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We observed laser emission in whispering gallery modes using a microring composed of a
semiconducting polymer poly@2,5-bis-~28-ethylhexyloxy!-p-phenylenevinylene coated on an etched
fiber under transient and quasisteady-state pumping conditions. The threshold for laser oscillation
was 1 mJ/cm2 ~0.1 MW/cm2) and 30mJ/cm2 ~300 MW/cm2) for nanosecond and femtosecond
excitation, respectively. The laser output showed superlinear dependence on the excitation energy
above the threshold. The demonstration of lasing under quasisteady-state pumping shows the
possibility to develop electrically pumped polymer lasers. ©1998 American Institute of Physics.
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Microcavity lasers are of interest for both fundamen
studies of cavity quantum electrodynamics and for appli
tions as integrated optical elements because of their un
ventional lasing characteristics caused by storing coup
between the optical field and the active medium. Seve
types of microcavities such as spheres, rings, disks,
Fabry–Perot cavities made by semiconductors, organic
solutions, and dye-doped polymers have been reported.1–7 In
order to realize low threshold lasers, it is necessary to uti
a highQ cavity to confine the light in a gain region, and
also have a strong coupling ratio between field and ma
Whispering gallery modes~WGM! oscillations from micror-
ing cavities have the advantage that highQ values are easily
obtained even in a very small mode volume and that
number of modes contributing to laser oscillations can
reduced.

Light-emitting semiconducting polymers have been e
tensively studied for their application in displays.8,9 Large
optical gain has been obtained by fs spectroscopy on film
poly-p-phenylenevinylene~PPV! derivatives.10,11 These re-
sults suggest the possibility of developing microcavity las
using conjugated polymers as active materials. Recently,
narrowing of the emission has been reported in optica
pumped PPV derivatives.12–16

The combination of light-emitting polymers with optica
fibers can lead to integrated laser cavities with a highQ
value. Such structures are expected to play an important
in electrically injected devices. For the future realization
polymer lasers, it is important to optimize the cavity config
ration to comply simultaneously with optical and electron
requirements.

In this letter, we show lasing action in WGM in a m
croring cavity made by a PPV derivative pumped by ns o
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laser pulses. We used poly@2,5-bis-28-ethylhexyloxy!-
p-phenylenevinylene# ~BEH-PPV! as the laser medium.17

The molecular weight was about 106. The fiber was etched
by hydrofluoric acid to a typical diameter of 50–100mm.6

The polymer was coated on the surface of the etched glas
the optical fiber by dipping it in a BEH-PPV in xylene solu
tion ~20 g/l !. The thickness of the polymer layer was es
mated to be less than 1mm.

In the experiments conducted under ns pumping,
samples were excited by the second harmonic of
Q-switched Nd: yttrium aluminum garnet~YAG! laser fo-
cused by a cylindrical lens from the side of the fiber. T
repetition rate was 2–10 Hz, the pulse width was;10 ns,
and pulse energies up to 10mJ were used. For the fs exper
ments, a tunable amplified CPM laser system was used
an excitation wavelength of 555 nm and a pulse duration
100 fs. This system provided pulses with up to 30 nJ ene
at a repetition rate of 1 kHz. In both experiments, the ex
tation area was typically;1003100 mm2. The diameter of
the fiber used for the ns experiment was 100mm, and it was
56 mm for the fs experiment. Light output from the fiber wa
detected from the side at an angle of 90° relative to
direction of the pumping beam. The samples were held i
vacuum chamber~10 mTorr! to avoid degradation by irradia
tion and oxidation. Using a monochromator of 25 cm foc
length, a spectral resolution of 0.2 nm could be achieved

Low intensity fluoresce and lasing spectra under
pumping are shown in Fig. 1. The intensity of the emission
normalized to the intensity of low intensity fluorescence. T
fluorescence spectrum that was observed at an excitatio
0.03mJ ~0.3 mJ/cm2) shows two bands with maxima aroun
590 and 625 nm. Laser emission from WGM oscillation o
curred in the central part of the band at a longer wavelen
for excitation of 0.5mJ ~5 mJ/cm2). About 10 laser modes
can be resolved with a separation of 1.5 nm. The width
each mode is about 0.5 nm, clearly larger than the resolu
of our detection system. The inset of Fig. 1 shows an
panded region around the lasing peaks. The relatively la
width of the modes is possibly due to the inhomogeneity
the coated polymer layer or to a reduction ofQ caused by
surface irregularities. TheQ value is estimated to be 120
from the spectra width of the laser modes. The highest int
sity mode emerged at 627 nm at the threshold and shifte
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623 nm for higher pump intensity. In gain measurements
similar shift has been observed.10,11

The relation between pump fluence and output pow
showed superlinear dependence in the range where lase
cillation was observed as shown in Fig. 2. The exact las
threshold was sensitive to the excitation configuration. T
typical threshold pump fluence was 1–10 mJ/cm2. These val-
ues are comparable to the reported values for dye-do
polymer WGM lasers,6 and also correspond approximately
the threshold for line narrowing emission observed in P
derivative films.13,15,16Saturation and decrease of the em
sion in the high excitation region were caused by the g
saturation and the degradation of the samples. In the fs
periment, very similar emission spectra were observed
shown in Fig. 3. In this case, the threshold of the lasing w
about 30mJ/cm2. At the threshold, the emission intensi
increased by more than one order of magnitude, and sho
a much more pronounced threshold behavior than in the
of ns pumping.

The mode separation of WGMs can be estimated by
relation,Dl5l2/dpneff . Here,d is the diameter of the fi-
ber, andneff is the effective refractive index of the oscillatin
modes. Withneff51.5, the observed mode separations in
fs experiments agrees well with the calculated value
WGMs for a 56-mm-diam microring laser. Therefore, th
observed modes are included in a series with the same m
order number in this case. Assuming a refractive index of

FIG. 1. Fluorescence and lasing spectra obtained by ns pumping. The
resce spectrum was observed that the excitation of 0.03mJ ~0.3 mJ/cm2).
Laser emission was obtained at 0.5mJ ~5 mJ/cm2) excitation.

FIG. 2. Emission intensity as a function of excitation for ns pumping
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for the PPV derivative, coupling volume of the radiatio
field was mainly located in the glass fiber. It may be possi
to reduce the lasing threshold by optimizing the coupli
between the field and the polymer, i.e., by varying the thi
ness of the polymer layer. In the case of larger diame
microrings, the mode separation disagrees with the ca
lated value and substructures appear because of the os
tions due to higher order modes.18

The exciton lifetime of our BEH-PPV samples has be
measured to be 50 ps.10 The photon lifetime in the resonato
estimated from the value ofQ is of the order of 1 ps which
is much smaller than the exciton lifetime. Thus, samples
under quasisteady-state pumping with ns pulses. On the o
hand, transient behavior is expected for fs pumping. T
threshold pump fluence for ns pumping was about two ord
of magnitude higher than that for the fs pumping. Howev
the relevant parameter that has to be compared is the de
of excited states. Under steady-state conditions, the den
is proportional to the energy fluence times the ratio betw
lifetime and pulse duration, whereas in the transient reg
the density is directly proportional to the energy fluenc
Since lifetime to pulse length ratio for ns excitation
;0.005 which is comparable to the ratio of energy fluen
between fs and ns, the threshold densities for laser oscilla
are roughly equal within the experimental error for both
gimes.

Considering the low carrier mobility of organic
(;1024 cm2/Vs) and typical thickness of organic light emi
ting devices~100 nm! with operating voltages of 10 V, it
takes approximately 100 ns to inject electronic carri
through the device. Therefore, it is important to demonstr
that lasing can be achieved with optical pulses in the
regime. Thus, our results illustrate the possibility to deve
polymer laser diodes. Another important parameter is
required current to obtain the exciton density equivalent
the threshold. If all photon are assumed to be absorbed in
polymer, the upper limit of the current is estimated to
;50 kA/cm2 from the relation ofj 5pe/\v.This estimate
has some uncertainty due to the unknown film thickness
the polymer on the fibers. Here,j andp are current and light
intensity, respectively,\v is a photon energy, ande is the
charge of an electron. Our preliminary results showed t
0.3 kA/cm2 is achievable by pulsed operation of a thin fil

o-FIG. 3. Emission spectra obtained by fs pumping at three different exc
tion intensities. Inset: Emission intensity as a function of excitation.
Kawabe et al.
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light emitting diode~LED! using the same polymer.19 The
gap between these two current densities for lasing may
reduced by optimizing the cavity quality, material proce
ing, and layer structures.

In conclusion, we observed laser emission in whisper
gallery modes from a semiconducting polymer PPV un
transient and quasisteady-state pumping conditions.
threshold for laser oscillations is 1 mJ/cm2 ~0.1 MW/cm2)
and 30mJ/cm2 ~300 MW/cm2) for ns and fs pumping, re
spectively. The threshold exciton density is approximat
the same in the two regimes. The lasing intensity show
superlinear dependence on the excitation energy above
threshold.
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