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Tuneability of amplified spontaneous emission through control of the waveguide-mode structure
in conjugated polymer films
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We show that the position of the amplified spontaneous emission~ASE! in poly@2-methoxy-5-
~28-ethylhexyloxy!-1,4-phenylene vinylene# ~MEH-PPV! can be controlled by the effect of the film thickness
on waveguide modes. We demonstrate that the ASE can be tuned over 31 nm corresponding to a gain
bandwidth of 25 THz. By modeling the waveguide modes we find that the ASE position for films thinner than
76 nm is determined by the cutoff wavelength for the waveguide and is shifted to shorter wavelengths with
decreasing film thickness. We also demonstrate a simple method for measuring the cutoff wavelength and
show that this correlates well with calculated values.
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I. INTRODUCTION

The use of organic chromophores as the emissive ma
als in solid and thin film lasers was demonstrated in the
1960’s.1,2 More recently, an observation of lasing using co
jugated polymer microcavities3 and thin films doped with
titania nanoparticles4 has opened up the possibility of usin
these materials in devices such as lasers and optical am
ers. Conjugated polymers have a number of attractive
tures for these applications. They are readily process
from solution to give uniform thin films and their broa
spectra make them suitable for tuneable lasers. Mate
with energy gaps across the visible region of the spect
are available and in contrast to other organic chromopho
they suffer little concentration quenching.

Gain in thin films of conjugated polymers has frequen
been studied by the process of spectral line narrowing: w
a film is excited by short light pulses above a threshold
tensity, a dramatic narrowing of the emission spectrum
observed. This process has been assigned to amplified s
taneous emission~ASE!5–9 and is seen in films thick enoug
to support waveguide modes. It has been used to study
in a wide range of polymers, but the factors controlling
remain a matter of debate. There have recently been a n
ber of works investigating the way in which film
morphology10–12and temperature13,14 control the gain. Other
work has presented a model for the line shape of
ASE.15,16 However, the factors which determine the spect
position of the emission are not well understood. In this wo
we show, by controlling the film thickness, how wavegu
ing can determine the position and polarization of the A
spectra. We demonstrate a tuneability of the ASE of 31 n
The observation of gain over a range of wavelengths is c
sistent with reports of stimulated emission in transient
sorption measurements on poly~phenylene vinylene!
derivatives.17–20 In addition we present here a simple tec
nique for measuring the cutoff wavelength for thin films.

II. EXPERIMENTAL PROCEDURE AND MODELING

Thin films of MEH-PPV were formed by spin coating
solution of 5 mg of polymer dissolved in 1 ml of chlorobe
PRB 620163-1829/2000/62~18!/11929~4!/$15.00
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zene onto glass slides. We find that this spinning solv
gives excellent film uniformity and thresholds for line na
rowing as low as for films spin coated from tetrahydrofur
solution. Different thicknesses were achieved by varying
spin speed between 1500 and 6000 rpm. The thickness o
films was measured using a surface profilometer. For
line-narrowing experiments the films were transferred imm
diately after spinning to a vacuum chamber. The excitat
source was the second harmonic~532 nm! of a Q-switched
Nd:yttrium aluminum garnet~YAG! laser with a 10 Hz rep-
etition rate. The energy incident on the sample was appr
mately 10mJ per pulse. The beam was focused using a
lindrical lens into a strip with dimensions 200mm35 mm.
The emission was detected in the plane of the film usin
fiber-coupled charge coupled device spectrograph. The in
sity of the incident light was controlled using calibrated ne
tral density filters.

In order to model the modes in our asymmetric wav
guide, the standard Helmholz equations were solved.21 For a
given thickness of the polymer layer in an asymmetric wa
guide the zero-order TE and TM modes~guided modes! have
a distinct cutoff wavelength, above which no guided mo
exists. The dependence of the cutoff wavelength on
thickness of the polymer layer has been calculated. For th
calculations accurate measurements of the refractive in
are required. The refractive index of air is taken as 1.0 a
the refractive index of the glass substrates at 650 nm is 1
There is strong dispersion of the refractive index of the c
jugated polymer in the region of the emission spectrum. T
refractive index for the in-plane~TE! mode in MEH-PPV has
been measured by Safonovet al.22 for identical films and
over the wavelength range required for this work. We ha
fitted the data using a Sellmeier equation, in order to acco
for the material dispersion in our calculations. Conjuga
polymers are strongly birefringent materials, so to model
TM mode, both the in-plane and out-of-plane refractive
dices are required. We therefore used the data of Boudr
et al.23 for the out-of-plane refractive index.

In order to measure the cutoff wavelength a simple te
nique was used. The film was painted black on the back
R11 929 ©2000 The American Physical Society
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the substrate to suppress reflections from the substrat
interface. The film was held in a vacuum and excited wit
spot close to the edge of film with the 488 nm line of
argon ion laser. At detection angles greater than 20° to
plane of the film, the usual MEH-PPV spectrum was m
sured. However, when the detector was held close to
plane of the film a narrow feature was seen with a width
approximately 30 nm.

In the simple ray model of optical waveguiding there a
two conditions that need to be fulfilled in order for a guid
mode to propagate in the film. The first is that in order
light to be totally internally reflected the angle of propag
tion must exceed the critical angle,uc for the interface. The
second is that light of a certain wavelength can only pro
gate as a guided mode at one angle. This angle decre
with wavelength. The equation for waveguide modes
given as

2ndk0 cos~u!1f11f252Np,

where n5refractive index of polymer,d5polymer film
thickness.u is the angle of propagation,f1 and f2 are the
phase changes on reflection from the polymer/air interf
and polymer/glass interface, respectively.N is an integer and
k0 is the free space wave vector.

At the cutoff wavelength for the waveguide the angle
propagation will be equal to the critical angle for th
polymer/glass interface and therefore no total internal refl
tion will occur. Instead some of the light will be lost from th
guided mode and will propagate in the substrate paralle
the plane of the film~Fig. 1!. Successive partial reflection
from the polymer-glass boundary will also contribute
sources to this substrate wave. For most wavelengths em
at the critical angle, these sources interfere destructively
the accumulated substrate wave will be weak. However,
the cutoff wavelength of the guide, the sources are corre
phased to interfere constructively and so an enhanceme
seen around this wavelength. For emission angles less
the critical angle the leaky modes will spread out into t
substrate, and similar interference effects are seen for lo
wavelengths. However, the cutoff wavelength for the wa
guide is that at which constructive interference causes a p
to be observed parallel to the plane of the film.

FIG. 1. Cross section of the waveguide structure studied. L
at the cutoff wavelength propagates in the substrate parallel to
polymer film.
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III. RESULTS AND DISCUSSION

The ASE of six thin films with thicknesses in the range
to 154 nm were studied. Figure 2 shows spectra meas
for an excitation energy density a little above the thresh
for ASE. The position of the peak of the ASE spectrum is
623 nm for the thickest film~154 nm!. For thinner films, the
peak of the ASE spectrum is blue shifted from that of t
thickest film and the ASE peak of the thinnest film~46 nm!
is at 592 nm. Thus a total shift of 31 nm is achieved. For
three thickest films, the peak of the ASE wavelengths
very similar appearing between 623 and 618 nm. Howev
as the film thickness is further reduced, a large blue shif
the ASE spectra is seen. We have therefore demonstr
that by changing the thickness of the film a broadband tu
ability of 31 nm ~25 THz! of the ASE spectrum has bee
achieved. Previous work on tuning stimulated emission
conjugated polymer films has included a laser cavity tun
by a grating24 and wavelength scale microstructure in DF
lasers.25 Here we achieve tuning without an external cav
or microstructure simply by changing the film thickness.

In order to understand these results we have modeled
waveguide modes in the film. The graph in Fig. 3 shows
cutoff thickness as a function of wavelength calculated
described above. This graph shows both the zero-order

t
he

FIG. 2. ASE spectra of MEH-PPV films. Each curve is mark
with the film thickness.

FIG. 3. Lines: Calculated cutoff wavelength for waveguiding
a function of film thickness for zero-order TE and TM mode
Circles: ASE peak positions.
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and TM modes~solid lines! and the positions of the peaks o
the ASE taken from Fig. 2~circles!. We find that for the five
thinnest films, the zero-order TE mode is the only mo
guided in the film whereas for the thickest film~156 nm!
light below 590 nm can also be guided in the zero-order T
mode. The figure also shows clearly that for thick film
~154–76 nm! the position of the ASE is nearly constant
;620 nm and is independent of film thickness whereas
the three thinner films the points correspond to the posi
of the cutoff wavelength. This can be understood in terms
the waveguide modes allowed in the film. For films thick
than 76 nm, the position of the ASE peak is determined
the position of the maximum net gain which depends
factors such as the material gain and the ground- and exc
state absorption. This results in the ASE peak at; 620 nm
for all films thicker than 76 nm. However, for films thinne
than 76 nm waveguiding at the preferred wavelength of 6
nm is not possible and so the ASE position is forced
shorter wavelengths. Hence the ASE position for films th
ner than 76 nm is determined by the cutoff wavelength
waveguiding. It has previously been shown by Hideet al.7

that the cutoff thickness is an important parameter in und
standing the ASE process. In their work they measured
calculated the cutoff thickness at one chosen wavelength
a variety of PPV derivatives. In our work we show that t
waveguide-mode structure actually provides a way of tun
spectral line narrowing and that the dispersion of the refr
tive index must be considered to explain the results.

We have also measured the polarization ratio, that is
ratio of the in-plane~TE! to out-of-plane~TM! emission, for
a thin film ~,58 nm! and a thick film~.140 nm!. We find
that for the thin film this ratio is 9862 % and for the thick
film the ratio is 7562 %. This can be understood from Fi
3 which shows that only a TE mode is supported by the t
film. The lower polarization ratio measured for the thick fil
is probably due to both TE and TM modes being allowed
guide at the emission wavelengths. While the theoret
trace in Fig. 3 implies that TM modes should not be guid
we note that there is a significant uncertainty of60.05 in the
out-of-plane index data.13 This results in an upper limit o
;620 nm for the cutoff wavelength for the TM mode in
150 nm thick film. The thresholds for waveguiding were a
measured for each of the films as it might be expected tha
the confinement of the mode in the film is better further aw
from cutoff, a lower threshold for thicker films would b
measured. However, within the resolution available no s
nificant change in the threshold was observed.

The cutoff wavelength for waveguiding in these films w
measured as described earlier. Figure 4 shows the calcu
TE mode as a function of film thickness and the measu
position of the cutoff wavelength for the five thinnest film
Good agreement between calculated and measured valu
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obtained demonstrating the effectiveness of the simple m
surements of the cutoff wavelength. It was not possible
measure the cutoff for the thickest film since it occurred a
wavelength beyond the photoluminescence emission. A s
lar approach has been applied to films of a polyfluorene
Kawaseet al.26

IV. CONCLUSIONS

We have shown that by simply controlling the polym
film thickness close to the cutoff wavelength, the ASE
films of MEH-PPV can be tuned by over 30 nm. The cuto
wavelength as a function of film thickness has been mode
using wavelength-dependent refractive index measurem
and good agreement with the measured values is obtai
We have shown that for films thinner than 76 nm the cut
wavelength for waveguiding determines the position of
ASE which is TE polarized. We have also demonstrate
simple method for measuring the cutoff wavelength in th
conjugated polymer films and show that these results ag
well with values calculated using wavelength-dependent
fractive index data.
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FIG. 4. Line: Calculated cutoff wavelength for waveguiding as
function of film thickness for zero-order TE mode. Circles: Me
sured cutoff wavelength for films of different thickness.
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