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Semiconducting polymer distributed feedback lasers
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We have fabricated photopumped distributed feedback lasers by spin-casting thin films of the
semiconducting polymer pal2-butyl, 5(2'-ethyl-hexy)-1,4-phenylenevinyleneover gratings in
silicon oxide. The lasers have two modes that each have a linewidth of 0.2 nm. The lasing
wavelength was tuned from 540 to 583 nm by adjusting the period of the gratingd.998
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Semiconductingconjugated polymers have properties is difficult to form good facets with conjugated polymer
that make them attractive as the gain material for solid-statélms deposited from solution.
lasers. They have high photoluminescence efficiencies and A convenient way to reflect light in a polymer wave-
large cross sections for stimulated emission. Because of thguide is to incorporate a periodic modulation of the refrac-
Stokes shift between the emission and absorption waveive index or the gain so that light is Bragg reflectddasers
lengths, they exhibit small self-absorption. As a result, semiof this type, known as distributed feedbadRFB) lasers,
conducting polymers exhibit gain at very low excitation den-were first developed with films containing organic dyemd
sities at wavelengths that span the entire visible spectrumhave since been used extensively with inorganic laser
Through side-chain functionalization, conjugated polymersmaterialst® The lasing wavelength of a DFB laser is close to
can be made soluble in common solvents, thereby enablinthe Bragg wavelengthy g.,q=2nesA (Nesr is the effective
the fabrication of optical quality films by spin-casting from refractive index of the waveguide ardis the period of the
solution. Furthermore, since semiconducting polymers transgrating, and can be tuned by varyings or A. DFB lasers
port charge, they can be pumped electrically in a diodenade with a periodic modulation in the refractive index nor-
configuratior?.™ mally lase in two modes, one slightly belavg,,,q and the

Amplified spontaneous emissidiASE) has now been other slightly abové®!’ Single mode DFB lasers can be
observed at low pump intensities in a number of materialsnade by introducing a phase shift in the periodic modulation
within this class when photopumping in a planar waveguideor by modulating the gain instead of the refractive index. In
configuration°~° Characterizing ASE is a useful way to this letter, we report on photopumped DFB lasers made with
demonstrate gain and to identify good laser materials; to aadhe semiconducting polymer pdBrbutyl, 5{2’-ethyl-
tually make a laser, however, resonant feedback must be imexy)-1,4-phenylenevinylene(BUEH-PPV} that have low
corporated. A vertical microcavity can be formed by sand-thresholds and exhibit two narrow linewid@.2 nm lasing
wiching a film between two dielectric or metallic modes at the wavelength predicted by the Bragg equation.
mirrors %™ This structure is relatively easy to pump electri-  BuEH-PPV, a soluble alkyl-substituted PPV derivative,
cally and has the desirable property that it emits a beanyas chosen for these demonstration experiments because it
normal to the substrate. A disadvantage of vertical microhas been shown to have high quantum efficiency photolumi-
cavities is that the distance traveled by light in the gain renescencéPL) (62% in neat film&) and a low threshold for
gion during each pass through the cavity is short. Anothegain narrowing:'® DFB lasers were made by spin casting
simple way to make a higlp laser cavity is to form a mi-  150-350 nm thick films of BUEH-PPV from xylene solu-
crodisk by photolithography,a microring by dip-coating a tions onto gratings in lum thick SiO, layers that were
glass fiberi? or a microsphere by self-assembly of the poly-grown by plasma enhanced chemical vapor deposition
mer in the liquid staté3 Although these structures are rela- (PECVD) on silicon waferdFig. 1(a)]. The gratings had pe-
tively easy to fabricate, they have the disadvantage that theyods of 170-185 nm and were made by holographic
emit light into a ring instead of a well defined beam. To jithography® and reactive ion etching with CHFThe grat-
obtain low threshold lasing with a well defined output beam,ing depths, characterized with atomic force microscopy,
itis desirable to make an in-plane laser where photons travghnged from 15 to 30 nm. A Lm thick layer of polymeth-
a long distance % 100um) during each pass through the yigiytarimide (PMGI) was spin-cast over the BUEH-PPV to
gain region. In-plane Fabry—Re lasers can be made by serve as a cladding layer which protects the waveguide from
reflection from the ends of the waveguidue to the mis-  qyst and scratches and prevents the BUEH-PPV from being
match in refractive index of the organic and drFor con-  exposed to air. PMGI has a refractive index of 1.54 at 550
jugated polymers, however, the index of refraction is smallyy, and is transparent to visible light.
compared to that of inorganic semiconductors. Moreover, it The refractive index of BUEH-PPV was measured by
variable angle spectroscopic ellipsometry and found to be
3Electronic mail: ajh@physics.ucsb.edu 1.76 in the plane of the film and 1.51 perpendicular to the
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FIG. 1. (ar)] Schﬁmatic of the DFB laser structur(re] arlld purr]npinrg1 configuration. | | . | | | |
The width of the pump stripe was 0.2 mm. The length of the pump stripe

was typically between 0.5 and 2 mm. The thicknesses of the PMGI, BUEH- 0 50 100 150 200 250 300 350

PPV, and SiQ layers were 1um, 0.15-0.35um, and 1um, respectively. Pump Energy (nJ)

Grating periods ranged from 170 to 185 nm. Grating depths ranged from 15 .

to 30 nm.(b) Photograph showing the edge emission onto a white screert /G- 2. Total output powefintegrated over all wavelengthom the edge
placed 5 mm from the edge. Only 1 mm out of the 1 cm wide sample waS & function of pump energy. Inset: The BUEH-PPV repeat unit.
photopumped. The irregularities in the beam are a result of the edge of the

laser being rough.

linewidth of 0.2 nm(Fig. 3). If the laser were perfectly uni-
form and symmetric, the two lasing modes would be ex-
film at 550 nm?! The anisotropy is a consequence of thepected to have equal intensities. Slight imperfections can be
polymer chains lying preferentially in the plane of the sufficient to enable one mode to have a lower threshold than
substratg?23 the other. When different spots on a sample were tested, we
As the thickness of the BUEH-PPV film is increasedobserved that the spacing between the modes did not vary
from 200 to 300 nm, the effective refractive index of the,TE substantially, but that the relative height of the two peaks
mode of the waveguide increases from 1.62 to 1.67. Sincwith respect to each other did vary. In some cases there was
Netf, @nd in tUrN\ g4, are sensitive to the BUEH-PPV film only one lasing mode.
thickness, it is important that the films be uniform so thatthe  The observation of two narrow lines is strong evidence
resonant wavelength does not vary substantially over the réder DFB lasing and rules out ASE, which results in peaks
gion that is pumped. We found that for spin-cast films onwith linewidths of 7 nm or more. Further evidence for DFB
DFB substrates, the lasing wavelength varied by less than lasing was obtained by studying a collection of samples with
nm across the sample. different grating periods and samples without gratings.
Samples were photopumped with 10 ns pulses of the firsAbove a threshold pump energy of 130 nJ/pulse, the samples
anti-Stokes ling435 nm) from a high pressure jtell which  without gratings all exhibited a narrow peak centered at 562
was pumped by 532 nm light from a frequency doubled, 10hm, which we attribute to ASE. The wavelength of the ASE
Hz, Q-switched Nd:YAG laser. The energy of the pulses wasemission is always centered at 562 nm because the lumines-
controlled with calibrated neutral density filters. An adjust- cence spectrum of BUEH-PPV peaks near there; this is the
able slit and a cylindrical lens were used to shape the beamavelength where the net gain is highEsBy varying the
into a 200umx1 mm stripe. Samples were pumped at nor-length of the pump stripe, we observed that light was ampli-
mal incidence with the long direction of the stripe perpen-fied by stimulated emission; the full width at half maximum
dicular to the grooves in the substrate gratimgg. 1(a)]. (FWHM) of the emission spectrum was gain narrowed from
Because an edge bead forms during spin-casting, the sub-
strates were cleavedo remove the edge bead regjgrior
to measurement of laser properties. A strong beam of light
was emitted from the edge of the samplég. 1(b)]. Since
the light was emitted from a region having dimensions of
approximately 0.X 200 um, the output beam was highly di-
vergent in the direction of the substrate normal due to dif-
fraction. During measurements, most of the emitted beam
was collected by a 10 cm focal length lens, dispersed with a
0.15 m focal length monochrometer using either a 300 or Below threshold | b~ _
2400 lines/mm grating and detected with a thermoelectrically ~Y Tl e, X30
cooled charge coupled devi¢€ECD) camera.
The dependence of output energy emitted from the edge R U e .
versus pump energy clearly exhibits a lasing threshold at 60 999 550 600 650
nJ/pulse (Fig. 2). Below threshold, the emission has the Wavelength (nm)
broad spectrum characteristic of spontaneous emission whil8g. 3. Spectra taken belovdashed ling and above(solid ling) lasing
above threshold the emission is dominated by a very narrownreshold. The below threshold spectrum was multiplied by a factor of 30.
line from DFB lasing(Fig. 3. Since the narrow line is not The grating period was 1701 nm, the BUEH-PPV film thickness was

: ieci@d0+20 nm, the calculated; was 1.62£0.02, and the calculatelg,qq
present below threshold, it cannot be spontaneous emlss'@v%s 55% 6 nm. Inset: A high resolution spectrum taken above threshold

filtered by the grating. Higher resolution spectra show thal"showing two narrow laser emission linéall width at half maximum of 0.2

the narrow “line” is actually two lines, each of which has a nm).
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70 to 7 nm as the length was increased. Narrower ASE lineether samples Since, the waveguide scattering losses in the
widths could not be obtained because gain saturation limitfilms used in this study are relatively high, significant reduc-
the amount of amplification that can be achieved and stopson in the threshold can be anticipated through straightfor-
the gain narrowing process. The full results of our study ofward improvements in film quality. Moreover, following
ASE will be published elsewher8. Berggrenet al® and Koslovet al.!* the threshold for ASE

In contrast, samples with gratings all lased at the waveand lasing can be significantly reduced by introducing a di-
length predicted by the Bragg equation in two closely spacetute amount of a laser dye such that energy transfer occurs
modes with linewidths of only 0.1-0.3 ntFWHM). By  between the host and the emitter. Experiments directed to-
adjusting the grating period and BUEH-PPV film thickness,ward the achievement of diode lasers are underway in our
we were able to systematically vary the lasing wavelengtHaboratories and in many laboratories throughout the world.
from 540 to 583 nm, thus proving that the lasing results from ) i
the distributed feedback and demonstrating that conjugated 1S work was supported by the Office of Naval Re-
polymer lasers can be tuned to lase over a wide range giearch(Kenneth Wynne, Program Direcjoand by the Na-
wavelengths. tional Science Foundation under Contract No. DMR96-
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