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We have determined the frequency dispersion of the anisotropic complex optical constants of highly stretch-
oriented polyp-phenylene-vinylenechains 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 polyp-phenylene-vinylenechains.

I. INTRODUCTION critical parameter governing the external quantum efficiency
in LED’'s.*"1°
Among conjugated polymers, pdfyphenylene-vinylene The influence of side groups, chain-end effects, interchain

(PPV) and its soluble derivatives attract a great deal of atintéractions, and polarization of the medium has been in-
tention for their use as active elements in the production ofoked to rationalize the nature and polarization of the optical
low-cost, light, and flexible optoelectronic devices such ast‘ransgor)s ak()jogj/e Fhe.l%"é?% art])sort[)mon banfd n PfP\(/j and in
light-emitting diodeLED’s), photovoltaic cells, and lasets. 'S Substituted derivatives.”“The absence of a unified pic-
The development of the organic LED technology has nOV\}ure is mainly due to the lack of high-optical-quality oriented

T les of PPV that would allow for an unambiguous ex-
reached the stage of commercialization under the form ofo P Lo : . .
backlights in flatgpanel displaysin parallel, this research perimental determination of the anisotropic optical response

; o , > : of the material. Recently, the assignment of the optical tran-
has stimulated new studies in the field of amplified optically y g b

. Cooo o X sitions in PPV has been refined on the basis of reflectivity
pumped stimulated emission in thin organic films, with the aasurements performed on highly stretch-orientagub-

perspectives of achieving electrically pumped solid-statejited PPV sampled® Additional insight was afforded by
polymer lasers. _ _ polarized absorption spectra of oriented palnethoxy,

In spite of the impressive technical performances feaCheQ-(Z’-ethyl9-hexy|oxyp-phenylene-vinylen}z (MEH-PPV)
for the LED devices, many fundamental aspects of the elemlended in a polyethylene matrix.
tronic and optical properties of the materials are not yet fully |n this paper, we present a spectroscopic determination of
resolved. For instance, the frequency dispersion of the conthe anisotropic optical constants of highly stretch-oriented
plex refractive index®=n+ik) of PPV has not been stud- PPV by means of Kramers-Kronig transformation of the re-
ied so far in great detail, and the assignment of the opticalflectivity spectra, inversion of the reflectance and transmit-
transitions and their polarization in this conjugated polymertance spectra over the transparent spectral region, and spec-
is still under debate. The knowledgeTofs very importantto  troscopic ellipsometry. The experimental data are compared
characterize the propagation and losses of lasing modes to the results provided by correlated quantum-chemical cal-
waveguides, rings, and microcaviti€g? In multilayer LED  culations. The very good agreement between the experimen-
devices, the real part of the refractive index of the polymeital and theoretical spectra allows to shed light on the polar-
film defines the amount of light reflected back into the de-ization properties of both the real and imaginary parts of the
vice, thus preventing its escape. The valua of therefore a  dielectric constant and refractive index. On this basis, the
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controversial origin of the high-energy transitions in the op-
tical spectra of PPV and substituted derivatives is also dis-
cussed.

Il. EXPERIMENT

nsmittance

Reflectance ||

The stretch-oriented PPV samples were prepared accorg®
ing to the procedure reported in Ref. 32. The stretching ratioy;
is 3 and the thickness of the film is between 17 anduh® s I
as measured by a Mitutoyo comparator in several different§ o,
positions of the sample. The optical reflectan€® and A
transmittance(T) spectra were measured with a double- ~ o 1"

Refl

Reflectance | \; e

grating, Varian model Cary 5E spectrometer between 0.4 anc l Ly L
6.9 eV (3000 and 180 nm The light was linearly polarized 0.5 1 15°2 3 4 5
by a Glan-Taylor prism operating in the 250-3000-nm (5 Photon Energy (eV)

range. We used the partially polarized light of the spectro-
photometer for the measurements in the 180—250-nm range
which is not covered by our polarizers. The spectra have &
resolution of about 0.5 nm and are collectaddis averaging
time. A Harrick depolarizing filter was used to avoid the
effect of the dependence of the detector response on the pcg
larization of the light. In order to define the direction of &
polarization parallel to the chain axis, we aligned the polar- &
izer with respect to the samples in such a way that the opticas
signal associated with the lowest absorption band was maxigy
mized. The perpendicular component can then be obtaine:
by rotating the polarizer by 90°. We used an aluminum mir-
ror, whose absolute reflectivity was previously and indepen-
dently measured using a VW accessory as a reference for th
reflectance measurements. The relative reflectance of th b)
sample is then normalized to the reflectivity of the mirror to
obtain the absolute values of the anisotropic reflectance of FIG. 1. (a) Room-temperature polarized reflectance and trans-
our films. mittance spectra of highly stretch-oriented PPV. The solid and
Spectroscopic ellipsometry measurements were also pedashed lines refer to the parallel and perpendicular components,
formed on the samples with incidence angles of 65° and 70fespectively(b) Calculated reflectance spectrum fremandk de-
using a Sopra Model No. ES4G ellipsometer with rotatingduced by KK transformatiofsolid and dashed lines for the parallel
polarizer(RPE in the spectral range 1.4-5 eV. We aligned and perpendicular components, respectiepectroscopic ellip-
the incidence plane with respect to the chain axes by maxisometry (filled and open symbols for the 65° and 70° incidence
mizing the intensity of the lowest absorption band. For eaclngle, respectively; circles and squares for the parallel and perpen-
incidence angle, two measurements with the incidence plarféicular components, respectivelyThe vertical bar at 5 eV sepa-
parallel and perpendicular to the polymer chains, respecr_ates the _spectral region where the light is polarized by the Glan-
tively, are performed. Note that imperfections in the flatnesd @/0r prism (below 5 e} from the spectral range where the
of the sample as well as a small misalignment of the Chain%artlally polarized light of the spectrophotometer is used to record
with respect to the optical axis can affect the eIIipsometrict
signal, which is a complicated convolution of the optical
response along the two axes defined on the sample surface. . RESULTS
Since the signal obtained for the polarization perpendicular _.
to the chain is much lower than that associated with the 9uré 1@ shows the room-temperature near-normal-
parallel component for the lowest absorption band, a smalf’cldénce absolute reflectance spectra of oriented PPV for
error can also be unintentionally introduced during the depolanzatlons parallel and perpendicular to t.he chain d|_rec-
convolution of the signal. Measurements performed at twdion- For the parallel component, a strong signal associated
different incidence angleor which the ratio between the with the 0-0 vibronic transition of the lowest absorption band
two anisotropic contributions are differ¢rtan help in over- IS observed at 2.48 e¥600 nm and is followed by a well-
coming such problems. resolved vibronic progression with peaks at 2.70 and 2.95 eV
The Raman spectra were recorded with a Dilor Model(460 and 420 nm, respectivelgnd by a shoulder at 3.10 eV
Labram Raman spectrometer equipped with a He-Ne lasd#00 nm. We also detect a weak structure around 2.18 eV
(Aexc=1632.8 nm). (570 nm. On the high-energy side of the spectrum, a low-
During the ellipsometric, reflectance/transmittance, andntensity peak is observed at 4.71 €®63.5 nm accompa-
Raman measurements, the sample was maintained under dmed by a shoulder at 4.56 ef272 nm). Moreover, a change
nitrogen gas flux in order to prevent its photooxidation. Fur-in the slope of the spectrum occurs around 3.76230 nm),
thermore, all the measurements were repeated in order thus indicating the presence of other transitions. The low-
assess their reproducibility. energy part of the spectrutbelow 2 eV} is dominated by a

etie

Photon Energy (eV)

e spectrdabove 5 eV.



PRB 62 OPTICAL CONSTANTS OF HIGHLY STRETCH. .. 10175

Raman Intensity (arb. units)
T T v T T

FIG. 2. Raman spectrum of highly stretch-
e ] oriented PPV. The solid and dashed lines corre-
0 S0 10w 1500 2000 2500 3000 3500°] spond to the(z,2 and (x,2 components, respec-
Raman shift (e 1 tively. We show in the inset the magnification of
] the (x,2 spectrum.
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series of fringes due to the interference of the light reflectegberpendicular polarizations, respectively. These values are
by the front and back surfaces of the film. much larger than the sample thickness, thus allowing the
The lowest optical transition and its vibronic satellites arelight reflection from the back surface of the sample. This
practically not detectable along the perpendicular componerihterpretation of the structured background of the Raman
of the reflectance spectrum. This confirms that the polymespectra is further supported by the comparison of the fringes
chains are very well oriented and the misalignment angle ishere detected with those observed in the transmittance and
very small. A single absorption feature is observed in the uweflectance spectra in the same spectral range. Since for each
spectral region at 4.47 e\277.5 nm for the perpendicular polarization the number of fringes detected in the three kinds
component. Below 2.4 eV, a reflectance signal arising fronof spectra is identicalwithin the experimental uncertainty
the contribution of the back surface and a series of interferwe argued that interference effects play a role in the expla-
ence fringes are clearly detected. Changes in the path afation of the data. Moreover, the different number of fringes
these fringes with respect to that observed for the parallebbserved for the two polarization configurations confirms
component points to the anisotropy of the refractive index. this interpretation and points out the strong optical birefrin-
Figure Xa) also reports the polarized transmittance specgence of the sample.
tra of PPV up to 2.4 eV(about 500 nmbeyond which the
fil_m is no longer transparent to the radiation. Interference IV. DATA ANALYSIS:
fringes are also detected in these spectra. DETERMINATION OF THE OPTICAL CONSTANTS
Figure 2 shows the Raman spectra of the highly oriented
PPV chains obtained for the electric field of the exciting We have determined the complex optical constants of the
radiation polarized both parallét) and perpendiculafx) to ~ material both from theR and T spectra and from spectro-
the chain axis. We focus here on the scattered radiation pscopic ellipsometry. Different kinds of data analysis were
larized along the main chain axis. In tl®2 configuration carried out on theR and T spectra in order to extract the
(where the first term in parentheses refers to the polarizatiodielectric functions along the parallel and perpendicular di-
of the exciting radiation and the second to the polarization ofections, both below and above the energy of the lowest op-
the scattered radiationRaman lines are detected at 1171tical absorption band.
(0.145, 1328(0.165, 1548(0.192, 1583(0.196, and 1627 In order to evaluate below 1.6 eV, where the sum &
cm ! (0.202 eV} and are superimposed to a broad and sinuandT is within the experimental error equal to 1, a numerical
soidal photoluminescence background arising from the preinversion of theR and T spectra has been performed by as-
resonant absorption of the 632.8-nm laser line. The strucsumingk=0 and the sample to be flat with parallel surfaces
tured background prevents the observation of the weaknd by modeling its reflectance and transmittance from the
Raman bands reported by other autiBr¥ In the (x,2 con-  sum of the internal reflection componefts® The values of
figuration (see the enlargement in the inset of Fig, the  nused as input for the numerical inversion are obtained from
Raman lines have a much lower intensity due to the higtihe pronounced interference fringes observed in the transmit-
degree of orientation of the polymer chains, and a sinusoiddhnce and/or reflectance spectra by the well-known formula:
background is again detected. Since the exciting radiation is
focused on the surface of the sample, we suggest that these 1 1 1
oscillations could be attributed to the interference between e m: 2nd’ @
the photoluminescence emitted at the surface and that emit-
ted there but reflected by the back surface of the sample. lwhere\,,; and A\, are the wavelengths of two successive
fact, at this wavelength, the penetration optical path depthmaxima(or minima andd is the measured sample thickness.
estimated as the inverse of the absorption coefficisae  In this spectral region, the model provides thapectra re-
next section is about 77 and 22@um for the parallel and ported in Figs. 3 and dopen squaresas well as the sample
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FIG. 4. Frequency dispersion of the perpendicular component of

4 - . She real(upper panegland imaginary partlower panel of the re-
real (upper paneland imaginary partiower panel of the refractive fractive index of PP\(solid line from KK analysis; open symbols

index of PPV(solid line from KK analysis; open symbols from the from the inversion procedures & and T; dotted line from ellip-

g\gf_rspcrlw procedulre.sdd%i_zndr']r; dd?tte(i line flrI(_)m elllr;somteérgﬁt . sometry at 70° incidence angle; dot-dashed line from ellipsometry
incidence angle; dot-dashed line from ellipsometry ai inci-_+ 65° incidence angle
dence angle

FIG. 3. Frequency dispersion of the parallel component of th

thickness(17—18 wm) in very good agreement with the in- The numerical inversion procedures Rfand T lead to

dependently measured values. The advantage of using sucg lues ofn at very low frequency that are close to 2.5 and
simulation model instead of the more simple calculations for polar|zat|0ns_ parallel and perpendicular to th? poly-
based on the interference fringes is justified by the fact thaf"er chains, respectively. These values progressively increase
we can separately evaluate the refractive indeshich gov- 85 the |nC|d.ent photon energy shifts to'vvards' the lowest opti-
erns the absolute values of reflectance and transmittance, af@l @bsorption band. The frequency dispersion of the aniso-
the sample thickness, whose product witldetermines the tropic dielectric constant deduced from these data, more di-
spectral path of the fringes. The coincidence of the measure@ctly related to the electronic structure of the materials in
and derived values of the sample thickness is a check of theomparison td, is reported in Figs. 5 and 6.
quality of our data. In the model, partial coherence has to be Above the absorption edge, the measured reflectance cor-
considered since a fully coherent transparent system woultesponds to the near-normal reflectivifye., the reflectance
lead to large interference fringes with extrema at O andf a semi-infinite materig With an appropriate extrapola-
Rma=[(n*—1)/(n>+1)]? for the reflection and at 4RZ%,, tion of the data beyond the highest and lowest measured
and 1 for the transmittance. The absence of such features anergies, we performed a Kramers-Kroii{)<) analysis to
our spectra is probably related to small inhomogeneity in thealculate the dispersion of the complex dielectric function.
thickness of the samples and/or to slight curvatures of th&@he high-energy tails added to the measured spectra have to
surface. ensure that the value ofin the near-infraredNIR) region is

The same model was also used without imposing the coreompatible with that obtained by tieandT inversion pro-
dition k=0. In this way,Ti can be determined in the full cedure. Figure (b) shows the reflectivity spectrum of the
spectral range wher& is available, thus allowing for the PPV films used for the KK analysis. For energies below the
description of the increase in the absorption coefficient at théower limit of the experimental range, the extrapolation is
absorption edge where the approximatlonO is no longer made under the form of a straight line through a constant
valid. The values of andk obtained by means of this simu- value for both polarizations, thereby neglecting the signature
lation model account very well for the interference fringesof phonons. The choice of the high-energy extrapolation
and givek=0 below 1.6 eV, according to the first procedure curve is much more delicate. Usually, the simplest approxi-
used. These results are also reported in Figs. 3 and 4 as operation consists in using data from the literature; however, to
circles. the best of our knowledge, such data are not available for



PRB 62

25
20
15

10

OPTICAL CONSTANTS OF HIGHLY STRETCH. ..

10 177

I — 5

LIS I B B

LI S B R B B B I L B R

0 1 2
Photon Energy (eV)

0 1 2 3 4 5 6
Photon Energy (eV)
FIG. 5. Frequency dispersion of the parallel component of the

real (upper pangland imaginary partiower panel of the dielectric
constant of PP\(solid line from KK analysis; open symbols from
the inversion procedures & andT; dotted line from ellipsometry
at 70° incidence angle; dot-dashed line from ellipsometry at 6
incidence angle

FIG. 6. Frequency dispersion of the perpendicular component of

the real(upper panegland imaginary partlower panel of the di-
5<electric constant of PPVsolid line from KK analysis; open sym-

bols from the inversion procedures Bf and T; dotted line from

ellipsometry at 70° incidence angle; dot-dashed line from ellipsom-
PPV. We have extended the spectra above 5 eV on the bagify at 65° incidence angle
of measurements performed with partially polarized light,
keeping in mind that the absolute values of the optical funcertheless, in spite of the integration procedures, the local
tions may not be fully reliable in the high-energy range. Thecharacter of the KK analysis does not affect very much the
extrapolation of the spectra above 6.5 eV was first based ospectral behavior of the optical constants, except for the en-
the formulaR=Ry(w/wg)°, whereRy is the reflectivity at  ergy ranges close to the extrapolated regions. If optical fea-
the frequencyw,, which usually corresponds to the highest tures are not properly accounted for by the extrapolation be-
energy probed by the experimental measurements and wheyend the energy range covered by the experimental
the exponens is generally chosen between 2 and’4Ve  measurements, a “tail” effect can introduce an additional
have failed when trying to adjust this parameter in order tdbackground to the high-energy part of the calculated disper-
ensure that the refractive index obtained by the KK analysisions. This effect might be detrimental for our analysis due
coincides in the transparency region with the results obtainetb the existence of optical features with different polariza-
by R and T inversion. This demonstrates the existence oftions that overlap in the energy range above 4.4 eV. Our
additional optical transitions above 6.5 eV, as suggested bglifferent approaches lead us to the conclusion that the shape
electron-energy-loss spectroscofBELS data on oriented of the spectra above 6 elRef. 38 does not affect the KK
PPV showing optical transitions above 10 #VA simple  analysis significantly and hence the quality of the data re-
linear extrapolation of the reflectance spectra between 6.ported in this work. The results of the KK analysis are re-
and 15 eV yields a good match between the dispersiam of ported in Figs. 3—6 and compared in the low-energy range to
in the NIR spectral range obtained by KK analysis and thathose obtained from thR andT inversion technique. Figures
provided byR and T inversion. The results are weakly af- 3 and 4(5 and 6 refer to the dispersion of the parallel and
fected by changes in the slope of this linear extrapolation. perpendicular components afandk (e, ande,), respec-

There is a major concerning with the kind of extrapolationtively.

used here since different choices might lead to changes in the The reliability of the KK analysis is further supported by
absolute value of the optical constants and shape behavior abhalyzing the ellipsometric data. Ellipsometry has two main
critical points such as at the absorption edghere the nu- advantages with respect to reflectance measuremenitsis
merical KK analysis suffers from a lack of resolutjoilev-  less sensitive to the surface roughness and to light-scattering
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effects;(ii) it allows at each frequency the simultaneous de- The complex refractive index determined by ellipsometry
termination of two physical parameters, ieandkornand s reliable only in the spectral region where the sample can
d. In the case of bulk samples, this allows the determinatiorbe considered as a bulk. Below the absorption edge at 2.3
of both the real and imaginary parts of the dielectric functionev, a depolarized light component is superimposed on the
without going through a complex treatment such as a KKellipsometric signal due to the reflection on the back surface
analysis. The main drawback with anisotropic samples is thasf the sample. This additional component strongly modulates
the measured ellipsometric functions tgh@nd cosd) are  the values of the ellipsometric functions, particularly n(
related both to the incidence angle and the anisotropic refle¢yg affects the spectra at the absorption edge. We report in
tance goe_fficient for polarizations parallel and perpendiculan,':igs' 3-6 the ellipsometric data for the two polarizations and
to the incidence plane. The parameters have thus to be d‘ébmpare them to the corresponding frequency dispersions

convolved from a set of measurements performed with difypi5ined byR and T inversion and KK analysis.

ferent orientations of the sample. Assuming that the anisot- e agreement between the KK and ellipsometric results
ropy is uniaxial and that the optical axis of the sample lies ong gatistactory for the parallel component of the optical func-
the surface and can be oriented either parallel or perpendicyi,ng for energies above the lowest optical transition where
lar to th5e incidence plane, the formalism is simplified and;,q sample can be considered as a bulk. Changes in the sig-
leads 13 nal as a function of the incident angle and significant noise
can be detected at the absorption onset due to the contribu-
il tion of the back surface of the sample. The larger deviations
tan ¢ )expliAlt) = % (2)  between the absolute values ©f (or k) determined by the
I's two methods in the high-energy ran@ggee inset of Fig. b
can be attributed to light-scattering effec¢thue to surface
rH_cos¢—\/(ﬁf—sin2 ) anerfectiong;, v;hich partially atltemljate the mez;)urﬁd re-
s— =2 ' ectance. This discrepancy is clearly seen in Figdp) that
cos+ il —sir ¢) compares the measured reflectivities to those estimated from

~ _ =it &) the ellipsometric data.
= Ay, cosg— V(ML —sin 4) 3) The comparison of the results obtained with the different
TR, cosg+ (R —sirt ¢) techniques is less meaningful for the perpendicular polariza-
tion since the weakness of the signals makes all the measure-
| cosp— /(T2 —sir? ¢) ments more sensitive to any small experimental or sample
rs= o , imperfection. The small fraction of incorrectly polarized
cos+ /(T —sir’ ¢) light, which has negligible influence on the parallel compo-

> — i nent, could significantly affect the ellipsometric functions for
L] cosp— \/(Ti? —sin’ ¢) the perpendicular polarization, leading to an offset of the
p _"ﬁf cosp+ \/(’ﬁf—sinz b)) (4) data with respect to those provided by the KK analy;is even
though the spectral shape is quite satisfactory. In spite of the
ri-- andrl* are the(compley Fresnel reflection coefficients decrease in the measured reflectivity due to diffusion of
for light polarized parallel(p) or perpendiculans) to the light, we have more confidence in the valueshotleduced
incidence plane, respectively, with the optical axis of thefrom the KK analysis of the reflectance spectrum along the
sample being paralldl) or perpendiculafl) to this plane; perpendicular component than in the corresponding data ob-
T, andfi, are the complex refractive indices along the ex-tained by ellipsometry. This fact is further supported by the
traordinary(parallel to the chainsand ordinary(perpendicu-  consistency between tHeandT inversion results and those
lar to the chainsaxes, respectively is the angle between afforded by the KK analysis.
the normal to the surface of the sample and the direction of To the best of our knowledge, there are a limited number
propagation of the incident beam. The detector is fixed at thef experimental studies that have provided a quantitative de-
angle—¢ in the incidence plane. termination of the strongly anisotropic optical properties of
On the basis of a couple of ellipsometric measurementsonjugated polymers by means of different spectroscopic
performed for the two orientations of the sample at a filed techniques® Due to the complexity of the systems under
we can numerically invert Eq$3) and(4) and extracti, and  investigation, it is very difficult to estimate the uncertainty in
T, . Since these nonlinear equations provide multiple soluthe absolute values of the optical properties, which also de-
tions, we have selected the correct values by comparing theends on the adopted experimental technique. However, it is
ellipsometric results obtained at different incidence anglegenerally assumed that the refractive index determined from
with those afforded by a KK analysis. The constraint of hav-coherentR and T inversion has a maximum uncertainty of
ing similar results from ellipsometric measurements per-about 5%. The intrinsic error of KK analysis is about 10%, in
formed at differentp angles also requires the conversion of particular in the region close to the high-energy border of the
the nominal value ofp into an effective oné€67° instead of spectra. We cannot provide an evaluation of the uncertainty
65° and 71° instead of 70°This partially compensates the for the ellipsometric data due to the complexity of the system
possible misalignment of the sample with respect to theunder investigation.
beam, which can lead to a deep modulation of the ellipso- Finally, we would like to comment on the polarization
metric response. The intrinsic small misalignment of theproperties of the transitions appearing in the high-energy part
chains in our sample can also affect the results, particularlpf the spectrum. From the, spectra reported in Figs. 5 and
in the direction associated to the lowest optical reflectance 6, it is difficult to directly assess the polarization of the peaks




PRB 62

OPTICAL CONSTANTS OF HIGHLY STRETCH. .. 10179

o X Im( o) (arb. units)

L d

sl =1

0.0 1.0 20 3.0

40 5.0 6. 7.0 8.0
Energy (eV)

traction of the background from the, spectra, the peaks
appear to be more intense in the perpendicular spectrum,
thus suggesting a perpendicular polarization for the associ-
ated optical transition.

V. THEORY

We have initially optimized the geometry of an eleven-
ring PPV oligomer(PPV-1) representative of the corre-
sponding polymer with the help of the semiempirical
Hartree-Fock Austin Model 1AM1) method?° assuming a
planar conformation for the conjugated backbone. The tran-
sition energies and transition dipole moments of the lowest
200 excited statesup to 7.3 eV are then calculated by
means of the semiempirical Hartree-Fock intermediate ne-
glect of differential overlagINDO) Hamiltonian(as param-
etrized by Ridley and Zerngrcoupled to a single-
configuration-interaction (SCl) schemé&! The optical

FIG. 7. INDO/SCl-calculated absorption spectrum of an 11-ring@bsorption spectrum of the chain is simulated by plugging
PPV oligomer; the solid and dot-dashed lines refer to the parallefhe INDO/SCI transition energy and transition dipole values
and perpendicular polarizations, respectively.

into a frequency-dependent sum-over-state®9 expres-
sion for the imaginary part of the linear polarizabiliti %

around 4.5 and 4.7 eV due to the presence of a backgroun&/e simulate the parallel and perpendicular components of
created by the other optical transitions. Moreover, these twthe optical absorption spectra from the frequency dispersion

peaks exhibit a small red shifabout 30 meY when going

of w Ima(w), using the transition dipole moments calculated

from the parallel to the perpendicular polarization. After sub-along the chain axis and the in-plane perpendicular axis, re-

35 T T

30 b
25 3 2.4
20

10 B

15 F /

Dielectric constant

Energy (€V)

Dielectric constant

20 . . R N pu
10 15 20 25 30 35 40 45 507

FIG. 8. Upper panel: INDO/SCI-calculated
frequency dispersion of the dielectric constant of
] an 11-ring PPV oligomersolid line: parallel
] component ofe,(w); dotted line: parallel com-

3 ponent ofe;(w); dot-dashed line: perpendicular

component of,(w); dashed line: perpendicular

Refractive index

component ofs1(w)]. We show in the inset the

Refractive index

calculated dispersion of the real and imaginary
parts of the parallel component &fw) when
taking into account only the lowest excited state
and the associated vibronic structuselid line:
e5(w); dotted line:e,(w)]. Similar curves are
displayed in the lower panel for the refractive in-
dex.

Energy (eV)
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spectively(see Fig. 7. As described in our previous study, tra reported in the present stydye have previously esti-
the calculated spectrum of the fully oriented PPV oligomermated the total Huang-Rhys fact8,, of highly conjugated
within the experimental spectroscopic range is characterizeBPV to be 0.7; this estimate was made from a linear extrapo-
by (i) an intense absorption feature at 3.0 @éak ) and a  lation of the values obtained when fitting the vibronic struc-
weak shoulder around 3.7 elpeak I)) that are both polar- ture observed in the highly resolved photoluminescence
ized along the chain axis and originate from a mixing ofspectra of PPV oligomers containing from 2 to 5 rings and
one-electron excitations between delocalized molecular lewvdispersed in an inert matrfR. This choice of Huang-Rhys
els (d—d*); (ii) an absorption band around 5.5 dpeak factor leads to a remarkable reproduction of the relative in-
[11) with a dominant perpendicular polarization that resultstensities of the 0-0 and 0-1 vibronic features of the lowest
from a mixing of excitations between a localized and a de-absorption band of PPV in the frequency dispersios (See
localized level (—d* andd—1*); and(iii) a fourth absorp- Fig. 5); this agreement confirms the highly delocalized na-
tion band(peak IV) beyond 6 eV polarized along the chain ture of the PPV backbones under study. The larger intensity
axis and mostly described by excitations taking place beef the 0-0 peak has also been reported in previous experi-
tween localized levelsl (~1*). mental studies of highly conjugated PPV%! this contrasts
Figure 8 reports the calculated frequency dispersion of thavith the spectra of very short oligomers where the lowest
real and imaginary parts of the dielectric constaw) and  two vibronic peaks have similar intensiti&Both the ex-
refractive indexXi(w), respectively, for both the parallel and perimental and simulated spectra also display a shoulder on
perpendicular components. These simulations are obtaindgtie high-energy side of the lowest absorption band that we
on the basis of the expressi@{w)=1+47% " (w) (in assign to the 0-2 vibronic transition. Interestingly, the calcu-
CGS units and [fi(w)]>=%(w); the linear susceptibility lations agree with the experimental data in that the relative
3;(1)(&,) is taken here equal tN@(w), whereN is the den-  intensities of lowest two vibronic satellites are reversed when
sity of PPV-11 chains. We thus neglect local-field effects orplotting the frequency dispersion of the imaginary part of the
the dielectric functioff but choose the value & in such a refractive index. The fine structure observed in the low-
way that the calculated value of the real part of the paralleEnergy region of the frequency dispersion of the real part of
component of the dielectric constant at the static limithh and is also remarkably well reproduced by the simula-
matches the experimental value. This results in an effectivéons.
value ofN equal to 3.1% 10°*cm 2 (note that such a value
leads to a density of PPV unit cells on the order oN11

=3.48< 10°?cm™, which is larger than the experimental es-  This work reports a detailed characterization in a wide
timate made from the lattice parameters of CrySta”ine PPVSpectra| range of the Comp|ex Optica| constants and their po-
6.36x 10 cm %.%* The theoretical(Fig. 8 and experi- |arization properties in highly stretch-oriented PPV. Such
mental (Figs. 3—6 spectra are observed to be in excellentdata were not previously available in the literature since the
agreement. refractive index has been traditionally described in the en-
We have also simulated the Coupling between vibrationaérgy range below the absorption edge, i.e., in the Spectra|
modes and the lowest optical transition of the PPV chainsiegion of photoluminescente ’® and light guiding*®—>°
such coupling is clearly observed for the parallel componenthe values of the refractive index reported for unoriented
in the frequency dispersions Gfandz (see Figs. 3-6 The  films of soluble PPV derivatives used in optical devices vary
corresponding simulations are shown in the insets of Fig. 8petween 1.5 and 1.8 in their transparent region. Anisotropic
where only the lowest excited state, which is strongly opti-optical behavior is sometimes observed due to the preferen-
cally coupled to the ground state, has been involved. Thgal deposition of the chains on the substratéSuch values
vibronic effects have been treated on the basis of the disgre slightly lower than the average refractive indax[(n)
placed harmonic oscillator model, as detailed in earlier=(n,+2n,)/3] estimated from our dat&ee Figs. 3 and)4
works?®#>Using the Franck-Condon approximation, the in- This effect can be attributed to an increase in the chain den-
tensity of an optical transition between the vibronic levelsjty when going from substituted to unsubstituted PPV back-
|g,0) in the ground statg and the vibronic levele, ») inthe  pones; in other words, this implies that the number of PPV
lowest excited state is found to be proportional t6) the  monomers per volume unit decreases upon substitution, thus
square of the electronic transition dipole momégtule);  reducing the macroscopie-electron density. In contrast, the
and (ii) the square of the Franck-Condon fact@ v) de-  anisotropy and dispersion properties of the refractive index
scribing the overlap between the two vibrational wave func4in the 600-800-nm spectral range of the PPV samples re-
tions. The latter term is expressed in the harmonic approxiported in Ref. 49 are in good quantitative agreement with our
mation by results. The value ofn) and its dispersion also matches the
e Sgv data reported in Refs. 52 and 53 for isotropic PPV thin films.
(0lv)?= (5  We thus conclude that, as expected, the derivatization of the
PPV backbone by electroactive side groups, modulates not
whereSis the Huang-Rhys factor associated with the vibra-only the processability but also the electronic and optical
tional mode. In the case of PPV chains, we explicitly con-properties of the material.
sider two effective Raman modes at 0.21 and 0.16 eV; the Similarly, only a few experimental studies based on
associated fractional Huang-Rhys factors are taken in a 2/apticaP? and EELS® measurements have described the opti-
ratio (i.e., Siora=2S0.211 So.16), IN agreement with the rela- cal constants of PPV above the absorption threshold. The
tive intensities of the two modes in the experimental Ramaroptical data obtained for unoriented sampteappear to be
spectrd®*®(these values are consistent with the Raman speainderestimated for both the real and imaginary parts with

VI. DISCUSSION

pl
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respect to the present results averaged over the two polarizH; Ill, and IV for the bands around 3.7, 4.7, and 6.0 eV,
tion components. It is not straightforward to make a directrespectively. There is an overall agreement among theoreti-
comparison between our data and the EELS spectra sinaal studies that peak | originates from=* transitions be-
significant differences are expected in the shape and absoluteeen delocalized levef§-22 Both our experimental and
energies of the optical featurdsAs a matter of fact, the theoretical spectra show that this absorption feature is much
lowest optical absorption peak in our samples is redshiftedbroader in then spectrum(~2.0 eV) than in thee spectrum
by more than 0.5 eV and the high-energy bands have a rd-1.0 eV), thus preventing peak Il to be unambiguously de-
duced relative oscillator strength when compared to the cortected from then spectra.
responding features in th& spectra deduced from EELS Most of the theoretical studies indicate that peak Il origi-
measurements obtained for a small momentum trariefér nates froml —d*/d—1* transitions and has a dominant po-
A~1).38 Moreover, the optical transition at 3.7 eV is masked larization perpendicular to the chain axis while peak IV re-
by the lowest absorption band and the vibronic replicas cansults froml—1* excitations and is polarized parallel to the
not be resolved in the EELS spectfawe believe that the chain axis:®~?® The general agreement between all the theo-
differences observed in the optical properties are due to theetical studies for the latter two peaks contrasts with recent
chemical and morphological quality of the two samples andcalculations of the optical excitations in PPV based on one-
not to the different techniques used for their characterizationparticle and two-particle Green’s functions, which give no
The theoretical simulations confirm that the fine structureevidence for a relatively intense optical transition around 5
observed in the low-energy range of the frequency dispersioaV with a perpendicular polarizatiod.According to both
of the optical constants originate from vibronic effects thatthe INDO/SCI calculations and other theoretical wotkihe
can be described within the Franck-Condon approximaexcited states giving rise to the third absorption band have a
tion284° The spacings between the vibronic replicas in thepronounced intrachaitand interchain charge-transfer char-
reflectance spectrum are 0.22 and 0.25 eV, thus larger thaacter, which has been invoked to rationalize the steady-state
that in the optical absorption spectra reported in Ref. 28photocurrent action spectra of PPV and substituted
which were simulated by the use of two effective modes atlerivatives:® The interchain charge-transfer character of this
0.16 and 0.21 eV. This probably originates from the mixingband might also explain the increased interchain carrier hop-
of the real and imaginary parts of the refractive index whernping rate responsible for the high carrier lifetime evidenced
calculating the reflectivity spectrum. More relevant valuesby ultrafast photoinduced infrared activated vibrations mea-
close to 0.2 eV are obtained from the spectra correspond- surements when pumping with a photon energy close to that
ing to the optical function directly connected to the elec-of peak 1159
tronic structure of the material. Approximate values of the The INDO/SCI calculations suggest that the shoulder ob-
energy of the phonons coupled to the lowest optical absorpserved in the reflectance spectrum of unsubstituted PPV
tion can also be determined from the Raman spectrum rearound 3.7 eV corresponds to an optical transition between
ported in Fig. 2 or in the literatur®. However, the best es- delocalized levelsd— d*), which is induced by finite-size
timates of these parameters are obtained only from the studsffects and polarized along the chain axis, in agreement with
of the excitation profiles of the resonant Raman effédthe  the experimental datf. The quantum-chemical calculations
frequencies of the Raman modes reported in this study agrgeported in Refs. 19 and 26 indicate that the intensity of this
very well with those reported for other oriented PP¥¥  peak decreases when chain length is increased. The optical
and further confirm the very good orientation of the polymerabsorption spectra of substituted PPV chains have a very
chains along the stretching direction. similar shape when compared to those of unsubstituted
The small feature appearing just below the edg®.2  chains. However, alkoxy-substituted derivatives are further
eV) of the lowest absorption band in the parallel reflectancecharacterized by the appearance around 3.7 eV of new ab-
spectrum(which has no counterpart in the correspondingsorption peaks mostly described ty-d*/d—I* excita-
transmittance spectrunis not observed in the, dispersion tions, due to the breaking of the charge conjugation symme-
spectra. Therefore, this feature cannot be assigned to an eldgcy (CCS upon attachment of electroactive substituents on
tronic transition and probably results from processes linkedhe PPV backbon&:?>?’ The main effect of the alkoxy
to light reflection at the backside when the sample is stillgroups is actually to decrease the separation between the
transparent. At the absorption edge, the attenuation of thisnergies of the lowedt—d*/d—1* andd—d* excitations
effect(from 2.1 to 2.2 eV the absorption coefficient increasesand thus to enhance the strength of the interaction between
from 202 to 348 cm?) leads to a decrease in the measurecdthe two types of excitations. This allows for an efficient in-
signal, leading to the appearance of the small feature in th&ensity borrowing from the lowest absorption band that con-
reflectance spectrum. This effect allows for the determinatiortributes to the intensity of peak II, which is also expected to
of the onset of the lowest absorption edge due to the longetecrease for growing chain lengthinterestingly, quantum-
chains in highly oriented PPV to be around 2.2 eV. chemical calculations show that the transition dipole moment
The polarization and relative intensities of the absorptiornof these new peaks is almost exclusively governed by their
bands in thes, spectra of our highly stretched oriented-PPV weak d—d* character (i.e., the contributions of the
samples and those reported for oriented MEH-RR¥f. 31 | —d*/d—1* excitations tend to cancel each othethus
provide a good basis for discussing the nature of the elecyielding a polarization along the chain axfsRecently, Mar-
tronic transitions in PPV and its substituted derivatives. Ac-tin et al®® suggested that CCS breaking could also play a
cording to the peak labeling introduced in Sec. V, we will role in unsubstituted PPV chains due to the presence of de-
describe the experimental absorption spectrum of PPV byects. This interpretation is actually quite consistent with the
referring to peak | for the lowest absorption band and peakgresent discussion; indeed, defects are expected to amplify



10 182 D. COMORETTOet al. PRB 62

finite-size effects when leading to simple breaks in conjugacessing is thus required before getting an estimate of the true
tion and/or to induce CCS breaking when introducing newratio; moreover, the value of the polarization ratio can also
electroactive moietieésuch as carbonyl groupsttached to  be affected by small chain misalignments within the samples.
the PPV segments. We also note that, in contrast to the results of the INDO/SCI
The energy separation between the construdpeak Ill)  calculations, the dominant polarization for peak Il of MEH-
and destructive(peak 1) interactions of the —d*/d—|* PPV is given as perpendicular in Refs. 16 and 25; this spu-
excitations is larger than 1.0 eV in the INDO/SCI calcula- rious result is related to the fact that the coupling between
tions. This contrasts with recent theoretical studies by Kj.one-electron transitions polarized parallel and perpendicular

rova, Brazovski, and co-workers where the band structure o Elrjhe chailn gxiz is not tlak(te)n into account in tthi? modelg.
unsubstituted PPV is first generated and subsequently cor- dePpFEJVarlzed I\?E&C%P?/ ?_(I)rptlon sphectra ot hig dy Or'k')
rected to include Coulomb attraction between electron an§"t€ an } lims are thus measured to be

hole617 peak Il in the spectrum of an alkoxy-substituted quite similar; however, two fundamental differences are
’ present:

five-ring PPV oligomer is assigned by these authors to excit" = Th lative i ity of K | with hat of
tonic features resulting from both destructive and construc- I (I)h € rﬁ ative m&ensﬁy 0 pﬁal wit r esp;)epc\t/tortl atq
tive interactions among the—d*/d—I* excitations, which & the otsler peaks Is much larger In PPV than in
are calculated to be separatedb.1 eV, and it is predicted MEH'PPV' This IS likely a result_ of a redistribution of the

to be perpendicularly polarized in contrast with the experi-IntenSIty of the hlgh-engrgy optical features (.)f PPV into
mental data reported here and in Refs. 30 and 31. The thir: any new components n the substituted derivative, upon
absorption band is then associated to the interbared, re{;}klng the chargg—conjugatlon symmetry,. .

without Coulomb attraction between electron and haien- (i) peak Il, which has a pafa!”e'. polgnzanon in bOth.
sition from |—d*/d—|* levels. From the previous consid- cases, has a much weaker intensity in oriented PPV than in

erations, we stress that a description of the optical transition%rlentecj MEH-PPV:" This difference could originate from

of an alkoxy-substituted oligomer based on the results c:{:anges in the effective conjugation lengthis is expected,

calculations performed on the unsubstituted chain is mislea plrzﬂséig]\;e, |fdt/he fPPV chgllfr;s ar(?[ more pt)la??r .tthan. thos;a of
ing. It is also difficult to believe that free carriers can be ) anayor from a dirierent impact ot finite-size €t-

generated through an interband transition in such very shoFFCts on the distinct physical mechanisms responsible for the

chain segments. The band model developed in Refs. 16 alrs;ﬁbeneration and oscillator strength of peak Il in the two poly-
mers. However, in both cases, the intensity should be very

17 yields a binding energy on the order of 0.8—0.9 eV for the : . . ;
excitons generated in band Il of PPV, much larger than th e?klgor very long chains according to the calculations in
ef. 19.

maximum value of about 0.3 eV discussed in Ref. 61 for . . .
In conclusion, we have reported an extensive determina-

excitons generated in band |, which are similar in nature tq. t th Sotroni tical functi f hiahlv stretch
those associated to band II, according to the analysis of thtéo.n of the anisotropic optical functions ot nighly stretch-

excited-state wave functions of PPV chains performed at th?nente%PPV n a(;/wdﬁ_ spectr?l range by usmgt reﬂ_(l?ﬁtanfce,
INDO/SCI level’® It is also worth stressing that the Tansmittanceé, and elipsomelry measurements. ine ire-

guantum-chemical calculations reported here on the PPV oliduency dispersion of the complex optical functions of PPV

gomers demonstrate that an approach such as ours is suitaltJ1 S also been computed by means of correlated quantum-

to describe the absorption spectrum of very long conjugateg emical calculatlo_ns. A very good agreement is observed
chains. etween the experimental and theoretical spectra and opens

; : the way towards an unified description of the nature and
Miller et al. have recently reported the polarized absorp- T . o .
y rep b b polarization of the optical transitions in PPV and alkoxy-

ion ra of highly stretch-orien MEH-PPV, aligned in ; o . - X
tion spectra of highly stretch-oriented , aligned substituted derivatives. Further investigations of the optical

ultrahigh-molecular-weight polyethylerié.Both the MEH- roperties of oriented substituted and unsubstituted PPV

PPV samples studied in Ref. 31 and our PPV samples are " th well-defined ‘uaation lenath hiahlv d
highly oriented and show a higher anisotropy in their opticalc. ains with wetl-getined conjugation fengths are highly de-
sirable to confirm our interpretation.

properties than that reported in previous wotksn PPV,
peak | is polarized parallel to the chain axis, as is the case for

peak I, which has aanishinglysmall intensity; this can be
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