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Broadband optical amplifier based on a conjugated polymer
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We demonstrate a compact, broadband optical amplifier using the conjugated polymer
poly{ 2-methoxy-5¢2’,6' -dimethyloctyloxy-paraphenylenevinylerje (OC,C,;—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. Fa 1 cmpath length we observe a small signal gain of44dB, and

deduce a stimulated emission cross-section fof@Qg-PPV of (5.3-0.6)x 10 ' cn?. © 2002
American Institute of Physics[DOI: 10.1063/1.1472479

In recent years, semiconducting conjugated polymersies for the gain close to the peak of the spectrally narrowed
have received considerable interest as laser gain metfia. emission profile.

They exhibit optical gain over broad spectral ranges through  So while the presence of gain in conjugated polymers is
the visible®1° and so are well suited to use in tuneablewell established, a direct demonstration of strong amplifica-
laserd! or broadband amplifiers. Such devices would betion in which a weak probe beam is amplified to an intense
readily compatible with polymer optical fibers and integratedbeam has not yet been reported. In this letter, we address this
circuits. Polymer optical fibers are a favored technology tathrough the demonstration of a broadband optical amplifier
relieve the telecommunications bottleneck in local aresgased on a conjugated polymer, and studies of the physics of
networks;® and low-cost integrable optical amplifiers may the device including saturation effects. The amplifier is
increase the range and applicability of such systems. Dyseeded with a widely tunable probe pulse from a dye laser to
doped polymer fibers have recently been investigated as poatlow measurements of gain throughout the polymer emis-
sible amplifiers,* though light-emitting conjugated polymers sion band. We observe very substantial single-pass gains in
offer a number of potential advantages. Unlike small organigolution, and investigate the effect of chromophore concen-
chromophores, conjugated polymers exhibit little concentratration and probe intensity on the amplification.

tion quenching, allowing high chromophore densities to be  The conjugated polymer used in this study is P2y
used. Indeed, undiluted solid films can exhibit fluorescenceénethoxy-5¢2',6’'-dimethyloctyloxy-paraphenylene  vinyl-
quantum efficiencies as high as 60%. Such films are semeng (OC,C,,—PPV). Figure 1 shows the structure of the
conducting and may be compatible with electrical polymer together with its absorption and photoluminescence
excitatior?* exploiting the maturing technology of polymer spectra. The photoluminescence ranges from 500 to 700 nm,
light-emitting diodes. While electrically pumped lasing hasilystrating the broad emission band over which gain might
recently been demonstrated in organic crystate pros-  pe achieved. The absorption and emission bands are substan-
pect of plastic diode lasers and amplifiers simply fabricatedjg|ly separated in wavelengfhwhich can lead to reduced

by solution processing is very appealing.

Optical gain is known to exist in conjugated polymers
from experiments of transient absorptidi, spectral line
narrowing®*1%12and lasing:®*~>! Transient absorption ex-
periments have revealed modest optical gains in various con-
jugated polymers, by probing the excited state population
dynamics of both solutions and thin films. Gains have typi-
cally been observed in the range of 1.001-1(R&., less
than 1 dB.5~° Most other studies of amplification have fo-
cused on the characteristics of amplified spontaneous emis-
sion in thin polymer films. Amplification in these experi-
ments must be much stronger than that observed with
transient absorption to explain the widely observed spectral
line narrowing effects. While such experiments can allow %00 200 500 500 700
indirect measurements of the géithey can only yield val- Wavelength (nm)
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FIG. 1. The absorbancé.5 g/l solution in chlorobenzene, 1 mm path
dAuthor to whom correspondence should be addressed; electronic mailength; dashed line and photoluminescencésolid line) spectra of
idws@st-andrews.ac.uk OC,C,—PPV; molecular structure shown as inset.
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self-absorption at emission wavelengths compared with
small molecules—a potentially important factor for achiev-
ing efficient energy extraction in optical amplifiéfs.

The experimental configuration was based on a modified
Photonics Technology Internation@L-302 dye laser. A ni-
trogen laser generating 500 ps pulses at 337 nm was used as
a common excitation source for both the polymer amplifier
and probe dye laser. Its output was split into two beams of
~600uJ pulses; each of which was then focused to a stripe
of size 200um by 10 mm to transversely pump the cells
containing the polymer and laser dye solutions. Both the la-
ser and amplifier cells were mounted at an angle-aD° to
the vertical to avoid lasing between the faces of the cuvettes.
The dye laser was configured as a grazing incidence Littman
oscillator, and could be tuned over the range 575—640 nm,
using Perylene Orange and Rhodamine B dyes as the gain
media. The output beam from the dye laser was then attenu-
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ated using neutral density filters and focused to an averad@G- 2. Probe input energy and gain spectra for polymer concentrations of

beam size of 15@um by 200um through the excited region
of the 10 mm long amplifier cell. The system was configured

0.5, 1.0, 2.0, 3.0, and 4.0 g/l in chlorobenzene.

such that the probe beam entered the amplifier cell approxinstead, we believe that the reduction in gain at high concen-
mately 0.5 ns after the pump beam. Having passed througtiations is due a poor overlap of the probe beam with the
the amplifier, the probe beam energy was detected using eYery densely excited region of the solution. At the lowest
ther an optical energy meter or a charge coupled device spegoncentrations, meanwhile, the pump beam is too weakly

trometer.

To measure the magnitude of the gain, the probe beardfantial amplification.

absorbed to yield the excitation density necessary for sub-

was initially set at 600 nm and attenuated to 3.8 nJ per pulse. We also note that the gain rises at the long and short
When passed through an unpumped region of the amplifief@velength edges where the input energy of the probe beam
cell, containing a solution of concentration 2.0 g/l, the pulsedecreases. Such probe-energy dependent behavior is charac-

energy was reduced to 3.0 nJ, due to facet reflections arfgristic of optical amplifiers, and is due to gain saturation

absorption losses from the polymer. The probe was the

gffects. To examine this effect more closely, the gain of the

passed through the excited region of the cell, causing th@mplifier at a concentration of 2 g/l was measured as a func-

output pulse energy to rise to 7.8. This change in energy
corresponds to a gain of 33 dB, illustrating the potential of
conjugated polymers for very substantial gain in compacP
amplifiers.

To examine the extent of the gain bandwidth
OC,C,— PPV, the excited molecules were subsequentl
probed over the wavelength range of the dye laser from 575
to 640 nm. The gain spectrum of QC,,— PPV was mea-
sured for a range of concentratiof®1, 0.5, 1.0, 2.0, 3.0,
4.0, and 8.0 gjlin chlorobenzene solution. Figure 2 shows
the probe input energies and the gain spectra for the various
solution concentrations.

The spectra show gains as high as 30—43 dB across the

available dye laser tuning range of 65 nm, corresponding to 50 prer . . . . .’
~50 THz. This range includes the low loss window of poly- 451s o .
methylmethacrylate polymer fibex§10—640 nm* which sl " . |
implies that OGC,,— PPV could be suitable for use in such 35l ]
fibers. We found that a concentration of 2.0 g/l gave the 30l |
highest optical gain. In the current experiment, this concen- @ 251 |
tration leads to an excitation density of-(4x3) =
X 10 cm™2 (assuming~25% of the excitations created re- 8 20r i
main after the 0.50.2 ns delay between pump and probe 15 ]
pulses. This is roughly equivalent to one excitation per ten 101 N
repeat units of the polymer. 51 g
No significant amplification was observed in the 0.1 and sl - L L s :
0.01 0.1 1 10 100 1000

8.0 g/l solutions. Since substantial amplification can be
achieved even in the undiluted solid stateje do not at-
tribute the lack of gain at 8.0 g/l to concentration quenching.

Input Energy (nJ)

tion of probe energy and the results are shown in Fig. 3.
It can be seen that the gain changes substantially as the
robe input energy is varied over five orders of magnitude.
This is due to gain saturation, in which the relatively strong
in probe beam extracts a significant fraction of the stored exci-
Jations. The curve in Fig. 3 is a theoretical fit to the data
sing the well known expression for a homogeneously-
saturated pulsed amplifier

Eour=EsIn{1+[exp(Ep/Es)— 1]exp(G)}.

G is the small signal gain coefficient aig; is the saturation

@

energy. We find that the data can be very convincingly de-

FIG. 3. The variation in gain at 600 nm with probe energy.
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scribed by Eq(1), and from the fit we obtain a small-signal mogeneously broadened gain medium. We measured a small
gain of 44-1dB/cm and a saturation energy of 1.9 signal gain of 441 dB/cm and a saturation energy density
+0.2ud. of 6.3+0.7 mJ/cm at a wavelength of 600 nm. From these

Amplification in conjugated polymers arises from stimu- values we calculate a stimulated emission cross section of
lated emission from a four level system similar to organico=(5.3+0.6)x 10"’ cm?. While our present results are for
laser dyeé. The stimulated emission cross sectian, for  a liquid solution of the conjugated polymer, they are encour-
OC,C,— PPV can therefore be determined from aging for the development of solid-state polymer amplifiers.

G— We therefore conclude that QC,;— PPV shows promise as

=0Ngy, (2 o : ; . X
an amplifier medium for use with polymer optical fibers for

where Ng, is the excitation density antl is the amplifier  low cost, short-haul data transmission.

length. Using Eq.(2), we estimate an order of magnitude ] ] ) .
value for the gain cross section to be~(3+2) I.D.W.S. is a Royal Society University Research Fellow.

%10~ cm?. The accuracy of this value is limited by in- The authors are grateful to SHEFC and EPSRC for financial
complete knowledge of the excitation density, during theSuPport, and Covion for the supply of @Cyo—PPV.
transit of the probe pulse through the ampilifier.
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