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Operating characteristics of a semiconducting polymer laser pumped
by a microchip laser
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We report the demonstration of a compact, all-solid-state polymer laser system featuring a
microchip laser as the pump source. The laser was configured as a surface-emitting,
two-dimensional distributed feedback laser, based on the conjugated polymer poly~2-methoxy-5-
(28-ethylhexyloxy!-1,4-phenylene vinylene!. Pulsed, band-edge lasing was observed at 636 nm
above a threshold pump energy of 4 nJ. The laser exhibited an energy slope efficiency of 6.8%, with
a maximum output energy of 1.12 nJ at a pump energy of 20.4 nJ. The output beam had an
azimuthally polarized annular profile with a beam quality factor (M2) of 2.2, close to the theoretical
value of the lowest-order Laguerre–Gaussian and Bessel–Gaussian annular modes. We explain the
origin of the azimuthal polarization as due to a coherent combination of the resonant fields
supported by the two gratings. ©2003 American Institute of Physics.@DOI: 10.1063/1.1536249#
f
t
e
tio
li
m
ta
se
or
e-

x

old
ec
er
s

e
ve

se
la

ta
W
ct

ce-

-
ted

i-
e-
-ion
rray
pe
e
d a
uc-
ce-

ma
In the last few years, semiconducting~conjugated! poly-
mers have emerged as an attractive new gain medium
lasers1–8 and optical amplifiers9 that are tunable throughou
the visible spectrum. These materials exhibit large fluor
cence quantum efficiencies, and almost no concentra
quenching, allowing them to be used undiluted in the so
state. In such a configuration, the materials are electrolu
nescent, pointing to the possibility of direct electrical exci
tion of plastic lasers. The polymers may be readily proces
from solution to form various waveguide resonat
structures.1,2 They are particularly suited for use in on
dimensional ~1D! and two-dimensional~2D! distributed
feedback~DFB! lasers,3–8 where the high refractive inde
contrast of the polymer–substrate interface~;1.9–1.46! can
allow strong feedback in very compact resonators.

While there has been a drive to reduce lasing thresh
to allow the use of simple pump lasers and ultimately el
trical excitation, to date all semiconducting polymer las
have been pumped, using expensive, large-frame laser
tems~including mode-locked Ti:sapphire,1,3,4,7nitrogen-, and
excimer-pumped dye,5–7 and flashlamp-pumped Nd:YAG2

and ruby8 lasers!. There have also been little quantitativ
data reported on the output powers of these lasers, with
few published values of output slope efficiency.8

In this letter, we demonstrate the use of a microchip la
as the pump source for a surface-emitting DFB polymer
ser, thus forming a compact and convenient, all-solid-s
laser system with the potential for broad spectral tuning.
present the output energy, efficiency, and spectral chara

a!Author to whom correspondence should be addressed; electronic
idws@st-and.ac.uk
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istics of the device, and a detailed analysis of the surfa
emitted laser mode.

The polymer DFB laser comprised an ‘‘egg box’’ corru
gated silica substrate covered by a thin film of the conjuga
polymer poly~2-methoxy-5-(28-ethylhexyloxy!-1,4-
phenylene vinylene! ~MEH-PPV!. Corrugations on the 25
32531 mm3 substrate were initially defined holograph
cally, in two perpendicular directions, in a layer of photor
sist. Subsequent chemical development and reactive
etching into the silica substrate formed the 2D square a
grating structure shown in the atomic force microsco
~AFM! image in Fig. 1~a!. The grating covered 90% of th
substrate, had a period of 409 nm in both directions an
peak-to-dip height of 100 nm. The corrugations in the str
ture provided both distributed laser feedback and a surfa

il:
FIG. 1. ~a! AFM image~vertical peak-to-dip height5100 nm) of the surface
of the silica substrate and chemical structure of MEH-PPV.~b! Waveguide
structure of DFB laser.
© 2003 American Institute of Physics
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emitted output coupling via second- and first-order Bra
scattering, respectively.

To complete the optical waveguide, a thin film of MEH
PPV was spin-coated from solution~5 mg MEH-PPV in 1 ml
chlorobenzene; spin speed of 1200 rpm! onto the silica,
forming a polymer layer with an average thickness of;100
nm. As a result of the deposition process, the top surfac
the polymer layer was substantially more planar than
silica substrate. The silica–polymer–air structure@Fig. 1~b!#
formed an asymmetric slab waveguide that supported o
the fundamental transverse electric mode within the emis
band of the polymer.

The polymer laser was mounted in a vacuum cham
and held under a vacuum of 1024 mbar to isolate it from
oxygen and water. It was optically pumped by a frequen
doubled, passivelyQ-switched Nd:YVO4 microchip laser
~Alphalas GmbH! which produced;1 ns pulses at 532 nm
with a repetition rate of 5 kHz. The dimensions of the m
crochip laser were 40340360 mm3 leading to a very com-
pact system. The output of the pump laser was attenu
using neutral density filters, and then focused using a 63-
focal length, spherical lens to a spot of half-width of 100mm
~horizontal! by 80 mm ~vertical! on the surface of the poly
mer. The pump beam was incident at an angle of;20° to the
waveguide normal; alignment of the pump laser was triv
with side-pumped lasing possible across the full area of
corrugations.

The spectral output from the polymer laser was m
sured around normal incidence using a fiber-coupled C
spectrometer of;0.7 nm resolution. Output energies fro
the laser were measured using a calibrated silicon en
meter for a range of excitation powers. The beam profile
divergence of the laser output were measured using a C
beamview analyzer~Coherent Inc.!.

When excited above threshold, the polymer laser emi
a bidirectional output beam along the waveguide norm
The output pulse energies emitted into the silica- and
cladding layers were approximately equal. Figure 2 sho
the dependence of the total emitted output energy on
absorbed pump energy. The laser had an oscillation thres
of 4 nJ, above which the output pulse energy increased
early. The laser had an energy slope efficiency of 6.8%~for
comparison, the photoluminescence quantum efficiency
MEH-PPV studied here was 25%10! with an output of 1.12
nJ at 636 nm for a pump energy of 20.4 nJ. This slope e

FIG. 2. Output energy from polymer laser as a function of pump energ
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ciency is approximately twice that reported for a 1D DF
laser based on thianthrene-diocytyloxy-PPV.8

The spectral characteristics of the laser, measured a
the waveguide normal, are shown in Fig. 3. The dotted cu
represents the emission spectrum when operating just be
laser threshold, at a pump energy of 3.2 nJ. This spect
shows two peaks, separated by a narrow dip at 633 nm.
dip corresponds to a photonic stopband, resulting from
distributed feedback of waveguide modes by the 2D cor
gations. Above laser threshold,~solid line in Fig. 3! the emis-
sion spectrum was dominated by a narrow peak at 636
of ;1 nm in linewidth. This peak arose on the edge of t
photonic stopband, where the density of photon state
highest. Lasing occurred only on one side of the stopb
because of a substantial difference in output coupling los
of the modes at each band edge.6,11 The standing wave field
at the long-wavelength band edge is poorly coupled to ra
tion, and so has a lower lasing threshold than the sh
wavelength edge. The 636-nm wavelength of this laser w
determined by the current choice of DFB period. Using
range of DFB gratings, we have previously tuned the las
wavelength in MEH-PPV through a range of 612 to 632 nm5

The far-field transverse mode of the laser beam w
found to be annular in profile, as is shown in the center
Fig. 4. The mode was generally symmetrical about the t
grating axes, although the exact profile of the beam var
slightly as the pump beam was translated across the poly
laser. The four surrounding beam profiles in Fig. 4 show
same laser mode when measured through a linear polar
aligned to pass electric fields parallel to the double-hea
arrows. The polarized profiles take the shape of a TEM10

mode that rotates with the direction of the polarizer. It
clear from this data that the emitted laser beam was azim
ally polarized.

The azimuthal polarization may be understood by co
sidering the horizontal and vertical polarized components
the laser mode~Fig. 4!, which are polarized parallel to th
axes of the two gratings in the structure. These two com
nents resemble~albeit with lower divergence! the polarized,
double-lobed emission observed from 1D surface-emitt
DFB lasers.12 This double-lobed emission is a characteris
of the antisymmetric band edge mode that is weakly coup
to radiation.11,12 In the 1D DFB laser, the radiation couplin
is weakest in the center of the resonator, where the coun

FIG. 3. Emission spectra normal to the waveguide plane for pump p
energies of 3.2~dotted line! and 5.1 nJ~solid line!.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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propagating band-edge modes have equal amplitudes11 and
interfere to produce a standing wave with nodes at the pe
and troughs of the grating.13 At the edges of the pumpe
region, the counter-propagating modes have unequal am
tudes, reducing the contrast of the interference pattern.
fields in these regions are more efficiently coupled to rad
tion, leading to the double-lobed emission pattern. The
lobes of the emitted mode oscillate in antiphase, wh
means that the electric field pattern has a twofold rotatio
symmetry. In our bigrating structure, there is one such fi
component for each orthogonal grating; these couple
gether with a phase that leads to an azimuthal polarizat
We can therefore identify the azimuthally polarized mode
due to a coherent combination of the resonant fields s
ported by the two gratings.

To quantify the quality of the laser beam, we measu
the far-field divergence andM2 beam quality factor.14 The
divergence of the beam is shown in the inset of Fig. 5. Bea
widths were calculated by integrating the intensity profi
along axes parallel to each grating~nominally referred to
below as horizontal and vertical axes!, and measuring the
1/e2 width. The beamwidth was larger in the vertical dire
tion than the horizontal, with half-angle divergencesu of
6.360.7 and 5.260.1 mrad, respectively.

To measure theM2 value of the beam, we next focuse
the polymer laser beam to a spot of;50-mm radius using a
50-mm focal length lens, and measured the variation
beamwidth with axial position through the focus. The resu
of the measurements in the horizontal and vertical directi
are shown as squares and circles in Fig. 5. The displaced
of the two data sets show that the laser beam was astigm
The curves in the figure are theoretical fits of the beam rad
w5w0A11(M2lz/pw0

2)2, wherew0 is the waist radius,l
the laser wavelength, andz the axial distance from the beam
waist. The theoretical fits gave aM252.1 in the horizontal
direction, and aM252.3 in the vertical; the geometric ave
age of these isM252.2. This value is comparable with othe
low-order annular modes; both the Laguerre–Gaussian0

1

mode,14 and Bessel–Gaussian beam of order 1,15 have a the-
oreticalM252. Finally, we can use theM2 values to calcu-
late the size of the beam at the surface of the polymer la

FIG. 4. Central profile: transverse mode of the polymer laser beam.
rounding profiles: transverse laser mode when measured through a
polarizer, aligned parallel to the double-headed arrows.
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Assuming that the output beam has a waist located at
surface of the laser, the half-width of the beam is given
w05M2l/pu. This yields horizontal and vertical half
widths of 82 and 74mm, respectively, which are similar to
the dimensions of the pump excitation.

In summary, we have demonstrated a compact solid-s
laser system based on a microchip laser pumped poly
laser. The laser exhibited a low threshold energy of 4 nJ
a slope efficiency of 6.8%. The output beam had an azimu
ally polarized annular profile, which we attribute to a coh
ent combination of the resonant fields supported by the
gratings. The beam had anM2 of 2.2, close to the theoretica
value of the lowest-order Laguerre–Gaussian and Bes
Gaussian modes. We conclude that semiconducting poly
lasers are well suited as compact and efficient sources
can greatly extend the spectral range of microchip lasers

We are grateful to EPSRC for financial support, a
Covion for the supply of the polymer. One of the autho
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