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We show that the position of the amplified spontaneous emis$®BE) in poly[2-methoxy-5-
(2'-ethylhexyloxy-1,4-phenylene vinyledg 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.

[. INTRODUCTION zene onto glass slides. We find that this spinning solvent
gives excellent film uniformity and thresholds for line nar-
The use of organic chromophores as the emissive materrowing as low as for films spin coated from tetrahydrofuran
als in solid and thin film lasers was demonstrated in the latgolution. Different thicknesses were achieved by varying the
1960’s™* More recently, an observation of lasing using con-spin speed between 1500 and 6000 rpm. The thickness of the
jugated polymer microcavitiésand thin films doped with films was measured using a surface profilometer. For the
titania nanoparticléshas opened up the possibility of using |ine-narrowing experiments the films were transferred imme-
these materials in devices such as lasers and optical amplifiiately after spinning to a vacuum chamber. The excitation
ers. Conjugated polymers have a number of attractive feasoyrce was the second harmof82 nm of a Q-switched
tures for these applicatic_)ns. Thgy are readily p_rocessiblqeqd:yttrium aluminum garnetYAG) laser with a 10 Hz rep-
from solution to give uniform thin films and their broad aiion rate. The energy incident on the sample was approxi-

spectra make them suitable f(_)r_ tuneab_le lasers. Materialﬁ1ate|y 10uJ per pulse. The beam was focused using a cy-
with energy gaps across the visible region of the SPeClUN|qrical lens into a strip with dimensions 2@nx5 mm.

are available and in contrast to other organic chromophoreFhe emission was detected in the plane of the film using a

they suffer little concentration quenching. . . .
Gain in thin films of conjugated polymers has frequentlyﬂber-coupled charge coupled device spectrograph. The inten-

been studied by the process of spectral line narrowing: Wheﬁity of th? inc_:ident light was controlled using calibrated neu-
a film is excited by short light pulses above a threshold in-ral density filters. , ,
tensity, a dramatic narrowing of the emission spectrum is [N order to model the modes in our asymmetric wave-
observed. This process has been assigned to amplified spddtide, the standard Helmholz equations were sofvdebr a
taneous emissiofASE)®° and is seen in films thick enough given thickness of the polymer layer in an asymmetric wave-
to support waveguide modes. It has been used to study ga@tide the zero-order TE and TM modggiided modeshave
in a wide range of polymers, but the factors controlling ita distinct cutoff wavelength, above which no guided mode
remain a matter of debate. There have recently been a nurexists. The dependence of the cutoff wavelength on the
ber of works investigating the way in which film thickness of the polymer layer has been calculated. For these
morphology®~*?and temperatufé* control the gain. Other calculations accurate measurements of the refractive index
work has presented a model for the line shape of there required. The refractive index of air is taken as 1.0 and
ASE ' However, the factors which determine the spectralthe refractive index of the glass substrates at 650 nm is 1.51.
position of the emission are not well understood. In this workThere is strong dispersion of the refractive index of the con-
we show, by controlling the film thickness, how waveguid-jugated polymer in the region of the emission spectrum. The
ing can determine the position and polarization of the ASEefractive index for the in-plan€'E) mode in MEH-PPV has
spectra. We demonstrate a tuneability of the ASE of 31 NnMpeen measured by Safonet al? for identical films and
The observation of gain over a range of wavelengths is congyer the wavelength range required for this work. We have
sistent with reports of stimulated emission in transient abeq the data using a Sellmeier equation, in order to account
Sorptlo_n Sln;_ez%slurer&wde_r)ts on p(pyerr]]ylene _vm;glen)e _for the material dispersion in our calculations. Conjugated
n%rij\/eaf‘lt\)/frﬁeasu?inag trllttlaocr:]u\tl\clﬁf Ii./\;:\‘c/‘glnetng?rﬁo? tsr:mpﬁfmfc " polymers are strongly birefringent materials, so to model the
" TM mode, both the in-plane and out-of-plane refractive in-
Il EXPERIMENTAL PROCEDURE AND MODELING diceszsare required. We therefore _use_d the data of Boudrioua
et al~ for the out-of-plane refractive index.

Thin films of MEH-PPV were formed by spin coating a  In order to measure the cutoff wavelength a simple tech-

solution of 5 mg of polymer dissolved in 1 ml of chloroben- nique was used. The film was painted black on the back of
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) ) ) ) FIG. 2. ASE spectra of MEH-PPV films. Each curve is marked
FIG. 1. Cross section of the waveguide structure studied. Light, .., the film thickness.

at the cutoff wavelength propagates in the substrate parallel to the
polymer film. Il. RESULTS AND DISCUSSION

the substrate to suppress reflections from the substrate/air 1he ASE of six thin films with thicknesses in the range 46
interface. The film was held in a vacuum and excited with al© 154 nm were studied. Figure 2 shows spectra measured
spot close to the edge of film with the 488 nm line of anfor an excitation energy density a little above the threshold
argon ion laser. At detection angles greater than 20° to th#r ASE. The position of the peak of the ASE spectrum is at
plane of the film, the usual MEH-PPV spectrum was mea623 nm for the thickest filnd154 nm. For thinner films, the
sured. However, when the detector was held close to thBeak of the ASE spectrum is blue shifted from that of the
plane of the film a narrow feature was seen with a width ofthickest film and the ASE peak of the thinnest fil(#6 nm
approximately 30 nm. is at 592 nm. Thus a total shift of 31 nm is achieved. For the
In the simple ray model of optical waveguiding there arethree thickest films, the peak of the ASE wavelengths are
two conditions that need to be fulfilled in order for a guided vVery similar appearing between 623 and 618 nm. However,
mode to propagate in the film. The first is that in order for@s the film thickness is further reduced, a large blue shift of
light to be totally internally reflected the angle of propaga-the ASE spectra is seen. We have therefore demonstrated
tion must exceed the critical anglé, for the interface. The that by changing the thickness of the film a broadband tune-
second is that light of a certain wavelength can only propa@bility of 31 nm (25 TH2) of the ASE spectrum has been
gate as a guided mode at one angle. This angle decreas@ehieved. Previous work on tuning stimulated emission in

with wavelength. The equation for waveguide modes isconjugated polymer films has included a laser cavity tuned
given as by a grating* and wavelength scale microstructure in DFB

lasers® Here we achieve tuning without an external cavity
or microstructure simply by changing the film thickness.

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

2ndkycog 0) + ¢+ Ppo=2Nmr,

where n=refractive index of polymer,d=polymer film
thickness.d is the angle of propagation), and ¢, are the
phase changes on reflection from the polymer/air interfac
and polymer/glass interface, respectivélyis an integer and
ko is the free space wave vector.

At the cutoff wavelength for the waveguide the angle for

680

propagation will be equal to the critical angle for the E 860 TE mode
polymer/glass interface and therefore no total internal reflec- =

tion will occur. Instead some of the light will be lost from the 2 640 -

guided mode and will propagate in the substrate parallel to%

the plane of the filmFig. 1). Successive partial reflections Z o o

@
|
O

from the polymer-glass boundary will also contribute as =
sources to this substrate wave. For most wavelengths emittes
at the critical angle, these sources interfere destructively ancs 800 - T™ mode
the accumulated substrate wave will be weak. However, for©
the cutoff wavelength of the guide, the sources are correctly 580 -
phased to interfere constructively and so an enhancement i A ——
seen around this wavelength. For emission angles less thai 40 50 60 70 80 90 100 110 120 130 140 150 160 170
the critical angle the leaky modes will spread out into the
substrate, and similar interference effects are seen for longer
wavelengths. However, the cutoff wavelength for the wave- FIG. 3. Lines: Calculated cutoff wavelength for waveguiding as
guide is that at which constructive interference causes a peak function of film thickness for zero-order TE and TM modes.
to be observed parallel to the plane of the film. Circles: ASE peak positions.

Thickness (nm)
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and TM modegsolid lineg and the positions of the peaks of 750
the ASE taken from Fig. Zcircles. We find that for the five
thinnest films, the zero-order TE mode is the only mode
guided in the film whereas for the thickest fil(i56 nm

light below 590 nm can also be guided in the zero-order TM
mode. The figure also shows clearly that for thick films
(154-76 nm the position of the ASE is nearly constant at
~620 nm and is independent of film thickness whereas for
the three thinner films the points correspond to the position
of the cutoff wavelength. This can be understood in terms of
the waveguide modes allowed in the film. For films thicker
than 76 nm, the position of the ASE peak is determined by
the position of the maximum net gain which depends on
factors such as the material gain and the ground- and excited-
state absorption. This results in the ASE peak-a620 nm

for all films thicker than 76 nm. However, for films thinner T T T T
than_ 76 nm wavgguiding at the preferred vygvelgngth of 620 20 40 60 80 100 120

nm is not possible and so the ASE position is forced to

shorter wavelengths. Hence the ASE position for films thin- Thickness (nm)

ner than 76 nm is determined by the cutoff wavelength for

waveguiding. It has previously been shown by Hizteal” FIG. 4. Line: Calculated cutoff wavelength for waveguiding as a
that the cutoff thickness is an important parameter in underfunction of film thickness for zero-order TE mode. Circles: Mea-
standing the ASE process. In their work they measured angured cutoff wavelength for films of different thickness.

calculated the cutoff thickness at one chosen wavelength for

a variety of PPV derivatives. In our work we show that theobtained demonstrating the effectiveness of the simple mea-
waveguide-mode structure actually provides a way of tuningurements of the cutoff wavelength. It was not possible to
spectral line narrowing and that the dispersion of the refracmeasure the cutoff for the thickest film since it occurred at a
tive index must be considered to explain the results. wavelength beyond the photoluminescence emission. A simi-

We have also measured the polarization ratio, that is théar approach has been applied to films of a polyfluorene by
ratio of the in-pland€TE) to out-of-plane(TM) emission, for ~Kawaseet al?

a thin film (<58 nm and a thick film(>140 nm. We find

t_hat for thg thin film this rat?o is 982 % and for the thicl§ IV. CONCLUSIONS

film the ratio is 75-2 %. This can be understood from Fig.

3 which shows that only a TE mode is supported by the thin We have shown that by simply controlling the polymer
film. The lower polarization ratio measured for the thick film film thickness close to the cutoff wavelength, the ASE in
is probably due to both TE and TM modes being allowed tdfilms of MEH-PPV can be tuned by over 30 nm. The cutoff
guide at the emission wavelengths. While the theoreticavavelength as a function of film thickness has been modeled
trace in Fig. 3 implies that TM modes should not be guidedusing wavelength-dependent refractive index measurements
we note that there is a significant uncertainty*dd.05 in the  and good agreement with the measured values is obtained.
out-of-plane index dat¥ This results in an upper limit of We have shown that for films thinner than 76 nm the cutoff
~620 nm for the cutoff wavelength for the TM mode in a wavelength for waveguiding determines the position of the
150 nm thick film. The thresholds for waveguiding were alsoASE which is TE polarized. We have also demonstrated a
measured for each of the films as it might be expected that &imple method for measuring the cutoff wavelength in thin
the confinement of the mode in the film is better further awayconjugated polymer films and show that these results agree
from cutoff, a lower threshold for thicker films would be well with values calculated using wavelength-dependent re-
measured. However, within the resolution available no sigfractive index data.

nificant change in the threshold was observed.

The cutoff wavelength for waveguiding in these films was
measured as described earlier. Figure 4 shows the calculated
TE mode as a function of film thickness and the measured We are grateful to Covion for the supply of MEH-PPV
position of the cutoff wavelength for the five thinnest films. and to the Royal Society, EPSRC and Corning Cables for
Good agreement between calculated and measured valuesfiisancial support.
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