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The dependence of the laser threshold of organic distributed-feedback (DFB) lasers having index and surface
gratings on the pump polarization angle is studied and examined. A model is developed to describe the rela-
tionship between the fluorophore orientational distribution and the number of photons emitted into the laser

mode.
in the plane of the sample.

Experimental data fitted with this model demonstrate that the fluorophores are isotropically oriented
The polarization dependence of the laser threshold is then used in conjunction

with the measured pump intensity dependence of the emission intensity to explain the pump polarization se-

lectivity of the laser emission of these structures.
discussed. © 2004 Optical Society of America
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1. INTRODUCTION

The study and development of organic thin-film lasers has
been of interest to many researchers because of their po-
tential for telecommunications applications. During the
1990s this research domain was greatly motivated and
assisted by the considerable progress of organic light-
emitting diodes' because the materials employed are
similar for these related devices. Organic materials are
attractive for many applications because of their ability to
form lightweight and low-cost device structures through
use of relatively simple preparation methods such as
photolithography,® ink-jet printing,*> and micromold-
ing®” on a variety of substrates including curved® and
flexible” ones. In addition to these advantages, organic
materials have several properties that are especially in-
teresting for laser applications. The large Stokes shift
between absorption and emission reduces self-absorption
losses, thereby increasing the net gain and lowering the
laser threshold. This separation between absorption and
emission can be further augmented by use of fluorescence
resonance energy-transfer fluorophore pairs.” In addi-
tion, fundamental laser characteristics such as the output
wavelength and the laser threshold have a much weaker
temperature dependence than their inorganic counter-
parts, thus easing the requirements of external tempera-
ture stabilizing.!®!! One of the major remaining chal-
lenges is to create organic lasers that can be pumped
electrically; thus far, to our knowledge, all the lasers
based on amorphous organic materials presented in the
literature have been optically pumped. Despite this limi-
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The effect of the above phenomena on future applications is

tation, applications are still possible within the regime of
optical pumping; devices in which an organic laser is
pumped by a low-cost microchip laser have recently been
proposed and demonstrated.?31%13

Organic thin-film lasers can be fabricated from a vari-
ety of materials including spin-cast polymers, evaporated
molecules, or liquid-crystal matrices'® that are subse-
quently sculpted into various resonator structures.’-'%16
One of the more widely used and robust resonators is the
distributed-feedback (DFB) type because these lasers are
relatively easy to fabricate and they provide good laser
performance. In this class of lasers, the grating period
(A) of the periodic index or gain pattern determines the
emission wavelength that can be written as Ap
= 2Anq/m where n 4 is the effective refractive index of
the guided mode and m is the order of diffraction respon-
sible for the feedback. This property allows simple deter-
mination of the emission wavelength during sample fab-
rication or during laser operation when transient gratings
are used.'”® The tuning range is limited only by the gain
spectrum of the fluorophore or fluorescing polymer used,
which can be upwards of 100 nm. This range can be
shifted by use of different dye molecules or emitting poly-
mers, which enables organic DFB laser operation from
~450 to 1000 nm.*!” DFB lasers with index gratings
provide an additional advantage in that the order of the
grating can be used to control the direction of the light
output. A DFB laser that uses first-order diffraction for
feedback will emit only at each end of the grating, analo-
gous to standard two-mirror lasers. Lasers that use
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higher orders of diffraction will have a fraction of the light
diffracted in other directions as well, depending on the or-
der used.’® For most applications, first- or second-order
diffraction is used, with second-order diffraction being at-
tractive because light is emitted perpendicular to the sur-
face. Two-dimensional (2-D) structures such as the su-
perposition of two perpendicular sign waves® or circular
gratings'® can be employed to achieve a collimated beam
perpendicular to the sample surface.

Although many organic DFB lasers composed of a host
of different organic materials have been described in the
literature, thus far, to our knowledge, the role of the
pump beam polarization on the laser properties has yet to
be fully examined. In this paper we study the modifica-
tion of the laser characteristics induced when the incom-
ing polarization is rotated and propose optimization tech-
niques for dye-doped organic DFB lasers having simple
index gratings as well as those having index gratings su-
perimposed with surface-relief and surface ablation grat-
ings.

2. MATERIALS

A. Photopolymer Poly(styrene-co-4-vinylbenzyl
thiocyanate)

The samples studied in this research were optically pat-
terned structures of poly(styrene-co-4-vinylbenzyl thiocy-
anate) (PST-co-VBT), which is a photopolymer material
amenable to deep-UV recording at A < 290nm. The un-
derlying mechanism that results in a change of the refrac-
tive index and a change of the film thickness is based on
an UV photoisomerization process involving the transfor-
mation of the thiocyanate group (SCN) into an isothiocy-
anate group (NCS). The NCS moiety can be further
modified with reactive gas-phase chemical treatment that
results in an additional index change accompanied by the
formation of a surface-relief grating.2®2! In recent stud-
ies second-order DFB lasing has been demonstrated in
4-dicyanmethylene-2-methyl-6-4H-pyran- (DCM-) doped
PST-co-VBT films patterned by holographically inscribed
index and surface-relief gratings, where one-dimen-
sional??? and 2-D?* gratings provided the resonator sys-
tems for organic surface-emitting laser devices in the vis-
ible.

PST-co-VBT was synthesized according to a published
procedure?® and codissolved with DCM (Radiant Dyes, 2
wt. %) in CHCl;. The resulting solutions were filtered
(0.2-um pore size) and subsequently spun onto CaFy sub-
strates (Suss RC5 spin coater). The thickness and re-
fractive index of the films were measured by spectroscopic
ellipsometry (Woollam variable angle of incidence spectro-
scopic ellipsometer).

B. Interference Lithography

Interferometric patterning was carried out with the
fourth harmonic of a 10-Hz Nd:YAG laser (Spectra
Physik/Quanta Ray-GCR 170-10) at A = 266 nm. Pulse
energies were determined with a pyroelectric joulemeter
(Gentec ED-200). The laser beam (diameter ~ 7 mm)
was split in two with a beam splitter (Laser Components
BS266/45 S50) and then recombined on the sample plane
at an angle 6 to produce a periodic fringing pattern. By
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changing the incident angle 6 of the laser beams interfer-
ing at the sample surface, we could adjust the grating pe-
riod A according to the relation A = \/2sin 6, where \ is
the irradiation wavelength and 6 is the incident angle of
the writing beams. Irradiations of 40 pulses with a total
energy density of ~6 mJecem™2 per pulse resulted in a
refractive-index pattern, whereas higher-energy densities
(>14 mJem™2 per pulse) led to laser ablation-induced
surface gratings in addition to the refractive-index
pattern.?223  All interference illuminations were carried
out in an ambient atmosphere.

C. Postexposure Modification of PST-co-VBT Films

We carried out conversion of photogenerated NCS groups
to thiourea units by placing the polymer samples over so-
lutions of propylamine and ethylenediamine (propy-
lamine, 2.5 wt. % in toluene; ethylenediamine, 1.0 wt. %
in toluene). The modification reactions were carried out
at 20 °C for 120 s. For reactions with ammonia, the illu-
minated polymer films were placed in an IR cell (Graseby-
Specac) thermostated at 50 °C, which was filled with gas-
eous ammonia (reaction time 60 min). Hydrazine
hydrate (Aldrich) was dehydrated with solid potassium
hydroxide following a literature method and placed in a
thermostatically controlled vessel (70 °C). Vapors of hy-
drazine carried in a stream of dry nitrogen were passed
through a reaction chamber containing the polymer
sample at 20 °C (reaction time 30 s). After the postexpo-
sure modification, the samples were stored in vacuum to
remove excess reagents.

The depth and grating period of the resulting surface
gratings produced by gas modification and laser ablation
were measured by atomic force microscopy (Nano Scope
IITa and Dimension 3100, Digital Instruments) in tapping
mode. Film thicknesses were measured by spectrometric
ellipsometry with an error of ~5%.

3. DISTRIBUTED-FEEDBACK LASER
CHARACTERISTICS

We studied the DFB lasers for this research using the ex-
perimental setup shown in Fig. 1. Laser light from a
doubled Nd:YAG laser that provided ~20-ps pulses at 10
Hz and 532 nm was focused to a spot of radius in the
range of 600—800 um (measured with a knife blade tech-
nique) on the DFB samples at normal incidence. A pass-
band filter was placed before the sample to eliminate light
from the flash lamps and other harmonics of the pump la-
ser. A half-wave plate placed in front of a polarizer was
used to control the pump power on the sample while a sec-

% Nd:YAG Laser
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Fig. 1. Experimental apparatus. M, mirror; L, lens; PBF, pass-
band filter; Pol, polarizer; BS, beam splitter; \/2, half-wave plate;
HPF, high-pass filter.
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Fig. 2. Typical plot of the laser emission intensity versus the
pump power density for a DFB laser sample. The curves are
power-law fits. The input—output behavior is characterized by a
fluorescence region (I,ymp < Iy), the onset point (1), the tran-
sition region (I, < Iyump < I5at), the saturation point (I,), and
the saturation region (Iyymp < Issy). Inset: Several emission
spectra obtained with increasing pump power. At low intensi-
ties a broad fluorescence background is observed; above the laser
threshold a narrow peak emerges.
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Fig. 3. Saturated laser emission spectra for DFB samples of
various thicknesses: (a) 163 nm, (b) 247 nm, (c) 419 nm. Inset:
Peak emission wavelength versus film thickness. The solid-
curve fit is described in the text.

ond half-wave plate placed just before the sample was
used to control the incident pump polarization angle. A
glass plate was used to divert several percent of the pump
beam to a powermeter that was used as a reference of the
pump beam power. After the sample, a high-pass filter
removed the transmitted pump light. Laser light emit-
ted from the surface of the DFB laser was subsequently
collected by a fiber bundle of ~1 mm in diameter. This
light was then coupled into a spectrograph (Model
MS125, Oriel Instruments), which dispersed the emission
onto the pixels of a cooled CCD camera (Andor Technolo-
gies). The spectrometer was calibrated with the 532-nm
line of the pump laser.

We performed the laser threshold measurements by ob-
taining 300 single-shot emission spectra for a given
sample at different pump intensities Ip,,,,. Several ex-
amples of such one-shot spectra at different intensities
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are presented in the inset of Fig. 2. The area under the
laser peak was then integrated for all spectra; typical re-
sults of this measurement are plotted in Fig. 2. We can
clearly see three regimes; for I, < Iy, a nearly linear
regime is visible that is indicative of fluorescence, which
is followed by a steep transition to laser action at Iy
< Tpump < I, and finally a saturation region where
I pump >1 sat *

In this study experiments were carried out on DFB la-
sers of different thicknesses (namely, 163, 247, and 419
nm) to investigate any effect on the observed phenomena.
The saturated emission spectra of the resulting devices
were recorded for each device, the results of which are
shown in Fig. 3. For each sample thickness we observe
similar characteristics, with each spectrum consisting of a
single laser emission peak that is several orders of mag-
nitude more intense than the fluorescence background.
The emission displays an instrument-limited spectral
linewidth of ~1 nm and is polarized parallel to the grat-
ing lines of the sample with a ratio of >250:1, regardless
of the pump polarization. The laser emission wavelength
N\, of each sample thickness is plotted in the inset of Fig.
3. The observed behavior can be understood when the
samples are modeled as asymmetric planar wave-
guides.'?!® The best fit to the data is shown in the inset
of Fig. 3, which gives a grating period of 426 nm and a
bulk index of refraction of 1.607, which are in good agree-
ment with the values of 430 nm and 1.613 measured by
atomic force microscopy and ellipsometry, respectively.

4. POLARIZATION EFFECTS AND DYE
ORIENTATION

In this section we describe the influence of the fluorophore
orientational distribution in the polymeric film f(Q)
(where Q) represents the three-dimensional (3-D) dipole
orientation angles) on the DFB laser characteristics, spe-
cifically the pump angle dependence of the laser thresh-
old. Because the laser oscillation occurs in the direction
of the grating wave vector K [see Fig. 4(a)], it is expected
that both the distribution f({)) and the polarization direc-
tion e = (cos @, sin «, 0) of the excitation electric field E
= E,e (Fig. 5) are of paramount importance for the laser
threshold and pump polarization selectivity. We present

(a) (b)

Fig. 4. General DFB sample characteristics. (a) Diagram of
the sample structure with A the thickness and K the grating
wave vector of the grating. Coordinate systems used for the
chromophore orientational distributions, with u the vector repre-
senting the fluorophore dipole and e the unit vector representing
the polarization direction of the linearly polarized pumping
beam.
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a formalism that allows the determination of the pump
angle dependence of I;,. The model is developed through
examination of the fluorescence intensity along the DFB
grating wave vector K (which lies along the y direction),

I, which is evaluated as

I, J Pun (@)TL,(Q)f(©)d0, )

where P, = |E-u/? is the absorption probability of the
dye molecules with x = pu the fluorophore excitation
transition dipole, u a unit vector along the vector dipole
axis, I1, the Poynting vector in the y direction, and f({)
the orientational distribution of the laser dye molecules in
the organic thin film. Assuming unidimensional fluoro-
phores characterized by the wunit vector u
= (sin fcos ¢, sin #sin ¢, cos 0) where 0 and ¢ are the di-
pole orientation angles [Fig. 4(b)] and using the far-field
approximation for the dipole radiation, we obtain

P = (€-u)? = (cos? @ cos? ¢ + sin? a sin? ¢ )sin? 6,
(2a)
I, = (yxu)? = cos® 6 + sin® 6 cos” ¢. (2b)

In the general case we obtain
27 T
I(a) = f dqﬁf f(6, ¢)(cos® @cos2¢ + sin® ¢)
0 0

X (cos? 0 + sin® 0 cos? ¢ )sin® 6d6. (3)

At this point, knowledge of the distribution (6, ¢ ) is re-
quired. From Fig. 5, which shows that the fluorescence
intensity is independent of the pump polarization direc-
tion «, we deduce that the dye distribution is invariant by
rotation around the z axis. For the sake of simplicity we
assume the following generic normalized distribution that
satisfies this symmetry argument:

0, d)=f fa2-B<O0<u/2+8, 0<d¢=<2m,
f(6, ¢) =0

where fy = 1/(4 7 sin B) is a normalization constant and B
is an angle that characterizes the extent of orientation
out of the sample plane (x, y). The distribution em-
ployed is admittedly not physical, but serves as a first ap-
proximation to a real distribution. Integration over
space yields

I(a, B) = F(B) + G(B)cos? a, (5)

otherwise, (4)

where
F(B) = 16 + 8 cos? B — 9 cos? B,
G(B) = 16 + 8 cos? B + 6 cos* . (6)

Because the laser threshold intensity I;,(a) corresponds
to a given amount of fluorescence intensity along K, we
finally obtain

F(p) + G(B)
L(a, B) = —1,(0). (D
F(B) + G(B)cos” a
Equation (7) predicts that the laser threshold I is a
m-periodic function of the pump polarization direction a,
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Fig. 5. Dependence of the fluorescence emission with respect to
the pump polarization angle « for a DFB sample thickness of 419
nm.
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Fig. 6. Contrast C of Eq. (8) plotted versus angle 8.

with the maxima located at a = (n + 1/2)7 and the
minima at a« = nw, where n is an integer. The contrast
of the oscillating function Iy (), defined by C = (I3,
— Iy™™/(Ig, ™ + I,™"), is a function of the angle B.
From Eq. (7) we find

c(p) = ap (8)
(B = oF

(B + G’

which is plotted in Fig. 6. From Fig. 6 we can foresee
that the measurement of C could allow the determination
of the angle 8. However, one must keep in mind that val-
ues obtained near 8 = 0° and 90° will only be qualitative
because the relative variations of the contrast are small
in these ranges. Figure 7 presents the measured laser
threshold as a function of the pump beam polarization di-
rection (circles) for a sample thickness of 2 = 419 nm.
The threshold is at a maximum when the pump laser po-
larization is polarized perpendicular to the grating lines
(a = 90° and 270°) because most of the emitted radiation
is radiated perpendicularly to the grating direction,
whereas it is minimized when the polarization is parallel
to the grating lines (¢« = 0° and 180°). We note that this
efficiency maximum is valid for a normal-incidence pump-
ing geometry.
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The solid curve corresponds to the best fit by use of Eq.
(7), which yields 8 = 0° (in-plane isotropic dye distribu-
tion) and is in agreement with the data. This fit con-
tained an extra factor of exp(—a/a,) to phenomenologi-
cally take into account the dye degradation (or bleaching)
that occurs during the experiment. The fit in Fig. 7
yielded an «, of 800°. This angle relates to the increase
in threshold that is induced with each measurement. As
described above, each point in Fig. 7 corresponds to 300
one-shot spectra that are obtained for a range of intensi-
ties that varied only weakly with the pump polarization
angle. The resulting fluence absorbed by the sample for
each measurement point is roughly 30 md.

These results suggest that an orientational effect is the
origin of the observed behavior. The origin of the 2-D dis-
tribution found by the fits can be found in the fact that
spin-coated thin polymeric films (a few hundreds of na-
nometers) have their chains aligned principally parallel
to the substrate plane, which in turn may force the dye
molecules to also be in plane because of guest—host mo-
lecular interactions. We repeated these experiments for
the various samples of different thicknesses mentioned
above (163, 246, and 419 nm) as well as for samples that
have index gratings superimposed with surface-relief and
surface ablation gratings and arrived at the same conclu-
sions in all cases. To further confirm our interpretation,
we attempted to alter the initial fluorophore distribution
by heating samples for 24 h at 120°C (sample T,
~ 100°C). Heating the sample should randomize the
fluorophore distribution, leading to a larger B and re-
duced contrast C in the above analysis. After heating,
B = 17° was found, which corresponds to a partial ran-
domization of the fluorophore distribution. As an aside,
the maximum relative variation of the laser threshold due
to heating was 3%, demonstrating the good thermal sta-
bility of the laser properties in these films.

To illustrate the difference between the observed be-
havior and that expected for a three-dimensionally isotro-
pic dye distribution (8 = 90°), Fig. 7 also displays the
corresponding laser threshold dependence in this case
(see dashed curve), which emphasizes the importance of

2500 T T T
© Experimental Data
—2-Dfit (8=0%
2000 ... 3-D fit (5= 90" ]

1500

1000 |

500 Go 4

Laser Threshold (pJ/cm?)

0 L 1
-100 0 100 200 300
Pump Polarization Angle « (deg)

Fig. 7. Dependence of the laser threshold on the angle of polar-
ization « for a DFB sample thickness of 419 nm. The dashed-
curve fit assumes a 3-D isotropic chromophore orientational dis-
tribution, whereas the solid curve assumes that the
chromophores are isotropically distributed in the (x, y) sample
plane.

Wright et al.

both the fluorophore distribution and the operating condi-
tions to obtain the lowest laser thresholds. Optimization
of both the absorption probability and the dipole radiation
along the y direction are required, as can be seen from re-
lations (1) and (2). With this in mind it is possible to
foresee applications based on the manipulation of the dye
orientational distribution, which could be achieved by
thermal poling, photoassisted thermal poling, or all-
optical poling techniques.?’ For example, we can lower
the threshold by orientating the dye molecules parallel to
the x direction. On the other hand, if these lasers are
pumped by poorly or unpolarized sources (such as diode
lasers or lasers coupled with non-polarization-preserving
fibers), a lasing intensity insensitive to the pump polar-
ization is required. From Fig. 7 it is clear that the dye
distribution resulting from normal DFB laser fabrication
(Section 2) does not meet such requirements. However, a
judicious manipulation of the orientational distribution
should lead to a polarization-independent lasing inten-
sity.

The pump polarization angle dependence of the DFB
laser properties will be particularly important when
samples are used that have several multiplexed gratings.
In this case the isotropic 2-D dye distribution is the most
suitable to obtain equal performance for each superim-
posed laser. Pump polarization selectivity and prospec-
tives for samples incorporating multiple DFB gratings are
discussed in Section 5.

5. PUMP POLARIZATION SELECTIVITY

We examined the pump polarization angle dependence of
the emission intensity by varying the pump polarization
angle (@) while keeping the excitation intensity I, fixed.
The filled circles in Figs. 8(a) and 8(b) show the results for
two different input intensities above the laser threshold.
It is clear from Figs. 8(a) and 8(b) that the pump polar-
ization selectivity is increased when the pump intensity is
close to the laser threshold. In addition, angular thresh-
olds can be observed as kinks in the angular emission pat-
tern [Figs. 8(a) and 8(b)], with ay, and a, the angular
analogs of the intensity thresholds Iy, and I, (Fig. 2).
This can be well understood on the basis of the results of
Section 4. We use the laser threshold dependence versus
the pump polarization angle « that is deduced from Egs.
(6) and (7) and the condition 8 = 0° (2-D distribution) to
find the pump polarization angle dependence of the laser
threshold:

137 P(@) = g(a)I4>™(0), 9)

where

3
gla) = ———. (10)
1+ 2cos? @

On the basis of the results of Section 3, we assume a
multilinear input—output curve in log I, versus logIj
representation, where I, is the pump beam intensity

and I, is the emitted intensity (see Fig. 2) of the form

logl; = aqloglpymp + b1 if Tyymp < Ithz'D(a),
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Fig. 8. Pump angle dependence of the emitted intensity in the spectral window of the laser peak at two different pump power densities
(a) ~1.4 and (b) ~2.8 times the laser threshold and their corresponding representation (c¢) input and (d) output curves. The solid and
dashed lines in (c¢) and (d) represent the corresponding curves for @ = 0° and 55°, respectively. The fits in (a) and (b) are described in
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IOgIL = Qg9 longump + b2

if Ithz-D(a) = Ipump = Isatz-D(a),

logl;, = azloglyump + b3 if I (@) < Ipump,

where the different slopes a; are constants for a given
sample. For the laser that corresponds to the data of
Figs. 8(a) and 8(b), the experimental averaged values over
ten independent measurements are, respectively, a;
= 0.94 + 0.03, ag = 14.2 = 3.3, and a3 = 2.17 = 0.25.
Finally, we fitted the experimental angular spectra using
the coefficients b; as adjustable parameters from which
we deduce 1,2 2(0), I.,,2°(0), and I, from Eqs. (9)—(11).
The best fits are denoted by the solid curves in Figs. 8(a)
and 8(b). Figures 8(c) and 8(d) present the corresponding
behavior in the (loglm,, logl;) representation for «
= 0° (solid lines) and a« = 55° (dashed lines). Increas-
ing the pumping polarization angle has the effect of shift-
ing the entire input—output curve to higher pumping in-
tensities. Good agreement with the experimental data is
found, and we conclude that it is preferable to work below
the saturation regime to reach high pump polarization se-
lectivity.

The main source of disagreement between the fit and
the experimental data is the same fluorophore degrada-
tion process observed in Fig. 7, which is not accounted for

in the fitting procedure. The effects of degradation are
even clearer in these experiments because the emission
intensity is nonlinearly dependent on the number of ac-
tive molecules. The effect is visible as a discontinuity
and a lack of symmetry about the experimental starting
point of 0°. Although dye degradation limits the applica-
bility of these materials to marketable devices, it should
be noted that all experiments in this study were carried
out in ambient conditions and no efforts were made to im-
prove this aspect of the sample performance.

In light of these results on pump polarization selectiv-
ity, we can foresee a multiple DFB laser obtained from the
superimposition of different gratings with noncollinear
wave vectors. Such multiplexed DFB laser structures
have been recently realized and are discussed in a sepa-
rate paper.26

6. CONCLUSION

In this paper we have examined the effect of pump beam
polarization on the laser threshold and emission intensity
in optically pumped dye-doped organic DFB lasers.
DCM-doped PST-co-VBT samples having refractive-index
gratings formed from periodic UV illumination were used
as model systems. Sample fluorescence spectra were ob-
served to be independent of the pump polarization angle,
suggesting that the 3-D fluorophore distribution is isotro-
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pic in the sample plane. A theoretical model that links
the fluorophores orientation distribution in the sample to
the laser threshold was then developed and used to fit ex-
perimental data from experiments in which the laser
threshold was measured with respect to the pump polar-
ization angle. Resulting fits showed that the fluoro-
phores lie predominantly in the sample plane with no pre-
ferred direction. These results were shown to be general
for thin-film samples with thicknesses of several hundred
nanometers and grating types (simple index gratings, in-
dex gratings superimposed with surface-relief or surface
ablation gratings). The pump angle dependence of the
laser threshold was then combined with the measured
input—output characteristics of the DFB lasers to explain
the dependence of the emission intensity on the pump po-
larization angle, which has strong implications on the
pump polarization selectivity of the resonators. The
analysis presented here underlines the importance of
pump polarization selectivity in applications that employ
organic DFB lasers because the pump polarization selec-
tivity needs to be properly tuned to maximize perfor-
mance. The optimization of the fluorophore distribution
for different applications will be the subject of future re-
search.
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