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Amplified spontaneous emission and optical gain spectra from stilbenoid
and phenylene vinylene derivative model compounds
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We report single-pass optical gain measurement in poly~styrene! waveguides doped with stilbenoid
and phenylene vinylene derivative model compounds under picosecond excitation. Using a
wavelength dependent model of amplified spontaneous emission, we produce optical gain spectra
for these materials. Net optical gains ofg515– 20 cm21 are deduced. The spectra also exhibit
features consistent with excited state absorption and fluorescence depletion via stimulated emission.
A figure of merit describing the potential of a material for use as a laser medium is presented and
comparisons with other recent publications are made. This comparison indicates that organic
materials can compete with inorganic semiconductors for optically pumped applications. ©1999
American Institute of Physics.@S0021-8979~99!05320-7#
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I. INTRODUCTION

Organic conjugated polymers have become an incre
ingly important material technology in the last 2 decad
initially due to the possible applications of polymers for no
linear optics.1 Following the observation of efficient opti
cally pumped light emission and the semiconducting nat
of some of these materials, light emission from an elec
cally pumped polymer layer was demonstrated.2,3 The possi-
bility of an electrically pumped polymeric diode laser is no
being actively investigated. Much work is in progress to u
derstand the processes of emission and amplification of l
in conjugated polymers and to define structure–property
lationships as an aid to molecular engineering. Low mole
lar weight model compounds are finding use in this rega
allowing us to study the effect of chemical functional grou
on optical processes in a controlled and convenient fash
Thorough optical characterization of these materials is es
tial to determine their potential for use in active optical d
vices, whether optically or electrically pumped.

Here we report optical gain studies involving two mod
compounds; 1,4-bis-~48-diphenylamino-styryl!-benzene and
1,4-bis-~b-cyanostyryl!-2,5-dimethoxybenzene. For reaso
of clarity, the compounds are referred to as SP35 and G
respectively, which is also in keeping with recent public
tions involving the same material. Table I lists the optic
properties and of these two compounds in poly~styrene! host.
Figure 1 shows the chemical structure of the compoun
Synthesis of the compounds is described by Ho¨rhold et al.4

Lasing characteristics of SP35 in toluene solutions are
ported by Henariet al.,5 and rival those of conventional lase
dyes in slope efficiency over the same wavelength ran

a!Electronic mail: kkretsch@alf2.tcd.ie
6150021-8979/99/86(11)/6155/5/$15.00
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Stimulated emission cross sections and excited triplet
sorption cross sections for G33 are reported by Henariet al.6

These compounds exhibit only small changes in opti
properties as dopants in solid poly~stryene! when compared
to solutions in toluene orortho-xylene. This includes smal
shifts in absorption and fluorescence maxima and li
change in fluorescence quantum yield. The high fluoresce
quantum yieldsf f bode well for use of these compounds
‘‘active’’ optical media.

The measurement of optical gain presented here in s
lar to the method used by Shaklee and Leheny7 in semicon-
ductor crystals and by Soreket al.8 in organic doped glass
waveguides. This technique involves the measuremen
spontaneous~fluorescent! emission, amplified via stimulated
emission as it passes through the excited volume of a sam
Amplified spontaneous emission is a purely random proc
relying on chance interactions of fluorescent photons w
excited states along the optical path. It does not requir
population inversion to be observed, only a sufficient num
of excited states along the optical path length. Provided
tical losses~e.g., scattering and absorption! are sufficiently
low, and the optical path is sufficiently long, amplificatio
and fluorescence narrowing may be observed for arbitra
small pump intensities. We present a model of amplifi
spontaneous emission~ASE! that explicitly includes wave-
length dependent optical gain. We use this model to prod
optical gain spectra for the above model compounds.

II. THEORY

What is now commonly referred to as ASE theory us
ally starts with a one-dimensional approximation7,8 describ-
ing the rate of change of fluorescence intensity with length
the pumped region;
5 © 1999 American Institute of Physics
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dI

dx
5AP01gI, ~1!

whereI is the fluorescence intensity propagating along thx
axis,g5g82a is the net optical gain,a accounts for all loss
mechanisms, andAP0 describes spontaneous emission p
portional to pump intensity. The solution of this equati
with respect to pump length is

I 5
AP0

g
$exp~gl !21%, ~2!

where l is the length of the pumped strip. To explicitly in
clude wavelength dependence of the fluorescence ampli
tion, we first start by expressing fluorescence quantum yi
fF in a wavelength dependent manner as9

fF5E
la

lb
EF~l!dl, ~3!

whereEF(l) is the fluorescence quantum distribution, a
la andlb are the limit of the fluorescence spectrum. Wh
considering theAP0 term in Eqs.~1! and ~2!, it is apparent
that A must be proportional to the fluorescence quant
yield fF if AP0 is to describe spontaneous emission prop
tional to pump intensity. ExpressingA directly proportional
to f f as

A5CfF , ~4a!

whereC is a constant of proportionality, we can also writ

A~l!5c~l!•EF~l!, ~4b!

TABLE I. Optical properties of the model compounds under study in so
poly~styrene! host.F is the figure of merit described in this article.

SP35 G33

Absorptionlmax ~nm! 390 410
Fluorescencelmax ~nm! 470, 490 505
Fluorescence yield,f f 0.85 0.65
Gain lmax ~nm! 487 510
Gain gmax ~cm21) 19.8 15.5
g~l! FWHM ~nm! 12 15
F ~nm cm J21) 4.23108 4.13108

FIG. 1. Chemical structure of the model compounds under stu
1,4-bis-~48-diphenylamino-styryl!-benzene, referred to as SP35, 1,4-bis-~b-
cyanostyryl!-2,5-dimethoxybenzene referred to as G33.
ownloaded 13 May 2013 to 134.226.254.162. This article is copyrighted as indicated in the abstrac
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wherec(l) is a wavelength dependent expression ofC. By
substitution of Eq.~4! into Eq. ~2! we can now write an
equation describing amplified spontaneous emission wh
explicitly includes wavelength dependence

I ~l!5
c~l!•EF~l!•P0

g~l!
$exp~g~l!• l !21%, ~5!

whereg(l) is the net gain per length at wavelengthl. Posi-
tive values ofg(l) will produce an exponential increase
output intensity. The exponential term indicates that sm
changes ing(l) can produce appreciable changes in out
intensity over sufficient path lengths. This produces a n
rowing of the fluorescence output as some wavelengths
amplified to a greater extent than others. Equations~2! and
~5! can be related as follows: the total fluorescence inten
I is equal to the integrated intensity of the fluorescence sp
trum, i.e.,

I 5E
la

lb
I ~l!dl5 lim

dl→0
(
l

I ~l! ~6!

and asI (l)}exp(g(l)•l), we can also write

I}(
l

exp@g~l!• l #. ~7!

For g(l)• l !1 the sum in Eq.~7! is close in value to
exp@gmax(l)•l#. Assuming that optical gain spectra exhibit
reasonably well defined peak, then the net gain,g for the
integrated intensity, as expressed in Eq.~2!, is very close to
the maximum value ofg(l). With this in mind, we are in a
position to compare similar single-pass fluorescence amp
cation experiments, irrespective of whether the amplificat
is measured at a single wavelength, across the fluoresc
spectrum, or for the total fluorescence intensity.

Equation ~5! implies that spectral narrowing is influ
enced by the low intensity fluorescence spectrum, which
proportional toEf(l), unless there is significant overlap b
tween absorption and emission spectra. However,Ef(l) is
not constant under conditions where stimulated emissio
significant, increasing for strongly amplified wavelengt
and decreasing for others. Similarly, if one considers
number of emitted photons detected per pump photon
sorbed,c(l) must include a term accounting for the geom
ric distribution of the emitted photons, often assumed isot
pic. But c(l) is not constant due to the directional nature
stimulated emission. As fluorescence amplification becom
observable, this produces an increase in the apparent e
sion efficiency along the desired propagation direction
the range of amplified wavelengths, but a decrease in e
ciency at all wavelengths in all other emission directions

The changes inc(l) can account for the decrease
emission efficiency seen by Gelincket al.10 when detecting
at 45° to the plane of the film, as also suggested by McGe
et al.11 Urbach and Rikken12 recently report that the sponta
neous emission rate in a dielectric slab is modified by
presence of waveguide modes. As a result assumptions t
effect that emission is isotropic from a fluorescent wav
guide, even under low pump intensities, may not be valid
addition,c(l) may change strongly across the fluorescen

.

t. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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spectrum, particularly at wavelengths close to wavegu
mode cutoff conditions. The use of bulk values forEf(l),
and hence forf f , may be similarly limited.

For our purposes, we note the linear dependence of
put intensity onEf(l) andc(l) and assume for large value
of g(l) that the exponential term in Eq.~5! will dominate
over changes inEf(l) or c(l). No sudden changes inc(l)
due to waveguide cutoff conditions are expected across
fluorescence region. No further consideration is given
changes inEf(l) and c(l), as general features in optica
gain spectra will not be affected. To obtain an optical g
spectrum from a sample, we measure emission spectra
the sample as a function of pump length. For each wa
length in the spectra we apply a nonlinear least squares
ting routine, adjustingg(l) andAP0 to obtain the best fit to
Eq. ~5!.

III. EXPERIMENT

The samples are produced by spin coating from a 75l
poly~styrene! solution inortho-xylene doped with 1.5 g/l of
the model compounds. The substrates used were silicon
fers with a 1.5mm thick thermal oxide overlayer, cleave
along the^100& plane after the polymer film was deposite
Refractive index and film thickness were measured us
mode-line spectroscopy13 with a prism film coupler. Wave-
guide propagation losses are estimated atl5632.8 nm to be
between 2.2 and 3.0 dB cm21, and no higher than 4 dB
cm21 at l5514.5 nm, measured during prism coupling e
periments~3 dB cm2150.69 cm21!. We note that fluores-
cent intensity continues to increase for pump lengths in
cess of 9 mm, despite the drop in pump intensity~due to
beam profile! and available excited states~depleted via
stimulated emission of photons emitted at shorter pu
lengths!. This suggests that ground state reabsorption
scattering losses can be neglected for the short pump len
used, across the fluorescence band.

The thicknesses of the polymer films were chosen
support two guided modes: TE0 and TM0 at the fluorescence
maximum of the samples. This results in a desired thickn
of 0.45mm for G33 doped films (lmax5510 nm! and 0.4mm
for SP35 doped films (lmax5490 nm!. All films were fabri-
cated to within 10% of the required thickness. Solution a
waveguide preparation, and all optical measurements w
performed in air at room temperature.

The sample is pumped using a frequency tripled be
from a Nd:YAG laser, producing 0.9mJ pulses of 35 ps
duration at 355 nm. The beam is spatially filtered and
panded, producing a thin pumped stripe 30 mm long by
mm wide. The pump beam is aligned so that the center of
beam and the edge of the sample are coincident. The p
length is adjusted by means of the shutter mounted o
translation stage. Maximum pulse intensity incident on
sample is 8.73105 W cm22. The waveguided output fluo
rescence is detected using a peltier cooled charge cou
device spectrometer. The maximum pump length used
the calculation was 3 mm. The pump intensity is assume
be constant across this region.
ownloaded 13 May 2013 to 134.226.254.162. This article is copyrighted as indicated in the abstrac
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IV. RESULTS AND DISCUSSION

Figure 2 shows the optical gain spectra obtained for
doped poly~styrene! waveguides at the maximum inciden
pump intensity 8.73105 W cm22. Results obtained from
these spectra are included in Table I. Figure 3 shows a t
cal length dependence of the amplified fluorescence at
gain maxima for both samples. Both SP35 and G33 do
samples exhibit a single well defined peak ing(l), atl5487
and 510 nm, respectively, with G33 also exhibiting a we
shoulder near 520 nm. The maximum net gains obtained
g519.8 cm21 for SP35 andg515.5 cm21 for G33. Full
width at half maximum~FWHM! for the gain spectra are 1
and 15 nm, respectively. Minimum FWHM for the narrowe
fluorescence spectra approached 8 nm for SP35 do
samples and 12 nm for G33 doped samples.

By estimating the density of dopant molecules in t
poly~styrene! matrix we can set a lower limit on the value o
the effective stimulated emission cross section,sS.E.,eff

5sS.E.2sabs by using the relation

g5NchrsS.E.,eff, ~8!

where g is the net optical gain andNchr is the chromophore
number density. This assumes that all dopant molecules
excited by the pump pulse and that stimulated emiss
dominates over spontaneous emission for all waveleng
We estimateNchr to be approximately 1018 cm23 for SP35

FIG. 2. Optical gain spectra produced using a nonlinear least squares
Eq. ~5! at incident pump power of 8.73105 W cm22. Solid circles are for
SP35 doped waveguides, open circles are for G33 doped waveguides.

FIG. 3. Length dependence of the amplified fluorescence at the maxim
gain wavelength for SP35~solid circle! and G33 ~open circle! doped
waveguides. The solid line is a least-squares fit to Eq.~5!. SP35 samples
yield a net gain g519.8 cm21 at l5488 nm, G33 samples yield
g515.5 cm21 at l5510 nm.
t. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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and G33 in the poly~styrene! waveguides, which implies a
minimum value forsS.E.,eff52310217 cm2, in good agree-
ment with the value reported by Henariet al.6 of sS.E.,eff

55.5310217 cm2 (l5514.5 nm! for G33 in toluene solu-
tion.

On either side of the gain peak, there are regions ex
iting negative values ofg(l). As excited state absorption i
normally redshifted from the fluorescence maximum in
ganic materials, we assume excited singlet absorption to
principally responsible for the long wavelength negative v
ues ofg(l). The short duration~35 ps! pump pulse allows
us to neglect triplet–triplet absorption, which was repor
by Henariet al.6 in G33 with a characteristic lifetime forT1

of 11 ms. Similar spectral features are present in femtos
ond pump–probe measurements on ladder type poly~para-
phenylene! ~LPPP!,14,15 in picosecond Kerr ellipsometry
measurements on poly~aryleneethynylene! derivatives,16 and
in nanosecond ASE measurements on GaInN/GaN.17 The
short wavelength negativeg(l) values are attributed prima
rily to fluorescence output saturation via stimulated em
sion.

To enable a comparison between different materials
use in laser devices, a figure of merit may find use. If orga
materials are to be successful as solid-state laser mate
tunability must be considered. Therefore, in comparing c
didate materials, we must favor not only large net gains,
large gain bandwidths, which we characterize by the FWH
of the gain spectrum and denote asf. We therefore arrive a
a figure of merit,F, of the form

F5
gmax• f

Pabs
, ~9!

where Pabs is the absorbed pump pulse energy density
producegmax, the maximum value ofg(l). We choose pulse
energy density~J cm22) in lieu of pump intensity~W cm22)
to enable comparisons of measurements using diffe
pump pulse widths.

We estimate that approximately 20% of the incide
pump pulse is absorbed by the waveguides studied, inclu
reflection from the Si substrate, suggestingPabs55.6
31027 J cm22. This implies values of F54.2
3108 nm cm J21 and F54.13108 nm cm J21 for SP35
and G33 doped films, respectively. Solution lasing meas
ments of SP35 by Henariet al.5 indicate that SP35 is a
comparable to coumarin dyes in slope efficiency and out
The lasing tuning range and limits of positiveg(l) are also
similar. As the toluene solution and poly~styrene! host prop-
erties of SP35 are similar, this suggests that a material u
test using this technique withF significantly larger than
108 nm cm J21 may be reasonably expected to have so
use as a solid-state laser medium.

It is instructive to compare the figures of merit of o
polymer waveguides with those we obtain using data fr
previous optical gain studies. We estimate a figure of m
for ladder type LPPP18 to be F58.33107 nm cm J21. For
LPPP we useg550 cm21 at 22 kW/cm22 @10 Hz, 6 ns
pulse width from Ref. 17,f'20 nm from Fig. 2 of Ref. 13.
We estimate 90% of the pump pulse is absorbed from R
17. The gain bandwidth may be an overestimate.
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BuEH–PPV11 we estimateF53.33108 nm cm J21, despite
the enormous optical losses. For GaInN/GaN dou
heterostructures,17 we estimateF54.73107 nm cm J21, and
for AlGaN/GaN DHs,19 F52.73107 nm cm J21. These fig-
ures indicate that G33 and SP35 doped poly~styrene!
waveguides may be suitable candidates for optically pum
laser media. This also suggests that organic materials
exceed traditional semiconductor materials for optica
pumped laser applications.

V. CONCLUSION

In conclusion, we have presented a wavelength dep
dent model of amplified spontaneous emission and app
the model to measurements of poly~styrene! waveguides
doped with stilbenoid~SP35! and PPV ~G33! derivative
model compounds. Both dopant molecules exhibit large
tical gains for small input pulse energies. We present a fig
of merit to enable a comparison of materials for use in op
cally pumped laser applications. Our figure of merit sugge
that organic materials can outperform semiconductors un
optically pumped conditions. The model presented may
tend the use of single-pass fluorescence amplification exp
ments in determining the potential of a material as a la
medium.
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