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Tuning the wavelength of lasing emission in organic semiconducting laser
by the orientation of liquid crystalline conjugated polymer

Myoung Hoon Song, Bernard Wenger, and Richard H. Friend®
Cavendish Laboratory, University of Cambridge, Cambridge CB3 OHE, United Kingdom

(Received 8 November 2007; accepted 26 May 2008; published online 6 August 2008)

We report the optical pumping of one-dimensional distributed feedback (DFB) conjugated polymer
devices using a uniaxially aligned liquid crystalline polymer, poly(9,9-dioctylfluorene). We can
independently select the alignment direction (via a rubbed polyimide layer) and the DFB structure
(via nanoimprinting). In comparison with unaligned film, we show that lasing threshold is
substantially = reduced when  absorption is parallel to the aligned direction
(~20.0 wJ cm™2 pulse™!). This is mainly due to the higher absorption coefficient estimated in the
table by calculating the exciton densities at each threshold value. We also report the control of lasing
wavelength through independent selection of alignment direction and DFB orientation, which is
achieved through the control of the effective refractive index of waveguide (n.¢). © 2008 American

Institute of Physics. [DOI: 10.1063/1.2959339]

I. INTRODUCTION

Conjugated polymers are considered attractive as gain
media for laser and broadband optical ampliﬁersl’2 due to the
high photoluminescence quantum efficiencies, broad gain
range, tunability throughout the visible spectrum, and scope
for simple fabrication processing. Continuing efforts have
also been made to realize an electrically pumped organic
laser by reducing laser threshold and increasing charge mo-
bility. For an electrically pumped organic laser, high current
densities are required within a thin polymer film that shows
higher optical gain and lower thresholds of stimulated emis-
sion. Some reports have also demonstrated much lower
thresholds of stimulated emission or amplified spontaneous
emission (ASE) by aligning organic molecules.”™ In this re-
spect, polyfluorenes, such as poly(9,9-dioctylfluorene) (F8)
and poly(9,9-dioctylfluorene-co-benzothiadiazole) (F8BT),
are very attractive materials due to high quantum efficien-
cies, high optical gain, and good electrical properties.

There are many reports of optically pumped conjugated
polymer lasers in various structures, such as distributed feed-
back (DFB) (Refs. 7-10), microcavities,'' ™" photonic
(:rystals,14 and so on. Among them, the DFB structure has
received much attention as it offers long gain lengths result-
ing in very low thresholds. It is thus a candidate for an or-
ganic semiconducting laser structure for continuous wave
lasing and electrically pumped organic diode lasers, both of
which have many practical applications, from medicine to
telecommunication. Moreover, this DFB structure can be
easily combined with electrical devices such as organic light
emitting diodes and light emitting organic transistors.”” Tt
provides a way to tune the wavelength of the lasing emission
through the control of the grating dimension (A) (Refs.
16—18) or the film thickness of active layerg’g’19 that controls
the effective index of the waveguide mode (n.) that can be
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changed. In this paper, we report a method of tuning the
wavelength of lasing emission with a lowered threshold by
aligning F8 molecules.

Il. EXPERIMENT

The conjugated polyfluorene polymer F8 was used in
these experiments. The F8 (M,~92700 and 7,~51 °C)
was dissolved in p-xylene solutions, and F8 films were fab-
ricated by spin coating the solution onto glass substrates. The
film thickness was controlled according to solution concen-
tration and spin speed and was measured using a Sloan De-
ktak surface profilometer.

To align this thermotropic polymer, a polyimide
(PI12525, HD Microsystems) alignment layer was coated on a
glass substrate and then rubbed unidirectionally at room tem-
perature. After polymer deposition on rubbed polyimide the
F8 films were preannealed for 10 min at 110 °C below the
melting point of F8§ to try to induce crystallization prior to
aligning. The films were then cured at 275 °C for 17 min in
a glovebox to prevent oxidation at high temperature and
quenched quickly to room temperature, and then well-
aligned F8 films were obtained.

These F8 films were then patterned using a soft litho-
graphic technique known as hot embossing.20 A holographic
grating (GH13-36U, 3600 lines/mm, THORLABS) was used
as a master with a period (A) of 278 nm (12.7 X 12.7 mm).
An ethylene(tetrafluoroethylene) (ETFE) replica (nonadhe-
sive to polymer) was used and placed on the master.”’ Then
this assembly was put into an Obducat nanoimprinter (Ob-
ducat AB, Sweden), then imprinted at 220 °C (above T,) and
20 bars for 5 min, and then cooled down to 70 °C (below
T,). Subsequently, the patterned ETFE replica was placed
against the F8 film and imprinted at 90 °C (above T,) and 20
bars for 5 min, and then cooled down below T, before re-
leasing the pressure. This procedure gave a one-dimensional
(ID) patterned F8 film with a period (A) of 278 nm and a
depth of 40 nm.

© 2008 American Institute of Physics
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The orientation of polymer chain was also examined us-
ing a crossed-polarizers microscope (Olympus BX60). The
degree of the polymer chain orientation was examined using
polarized UV-vis absorption measurements at wavelengths
corresponding to the polymer absorption peak (~396 nm).
The aligned F8 film was placed in a HP8453 UV-vis spec-
trometer (Hewlett—Packard), and the linear polarizer was
placed in front of the F8 film for different polarized light
incidences.

For ASE and lasing measurements, a 355 nm pulsed la-
ser beam with a third harmonic light from a Nd:YVO4 (yt-
trium orthovanadate) Q-switched diode laser (AOT-YVO-
250QSPX: Advanced Optical Technology, Ltd.) was used as
an optical pumping source. The pulse width was 500 ps, and
the repetition rate was 1 kHz. The pumping laser beam was
focused on the sample surface at oblique incidence (about
35°), and the emission from the sample was collected in a
fiber-coupled spectrograph (USB 4000: Ocean Optics, Inc.),
which was normal to the substrate.

lll. RESULT AND DISCUSSION

We first examined the degree of alignment using polar-
ized absorption and optical microscopy. Figure 1(a) shows
the textures of the aligned F8 film examined using crossed-
polarizers microscope. The micrographs in Fig. 1(a) corre-
spond to textures measured at rotational angles of ¢=0°,
+45°, —45°, and 135°, where the rotation angle is between
the polarization direction of one polarizer and rubbing direc-
tion. Most of the domains look bright at £45° and 135°,
whereas they appear dark at 0°. Thus, we can confirm that
homogeneous alignment of F8 films is achieved. Figure 1(b)
shows the polarized UV-vis absorption spectra of the aligned
F8 layer at 0° (red line) and 90° (black line) polarized inci-
dent angles at the chain orientation. Maximum absorption is
along the polymer chain orientation director in the aligned
F8 sample, i.e., when the polarization of incident light is
parallel to the orientation of polymer chain. Minimum ab-
sorption is the case when the polarization of incident light is
perpendicular to the orientation of polymer chain. The di-
chroic ratio at the maximum of the absorption band (396 nm)
is 11.4, and the polar light absorption plot obtained upon
polarization rotation is shown as inset in Fig. 1(b).

We note that under our conditions, the uniaxial align-
ment direction was not affected by the subsequent nanoim-
printing. However, Zheng et al.”*® demonstrated the uniaxial
alignment of F8BT (M, ~9 000) by means of nanoconfine-
ment during hot embossing. In this experiment, the orienta-
tion of F8 molecules did not change after hot embossing by
polarized absorption measurement. The absence of alignment
may be due to higher molecular weight of F8 molecules
(M, ~92700) used in this experiment and shorter periodici-
ties of the nanostructures.

Figure 2(a) shows the DFB laser structure. This DFB
laser device consists of a corrugated F8 polymer film on top
of uniaxially rubbed polyimide film and substrate. For a cor-
rugated DFB laser structure, laser emission occurs at the
Bragg wavelength \,

J. Appl. Phys. 104, 033107 (2008)

(@)

00

-45°
(b) T  § T T T
1.6 —°

— o MY

=i ——90 /r

& 42|

Q

O

S 0.8l

s o.

E

a

2 04:;

(4]

A

0.0 : :
300 350 400 450 500 550 600
Wavelength (nm)

FIG. 1. (Color online) (a) Crossed-polarizers micrographs of the aligned F8
film with the polyimide alignment film (upper left ¢=0°, upper right ¢
=45°, lower left ¢=-45°, and lower right ¢=135°). (b) Polarized UV-vis
absorption spectra of the aligned F8 layer at 0° (red line) and 90° (black
line) polarized incident angles at the chain orientation. The inset shows polar
plot of angular dependence of polarized UV-vis absorption spectra of the
aligned F8 layer.

mA = 2neffA, (1)

where \ is the vacuum wavelength of light, A is the period
of grating, and n; is the so-called effective refractive index
of the waveguide. For m=2 (second order), the lasers are
surface emitting.

Figure 2(b) shows a series of measured emission spectra
from 1D anisotropic F8 laser samples with different F8 film
thicknesses. For comparison, a series of measured lasing
emission spectra from 1D isotropic F8 laser sample cell is
also shown in Fig. 2(c). The two important observations
from the data in Figs. 2(b) and 2(c) are as follows: (1) Two
lasing spectra at the same wavelength (458 nm) were ob-
served at 62-nm-thick aligned F8 film and 147-nm-thick un-
aligned F8 film, and (2) the tuning range was 445-469 nm.
The reason in (1) is the higher refractive index value in the
light propagation direction obtained by aligning the F8 layer.

Figure 2(d) shows selected spectra of angle-resolved po-
larized emission featuring sharp peaks from scattered TE
waveguide modes in 193-nm-thick anisotropic F8 laser
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FIG. 2. (Color online) (a) Schematic illustration of polymer DFB laser with corrugation of 278 nm period and a depth of 40 nm. Lasing spectra measured (b)
for the anisotropic F8 laser sample cell and (c) for the isotropic F8 laser sample cell with various film thicknesses of F8 layer. (d) The few photoluminescence
spectra of TE-polarized waveguide. The graph shows the effective index vs the wavelength for TE, and TE, waveguide modes in the 193-nm-thick aligned
F8 film. (e) TE;-polarized lasing spectra from the anisotropic F8 laser cell (the polarization beam is parallel to the F8 chain alignment) with 240 nm thickness.
(f) The lasing wavelengths and effective refractive index of the anisotropic F8 laser sample cell (black-filled triangles) and the isotropic F8 laser sample cell

(red open circles) as a function of F8 film thickness.

sample. Two 446 and 495.3 nm emission peaks (black) in-
stead of a lasing emission were shown at m\=2n.4A. The
peak wavelength splitting at a given angle was observed be-
cause the grating scatters waveguided light traveling in op-
posite directions. As the thickness of the anisotropic F8 layer
was increased further (240 nm), TE; mode lasing was ob-
served at 463.8 nm, as shown in Fig. 2(e).

After measuring the lasing emission spectra, the effec-
tive refractive index of each spectrum could be calculated by
inserting the peak wavelengths at 0° in Eq. 2),”

Negr= — =+ sin(6). (2)

> >

The wavelengths of lasing modes and n.g; for TE; and
TE, waveguide modes in the F8 film are plotted versus the
thickness of the active layer in Fig. 2(f). We note first that the
lasing wavelength and n.; of anisotropic and isotropic F8
laser samples are different from the same thickness of F8
films. Second, the TE; mode shifts toward longer wave-
lengths due to the increase in effective refractive index as the
thickness is increased. Finally, another mode (TE;) appears
at shorter wavelengths and is shifted toward the longer wave-
lengths repeatedly in the anisotropic F8 laser sample.

For the comparison of threshold and gain between the
anisotropic and isotropic F8 sample cells, four different ex-
perimental configurations were used, as shown in Fig. 3(a).
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FIG. 3. (a) Schematic illustration of four different excitation configurations. The black lines correspond to grating lines, and the rod shapes correspond to F8
molecules. (b) TE-polarized emission spectra from the anisotropic F8 laser cell (the polarization beam is parallel to the F8 chain alignment) with 62 nm
thickness for pump energies above and below the threshold of 20 wJ/cm? pulse. (c) Threshold behavior in the anisotropic F8 laser cell. The polarization beam
parallel (perpendicular) to the F8 chain alignment corresponds to case (1) [case (2)]. (d) Threshold behavior in the isotropic F8 laser cell. The polarization
beam parallel (perpendicular) to the F8 chain alignment corresponds to case (3) [case (4)].

These configurations look very similar to Refs. 3 and 4 in
ASE experiments. In case (1), the incident excitation beam
was polarized parallel to the chain alignment axis and grating
lines, maximizing the absorption in the anisotropic F8
sample cell. The emitted light of the TE waveguide mode
parallel to the alignment direction propagates along one axis
by grating within the film plane; thus a higher waveguide
confinement of TE mode can be expected due to the higher
refractive index in this direction. In case (2), the incident
excitation beam is polarized perpendicular to the chain align-
ment axis and grating line, minimizing the absorption in the
anisotropic F8 sample cell. However, the higher waveguide
confinement of TE mode is the same as in case (1). In both
cases (1) and (2), it is favorable for amplification as the
transition dipole moments lie nearly parallel to the polymer
chains and light is diffracted in the direction perpendicular to
the grating lines. Excitation conditions for (3) and (4) were
the same for (1) and (2), respectively, but the F8 films were
unaligned. It was difficult to compare the thresholds among
the four cases because both the amount of light absorbed and
the effective indices changed. In order to compare the de-
vices, we adjusted the thickness of the active polymer films
to match the same emission wavelength—in other words, the
same effective refractive index. The film thickness of cases

(1) and (2) is 62 nm, and the film thickness of cases (3) and
(4) is 147 nm. Figure 3(b) shows the emission spectra of case
(1) measured normally to the waveguide surface when
pumped both below and above (black line,
23.2 uJ/cm? pulse) lasing threshold. The Bragg dip was vis-
ible below the threshold, and the lasing mode appeared close
to the dip wavelength (458 nm). The laser linewidth was
measured to be ~1 nm, limited by the resolution of our
spectrometer.

Figures 3(c) and 3(d) show the light input-output char-
acteristics of cases (1)—(4). In a 62-nm-thick anisotropic F8
laser  sample, the threshold of case (1) (
~20.0 uJ/cm? pulse) was lower than that of case (2) (
~69.0 uJ/cm? pulse)—as expected due to the strong light
absorption when the excitation beam was polarized parallel
to the orientation of F8 molecules. Whereas the thresholds of
cases (3) and (4) did not show large different threshold val-
ues (39.2 and 45.7 wJ/cm? pulse, respectively) even if a
little difference in these cases might be due to the effect of
incident pump polarization.23 To explore further the differ-
ence between the anisotropic and isotropic F8 lasers, the re-
lationship between the net gain coefficient g, the confinement
factor I', and the material gain coefficient g, should be
considered.”*
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TABLE I. Exciton densities and threshold values for lasing in different excitation conditions.
Exciton density Film Exciton density
Threshold Photon flux at threshold thickness at threshold
(uJ/ecm?)  (photon/cm?) oD T (%) (exciton/cm?) (nm) (exciton/cm?)
Aligned F8 20 3.57x 102 0.76 17.38 2.9x108 62 47X10'®
(Parallel)
Aligned F8
(Perpendicular) 69 12.32x 10" 0.136 73.11 3.3x108 62 5.3x10'®
Unaligned F8 38.8 6.93X 103 1.02936  9.35 6.3x 108 147 43x10'®
(Parallel)
Unaligned F8 45.7 8.16X 10"  1.02936  9.35 7.4%101 147 5.0x10'8
(Perpendicular)
g=Tg... (if waveguide loss is neglecting). (3) stimulated emission cross section.’®?’ Exciton densities at

For a given thickness, I' is higher in anisotropic films
because the higher index value in anisotropic films has a
significant effect on the waveguiding and confinement. How-
ever, we found that the confinement of the isotropic F8 film
(~0.75) in this study was better than that of the anisotropic
F8 film (~0.51) due to the larger thickness of the isotropic
F8 layer, whereas the outcoupling should be higher in the
aligned film.”

Next, gma Was also considered between the anisotropic
and the isotropic layers. In general, g, can be expressed by
8mat=0emNex, Where N, is the exciton density and oy, is the
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each threshold value were estimated, as shown in Table I.
Exciton densities at each threshold value were similar even
when the thickness of the anisotropic F8 layer (62 nm) was
much thinner than that of the isotropic F8 layer (147 nm).
This arises because the anisotropic F8 film absorbs more
incident excitations than the isotropic F8 film, and it has
enough excitons to start the lasing action. As for o, it de-
pends on the alignment of the molecular transition dipole
moments with the polarization of stimulated emission (TE
mode), i.e., anisotropic F8 layer has a higher absorption co-
efficient and increase in the stimulated emission cross sec-
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FIG. 4. (a) Schematic illustration of tunable DFB F8 laser sample cell. The arrow corresponds to the director of F8 molecules, and the angle is between the
grating line and the orientation of F8. (b) Lasing spectra measured for the anisotropic F8 laser sample cell with different angles between the grating line and
the orientation of F8. (c) Lasing wavelengths and effective refractive index of the anisotropic F8 laser sample cell (black open circles) as a function of angles
between the grating line and the orientation of F8. (d) Threshold energy as a function of laser wavelength for the anisotropic F8 laser sample cell with different
angles between the grating line and the orientation of F8. The ASE (black solid line) is shown for gain region.
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tion (o,,), as predicted by Einstein coefficients® or
McCumber®® relation. After all, the anisotropic F8 layer has
higher gain (ga0)-

As discussed before, the confinement was better in the
thick isotropic F8 film, and the exciton densities at each
threshold value were almost the same. It means higher o, in
anisotropic F8 layer may be an important parameter in coun-
terbalancing confinement effect and showing lower threshold
in anisotropic F§ DFB laser sample.

Generally, the emission wavelength of DFB lasers can be
tuned by the control of the grating dimension (A) or the film
thickness of the active layer. Here, we show another way of
tuning the wavelength of DFB lasers. Figure 4(a) shows the
schematic illustration of the tunable DFB laser structure, to-
gether with the aligned F8 polymer molecules. The effective
refractive index of the TE lasing waveguide mode can be
tuned by the orientation of F8 molecules, i.e., by the control
of the angle between the alignment direction of F8 and the
grating lines. The tunable wavelength of lasing emission can
be achieved through the control of the direction of the
aligned F8. Figure 4(b) shows a series of lasing emission
spectra from the 1D DFB laser with the anisotropic F8 films
as a function of angles between the alignment direction of
the aligned F8 and grating orientation. Here, the wavelength
of lasing emission was set at the edge of the gain spectrum
(~470 nm) by the adjustment of the anisotropic F8 film
thickness (88 nm), and the wavelength of lasing emission
shifted toward the shorter wavelength as the angle was in-
creased. The lasing wavelength and ng are plotted versus the
angle between the alignment direction of the aligned F8 and
DFB orientation in Fig. 4(c). The wavelength shift of lasing
peaks was about 17 nm by controlling angle and this shift of
lasing wavelength originated from the decrease in n. in the
anisotropic F8 films by the inducing angle. Figure 4(d)
shows the threshold of 1D DFB laser with the anisotropic F8
active layer as a function of wavelength. In general, the low-
est threshold can be obtained at ASE maximum where the
material gain is the highest and the shape of the threshold
curve looks like the inverse of ASE peak.

In conclusion, we presented a study of the 1D DFB con-
jugated polymer device using a uniaxially aligned liquid
crystalline F8 and compared the differences between the an-
isotropic and isotropic F8 laser devices. It demonstrates the
following characteristics: (1) the different wavelengths of
lasing emission at the same thickness due to the change in
refractive index of F8 active layer after aligning; (2) the
achievement of remarkable lowering of the lasing threshold
due to higher absorption coefficient, higher o,,,, and higher
gain in the anisotropic F8 layer; and (3) a new type of tuning
method by the controlling angle between the alignment di-
rection of the aligned F8 and DFB orientation, causing the
change in n.. Finally our method may be attractive for elec-

J. Appl. Phys. 104, 033107 (2008)

trically pumped tunable laser device by improved charge
transport properties29 and optically pumped tunable laser de-
vice by higher optical gain.
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