the optical function directly connected to the ele
tronic structure of the material. Approximate values of t
energy of the phonons coupled to the lowest optical abs
tion can also be determined from the Raman spectrum
ported in Fig. 2 or in the literature.55 However, the best es
timates of these parameters are obtained only from the s
of the excitation profiles of the resonant Raman effect.56 The
frequencies of the Raman modes reported in this study a
very well with those reported for other oriented PPV’s33,34

and further confirm the very good orientation of the polym
chains along the stretching direction.

The small feature appearing just below the edge~;2.2
eV! of the lowest absorption band in the parallel reflectan
spectrum~which has no counterpart in the correspondi
transmittance spectrum! is not observed in the«2 dispersion
spectra. Therefore, this feature cannot be assigned to an
tronic transition and probably results from processes lin
to light reflection at the backside when the sample is s
transparent. At the absorption edge, the attenuation of
effect~from 2.1 to 2.2 eV the absorption coefficient increas
from 202 to 348 cm21! leads to a decrease in the measu
signal, leading to the appearance of the small feature in
reflectance spectrum. This effect allows for the determina
of the onset of the lowest absorption edge due to the lon
chains in highly oriented PPV to be around 2.2 eV.

The polarization and relative intensities of the absorpt
bands in the«2 spectra of our highly stretched oriented-PP
samples and those reported for oriented MEH-PPV~Ref. 31!
provide a good basis for discussing the nature of the e
tronic transitions in PPV and its substituted derivatives. A
cording to the peak labeling introduced in Sec. V, we w
describe the experimental absorption spectrum of PPV
referring to peak I for the lowest absorption band and pe
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II, III, and IV for the bands around 3.7, 4.7, and 6.0 e
respectively. There is an overall agreement among theo
cal studies that peak I originates fromp-p* transitions be-
tween delocalized levels.16–28 Both our experimental and
theoretical spectra show that this absorption feature is m
broader in then spectrum~;2.0 eV! than in the« spectrum
~;1.0 eV!, thus preventing peak II to be unambiguously d
tected from then spectra.

Most of the theoretical studies indicate that peak III orig
nates froml→d* /d→ l * transitions and has a dominant p
larization perpendicular to the chain axis while peak IV r
sults from l→ l * excitations and is polarized parallel to th
chain axis.16–28The general agreement between all the th
retical studies for the latter two peaks contrasts with rec
calculations of the optical excitations in PPV based on o
particle and two-particle Green’s functions, which give
evidence for a relatively intense optical transition around
eV with a perpendicular polarization.57 According to both
the INDO/SCI calculations and other theoretical works,58 the
excited states giving rise to the third absorption band hav
pronounced intrachain~and interchain! charge-transfer char
acter, which has been invoked to rationalize the steady-s
photocurrent action spectra of PPV and substitu
derivatives.18 The interchain charge-transfer character of t
band might also explain the increased interchain carrier h
ping rate responsible for the high carrier lifetime evidenc
by ultrafast photoinduced infrared activated vibrations m
surements when pumping with a photon energy close to
of peak III.59

The INDO/SCI calculations suggest that the shoulder
served in the reflectance spectrum of unsubstituted P
around 3.7 eV corresponds to an optical transition betw
delocalized levels (d→d* ), which is induced by finite-size
effects and polarized along the chain axis, in agreement w
the experimental data.30 The quantum-chemical calculation
reported in Refs. 19 and 26 indicate that the intensity of t
peak decreases when chain length is increased. The op
absorption spectra of substituted PPV chains have a v
similar shape when compared to those of unsubstitu
chains. However, alkoxy-substituted derivatives are furt
characterized by the appearance around 3.7 eV of new
sorption peaks mostly described byl→d* /d→ l * excita-
tions, due to the breaking of the charge conjugation symm
try ~CCS! upon attachment of electroactive substituents
the PPV backbone.19,25,27 The main effect of the alkoxy
groups is actually to decrease the separation between
energies of the lowestl→d* /d→ l * andd→d* excitations
and thus to enhance the strength of the interaction betw
the two types of excitations. This allows for an efficient i
tensity borrowing from the lowest absorption band that co
tributes to the intensity of peak II, which is also expected
decrease for growing chain length.19 Interestingly, quantum-
chemical calculations show that the transition dipole mom
of these new peaks is almost exclusively governed by th
weak d→d* character ~i.e., the contributions of the
l→d* /d→ l * excitations tend to cancel each other!, thus
yielding a polarization along the chain axis.19 Recently, Mar-
tin et al.60 suggested that CCS breaking could also play
role in unsubstituted PPV chains due to the presence of
fects. This interpretation is actually quite consistent with t
present discussion; indeed, defects are expected to am
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finite-size effects when leading to simple breaks in conju
tion and/or to induce CCS breaking when introducing n
electroactive moieties~such as carbonyl groups! attached to
the PPV segments.

The energy separation between the constructive~peak III!
and destructive~peak II! interactions of thel→d* /d→ l *
excitations is larger than 1.0 eV in the INDO/SCI calcu
tions. This contrasts with recent theoretical studies by
rova, Brazovski, and co-workers where the band structur
unsubstituted PPV is first generated and subsequently
rected to include Coulomb attraction between electron
hole;16,17 peak II in the spectrum of an alkoxy-substitute
five-ring PPV oligomer is assigned by these authors to e
tonic features resulting from both destructive and constr
tive interactions among thel→d* /d→ l * excitations, which
are calculated to be separated by;0.1 eV, and it is predicted
to be perpendicularly polarized in contrast with the expe
mental data reported here and in Refs. 30 and 31. The t
absorption band is then associated to the interband~i.e.,
without Coulomb attraction between electron and hole! tran-
sition from l→d* /d→ l * levels. From the previous consid
erations, we stress that a description of the optical transit
of an alkoxy-substituted oligomer based on the results
calculations performed on the unsubstituted chain is misle
ing. It is also difficult to believe that free carriers can
generated through an interband transition in such very s
chain segments. The band model developed in Refs. 16
17 yields a binding energy on the order of 0.8–0.9 eV for
excitons generated in band II of PPV, much larger than
maximum value of about 0.3 eV discussed in Ref. 61
excitons generated in band I, which are similar in nature
those associated to band II, according to the analysis of
excited-state wave functions of PPV chains performed at
INDO/SCI level.18 It is also worth stressing that th
quantum-chemical calculations reported here on the PPV
gomers demonstrate that an approach such as ours is su
to describe the absorption spectrum of very long conjuga
chains.

Miller et al. have recently reported the polarized abso
tion spectra of highly stretch-oriented MEH-PPV, aligned
ultrahigh-molecular-weight polyethylene.31 Both the MEH-
PPV samples studied in Ref. 31 and our PPV samples
highly oriented and show a higher anisotropy in their opti
properties than that reported in previous works.19 In PPV,
peak I is polarized parallel to the chain axis, as is the case
peak II, which has avanishinglysmall intensity; this can be
related to the highly delocalized nature of the PPV cha
under study, which tends to reduce the intensity of pe
II.19,25 Peak III has contributions from both polarizations b
appears to have a larger perpendicular component. The
larization assignments of the peaks in the PPV spectrum
fully supported by the results of the INDO/SCI calculation
Peaks I, II, and IV in the absorption spectrum of MEH-PP
are also found to be polarized parallel to the chain direct
while peak III has a perpendicular orientation;31 this is again
in full agreement with the INDO/SCI calculations. We em
phasize that the dominant polarization of peaks III and
cannot be readily assessed from the relative intensities o
parallel and perpendicular components observed in the po
ized spectra, since the measured polarization ratio of the
peaks is affected by their mutual overlap. Further signal p
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cessing is thus required before getting an estimate of the
ratio; moreover, the value of the polarization ratio can a
be affected by small chain misalignments within the samp
We also note that, in contrast to the results of the INDO/S
calculations, the dominant polarization for peak II of MEH
PPV is given as perpendicular in Refs. 16 and 25; this s
rious result is related to the fact that the coupling betwe
one-electron transitions polarized parallel and perpendic
to the chain axis is not taken into account in these mode

The polarized optical absorption spectra of highly o
ented PPV and MEH-PPV films are thus measured to
quite similar; however, two fundamental differences a
present:

~i! The relative intensity of peak I with respect to that
all the other peaks is much larger in PPV than
MEH-PPV.31 This is likely a result of a redistribution of the
intensity of the high-energy optical features of PPV in
many new components in the substituted derivative, up
breaking the charge-conjugation symmetry;

~ii ! peak II, which has a parallel polarization in bo
cases, has a much weaker intensity in oriented PPV tha
oriented MEH-PPV.31 This difference could originate from
changes in the effective conjugation length~this is expected,
for instance, if the PPV chains are more planar than thos
MEH-PPV! and/or from a different impact of finite-size e
fects on the distinct physical mechanisms responsible for
generation and oscillator strength of peak II in the two po
mers. However, in both cases, the intensity should be v
weak for very long chains according to the calculations
Ref. 19.

In conclusion, we have reported an extensive determ
tion of the anisotropic optical functions of highly stretc
oriented PPV in a wide spectral range by using reflectan
transmittance, and ellipsometry measurements. The
quency dispersion of the complex optical functions of PP
has also been computed by means of correlated quan
chemical calculations. A very good agreement is obser
between the experimental and theoretical spectra and o
the way towards an unified description of the nature a
polarization of the optical transitions in PPV and alkox
substituted derivatives. Further investigations of the opti
properties of oriented substituted and unsubstituted P
chains with well-defined conjugation lengths are highly d
sirable to confirm our interpretation.
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