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Broadband optical amplifier based on a conjugated polymer
J. R. Lawrence, G. A. Turnbull, and I. D. W. Samuela)

Ultrafast Photonics Collaboration, School of Physics and Astronomy, University of St. Andrews,
North Haugh, St. Andrews, Fife, KY16 9SS United Kingdom

~Received 6 December 2001; accepted for publication 4 March 2002!

We demonstrate a compact, broadband optical amplifier using the conjugated polymer
poly@2-methoxy-5-~28,68-dimethyloctyloxy!-paraphenylenevinylene# (OC1C10– PPV) in dilute
solution. Gains of 30–40 dB in a wavelength range of 575–640 nm, corresponding to a 50 THz
bandwidth, are observed due to the broad luminescence spectrum and large cross section for
stimulated emission of the polymer. The variation in gain as a function of solution concentration and
probe intensity is examined. For a 1 cmpath length we observe a small signal gain of 4461 dB, and
deduce a stimulated emission cross-section for OC1C10– PPV of (5.360.6)310217 cm2. © 2002
American Institute of Physics.@DOI: 10.1063/1.1472479#
e
.

ug
le
b
ed
t

re
y

Dy
po
s
n
tra
b

nc
m
a
r
as

te

rs

-
co
io
pi

-
m
i-
i

tr
ow

ed

is
ca-
se
this

fier
s of
is
r to
is-
s in
en-

e
nce
nm,
ht
stan-

ma
h

In recent years, semiconducting conjugated polym
have received considerable interest as laser gain media1–12

They exhibit optical gain over broad spectral ranges thro
the visible,6–10 and so are well suited to use in tuneab
lasers11 or broadband amplifiers. Such devices would
readily compatible with polymer optical fibers and integrat
circuits. Polymer optical fibers are a favored technology
relieve the telecommunications bottleneck in local a
networks,13 and low-cost integrable optical amplifiers ma
increase the range and applicability of such systems.
doped polymer fibers have recently been investigated as
sible amplifiers,14 though light-emitting conjugated polymer
offer a number of potential advantages. Unlike small orga
chromophores, conjugated polymers exhibit little concen
tion quenching, allowing high chromophore densities to
used. Indeed, undiluted solid films can exhibit fluoresce
quantum efficiencies as high as 60%. Such films are se
conducting and may be compatible with electric
excitation3,4 exploiting the maturing technology of polyme
light-emitting diodes. While electrically pumped lasing h
recently been demonstrated in organic crystals,15 the pros-
pect of plastic diode lasers and amplifiers simply fabrica
by solution processing is very appealing.

Optical gain is known to exist in conjugated polyme
from experiments of transient absorption,6–9 spectral line
narrowing,2,4,10,12and lasing.1,3–5,11Transient absorption ex
periments have revealed modest optical gains in various
jugated polymers, by probing the excited state populat
dynamics of both solutions and thin films. Gains have ty
cally been observed in the range of 1.001–1.25~i.e., less
than 1 dB!.6–9 Most other studies of amplification have fo
cused on the characteristics of amplified spontaneous e
sion in thin polymer films. Amplification in these exper
ments must be much stronger than that observed w
transient absorption to explain the widely observed spec
line narrowing effects. While such experiments can all
indirect measurements of the gain,4 they can only yield val-
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ues for the gain close to the peak of the spectrally narrow
emission profile.

So while the presence of gain in conjugated polymers
well established, a direct demonstration of strong amplifi
tion in which a weak probe beam is amplified to an inten
beam has not yet been reported. In this letter, we address
through the demonstration of a broadband optical ampli
based on a conjugated polymer, and studies of the physic
the device including saturation effects. The amplifier
seeded with a widely tunable probe pulse from a dye lase
allow measurements of gain throughout the polymer em
sion band. We observe very substantial single-pass gain
solution, and investigate the effect of chromophore conc
tration and probe intensity on the amplification.

The conjugated polymer used in this study is poly@2-
methoxy-5-~28,68-dimethyloctyloxy!-paraphenylene vinyl-
ene# (OC1C10– PPV). Figure 1 shows the structure of th
polymer together with its absorption and photoluminesce
spectra. The photoluminescence ranges from 500 to 700
illustrating the broad emission band over which gain mig
be achieved. The absorption and emission bands are sub
tially separated in wavelength,4 which can lead to reduced

il:
FIG. 1. The absorbance~0.5 g/l solution in chlorobenzene, 1 mm pat
length; dashed line! and photoluminescence~solid line! spectra of
OC1C10– PPV; molecular structure shown as inset.
6 © 2002 American Institute of Physics
AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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self-absorption at emission wavelengths compared w
small molecules—a potentially important factor for achie
ing efficient energy extraction in optical amplifiers.16

The experimental configuration was based on a modi
Photonics Technology InternationalGL-302 dye laser. A ni-
trogen laser generating 500 ps pulses at 337 nm was use
a common excitation source for both the polymer amplifi
and probe dye laser. Its output was split into two beams
;600mJ pulses; each of which was then focused to a st
of size 200mm by 10 mm to transversely pump the ce
containing the polymer and laser dye solutions. Both the
ser and amplifier cells were mounted at an angle of;10° to
the vertical to avoid lasing between the faces of the cuvet
The dye laser was configured as a grazing incidence Littm
oscillator, and could be tuned over the range 575–640
using Perylene Orange and Rhodamine B dyes as the
media. The output beam from the dye laser was then atte
ated using neutral density filters and focused to an ave
beam size of 150mm by 200mm through the excited region
of the 10 mm long amplifier cell. The system was configur
such that the probe beam entered the amplifier cell appr
mately 0.5 ns after the pump beam. Having passed thro
the amplifier, the probe beam energy was detected using
ther an optical energy meter or a charge coupled device s
trometer.

To measure the magnitude of the gain, the probe be
was initially set at 600 nm and attenuated to 3.8 nJ per pu
When passed through an unpumped region of the ampl
cell, containing a solution of concentration 2.0 g/l, the pu
energy was reduced to 3.0 nJ, due to facet reflections
absorption losses from the polymer. The probe was t
passed through the excited region of the cell, causing
output pulse energy to rise to 7.9mJ. This change in energ
corresponds to a gain of 33 dB, illustrating the potential
conjugated polymers for very substantial gain in comp
amplifiers.

To examine the extent of the gain bandwidth
OC1C10– PPV, the excited molecules were subsequen
probed over the wavelength range of the dye laser from
to 640 nm. The gain spectrum of OC1C10– PPV was mea-
sured for a range of concentrations~0.1, 0.5, 1.0, 2.0, 3.0
4.0, and 8.0 g/l! in chlorobenzene solution. Figure 2 show
the probe input energies and the gain spectra for the var
solution concentrations.

The spectra show gains as high as 30–43 dB across
available dye laser tuning range of 65 nm, corresponding
;50 THz. This range includes the low loss window of pol
methylmethacrylate polymer fibers~610–640 nm!,14 which
implies that OC1C10– PPV could be suitable for use in suc
fibers. We found that a concentration of 2.0 g/l gave
highest optical gain. In the current experiment, this conc
tration leads to an excitation density of;(463)
31017 cm23 ~assuming;25% of the excitations created re
main after the 0.560.2 ns delay between pump and pro
pulses!. This is roughly equivalent to one excitation per t
repeat units of the polymer.

No significant amplification was observed in the 0.1 a
8.0 g/l solutions. Since substantial amplification can
achieved even in the undiluted solid state,2 we do not at-
tribute the lack of gain at 8.0 g/l to concentration quenchi
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Instead, we believe that the reduction in gain at high conc
trations is due a poor overlap of the probe beam with
very densely excited region of the solution. At the lowe
concentrations, meanwhile, the pump beam is too wea
absorbed to yield the excitation density necessary for s
stantial amplification.

We also note that the gain rises at the long and sh
wavelength edges where the input energy of the probe b
decreases. Such probe-energy dependent behavior is ch
teristic of optical amplifiers, and is due to gain saturati
effects. To examine this effect more closely, the gain of
amplifier at a concentration of 2 g/l was measured as a fu
tion of probe energy and the results are shown in Fig. 3.

It can be seen that the gain changes substantially as
probe input energy is varied over five orders of magnitu
This is due to gain saturation, in which the relatively stro
probe beam extracts a significant fraction of the stored e
tations. The curve in Fig. 3 is a theoretical fit to the da
using the well known expression for a homogeneous
saturated pulsed amplifier17

EOUT5ES ln$11@exp~EIN /ES!21#exp~G!%. ~1!

G is the small signal gain coefficient andES is the saturation
energy. We find that the data can be very convincingly

FIG. 2. Probe input energy and gain spectra for polymer concentration
0.5, 1.0, 2.0, 3.0, and 4.0 g/l in chlorobenzene.

FIG. 3. The variation in gain at 600 nm with probe energy.

AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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scribed by Eq.~1!, and from the fit we obtain a small-signa
gain of 4461 dB/cm and a saturation energy of 1
60.2mJ.

Amplification in conjugated polymers arises from stim
lated emission from a four level system similar to orga
laser dyes.4 The stimulated emission cross section,s, for
OC1C10– PPV can therefore be determined from

G5sNexl , ~2!

where Nex is the excitation density andl is the amplifier
length. Using Eq.~2!, we estimate an order of magnitud
value for the gain cross section to bes'(362)
310217 cm2. The accuracy of this value is limited by in
complete knowledge of the excitation density, during t
transit of the probe pulse through the amplifier.

The gain cross section can also be independently ca
lated fromES , using the well-known expression

ES

A
5

hc

ls
. ~3!

WhereA is the cross-sectional area of the probe beam wit
the amplifier,l is the wavelength of the probe laser,c is the
speed of light in vacuum, andh is Planck’s constant. Equa
tion ~3! allows a calculation ofs that does not require
knowledge of the excitation density. The measured satura
energy density,ES /A, was 6.360.7 mJ/cm2, and from Eq.
~3! we obtain a value ofs5(5.360.6)310217 cm2. This
value agrees well with the value obtained from Eq.~2! and is
comparable with those of 1310216 cm2 reported for
polyparaphenylenevinylene,5 and 2310216 cm2 for estab-
lished laser dyes such as Rhodamine 6G.

To summarize, we have directly measured the gain o
optical amplifier based on the conjugated polym
OC1C10– PPV. Gains of 30–40 dB over a wavelength ran
from 575 to 640 nm were observed due to the broad ph
luminescence spectrum of the polymer. Gain saturation
the amplifier followed the well-known relationship for a h
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mogeneously broadened gain medium. We measured a s
signal gain of 4461 dB/cm and a saturation energy dens
of 6.360.7 mJ/cm2 at a wavelength of 600 nm. From thes
values we calculate a stimulated emission cross sectio
s5(5.360.6)310217 cm2. While our present results are fo
a liquid solution of the conjugated polymer, they are enco
aging for the development of solid-state polymer amplifie
We therefore conclude that OC1C10– PPV shows promise a
an amplifier medium for use with polymer optical fibers f
low cost, short-haul data transmission.

I.D.W.S. is a Royal Society University Research Fello
The authors are grateful to SHEFC and EPSRC for finan
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