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Abstract
The focus of this work is to study the refractive index in thin films of blue light-
emitting poly(9,9-dioctylfluorene) (PFO) that contain extended rigid chains (β-
phase). Using a post-deposition exposure to toluene vapour, β-phase chains
were induced in glassy PFO films that had been spin coated from a range
of solution concentrations to provide thicknesses from 50–200 nm. With the
aid of absorption spectroscopy, a semi-empirical calculation of the change in
refractive index due to the presence of β-phase chains is undertaken. Over
the spectral region where optical gain occurs, the refractive index of β-phase
PFO is found to be appreciably larger than for as-spin-coated glassy PFO.
Further development and explicit evaluation of the Kramers–Kronig relations
lead to analytic and closed form expressions describing the change in index
�n which are used to highlight the key contributions to index change. We
find that the spectral response of �n is largely governed by the emergence
of a characteristic absorption band associated with the presence of β-phase
chains. The changes in refractive index are experimentally studied by tracking
the spectral shifts of optical resonances observed from films spin coated directly
onto sub-wavelength 1D grating structures. These measurements are supported
and compared with rigorous calculations of the spectra, which incorporate
the full optical descriptions for glassy PFO and β-phase PFO. The excellent
agreement confirms the accuracy of our semi-empirical extraction approach.
Similar polymer-coated grating structures are examined under lasing conditions
and can also be used to support the expected spectral response and the decline
of �n for longer wavelengths.

1. Introduction

The blue light emitting polymer poly(9,9-dioctylfluorene) (PFO) has proven to be an interesting
material with which to explore the sensitivity of conjugated polymer electronic properties
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to variations in physical structure [1–18]. Film samples can be prepared with distinct
morphologies via controlled deposition conditions and subsequent thermal and/or vapour
treatments, also making use of the fact that PFO is a thermotropic liquid crystal that can
be aligned and/or crystallized [1–10]. One can obtain different types of glassy films via
spin coating from good solvents and by rapid quenching from the nematic or isotropic melt.
Annealing such glassy films or slowly cooling samples from the nematic or isotropic melt
leads to crystalline films. Orientation can be achieved on an alignment layer by annealing in
the nematic phase and the orientated films can be quenched or crystallized on fast or slow
cooling, respectively. Orientated films are of interest for polarized light emission [13], for
enhanced charge carrier transport [14, 15] and as a means of enhancing modal gain properties
via control over absorption and propagation [19, 20].

A specific extended rigid chain conformation can be obtained in glassy film samples
by choice of spin-coating solvent and deposition conditions, by thermal cycling to low
temperatures, and by post-deposition exposure to solvent, typically toluene vapour [1–5]. Films
that possess a significant fraction of chains with this conformation are termed β-phase samples
and they possess characteristically red-shifted absorption and photoluminescence (PL) spectra
with well-resolved vibronic features [1–11]. The β-phase samples have a number of interesting
photophysical properties and have, for instance, been investigated as systems well suited to the
detailed study of energy transfer processes [1–12, 16–18].

While there have been many reports on various aspects of absorption and emission
properties of β-phase PFO, until very recently few had considered the resulting index of
refraction [21]. That the index of refraction will change is not unexpected—the well known
Kramers–Kronig relations relating changes in absorption and refractive index point to this [22].
The question is how large is the change in index? If large enough it can be important in the
design of resonator-based structures involving β-phase PFO. Equally important is establishing
a reliable technique to probe the index change, particularly given that the fraction of β-phase
chains in thin films may be controlled, for example, through the choice of solvent or thermal
cycling [3, 5, 7, 9]. The purpose of the present work is to detail a method that reliably extracts
the index change arising from the adoption of β-phase chain conformation. Refractive index
changes between glassy- and β-phase films are examined, quantified and then verified using
resonator-based device environments. Analytic expressions that emerge from the technique are
used to highlight the key factors responsible. The overall procedure is quite general and may
be used as an accurate way of assessing quite subtle changes in the refractive index of polymer
films.

Our approach is based on a semi-empirical calculation of changes in refractive index
induced by the conformational changes in β-phase PFO films. These semi-analytic procedures
have in the past proved to be very effective for assessing refractive index changes in a number
of situations, for example, from electroabsorption in quantum wells [23] and photobleaching in
glass waveguides [24]. In investigating the index of refraction for most materials the common
starting position usually involves the Kramers–Kronig relations where the refractive index n(ω)

and absorption α(ω) may be related by [22, 25]

n(ω) = 1 + c

π
P

∫ ∞

0

α(ω′)
(ω′)2 − ω2

dω′, (1)

where P is the principal value. To apply (1) requires knowledge of the absorption over
the entire optical spectrum, which in practice is not possible. Instead we make several
approximations that allow for more manageable calculations. In the first instance we argue
that the refractive index of β-phase PFO films (nβ ) can be described in terms of a perturbed
glassy-phase refractive index, i.e. nβ = ng + �n where ng is the known glassy-phase index
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of PFO [26]. Previous studies have estimated that the fraction of the PFO chains that adopt a
β-phase conformation in high quality films is typically <20% [5, 7, 8], and in this respect
our assumption appears to be a reasonable one. Secondly we assume that all significant
changes in absorption are spectrally localized and occur in the vicinity of the main PFO
absorption band. The change in refractive index �n, particularly in the spectral region beyond
the main absorption, will be dominated by the local changes in absorption. For energies
away from the regions of local absorption change �n rapidly declines and typically falls-off
as 1/�E , with �E the change in photon energy. Thus the integration span for a Kramers–
Kronig relation can be restricted to cover only the regions of interest. Explicitly, substituting
n(ω) = ng(ω) + �n(ω) and α(ω) = αg(ω) + �α(ω) into (1) we find

�n(ω) = c

π
P

∫ ωb

ωa

�α(ω′)
(ω′)2 − ω2

dω′, (2)

where the localized nature of the problem is now reflected in the integral limits. Results
detailing the change in refractive index between glassy- and β-phase PFO films are presented
in section 3.1. Following this in section 3.2, analytic expressions are developed to highlight
the various contributions and spectral characteristics of the index change, especially around the
region where optical gain occurs, i.e. λ � 435 nm.

Turning to the question of how to verify and directly probe the refractive index change, a
particularly sensitive approach is to use a shift in the spectral response from a cavity structure,
where the material under study constitutes a large part of the cavity. For a given cavity
length, any change in the spectral position of the resonance can be attributed to a change
in the refractive index, or more specifically the modal effective index. For high accuracy,
clear visibility of the cavity response is desirable, i.e. the cavity response should have a
sufficiently high finesse. To achieve this with a conventional Fabry–Perot resonator would
require a film thickness of at least several wavelengths, e.g. for an incident λ � 450 nm
the cavity thickness should be at least 1 μm. However, our desire is to examine the index
changes for film thicknesses that are within a range more likely to find application in optical
devices (i.e. 100 nm). We turn instead to sub-wavelength patterning to provide the desired
optical resonator response and enable the film thicknesses to be kept below <200 nm. A
pertinent example of such a structure is a distributed feedback (DFB) resonator, as has been
successfully used in many recent investigations of lasing using organic gain media [17, 27–31].
In section 3.3 the spectral shifts from thin films on grating structures, taken from steady
state transmission spectra and lasing measurements, are used to probe the index change.
The resulting shifts are compared and found to be fully consistent with our refractive index
description of β-phase PFO.

2. Experimental section

2.1. Sample preparation

Thin film samples (50–200 nm thickness) of PFO on fused silica (Spectrosil-B) substrates were
obtained by spin-coating (1500–5000 rpm) from toluene solutions (5–20 mg ml−1). Toluene
is a good solvent for PFO and no β-phase contributions could be observed in the absorption
spectra of the as-spin-coated films, which were consistent with a glassy state [1–9]. The β-
phase chain conformation was induced by exposing the films to toluene vapour for a period
of 12 h at 50 ◦C. For the experiments involving grating structures, thin films of PFO were
spin coated onto fused silica substrates that had 1D gratings etched in the centre; the gratings,
which measured 2 mm × 2 mm, were produced by electron-beam lithography and reactive ion
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etching. The film thicknesses used for the resonant grating transmission and laser studies were
around 200 nm.

2.2. Measurement methods

Absorbance (using a Jasco UV–vis spectrophotometer) and photoluminescence (using a
FluoroMax 3 spectrofluorimeter) spectral measurements were routinely taken for each of the
samples and used to verify the optical quality of the films.

Film thicknesses were measured with a surface profilometer and used to calculate
the absorption coefficients from the measured absorbances. Once converted to absorption
coefficient (cm−1) the spectra for the different film thicknesses (50–200 nm) were found to
match within 3% in respect of peak heights, confirming that the Beer–Lambert law holds and
consequently that (i) the film structure does not change with thickness for these samples and
(ii) the absorbance can be used to calibrate film thickness.

Steady-state transmission measurements on the polymer-coated grating structures were
performed using a system based on a spectrally filtered white light source with standard lock-in
detection techniques. Light from a 150 W xenon lamp, dispersed through a monochromator,
is focused onto the sample and the following transmission is collected onto an Si photodiode.
A telescopic imaging system was used to monitor the beam position on the sample surface;
by imaging the beam on the sample in relation to the grating the spot size was estimated to
be around 200 μm. Normal incidence transmission data were recorded with initial spectra
taken for films in the as-spin-coated glassy-phase state. After the samples had been subjected
to the toluene vapour swelling procedure and the β-phase induced, the measurements were
repeated. Two separate measurements were carried out for each sample: one recorded for the
monochromatic beam focused onto the grating and one reference measurement in which the
focused spot was positioned around 1 mm away from the grating on a planar region of the
sample. Normalized transmission spectra were then obtained by dividing the grating spectra by
the reference spectra.

For lasing measurements, a 860 μm diameter pump beam, from a frequency trebled
Q-switched Nd:YAG laser pumped optical parametric oscillator, was used to deliver 10 ns
excitation pulses (10 Hz repetition rate), at 390 nm; the pump beam was incident at an angle
of 20◦ to the plane of the polymer-coated grating. In operation, the emitted lasing light
was collected with a fibre bundle, placed normal to the sample surface, and fed to a grating
spectrograph equipped with a CCD detector. All measurements were performed at room
temperature and in air.

3. Results and discussion

3.1. Extracting the refractive index change from the absorption change

A comparison of the absorption spectra recorded from a thin-film PFO sample, taken first in its
glassy-phase and then in its β-phase is shown in figure 1. The glassy-phase spectrum shows
the typical broad absorption peak centred around 390 nm while the spectrum recorded for the
β-phase film shows the appearance of an additional (characteristic) absorption peak around
435 nm [1–4]. This is perhaps best illustrated in the semi-logarithmic plot in figure 1 (inset),
which also helps confirm that, prior to the swelling process, no significant β-phase component
is observed. The 435 nm absorption is ascribed to the 0–0 vibronic transition of a β-phase
chain segment.

The β-phase and glassy-phase spectra of figure 1 were subtracted to obtain the spectrum
of the change of absorption �α(ω) that is displayed in figure 2 (dotted line). The �α spectrum
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Figure 1. Room temperature absorption spectra of thin films of PFO in the glassy-(dashed line)
and β-phase (solid line) state. The inset shows the region around the absorption edge on a semi-
logarithmic scale.

Figure 2. The change in absorption between thin films of PFO and β-phase PFO. Both the
experimental (dashed line) and fitted (solid line) spectra are shown. The inset shows the fractional
change of absorption around 435 nm (relative to the peak absorption at 390 nm for a number of film
thicknesses (see text for details)).

is characterized by three main features: the longest wavelength peak is associated with the β-
phase 0–0 absorption peak, the remaining features arise from the other vibronic peaks of the
β-phase chain segments and from concomitant changes in the absorption of the non-β-phase
segments, some of which convert into the β-phase. Indeed clear vibronic oscillations in the
negative part of the �α spectrum are visible for the experimental trace shown in figure 2. The
�α spectrum may therefore be viewed as a superposition of a bleaching (negative change) of
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Figure 3. The change in refractive index �n obtained by numerically evaluating (2) for the
experimentally determined �α spectrum (dashed line). The solid line shows �n obtained from
the analytic form given in section 3.2. The shaded region for λ � 430 nm indicates the spectral
region where significant absorption is present.

the main glassy-phase absorption peak due to conversion of non-β-phase to β-phase segments
and the appearance (positive change) of a vibronically structured β-phase absorption. To
apply (2) all of these contributions are required; indeed as we show in the following section
the higher energy terms, the negative and positive features centred around 330 and 410 nm in
figure 2, are a significant contribution to the size of the refractive index change (cf figure 4).

We examined the absorption change spectra from a series of samples, all subjected to the
same swelling procedure but prepared from different solution concentrations and consequently
of different film thickness. All spectra were remarkably similar and showed the same features
identified in figure 2. Once the different thicknesses had been accounted for, we examined the
absorption change in the vicinity of the β-phase peak �α(λβ) and found values within 10% of
each other. These findings are shown in the inset of figure 2 and displayed as a fractional
change �α(λβ)/α(λpk) where α(λpk) is the peak value of the β-phase absorption spectra
around 390 nm in figure 1. (We note that an equivalent measure may be directly extracted
from the UV–vis absorbance measurements on the samples, i.e. �A(λβ)/A(λpk), and obviates
the need for thickness measurements.) The relatively small spread in the fractional change is
a useful observation: it verifies that it is possible, for the conditions and thicknesses we have
looked at, to induce a certain fraction of β-phase chains. In this respect it is then worthwhile
to accurately develop a method to describe the resulting refractive index change. Different
β-phase generation procedures, for example changing solvents [7], will produce different
fractions of β-phase chains but it should nevertheless be possible to describe the expected
changes in index.

Using the absorption change spectra �α in figure 2, numerical integration of (2) was
performed and the change in refractive index �n was obtained. The resulting spectrum is
shown in figure 3; for wavelengths longer than the β-phase peak �n is positive, and decreases
rapidly with increasing wavelength. The index change goes to zero around the spectral midpoint
of the positive �α region and for shorter wavelengths �n is negative. Absolute values of �n
reach in excess of 0.06 and represent around a 3% change compared to the glassy-phase PFO
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Figure 4. The approximate closed form expression for �n (solid line) compared to the numerically
evaluated �n (dashed line) obtained from the experimentally determined �α spectrum via (2). Also
shown is the contribution to �n from the 0–0 β-phase absorption peak (dash–dotted line).

index [26]. However, the large absorption present at the wavelengths of maximum �n means
that for the most part the index changes that are accessible to experiments are more modest:
in section 3.3, we probe the spectral region beyond the β-phase peak, i.e. λ > 435 nm where
index changes �n < 2.5% are present. Before doing this we turn towards identifying more
clearly the key contributions behind the change in refractive index.

3.2. Analytic and closed form expressions for the refractive index change

To examine the nature and contributions to the change in refractive index we begin with a more
general form of the dispersion relation given by (1): that ñ(E) − 1 is analytic in one half
of the complex plane requires the real and imaginary parts to be Hilbert transforms of each
other [22, 25]

n(E) = 1 + 1

π
P

∫ ∞

−∞
κ(E ′)

E ′ − E
dE ′. (3)

Here n(E) and κ(E) are the real and imaginary components of the complex refractive index
ñ(E) and P denotes the principal value in the Cauchy sense. As in the development from (1)
to (2), we consider changes in refractive index �n and find

�n(E) = 1

π
P

∫ ∞

−∞
�κ(E ′)
E ′ − E

dE ′. (4)

To make use of (4) the absorption change spectra of figure 2 is converted to represent a
change in the extinction coefficient, using �κ(ω) = c�α(ω)/(2ω). The resulting spectrum
may then be represented using a linear combination of suitable analytic functions; in the present
case we use 4 Gaussian functions and write the overall change in extinction spectra as

�κ(E) =
4∑
j

L j(E), (5)
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Table 1. The fitting parameters for the 4 Gaussian functions, L j (E) in (6), which are used to
describe the change in the extinction coefficient.

j A j

E j
(eV)

√
2 γ j

(eV)

1 0.0588 2.8833 0.0609
2 0.0727 3.0268 0.1075
3 −0.0368 3.7411 0.7200
4 0.0314 3.9654 1.0485

with

L j (E) = A j exp
(
− (E − E j)

2

2γ 2
j

)
, (6)

where an amplitude Ai and linewidth γ 2 characterize each Gaussian function whose values
for (5) appear in table 1. The good quality of the fit can be seen in figure 2.

The choice of Gaussian functions for (5) allows the evaluation of the integral on the
RHS of (4) to proceed analytically. It is also a reasonable choice given the inhomogeneous
broadening that characterizes the spectra of molecular solids. The Hilbert transform of a
Gaussian function can be expressed in terms of confluent hypergeometric functions of the first
kind 1 F1 [32–34] and is briefly detailed in the appendix. The change in refractive index (4)
may then be written as

�n(E) =
√

2

π

4∑
j

A j

γ j
(E j − E) 1 F1

[
1; 3

2
; − (E − E j)

2

2γ 2
j

]
. (7)

Using the parameters listed in table 1 and numerically evaluating (7), the resulting change
in refractive index can be compared with that obtained earlier using (2). The full spectral results
are shown in figure 3 and they reveal a very good agreement between the two approaches.

Having obtained an analytic form for the index change (7) the salient features responsible
for the spectral dependence may be established; of particular interest is the spectral region
λ > 435 nm examined in the following section. We begin with the special functions used in (7)
and note they may be expanded [35]

1 F1
[
1; 3

2 ; p
] = (1/2)(−p)−1

[
1 + O

(|p|−1
)]

,

where

p = − (E − E j)
2

2γ 2
j

.

By retaining only the first term in the expansion, the change in refractive index originally
described by (7) can be reduced to

�n(E) �
4∑
j

(
A j√
π

) √
2 γ j

(E j − E)
. (8)

In figure 4 we show �n the refractive index change predicted from the closed form
expression in (8) along with that obtained earlier, from numerically evaluating the experimental
absorption change, (2). In the spectral region λ > 435 nm, the agreement is extremely good;
the sharp decline in �n towards longer wavelengths is clearly evident and, referring to (8),
largely follows a � 1/(�E) dependence. Also shown in figure 4 is the contribution to �n
from the β-phase 0–0 vibronic peak, i.e. considering only j = 1 in (8). In examining the
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Figure 5. Comparison of the refractive indices for thin films of β-phase PFO (solid line) and glassy
PFO (dashed line). The former is obtained from nβ = ng+�n where ng is the glassy PFO refractive
index determined from ellipsometry measurements [26].

spectral dependence in figure 4 the contribution from the β-phase 0–0 vibronic peak appears
chiefly responsible for the spectral fall-off in �n. This alone, however, does not account
for the total refractive index change and significant contributions also arise from the other
absorption changes. The latter contributions account for over 50% of the total refractive index
change and, since the associated transitions occur at higher energies, their contribution to �n
over the spectral region in figure 4 is more or less constant. As noted earlier, these higher
energy contributions—the negative and positive peaks in figure 2—are the net effect of the
emergence of β-phase chains and the attendant reduction of the main glassy-phase absorption
due to conversion of non-β-phase to β-phase segments.

3.3. Measuring the refractive index change

We now turn our attention to direct measurements of the refractive index change induced by
the formation of β-phase chain segments and look to verify our predictions for that change.
In figure 5 we display the reconstructed refractive index of PFO with β-phase chains present,
nβ = ng + �n, along with the initial glassy-phase PFO index, ng. On this scale the change in
refractive index is just visible; there is a slight increase in refractive index for the β-phase PFO
sample for wavelengths � 435 nm. Although the change in index amounts to � 2%, in this
spectral region, it is one for which PFO has a low absorption loss and efficient optical gain [17],
making it of interest for photonic applications. With the aid of grating structures, to provide
a cavity resonance, we can readily probe these small changes in �n. We also note that larger
changes in absorption can be induced under certain circumstances [2, 3].

The normalized transmission spectra for two samples, with grating periods 
 = 260 and
290 nm are displayed in figure 6. For each set of spectra, clearly resolved Bragg resonances are
visible and appear at 430 nm and 460 nm in figure 6(a) and (b) respectively. Other features seen
at 415 nm (figure 6(a)) and 420 nm (figure 6(b)) are artifacts of the normalization procedure
and are discussed later. The key result we wish to highlight is the spectral shift of the Bragg
features, as a result of inducing β-phase chain segments, an effect that is governed by the
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Figure 6. Measured normalized transmission spectra from glassy PFO (dotted line) and β-phase
PFO (solid line) thin films sitting atop second order one-dimensional (1D) gratings with period (a)

 = 260 nm and (b) 
 = 290 nm, etched into a quartz substrate.

underlying change in refractive index. The results indicate spectral shifts of around 6 nm
and 3 nm for the two samples in figures 6(a) and (b) respectively. As the grating period is
increased, the Bragg dip occurs at longer wavelengths and a reduction in the observed shift is
observed, which is entirely consistent with the fall-off in �n shown in figure 4 and described
by (8).

These observations can be fully supported by calculating the transmission properties of
the structures, which also serves to verify our description of the complex refractive index
of β-phase PFO. We use a method based on rigorous coupled wave analysis (RCWA) [36];
our specific implementation has been described in the past [37, 38]. For the calculations, we
used the parameters of the structures for which results are shown in figure 6 and the refractive
indices for the glassy- and β-phase PFO material are those shown in figure 5, namely ng(E)

and nβ(E) = ng(E) + �n(E) with �n(E) obtained from (7).
Figure 7 displays the calculated normalized transmission spectra for the two structures.

In comparison with the experimental spectra in figure 6 we find excellent agreement in both
the spectral positions of the Bragg resonances and also the spectral shifts. The only fitting
parameter used is to allow for a corrugation (�30 nm) on the upper surface of the film, shown
in the schematic inset figure 7(b). Such corrugations are routinely observed in organic DFB
laser studies where the polymer film is spin coated onto a substrate with a grating etched in
its surface (see e.g. [39]). Our numerical studies show that surface corrugation has little effect
on the spectral position of the longer wavelength Bragg resonance but greatly influences the
dip observed at shorter wavelengths (around 415 nm in figure 6(a)). In this spectral region
there is a rapid increase in the transmission signal as the main PFO absorption reduces. The
appearance of the dip is a result of the normalization of the spectra: we can confirm that no
such feature is observed in the raw transmission spectra. While performing our numerical
investigations we found that the depth of this dip was reasonably sensitive to the assumed
amplitude of the upper surface corrugation, for example only amplitudes between 20 and 40 nm
were found to give reasonable agreement with the experimental spectra. This interesting,
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Figure 7. Calculated normalized transmission spectra for structures corresponding to those used
to obtain the results shown in figure 6. The inset schematic illustrates the situation where a small
thickness corrugation is present at the upper surface of the film.

albeit rather preliminary, observation may suggest a method to optically probe the degree of
surface modulation in polymer films on grating structures, although further study should be
undertaken1.

Another approach with which to probe the index change involves taking full advantage
of the gain properties of glassy- and β-phase PFO films [17] by monitoring shifts in lasing
frequency for second-order DFB structures. Figure 8 shows laser emission from two structures
with film thicknesses � 200 nm and grating periods 
 = 260 and 290 nm. Taking each
structure in turn and noting the lasing frequencies for the glassy- and β-phase films, a clear
decrease in the red shift of the lasing frequencies (from glassy- to β-phase samples) is observed
as the lasing operation is positioned at longer wavelengths (larger period gratings). This is
entirely consistent with the trends noted earlier, cf figures 4 and 6, and (8), that �n decreases
with increasing wavelength. We note, however, that in principle the lasing wavelength is also
dependent on the distribution of gain, which red shifts as β-phase chain conformations are
induced [1, 5, 17]. The resulting shift in lasing wavelength is therefore sensitive to both
refractive index changes and optical gain distribution. Nevertheless our preliminary studies
here point towards the change in refractive index as the dominant cause of the red shift of the
laser wavelength shown in figure 8.

In both of the experimental investigations above we have strictly probed effective index
changes, �neff, due to the wave-guiding nature of the structures studied: the distributed
feedback that gives rise to the Bragg resonances occurs in the plane of the films. Such an
effective- or modal-index change will have a value less than the true change in material index
in figure 4 since the optical mode is distributed over the entire structure, including the lower
index substrate and air cladding regions.

1 We have used a simple square grating for the upper surface corrugation for the present calculations. In practice the
surface grating profile is more likely to have a sinusoidal profile, as indeed suggested by our own AFM studies on a
number of laser structures. A more detailed study is planned.
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Figure 8. Lasing emission from glassy-phase (dotted) and β-phase (solid) PFO films spin coated
onto second order 1D gratings (a) 
 = 260 nm, (b) 
 = 290 nm.

4. Conclusion

We have presented a detailed study of the refractive index properties of PFO films that
possess a fraction of chains with extended, planar β-phase conformation. For our work the
β-phase conformation was induced using a post-deposition exposure to toluene vapour. By
monitoring the change in absorption spectra, the fraction of β-phase chains induced for a
range of film thicknesses and concentrations was found to be approximately the same. A
Kramers–Kronig analysis was used to extract the change in the index of refraction for β-phase
films in comparison with spin-coated glassy films. Analytic and closed form expressions were
developed and used to shed greater light on the relative contributions to the index change. The
β-phase 0–0 vibronic peak, around 435 nm, was found to be chiefly responsible for the spectral
dependence and accounted for just under 50% of the total index change �n in the visible
wavelength range. Over the spectral region where optical gain occurs, the increase in refractive
index was found to be between 1–2% for the samples studied here. Several additional optical
experiments were performed to check the changes in �n: transmission spectra were recorded
for second order DFB structures and the observed spectral shifts in the Bragg resonances were
described in terms of an underlying increase in the refractive index for films containing β-
phase chains. The size of the red shift was found to rapidly decrease as the resonance was
spectrally positioned further away from the β-phase 0–0 vibronic absorption peak, which is
fully consistent with our expectations. Furthermore, simulations of the spectral response and
resonance shifts, using the extracted optical properties of β-phase PFO, were found to give
excellent agreement with measurements. Similar observations were found when the structures
were examined under lasing operation. It is hoped that the study will have highlighted the utility
and consistency of a semi-empirical Kramers–Kronig approach which might now be applied to
probe the optical response due to conformation changes in a number of polymeric systems.
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Appendix

The Hilbert transform of a function is often defined by [22, 25, 32]

(H f )(x) = 1

π
P

∫ ∞

−∞
f (x ′)

x ′ − x
dx ′, (A.1)

where P denotes the Cauchy principal value. Our interest lies with the case where f (x) is
square integrable and defined on the real line, f (x) ∈ L2(−∞,∞), and following (A.1) the
resulting function shares the same properties. It is worth noting that some authors [32] define
the forward transform in an opposite sign convention to that shown in (A.1) and consequently
the resulting transforms will differ from ours by a factor of (−1). We consider a Gaussian
function f (x) = exp(−a2(x − b)2) where a and b are constants. The Hilbert transform of the
Gaussian can be developed as follows,

H
[

f (x)
] = ie−a2(x−b)2

erf (ia(x − b))

= − 2
a(x − b)√

π
e−a2(x−b)2

1 F1

[
1

2
; 3

2
; a2(x − b)2

]

= 2
a(b − x)√

π
1 F1

[
1; 3

2
; −a2(x − b)2

]
. (A.2)

To arrive at the final line of (A.2) we have made use of the following identities [35],

erf(iz) = i
2√
π

z 1 F1

[
1

2
; 3

2
; z2

]

1 F1

[
1

2
; 3

2
; z2

]
= ez2

1 F1

[
1; 3

2
; −z2

]
.

(A.3)

The numerical studies in section 3.2 made use of the following integral representation,

1 F1

[
1; 3

2
; −z2

]
= 1

2

∫ 1

0
e−z2t (1 − t)−

1
2 dt . (A.4)

Finally we note the Hilbert transform of a Gaussian can be expressed using other special
functions [40], such as the Dawson function D(z). The connection between this approach
and (A.2) is straightforward given the close relationship between D(z) and the error function,
D(z) = −i(

√
π/2)e−z2

erf(iz). Indeed formulating the problem in terms of D(z) and using
the property that for large z, D(z) ≈ (2z)−1 we arrive at the same dependence for the index
change (8) presented at the end of section 3.2.
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