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We report on the effects of dispersive optical constants on the anisotropic photoluminescence spectra of
highly oriented poly(p-phenylene-vinylene) films. Polarized transmittance, reflectance, and photoluminescence
(PL) spectra have been measured over a broad spectral range, at different temperatures. Due to the high degree
of chain orientation in the polymer films, the emission properties are highly anisotropic. The PL spectral shape
and external quantum efficiency are significantly affected by self-absorption inside the polymer film and by
refractive effects at the polymer-air interface. In order to elucidate these aspects we have determined the
dispersion of the parallel and perpendicular components of the complex dielectric constant (&, +ie,), by which
the PL spectra have been corrected according to Fresnel equations. After correction, the PL intensity is found
to be higher when the excitation is polarized perpendicular to the stretching direction, a fact that we attribute
to charge-induced PL quenching. We have also considered the influence of the refractive index on the PL
spontaneous emission rate and on the light extraction from the polymer film. The spectral dependence of the
emission anisotropy functions of the corrected PL spectra indicates the presence of two distinct emitting

species, which may originate from intramolecular and intermolecular states.
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I. INTRODUCTION

During the last three decades, conjugated polymers have
attracted much attention thanks to their processing advan-
tages for the realization of cost-effective electronic devices
such as LEDs, FETs, and photovoltaics. Amongst their ad-
vantages, conjugated polymers offer the opportunity to ob-
tain highly ordered structures that self-assemble on a mo-
lecular scale.! However, in polymer-based devices, the
typical random coil conformation of the polymer chains hin-
ders the intrinsic anisotropy of the electronic states. In spin-
coated and drop-cast films, the preferential alignment of the
polymer chains in the plane of the substrate often results in
slight uniaxiality and optical anisotropy, with the ordinary
refractive index in the plane of the substrate and the extraor-
dinary refractive index perpendicular to the plane of the
substrate.>3 Another way to achieve highly oriented materi-
als, in which the macromolecules are chain extended and
aligned, is through tensile drawing of the polymers or their
nonconjugated precursor derivatives.* In such oriented
samples the mechanical, electrical, and optical properties be-
come more and more anisotropic as the degree of chain
alignment and chain extension is improved.’® Oriented
films, where the photo- (electro-) luminescence is highly po-
larized, have been studied extensively for their potential ap-
plication as retro illuminators in liquid-crystal displays.®'?

Poly(p-phenylene-vinylene) (PPV) and its substituted
soluble derivatives are amongst the most widely utilized con-
jugated polymers as they show both good photoluminescence
and charge-transport properties.!"'> The availability of
highly oriented PPV samples'3~'> has recently allowed us to
clarify some fundamental issues such as the assignment of
the polarized optical-absorption spectra, and the determina-
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tion of the anisotropic dielectric functions.>*!%-18 Despite
the massive work reported on oriented polymer films so
far,'3-151929 3 general understanding of the processes under-
lying their electro-optical response has not yet been
achieved. For instance, recent studies on the optical proper-
ties of unoriented PPV derivatives have questioned the char-
acter of the emitting excitons (i.e., intrachain vs interchain),
indicating that intermolecular interactions, both in solution?
and in silica nanoparticles composites,?'*> may significantly
affect the absorption®33* and the emission spectra.®

In order to clarify these issues, a detailed knowledge of
the polymer optical constants is required.'®3¢-3% Indeed, the
dispersion of the complex refractive index affects the emis-
sion properties in several ways:

(1). It modifies the external PL spectral shape and quan-
tum efficiency (QE) as the emitted light is self-absorbed and
refracted on its way out of the polymer film.

(2). Tt influences the internal emission rate through the
phase propagation of the emitted electromagnetic wave in
the medium surrounding the emitters and through local-field
effects.

(3). Tt affects light extraction from the polymer films.

In the following study we present a detailed analysis of
the anisotropic optical constants of PPV films oriented by
tensile drawing at high stretching ratio, and their effects on
the emission properties at different temperatures. Transmit-
tance, reflectance, and external PL emission spectra and
quantum efficiency have been measured for different polar-
izations with respect to the stretching direction. In order to
evaluate the effects of the optical constants dispersion on the
emission properties, we have applied a data-reduction
method recently developed in our group to determine the
anisotropic dielectric constants of PPV with high accuracy
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(0.1%); the resulting optical functions have been then uti-
lized to derive the spectral dependence of the emission prob-
ability as a function of excitation and emission polarization,
by means of a newly developed ray-optics model. After cor-
rections, we find a higher-emission efficiency for excitation
polarized perpendicular to the stretching direction, a fact that
we attribute to charge-induced exciton quenching. Moreover,
the PL anisotropy is spectrally dependent, while the high-
energy emission is mainly polarized along the polymer-chain
direction, indicating the intramolecular character of the emit-
ting species, the anisotropy is reduced at low energy, thus
suggesting a possible role of intermolecular interactions. The
quantitative analysis of the emission anisotropy and the na-
ture of photoexcitations in PPV are discussed.

II. EXPERIMENTAL METHODS

Thick (15.1 wm), free-standing PPV films were oriented
by tensile drawing, with an elongation ratio of //l,=5, which
is higher compared to the samples used in previous studies
by our group.!®¥ The details of the polymer synthesis and
film preparation are described elsewhere.*0-4?

Transmittance (7), reflectance (R), and diffuse reflectance
spectra were recorded by a double-beam, double-
monochromator  spectrophotometer (Varian Cary 5E),
equipped with a closed-cycle liquid-helium cryostat. The
samples were kept in an inert atmosphere of helium gas dur-
ing the measurements. A Glan-Taylor polarizer was mounted
in the sample optical path, and the system response was
taken into account recording a reference scan before each
run; the parallel and perpendicular components of transmit-
tance, reflectance, and of the derived optical constants are
referred to the stretching direction of the polymer film, and
denoted by Il and L, respectively.

Diffuse reflectance spectra were collected by means of an
integrating sphere and normalized to a standard polytet-
rafluoroethylene powder reference. In order to account for
the light scattering caused by the film roughness (the forma-
tion of surface grooves upon tensile drawing at high-
elongation ratios strongly enhances light scattering), specu-
lar, diffuse, and the sum of specular and diffuse reflectance
were measured independently and utilized to normalize the
specular reflectance obtained by the automatic spectropho-
tometer. The overall effect of light scattering is to reduce the
intensity of the reflectance and transmittance of oriented
PPV by about 10%.

Photoluminescence (PL) measurements were performed
exciting the samples with the 458 nm line of an Ar* laser
(I=0.075 mW, incidence angle 45°), while the samples were
placed on a cold finger in the vacuum chamber of a cryostat,
pumped to a pressure of P<107* Torr. Part of the PL emis-
sion was collected (collection angle 45°), dispersed by a
monochromator, and recorded by a CCD camera. A Fresnel
prism was used to rotate the pump-laser polarization, and a
polarizing sheet was used in front of the monochromator to
determine the polarization of the emitted light; the emission
spectra were corrected for the anisotropic response of the
measuring system, calibrated with an additional light source
positioned in the sample chamber. In presenting the PL data,
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FIG. 1. Polarized reflectance [(a) and (b)] and transmittance [(c)
and (d)] spectra of highly oriented PPV at room temperature [(a)
and (c)] and 80 K [(b) and (d)]. Solid lines: polarization parallel to
the draw axis; dashed lines: polarization perpendicular to the draw
axis. The dotted line in panel a is the reflectance calculated from the
optical constants in Fig. 3(a).

the four polarization combinations are denoted by (a,b),
where the first symbol refers to the excitation polarization
(a=_L or |l) and the second symbol indicates the emission
polarization (b= L1 or |), relative to the stretching direction.

External photoluminescence quantum-efficiency measure-
ments were performed following the procedure outlined by
Greenham et al.** The excitation was provided by the UV
line of the Ar* ion laser (A=363 nm); the absolute absor-
bance of the sample was obtained independently by measur-
ing the UV output of the integrating sphere after direct and
indirect excitation of the sample.

III. RESULTS AND DISCUSSION
A. Absorbance and reflectance

Figure 1 shows the polarized reflectance spectra of ori-
ented PPV obtained at room temperature [Fig. 1(a), solid
line] and 80 K [Fig. 1(b)]. The reflectance spectra show
similar characteristics to those previously observed in
PPV:'63% At room temperature, the lowest-energy peak ap-
pearing at 500 nm in the parallel (|) reflectivity is due to the
m-m delocalized transition, which is strongly polarized
along the polymer-chain axis.**~3® The location of this purely
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electronic transition (0-0) is comparable to that observed in
high-quality, unoriented PPV samples obtained by improved
synthesis,”’ thus indicating a remarkably long conjugation
length facilitated by chain ordering. The 0-O transition is
followed by a well-resolved vibronic progression (peaks at
461, 428, and 404 nm), which points out a narrower distri-
bution of conjugation lengths as compared to other PPV
samples previously studied.?!3%38-60 The structural order
manifested by the long conjugation length and by its narrow
distribution is fundamental for isolating the intrinsic optical
response of the system from spurious effects. At shorter
wavelengths, a shoulder (generally referred to as peak II) is
observed around 340 nm in the parallel
reflectance. 31639444554 A additional broad transition (peak
IIT) is manifested around 260 nm in the parallel reflectance.
Most of the theoretical studies indicate that peak III origi-
nates from a transition between localized and delocalized
levels (L-D" and D-L"), with a dominant polarization perpen-
dicular to the polymer-chain axis.**-3® At room temperature,
the perpendicular component of peak III is manifested in the
perpendicular (L) reflectance spectrum around 280 nm. No-
tice that, in order to derive the polarization of this structure
from the optical spectra,!314106! the contribution from other
transitions, such as the one stemming from the -7 transi-
tion of the parallel component must be properly taken into
account.®! Another transition polarized parallel to the chain
axis (not shown here) is known to exist around 200 nm,'®
due to the electron and hole states of a tightly bound Frenkel
exciton localized on the phenyl ring (L-L");!®#4-%¢ this tran-
sition is responsible for the reflectance increase at the high-
energy side of our spectra.

The shape of the reflectance spectra is almost unchanged
by lowering the temperature down to 80 K. The spectra ap-
pear to be rigidly redshifted by about 10 nm as compared to
the corresponding ones at room temperature (0-0 transition
and vibronic progression peak at 509, 468, 434, and 408 nm,
respectively), indicating an extended conjugation length due
to the planarization of the polymer backbone at low tempera-
ture. A similar thermal shift has also been observed in high-
quality PPV obtained by a different synthetic route.”’

At long wavelengths, the excellent optical quality of the
films is manifested in both the room temperature and the
low-temperature reflectance spectra by the interference pat-
tern due to the sum of contributions reflected from the front
and the back surfaces of the film. In the reflectance spectra
obtained with perpendicular polarization, the onset of ab-
sorption, which nullifies the contribution from the back sur-
face, results in an abrupt reduction of the reflectivity inten-
sity around 500 nm. Note that the structure visible at about
800 nm in Fig. 1(a) is an artifact due to the sample holder
inside the cryostat; it has been properly normalized during
the data reduction to derive the optical constants (see below).

Figure 1 shows also the polarized transmittance of ori-
ented PPV at room temperature [Fig. 1(c)] and 80 K [Fig.
1(d)]. As in reflectance spectra, the appearance of interfer-
ence fringes testifies the good optical quality of the films.
Changes in the interference pattern between the parallel and
perpendicular components of transmittance (reflectance)
point out to the anisotropy of the refractive index. The opti-
cally thick samples used in this work do not allow a direct

PHYSICAL REVIEW B 75, 075204 (2007)

Energy (eV)

2524232221 2 19 18 17

LIl 300 K

PL (arb. units)

PL (arb. units)

IIL
500 550 600 650 700 750

Wavelength (nm)

FIG. 2. Polarized PL spectra of highly oriented PPV as obtained
exciting the samples at 458 nm at room temperature (upper panel)
and 80 K (lower panel). The various configuration of excitation or
detection polarizations are indicated in the figure.

determination of the transmission spectra below 500 nm, as
at these wavelengths the sample is no longer transparent.
However, we notice the considerable difference (~30 nm) in
the onset of the transmission for the two polarizations. The
thermal shift of the onset of transmission from room tem-
perature to 80 K is about 10 nm (both for parallel and per-
pendicular polarization), consistent with the bathochromic
shift of the reflectance spectra. The lowest optical transition
(peak T) has a perpendicular component with respect to the
stretching direction that masks the intrinsic absorption.!” The
lowest-energy perpendicular absorption has been attributed
to residual chain misalignment in previous studies on ori-
ented polyacetylene and polydiacetylene.®>% However,
solid-state models that include the effects of crystalline ar-
rangement predict weak transitions with perpendicular polar-
ization as a result of intermolecular interactions.

B. Photoluminescence

Figure 2 shows the photoluminescence spectra measured
in the four configuration of laser excitation or analyzer po-
larizations at room temperature (upper panel) and 80 K
(lower panel). Amongst the four combinations, the (L,
measurement exhibits the strongest PL intensity; the weakest
spectrum is (I, L), while (ILIl) and (L, 1) have almost the
same intensity. At room temperature, peaks at 565 and
605 nm, as well as a shoulder around 660 nm are detected.
These emission peaks are redshifted with respect to those
previously observed in PPV.31:3264 In the (L ,ll) spectrum, an
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additional shoulder can be identified around 530 nm, while
the (ILI) PL spectrum shows a well-defined peak at 520 nm.
The weak high-energy features resemble the 0-0 transitions
detected in the PL spectra of thin PPV films;>’%6~7! for the
remaining polarizations (|, L and 1, 1) there is no clear evi-
dence for any additional structure underneath the high-
energy tail of the main emission peak.

Upon lowering the temperature, the PL signal intensity
increases by a factor greater than three and the main spectral
peaks slightly shift to longer wavelength (565 nm
— 573 nm; 605 nm— 618 nm). Notice that the thermal shift
of the main emission peaks is similar to the one of the elec-
tronic transitions (both 0-0 and vibronic progression) ob-
served in reflectance spectra, while the shift of the high-
energy peaks is larger. Moreover, at low temperature, the
relative intensity of the four polarization combinations is al-
most unchanged, but the high-energy features (at
530-540 nm) are better defined, while the main peaks are
unusually broadened compared to room temperature. The
anomalous shift of the high-energy bands and their spectral
broadening upon lowering the temperature makes their as-
signment nontrivial: they may originate from different
phonons involved in the ground electronic state (probed by
PL) and excited electronic state (probed by reflectance), as
well as from the influence of intermolecular interactions, as
was recently suggested in studies of PPV or silica
nanocomposites®'3> and MEH-PPV films cast from different
solvents.3072

For a better understanding of the origin of the emission
peaks it is essential to correct the emission spectra for an
equal number of absorbed (exciting) photons, as well as for
self-absorption and reflectivity losses. Considering the strong
anisotropy of the optical properties and their different spec-
tral dispersion, noticeable effects due to these corrections are
expected both for spectral shapes and emission intensities in
the various polarization configurations. The dispersion of the
refractive index (n) and absorption coefficient (k) and their
dependence on polarization would strongly affect the emis-
sion spectra, particularly in the spectral region overlapped
with the high-energy emission peaks.

C. Determination of the optical constants

Many methods are known for the determination of the
optical constants.>*737* In order to deduce the anisotropic
complex dielectric constants of PPV at different tempera-
tures, we have employed the combination of two comple-
mentary methods, namely, the Kramers-Kronig analysis of
reflectivity over the whole spectral range,'® and an interfero-
metric method in the transparent spectral region (where k
=0). This interferometric method, based on a Mach-Zehnder
interferometer coupled with a commercial scanning Michel-
son interferometer (SMI), has been described in details in a
previous publication.”> As opposed to other conventional
techniques for the determination of the refractive index,’’
this method allows for the direct and simultaneous determi-
nation of the refractive index and polymer film thickness
(d=15.1 um) even in the case of anisotropic samples.
Thanks to the high stability and reproducibility of the com-
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FIG. 3. Frequency dispersion of the parallel (a) and perpendicu-
lar (b) components of the real part (upper panels) and the imaginary
part (lower panels) of the refractive index of PPV as determined at
room temperature (solid lines) and 7=80 K (dashed lines).

mercial SMI, the uncertainty in the determination of both n
and d is estimated to be less than 0.6% of their values.” The
dispersion curves determined by the white-light interfero-
metric technique in the transparent region provide a starting
point and a quality check for the Kramers-Kronig analysis of
the absolute reflectivity, by which the determination of the
optical-constants dispersion can be extended also to the ab-
sorbing region (where k # 0).

Figure 3 shows the real and the imaginary components of
the refractive index in the parallel (left panel) and perpen-
dicular (right panel) direction with respect to the polymer
chain axis, as determined at room temperature (solid lines)
and 80 K (dashed lines). The corresponding components of
the dielectric constant can be easily derived as &,=n*—k? and
&,=2nk. For comparison with the reflectivity obtained with
the automatic spectrophotometer (which includes interfer-
ence effects), the bulk reflectivity spectrum calculated from
the optical constants for parallel polarization is also shown in
Fig. 1(a) (dotted line).

The exceedingly high anisotropy of the oriented PPV
samples can be properly evaluated by the dichroic ratio of
the dielectric constant (}/&5 ~300 at 500 nm). The use of
&, instead of k (or the absorption coefficient) is preferable
since the imaginary part of the dielectric constant is directly
related to the electronic structure of a semiconductor.”® The
intrinsic 1 components of the dielectric functions are
masked by a slight misalignment of the chain orientation
around the stretching direction. This misalignment induces
an apparent L component of the dipole-transition moment
due to the projection of the | component that scales as
sin> #/2, 6 being the misalignment angle.®? The feature
around 500 nm in &5, for example, is mainly a manifestation
of the perpendicular component of peak I, due to the residual
chain misalignment. From the conventional expression of the
orientation function r [r=([—1,)/(I;+21,), where I
=Icos®> ¥ and I, =(Isin? 9)/2 are the parallel and perpen-
dicular components of the optical function 7]**’7 we obtain
r=0.99 at 500 nm for the low-temperature curves, which
corresponds to an average misalignment angle smaller than
06=5°.
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FIG. 4. Scheme of photoexcitation and emitted PL optical paths
used to correct the PL spectra.

D. Correction of the photoluminescence spectra

1. Modeling the anisotropic absorption and refractive effects on
the external photoluminescence

The large optical anisotropy of highly oriented polymer
films requires drastic corrections to be applied to the mea-
sured photoluminescence spectra. In order to do so, we will
treat the oriented PPV films as uniaxial materials with optical
axis parallel to the drawing direction. This assumption is
justified by the cylindrical symmetry induced by the stretch-
ing procedure. Figure 4 is a schematic representation of the
typical configuration in which photoluminescence experi-
ments are carried out, where the polymer film with refractive
index 7“ and thickness d is surrounded by a medium (air)
with index 72;. The incident excitation beam, of intensity I,
and frequency w;, is directed to the polymer surface at an
angle U;, being partially reflected and refracted at the inter-
face. If we assume the optical axis of the oriented film to be
perpendicular to the plane of incidence, the exciting beam
will be refracted at an angle ¢; according to Snell’s law:

i (w;)sin ¥; = “i(w;)sin ¢;, (1)

where the polarization of the incident beam a; can be either
parallel (a;=1l) or perpendicular (a;= L) to the optical axis.
The portion of the beam that penetrates into the film is ab-
sorbed according to the generalized Lambert-Beer law for
oblique incidence (for air, k;=0):78

I“ =1, exp(— A%), (2

where A is

2 2
A%, 9) = — Im(N(@)2 = (n, sin 9)2) = — Im(N* + iK%
C Cc

2wK*

c

3)

The expressions for N and K“ are given by Eq. (A3) in
the Appendix. The amplitude attenuation depends only on
the penetration depth x, and constant amplitude planes are
parallel to the boundary surface that separates the environ-
ment from the absorbing medium. For each x the absorbed
light results in a photoluminescence spectrum emitted ac-
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cording to the intensity distribution of the emitting dipoles.
On its way back to the front surface, photoluminescence is
partially reabsorbed by the polymer (self-absorption). Then,
after being partially reflected at the interface, only the beams
that are refracted at the detection angle ¥, will contribute to
the measured PL intensity /,, emitted at frequency w,. Again,
the outgoing beams with incidence angle ¢, will be refracted
from the inside out according to Snell’s law,

n(w,)sin ¢, = 1) (w,)sin 9, (4)

where the polarization of the emitted beam a, can be either
parallel (a,=1) or perpendicular (a,= L) to the polymer op-
tical axis. Note that the contributions of those beams that are
reflected by the back polymer surface and then refracted at
the detection angle have been neglected. This approach is
justified by the very weak amplitude detected for the inter-
ference fringes observed in the PL spectra [Fig. 2, low tem-
perature (L, II) and (Il, Il) configurations only]. Under these
conditions, the observed photoluminescence intensity
I%(w,) for the four possible configurations of excitation
and detection polarizations (a;,a,) can be written as

I (w,) = I§j(w) 7(w) C[ 1 = R (;, 9;) 4] (w;, D)

d
f dxe wﬂxPLaa(w)e (g, 9,)x
0

X[l _Rze(we’ﬂe)]» (5)

where PL7, is the intrinsic emission spectrum, % is the in-
ternal quantum efficiency, C is a geometrical factor, and
R{',RS¢ are the reflectance coefficients given by Eq. (A5) in
the Appendix. A similar approach has been previously
adopted for the determination of the Raman cross sections of
oriented polymer films.” The main difference between PL
and Raman spectral corrections, however, is that the former
are related to incoherent processes, while the latter to a co-
herent one. Equation (5) can be rewritten as

I(w,) = Ij(@) 7"i(0) C[1 = R (w;, 9;) PL""e(,)

X[1 = Re(w,, 9,) JFie, (6)

with
d a. a
Flite = Ali(w;, ;) f dxe 1A (@ 9)+A, (e ) ke
0

A, 9)(1 = ¢ A 0 00
Afl(w;, 9) + As(w,, O,)

(7

Therefore, the intrinsic emission spectra can be obtained nor-
malizing the observed photoluminescence spectra according
to

1

I (,)
7i(w)C ()

PLai’a()(we) = Qai’ae(w[a We, ﬁia ﬁe) . (8)

The first factor on the right-hand side of Eq. (8) contains all
the constants, and the correction factors Q%*“ are given by
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Afi(w3,9) + Ag(@,, D)

PHYSICAL REVIEW B 75, 075204 (2007)

Qai’ae(wis W, 61" ﬁe) =

Q are the factors the measured PL spectra must be multiplied
for, in order to account for self-absorption and refractive ef-
fects, namely, partial reflection of the exciting beam from the
polymer surface and self-absorption and reflection of the
emitted PL on its way out of the polymer film. The evalua-
tion of these factors requires the knowledge of the optical
constants (g, and &,) dispersion, both in the absorption and
emission spectral region.

2. The case of oriented PPV

Figure 5 shows the PL spectra of oriented PPV films cor-
rected according to Egs. (8) and (9) for the various configu-
rations of the excitation or detection polarizations at room
temperature [Figs. 5(a) and 5(b)] and 7=80 K [Figs. 5(c) and
5(d)]. The corrections modify the spectral shape of the PL as
well as the relative magnitude of the PL peak intensities. Due
to the highly anisotropic optical properties of oriented PPV,
the correction factors are strongly dependent on the experi-
mental configuration of the polarizations and are more rel-
evant where the dispersion of the refractive index is high,
e.g., on the high-energy side of the PL spectra. The low-
energy side of the corrections is weakly dispersive and, since
the sample is transparent in this region, it is mainly due to
the different reflectivity in each given configuration of the
polarizations. For instance, the largest correction corresponds
to the (ILIl) configuration, where the emission suffers the
highest losses due to the high reflection of the excitation as
well as of the emission at the polymer-air interface, while the
smallest correction applies to the (L, ) configuration where
reflection of both excitation and emission is lower. Remark-
ably, in the high-energy region (wavelengths around
520-530 nm), the two features seen in the (L,|I) and (II,I)

Energy (eV) Energy (eV)

2524232221 2 19 18 17 2524232221 2 19 18 17
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FIG. 5. Polarized PL spectra of highly oriented PPV at room
temperature [(a) and (b)] and 80 K [(c) and (d)] corrected for self-
absorption and refractive effects.

9)

configurations prior to the correction (Fig. 2) merge into a
single peak centered at 517 nm at room temperature (530 nm
at 80 K). In spite of the correction, the (L,I) and (L,L1)
components of the emission remain more intense than the
(LI and (I, L) components, respectively [Figs. 5(a) and 5(c)
and Figs. 5(b) and 5(d)], although their difference is signifi-
cantly reduced.

3. Refractive-index effects on photon emission and extraction

The corrections applied to the emission spectra so far
(Fig. 5) account for the anisotropy of light penetration or
absorption of both the excitation beam and the light emitted
through the sample surface. As pointed out in the Introduc-
tion, the refractive index further affects the photolumines-
cence efficiency by influencing the internal emission rate
through the phase propagation of the emitted light in the
medium surrounding the emitters and through local-field ef-
fects, as well as the external emission rate by affecting the
light extraction from the polymer film. In the following we
will discuss these two additional effects of the refractive in-
dex on the photoluminescence of anisotropic systems.

The intensity of spontaneous emission is proportional to
the number of molecules in the excited state and to their
transition-dipole moments:®° the power of the radiation emit-
ted by an electric dipole is proportional to n* (which ac-
counts for the phase propagation of the emitted wave in the
medium surrounding the emitter),®"-82 and is inversely pro-
portional to the dielectric function & (which accounts for
local-field effects in isotropic systems).®? In the transparent
region, where £=n?, the emission probability is therefore
proportional to the refractive index n.8> Note that such a
dependence of the emission probability on the refractive in-
dex is valid only for an isotropic system. To the best of our
knowledge, a comprehensive theory for local-field effects on
the emission properties of anisotropic organic systems has
not yet been developed. Therefore, for a qualitative evalua-
tion of the spontaneous emission rate in oriented PPV, we
will assume the isotropic model to be applicable to each
individual polarization component of the PL.

An additional effect of the refractive index on polarized
emission spectra concerns light extraction from the aniso-
tropic polymer film, as widely discussed in the literature of
organic light emitting diodes.’®* Since PL measurements
are usually performed by collecting a cone of light with finite
numerical aperture, only a portion of the solid angle at which
light is emitted can be collected. The fraction of emitted light
that is collected is related to the refractive index by Snell’s
law, thus, in anisotropic media, it depends on the beam
polarization.3* An estimate of such an effect can be obtained
by differentiating Snell’s law with respect to the collection
angle (Ja) and considering the solid angle as proportional to
da’. Doing so, one obtains a ratio between the internal sector
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FIG. 6. Polarized PL spectra of highly oriented PPV at room
temperature [(a) and (b)] and 80 K [(c) and (d)] obtained using the
final correction functional expression presented in Sec. III D 3.

of solid angle and the external one of [I-—sin’(a)]/[n?
—sin?(@)].3%% In oriented PPV, since nll>n L, the light cone
collected with polarization parallel to the polymer chain axis
probes a much smaller fraction of emitted light (and thus the
collected PL signal appears weaker) than the same light cone
collected with polarization perpendicular to the polymer
chain axis. For each polarization, the spectral dependence of
the PL on the refractive index due to light extraction is pro-
portional to 1/n>.

In order to account for the combination of these two ef-
fects of the refractive index, one can multiply the spectra in
Fig. 5 by the refractive index n corresponding to the emis-
sion polarization (Fig. 6). Qualitatively (local-field effects in
anisotropic systems are hereby neglected), the effect of this
correction is to enhance the emission anisotropy and to in-
crease the relative intensity of the high-energy structure as
compared to the main emission peaks.

E. Excitation and emission anisotropy

After the correction of the emission spectra according to
the complex procedure described above, it is evident that PL
spectra of oriented PPV show both excitation and emission
anisotropy.

1. Excitation anisotropy (pump polarization anisotropy)

The intensity of the PL spectra derived from excitation
polarized perpendicular to the draw axis results in PL almost
twice as strong compared to the PL derived for excitation
polarized parallel to the draw axis, independently on the po-
larization of the emission. A similar intensity ratio (often
referred to as pump polarization anisotropy) has been previ-
ously observed in the photoinduced absorption due to
charged states in polydiacetylene®® and in photoconductivity
measurements of oriented polyacetylene®> and PPV.3¢ This
could be understood in terms of charged carrier-induced ex-
citon quenching,®-%° as indeed is supported by the high-
charge photogeneration efficiency,”®? the lack of stimulated
emission in PA measurements,”> and the relatively low PL
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quantum efficiency measured in these films (see below). For
Il polarization, the small absorption depth (~12 nm) results
in a rather high concentration of excitons and carriers near
the sample surface of both, relatively short-lived free carriers
and long-lived ones that are localized at trap sites, which
increases the probability of carrier-induced exciton quench-
ing. On the other hand, for L polarization the light-
penetration depth is significantly enhanced (by a factor of
~100) and thus the probability for charged carrier-induced
exciton quenching is strongly reduced. Note that pump po-
larization anisotropy has been generally observed in optically
thick samples® since in thin samples, as those obtained by
blending conjugated polymers with ultrahigh molecular-
weight polyethylene?~2® or by rubbing thin polymer films,?
the excitation volume coincides with the entire sample vol-
ume and therefore is independent on pump polarization.

Time-resolved photoluminescence measurements probing
the emission at 557 nm in the nanosecond time range have
shown for both of the emission polarizations a faster PL
decay with excitation parallel to the draw axis compared
with excitation perpendicular to the draw axis. A similar an-
isotropy of the charge-carrier lifetimes has been observed in
fast transient photoconductivity measurements of oriented
PPV, lifetimes which are also much longer than the singlet
excitons lifetime:”® this behavior is consistent with charge-
exciton quenching affecting the exciton relaxation dynamics.
Charge-exciton quenching is expected to depend also on the
excitation intensity, which affects carrier and exciton density
as well as bimolecular recombination processes (both carrier-
carrier and exciton-exciton).

The external quantum efficiency (QE) values we have de-
termined for highly oriented PPV by an integrating sphere
are quite low compared to the QE measured in conventional
soluble PPV derivatives, where QEs as high as 27% have
been previously found. In agreement with the polarization
anisotropy deduced from the spectra in Fig. 5, the external
QE measured with excitation polarized perpendicular to the
draw axis (4.7%) is about twice the QE measured with par-
allel polarization of the excitation (2.2%). Since the low-
excitation intensity employed in these measurements rules
out bimolecular effects (self-quenching), this further sup-
ports our hypothesis of charge-carrier-induced exciton
quenching. Enhanced oxidation at the sample surface could
also explain the above observations, however, IR transmis-
sion measurements (both with standard and photoacoustic
detection) have shown the lack of any signal associated with
carbonyl groups. This indicates a very low density of carbo-
nyl groups (below the sensitivity of our measuring systems)
in these samples and therefore rules out oxidation as the
reason for the pump polarization anisotropy and the low PL
external QE observed.

2. Emission polarization anisotropy

In order to discuss the emission polarization anisotropy
(for a given pump polarization) it is instructive to plot the
orientation function r relative to the PL spectra corrected for
all the effects discussed so far. Figure 7 shows the orientation
functions derived from the spectra in Fig. 6.
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FIG. 7. Spectral dependence of the emission orientation function
(anisotropy, r) for parallel (solid curves) and perpendicular (dashed
curves) polarization of the excitation. Upper panel: room tempera-
ture; lower panel: 7=80 K.

As expected, the anisotropy is almost independent of the
excitation route; however, a strong spectral dependence of
the anisotropy functions is evident, in particular, at low tem-
perature, with almost complete polarization of the high-
energy emission peak along the polymer chain axis (r
>0.99), and considerably lower polarization of the low-
energy structures (r~0.85). Note that neglecting local-field
effects’!*> would lead to underestimating the anisotropy at
low energies, and would enhance the spectral dispersion of r.

The dependence of the orientation function on the emis-
sion wavelength, with crossover at about 540 nm, suggests a
different origin of the emitting states responsible for the
high-energy (520-530 nm) and the low-energy peaks of the
photoluminescence. This conclusion is further supported by
the different temperature dependence of the high- and low-
energy PL peaks (Fig. 2). The existence of more than a single
emitting state could be understood in different ways. One
explanation is to assume a bimodal distribution of conjuga-
tion length, as previously proposed for the interpretation of
the optical properties of disordered PPV.64%09% However, the
sharp optical transitions observed in the reflectance spectra
of our samples are inconsistent with this interpretation. An-
other possible explanation may be the presence of defects
acting as a sink for the excitations and providing an alterna-
tive excitation deactivation pathway to the standard intramo-
lecular radiative decay. Energy transfer’’ can explain the
strong intensity of the low-energy part of the PL spectrum
of highly ordered PPV, as well as its unusually large
(~0.2 eV) apparent Stokes shift. The high-energy part of the
PL spectrum, with intrinsic anisotropy comparable to that of
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the absorption, could be assigned to an intramolecular decay,
while the low-energy one to a “defect.” The role of defects
on the emission properties of organic semiconductors has
been previously elucidated for oligothiophene single
crystals.”®

In our case, the origin of such defects may be related to
the morphology of the PPV films. These films are composed
of crystalline regions (70% of the volume) and amorphous
regions.”” Within each crystallite (~20 nm size), chains are
packed in an orthorhombic structure with intermolecular
separations of either 5 A (translational periodicity along the
b axis) or 3.9 A (between benzene ring layers inside the unit
cell). Even though the highest interchain coupling is pre-
dicted to take place in the cofacial arrangement, such inter-
molecular separations can allow significant intermolecular
interactions.'® Thus, the two emitting states we observe may
be correlated with the amorphous and crystalline phases co-
existing in the oriented PPV samples. In the amorphous
phase, the electronic transitions mainly stem from isolated
macromolecules (emitting at higher energies, possibly due to
the shorter localization length). In contrast, in the crystalline
phase intermolecular interactions would affect the electronic
structure!® that should be described using solid-state models
that include the effects of crystalline arrangement, models
that predict weak transitions with perpendicular
polarization,? as well as reduce the energy gap and lower the
emission energy.'?"192 Note that the reduced anisotropy can-
not be attributed to chain misalignment, as r=0.85 corre-
sponds to a misalignment angle much higher than the one
derived from reflectance measurements (r=0.99).

Intermolecular interactions have been previously pro-
posed for the interpretation of the emission properties of
PPV-silica nanoparticles composites (where the high-energy
emission would stem from a molecular state while the low-
energy emission would stem from molecular aggregates),3!32
of other PPV derivatives’®!%3-195 and of poly(p-phenylene
ethynylenes).'% All our findings suggest that, in the crystal-
line phase, the mechanism of exciton quenching by charged
polarons may be very efficient. Moreover, due to the high
degree of order and crystallinity of our samples a dark state
originating from strong interchain interactions may also be
present in the HOMO-LUMO gap,?® thus reducing signifi-
cantly the luminescence yield.

IV. CONCLUSIONS

We have presented a detailed characterization of the po-
larized optical and emission properties of highly oriented
PPV samples at various temperatures, derived from the
analysis of polarized transmission, reflectance, and PL spec-
tra. The anisotropic complex refractive index of highly ori-
ented PPV at room temperature and 80 K has been derived.
The analysis of the data requires corrections due to PL self-
absorption and refractive losses in the various configurations
of the polarizations as well as to the influence of the refrac-
tive index dispersion on the emission rate and on light ex-
traction from the polymer film. We have developed an ana-
Iytical model for the excitation or emission of a uniaxial slab
and evaluated the effect of highly dispersive anisotropic op-
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tical functions on the polarized emission. From the corrected
spectra we have derived the excitation and emission aniso-
tropy of highly oriented PPV: the pump polarization aniso-
tropy has been attributed to charge-induced luminescence
quenching while the spectral dependence of the emission an-
isotropy suggests the existence of different states emitting at
higher and lower energies. The high-energy part of the PL
spectrum (below 540 nm), is fully polarized along the
stretching direction and is assigned to an intramolecular ex-
cited state. The low-energy part of the PL spectrum (above
540 nm) shows reduced anisotropy, possibly due to intermo-
lecular interactions.

ACKNOWLEDGMENTS

We are grateful to A. J. Heeger for his support and for the
useful discussions regarding this paper. We thank A.
Mikhailovsky for his help in the photoluminescence mea-
surements. C.S. acknowledges the support of D. Wang dur-
ing the preparation of the manuscript. This work was sup-
ported by the National Science Foundation under Grants No.
DMR-0099843 and No. DMR-0096820, and by the Italian
Ministry of Instruction, University and Research (MIUR) un-
der the project “Synergy,” FIRB 2003.

APPENDIX: REFLECTIVITY FROM ANISOTROPIC
UNIAXIAL MEDIA

Let us consider a light beam traveling in air (7;=1) and
illuminating the oriented polymer film with the plane of in-
cidence perpendicular to the principal optical axis. Due to
this specific geometrical configuration (configuration that we
have utilized for polarized photoluminescence measurements
in oriented PPV), the p component of the electric field (par-
allel to the plane of incidence) is affected only by the ordi-
nary dielectric constant, while the s component of the elec-
tric field (perpendicular to the plane of incidence) is affected
only by the extraordinary dielectric constant. Therefore, the
usual expression’® for the p and s components of the reflec-
tion coefficient, FP and 7,, becomes

_ ()% cos O = V(7H)> —sin® O

= [(=1\2 =2
(m)° cos O+ V(-)* —sin”~ O

B (81 +iey)cos & — \/(81l —sin® §) +iey

(81 +igy)cos O+ \/(sll —sin® 9) + ies
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cos & — ()2 sin? & cos - V(e] - sin? V) +ie)

o= = .
Y cos O+ V(A2 —sin2 9 cos I+ \/(8‘{ —sin® 9) + i)
(A1)
If we define N* and K¢, where a=|l or L, such as
V(% = sin? 9) + ie = N* + iK", (A2)

it is straightforward to show that

e \/ 89 = (ny sin 9)% + (89)% + &% — (n, sin 9)?
_ ) ,

Koo \/ VL& = (ny sin 9)° P + (69)” = &5 + (n, sin 9)°

2 9
(A3)
and
_ (e cos &= N*) +i(ey cos - K*)
i (81L cos O+ N?1) +i(szL cos 9+ K*)’
gl
;o (cos 9 — N — iK' . (A4)
(cos O+ N") + iK'

Using Egs. (A3) and (A4) one can finally express the parallel
and perpendicular reflectance in terms of the ordinary and
extraordinary components of the dielectric functions

I o (cos 9= N2+ (K')?
R'(w,®) =|7|*= (cos O+ N2+ (K2’

R (w.8) = |72 = (&1 cos ¢ = N*)? + (g5 cos ﬂ—Ki)z'
’ PP (& cos O+ NY)2+ (g5 cos I+ K+)?
(A5)
In the case of the light beam traveling from the inside out of

the uniaxial slab, Eq. (A5) still holds if ¥ denotes the refrac-
tion angle.
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