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We report the fabrication of optically-pumped solid-state distributed feedback lasers utilizing two
blue-light-emitting semiconducting polyfluorenes as gain media. The lasers were readily fabricated
by solution deposition of thin polymer films on top of gratings etched into fused silica substrates. A
compact Nd:YVO4 microchip laser was used as the pump source for the two polymers studied, and
lasing was achieved at 455 and 465 nm. Low threshold energies,>4 nJ per pulse, were obtained.
The emission characteristics of the lasers are described along with the results of additional
experiments that investigate in more detail the effect of the grating microstructure on polymer light
emission. ©2003 American Institute of Physics.@DOI: 10.1063/1.1612903#
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Following encouraging reports of stimulated emission
semiconducting~conjugated! polymer films, increasing at
tention has recently been paid to their development as so
state gain media for use in lasers and optical amplifiers1–3

Amplified spontaneous emission has now been observe
many conjugated polymers3 and laser action has bee
achieved for a variety of resonator designs, includ
microcavity,4 microring,5 and distributed feedback gratin
structures.6–10

An important future target is the realization of a
electrically-pumped solid-state polymer laser diode. For t
purpose, high current densities must be achieved within
polymer layer in addition to the large net optical gain a
low stimulated emission thresholds required for opti
pumping. Fluorene-based polymers~polyfluorenes! have es-
tablished themselves as a particularly attractive class of
terials. They show excellent charge transport properties, h
fluorescence quantum efficiencies, and exhibit high net g
across the entire visible spectrum.11,12

The polymers utilized here as gain media a
two polyfluorenes, namely poly~9,9-dioctylfluorene! ~PFO!
and poly@9,9-dioctylfluorene-co-9,9-di~4-methoxyphenyl!
fluorene# ~F8DP!. Both polymers show strong, low thresho
stimulated emission in the blue spectral region and exh
large net optical gain coupled with low loss in slab wav
guide geometries.12,13 While to date most conjugated poly
mer lasers have used large-frame, bulky laser systems
optical pumping, red lasing has recently been reported
conjugated polymer laser that is pumped by a compact
crochip laser.14 In this letter, we demonstrate that suc
simple and compact systems can also be applied to gen
light in the technologically important blue spectral region
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The lasers were made under clean room conditions
deposition of thin polymer layers on top of suitably corr
gated fused silica substrates, to produce asymmetric
waveguides that support only the fundamental transve
electric mode for the wavelengths of interest. A schema
representation of the laser structures is shown in Fig. 1~a!.
The substrate corrugations were defined holographically
photoresist layers on silica substrates. Subsequent deve
ment of the photoresist and reactive-ion etching into
silica substrates, formed the final grating structures wh
had a periodL5288 nm and a depth of;30 nm. Thin poly-
mer films were then spin coated on top of the gratings fr
20 mg/ml p-xylene ~for PFO! or toluene~for F8DP! solu-
tions, to form the active guiding layer for each laser. T
polymer layer thickness was;100 nm for the PFO and
;120 nm for the F8DP lasers.

il:

FIG. 1. ~a! Schematic of the DFB laser structures and~b! photograph of a
PFO DFB laser in operation. The pump beam is incident at;20° and the
DFB laser radiation is emitted in a fan perpendicular to the structure
shown schematically in the inset.
8 © 2003 American Institute of Physics
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In our distributed feedback~DFB! lasers, optical feed-
back is provided through second-order Bragg scattering
the waveguided radiation. This is induced by the subst
corrugations and couples counterpropagating waves wi
the film plane.15 Lasing occurs at a wavelength nearlBragg

5neffL, where neff is the effective refractive index of th
waveguide andL, the period of the grating. The latter wa
carefully chosen, so that feedback could be achieved
wavelengths within the gain region of both of our polyme
The laser beam is output coupled by first-order Bragg s
tering, which supports radiation in a direction perpendicu
to the substrate. For excitation we used a compact freque
tripled Nd:YVO4 microchip laser~having dimensions 40
340360 mm3), emitting;1 ns pulses at 355 nm. The pum
beam was incident upon the structures at;20° and formed a
rectangular spot of dimensions 250mm3100mm. The emit-
ted radiation was collected normal to the surface usin
fiber-coupled spectrograph equipped with a charge cou
device detector.

Figure 1~b! shows an image of the far field transver
emission pattern of the PFO/DFB laser at a pump ene
above the lasing threshold. The emission pattern is ‘‘fa
shaped, as expected for a one-dimensional DFB resonat6,7

The emission perpendicular to the grating axis is highly c
fined, while that parallel to the grating axis~along which the
emission is polarized! has higher divergence. We note, how
ever, that two-dimensionally, nearly diffraction limited emi
sion can be achieved with a suitable two-dimensional D
structure.9,10

Figure 2 shows the emission spectra of the PFO
F8DP lasers measured for emission parallel to the subs
normal, for excitation energies above and below their resp
tive lasing thresholds. For pump energies below thresh
the output spectra consist of the normal low intensity, bro
polymer photoluminescence~PL! modified by sharp peak
corresponding to waveguided PL which has been Bragg s
tered out of the waveguide at an angle normal to the s
strate~w50°!. These spectra exhibit a characteristic dip
emission intensity due to an inhibition of the propagation
waveguided PL photons by the grating. This Bragg dip c
be envisaged as a photonic stop band for wavegu
modes.15,16A more detailed description of the photonic ba
structure of our devices is given later. For higher pump

FIG. 2. Emission spectra of the PFO~gray lines! and F8DP~black lines!
DFB lasers, taken below~dotted lines! and above~solid lines! the lasing
threshold.~Note that the emission intensities have been arbitrarily scale
allow direct comparison in a single plot.!
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ergies, lasing occurs close to the Bragg wavelength (lBragg)
of the waveguides, and a narrow peak then dominates
emission. The PFO lasers operate at 455 nm and the F
lasers at 465 nm. The laser linewidth was measured in b
cases to be about 0.8 nm, limited by the resolution of
spectrometer.

The dependence of the peak output intensity on
pump pulse energy is shown in Fig. 3. In both cases, a la
threshold is clearly observed: There is an abrupt chang
the slope of the output versus input curves, followed by
linear increase of the output signal as the excitation energ
further increased. The threshold pump energy was;16.5 nJ
for PFO and;4 nJ for F8DP. As reported elsewhere,12,13 the
spectral features of PFO and F8DP are similar, consis
with their common backbone structure. The emission
F8DP is, however, some 15 nm blueshifted with respec
PFO and has less weight in the higher order vibronic pea
F8DP films show lower thresholds than PFO films of t
same thickness,12,13consistent with a higher stimulated emi
sion efficiency. The observation of a lower threshold in t
F8DP laser is then in agreement with simple expectation.
pump pulse energies below these threshold values, the ou
emission corresponds to low intensity fluorescence from
polymers. When excited above threshold, the polymer las
emit a bidirectional output beam normal to the wavegu
plane.

We have also performed angle-dependent PL meas
ments to examine the effect of the grating microstructure
the polymer light emission and to investigate in more de
the lasing mechanism operative within our devices. For th
measurements, the devices were excited at a very low in
sity and the resulting light emission was analyzed as a fu
tion of wavelength and observation angle. Figure 4~a! shows
a typical set of PL spectra obtained from a PFO-based la
structure, at observation angles~to the waveguide normal!
w50°, 2°, and 4°. The PL of a film spin coated on a fl
spectrosil substrate is also shown for comparison. It is cle
seen that the presence of the grating microstructure in
substrate greatly modifies the spontaneous emission of
polymer. In particular, it produces a pair of strong narro
peaks that dominate the spectra. As the observation a
increases from normal incidence these peaks separat
wavelength. They correspond to PL that has been emi
into the TE0 waveguide mode and subsequently Bragg sc
tered out of the waveguide by the fundamental componen

to

FIG. 3. Peak output intensity from the PFO~filled squares! and F8DP~filled
circles! lasers as a function of the excitation pulse energy.
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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the grating periodicity.8 The dispersion of the TE0 waveguide
mode is more clearly seen in Fig. 4~b!, which shows the
results of the angle-dependent PL measurements in more
tail. The changes in wavelength of the emission peaks w
observation angle produce two discrete branches that
cross at normal incidence. The anticrossing region is situa
at the Bragg resonance of the laser structure. In this spe
region, a reduction in the emission intensity is clearly o
served: The periodic corrugations in the substrate induc
redistribution of the photonic density of states that produ
a photonic stop band. In addition, we observe that the s
tered intensity is consistently higher for the long wavelen
branch than for the short wavelength branch. We attrib
this asymmetry to either a difference in output coupling b
tween the two band edges8 or to an interplay between th
gain and loss characteristics of the waveguides. In PFO
waveguides, the peak optical gain occurs atl5466 nm,13

which favors and preferentially amplifies emission close
this wavelength. In contrast, the emission at the sho
wavelengths experiences lower gain and higher losses du
increased residual absorption and random scattering.

In the PFO-based devices, lasing occurs very close
lBragg ~inside the stop band! suggesting complex couplin
characterized by gain modulation as the dominant mec
nism for distributed feedback in these devices.16 Gain modu-
lation can be explained in terms of the periodically varyi
thickness of the polymer layer in the structures. Gain mo
lation has been reported inm-LPPP6 and DOO–PPV7 dis-
tributed feedback lasers. In contrast, in the F8DP-based
vices, laser oscillation occurs at the long-wavelength b
edge of the gap, suggesting a system dominated by in
modulation~periodic variation of refractive index!.16 Index

FIG. 4. ~a! PL spectra from a PFO device at a range of observation an
~indicated!. A typical spectrum from a PFO film on a flat substrate is a
shown ~solid line! and ~b! Gray scale image of the angle-dependent P
Brighter regions indicate stronger emission intensities.
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modulation has been reported in MEH–PPV8 and in two-
dimensional–DFBm-LPPP9 lasers. Since the polymer depo
sition process was the same in both PFO and F8DP ba
devices, we attribute their different lasing behavior to t
different thickness of the respective polymer layers. In p
ticular, the smaller thickness of the polymer layer in the P
lasers may have led to a more significant variation of
thickness across the devices, which consequently enha
the contribution of gain modulation.

In summary, we have demonstrated lasing in PFO a
F8DP devices in distributed feedback geometries. We u
the third harmonic output of a small microchip laser as
pump source, thus demonstrating very compact, all so
state polymer laser systems. The lasers operated in the
~455 and 465 nm, respectively! and exhibited low threshold
energies~>4 nJ!. We showed that the presence of the grati
greatly modified the emission characteristics of the polym
and induced a photonic stop band. The spectral location
laser oscillation in relation to the stop band was found to
different for the two lasers, suggesting the presence of
ferent feedback mechanisms with a subtle interplay betw
gain and index modulation. This aspect of the operation
the devices will be the subject of further study.

The Imperial College authors thank Jim O’Brie
Michael Inbasekaran, and Mark Bernius of the Dow Chem
cal Company for providing the polymers used in these
periments. The authors are grateful to EPSRC~Ultrafast Pho-
tonics Collaboration! and SHEFC~I.D.W.S. and G.A.T.! for
financial support. I.D.W.S. is a Royal Society University R
search Fellow and G.A.T. is an EPSRC Advanced Resea
Fellow.

1N. Tessler, Adv. Mater.~Weinheim, Ger.! 11, 363 ~1999!.
2M. D. McGehee and A. J. Heeger, Adv. Mater.~Weinheim, Ger.! 12, 1655
~2000!.

3U. Scherf, S. Riechel, U. Lemmer, and R. F. Mahrt, Curr. Opin. Solid S
Mater. Sci.5, 143 ~2001!.

4N. Tessler, G. J. Denton, and R. H. Friend, Nature~London! 382, 695
~1997!.

5S. V. Frolov, A. Fujii, D. Chinn, Z. V. Vardeny, K. Yoshino, and R. V
Gregory, Appl. Phys. Lett.72, 2811~1998!.

6C. Kallinger, M. Hilmer, A. Haugeneder, M. Perner, W. Spirkl, U. Lem
mer, J. Feldmann, U. Scherf, K. Mullen, A. Gombert, and V. Wittwer, Ad
Mater. ~Weinheim, Ger.! 10, 920 ~1998!.

7W. Holzer, A. Penzkofer, T. Pertsch, N. Danz, A. Brauer, E. B. Kley,
Tillmann, C. Bader, and H. H. Horhold, Appl. Phys. B: Lasers Opt.B74,
333 ~2002!.

8G. A. Turnbull, P. Andrew, M. J. Jory, W. L. Barnes, and I. D. W. Samu
Phys. Rev. B64, 125122~2001!.

9C. Bauer, H. Giessen, B. Schnabel, E. B. Kley, C. Schmitt, U. Scherf,
R. F. Mahrt, Adv. Mater.~Weinheim, Ger.! 13, 1161~2001!.

10S. Riechel, C. Kallinger, U. Lemmer, J. Feldmann, A. Gombert, V. W
twer, and U. Scherf, Appl. Phys. Lett.77, 2310~2000!.

11M. Redecker, D. D. C. Bradley, M. Inbasekaran, and E. P. Woo, Ap
Phys. Lett.73, 1565~1999!.

12R. Xia, G. Heliotis, and D. D. C. Bradley, Organic Electronics~in press!.
13G. Heliotis, D. D. C. Bradley, G. A. Turnbull, and I. D. W. Samuel, App

Phys. Lett.81, 415 ~2002!.
14G. A. Turnbull, P. Andrew, W. L. Barnes, and I. D. W. Samuel, Appl. Phy

Lett. 82, 313 ~2003!.
15J. Carroll, J. Whiteaway, and D. Plumb,Distributed Feedback Semicon

ductor Lasers~SPIE, London, 1998!.
16S. Riechel, U. Lemmer, J. Feldmann, T. Benstem, W. Kowalsky,

Scherf, A. Gombert, and V. Wittwer, Appl. Phys. B: Lasers Opt.B71, 897
~2000!.

s

.

 license or copyright; see http://apl.aip.org/apl/copyright.jsp


