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ABSTRACT: For the first time a liquid crystalline azobenzene-containing
side-chain copolymer was employed as matrix material for distributed
feedback lasers based on orientation gratings. Effective polarization
gratings with periods of 245—290 nm could be inscribed within just one
second using moderate light intensity. Using a number of near-infrared
laser dyes and different grating frequencies, tuning of wavelength of the
emitted radiation from 760 to 883 nm was obtained. It was also found that
the lasing wavelength depends on the angle between the liquid crystal
director and the grating vector. Wavelength tuning in the range of 30 nm

was demonstrated using this method.
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iniature organic waveguide-based lasers are promising

devices for potential applications in photonics and
sensorics.”> One of the possible designs of such lasers is
distributed feedback (DFB) lasers, where feedback is provided
by a diffraction grating, which can be easily introduced into a
slab waveguide of a laser. Recently a procedure for direct
interference writing of gratings to produce miniaturized DFB
lasers in a single optical step was established.>~” At the core of
the approach is an ability of azobenzene-containing materials to
build surface relief (SRG) and/or polarization gratings (in fact,
refractive index gratings) under polarization interference
exposure.g_10 An azobenzene-containing epoxy oligomer was
the first material used to show the proof of principle.** The
material is characterized by a very fast rate of SRG inscription
and rather moderate photoinduced birefringence.9 Further,
application of polarization gratings was extended to other
amorphous side-chain azobenzene-containing polymers.%”’
These materials allowed extending the wavelength tuning
range over 200 nm and increased the device stability. While
SRG was successfully applied until now only to epoxy
oligomers™ due to this material’s high rate of SRG inscription,
application of polarization gratings seems to be a more general
approach, which already is implemented in three different
azobenzene matrices.*®’ This fact is due to the trade-off
between efficient DFB structure inscription and emitter (laser
dye, for instance) bleaching by light during the holographic
exposure. The rate of SRG inscription of different azobenzene-
containing materials differs considerably;'' therefore writing of
sufficient DFB structure without fluorophore bleaching would
be possible only in rather fast materials. For example fabrication
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of lasers based on SRG in amorphous azobenzene polyelec-
trolyte PAZO was not possible due to the moderate rate of
SRG inscription,® but was rather successful using polarization
gratings.® On the other hand, many (but not all) azobenzene-
containing materials possess the ability of stable photoinduced
orientation and, consequently, the ability of polarization grating
inscription.”~'® The photo-orientation phenomenon appears
due to the cycles of E-Z—E photoisomerization of azobenzene
chromophores followed by their rotational diffusion and
alignment in perpendicular direction to the polarization of
the excitation light. The efficiency of polarization grating
inscription would definitely depend on the maximal value of the
photoinduced birefringence. While materials with photo-
induced birefringence up to 0.5 were reported,'”””'* even a
birefringence on the order of 0.01 was sufficient to create
refractive index gratings functioning as DFB structures for
lasing.®> This means that polarization gratings in azobenzene-
containing materials (side-chain and main-chain polymers,
molecular glasses, and supramolecular materials® '°) have
significantly higher potential in comparison to SRG as DFB
structures for lasing. As was already stated before,>”’ the
exploitation of a wealth of possible azobenzene-containing
materials is the route for an improvement of laser performance
parameters such as efficiency, stability, and tuning range. This
could be of interest for application as miniature lasers"* and for
other applications of azobenzene-containing materials.'>
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Figure 1. Chemical formula of used materials (G, glass state; N, nematic mesophase; I, isotropic melt).

One of the most attractive candidates for use as an effective
material for polarization grating recording is liquid crystalline
(LC) azobenzene-containing comb-shaped polymers.'®™"®
Such materials combine the properties of polymers such as
simple processability and high stability with liquid crystal
features, such as high optical anisotropy and the ability to
control properties by external fields, e.g., by light. Recently, a
thin-film optical diode based on LC azobenzene-containing
comb-shaped polymers was reported."

Thereby the liquid crystalline copolymer PAAzo forming a
nematic mesophase was selected as a polymer matrix for laser
dye introduction (Figure 1). Such liquid crystalline azobenzene-
containing polymers possess typically high thermal stability (up
to 300 °C)* and a high light intensity threshold for
photochemical degradation. An irradiation dose of up to 1000
J cm™ at 488 nm wavelength was used in polymers having
chromophores of similar structure without noticeable azoben-
zene degradation.” PAAzo consists of azobenzene photo-
chromic groups responsible for the E—Z isomerization,
photoinduced orientation, and nonphotochromic nematogenic
phenylbenzoate side groups. The homopolymer containing
only azobenzene moieties of such structure forms a smectic
phase suppressing the photo-orientation process.”> Hence, in
order to realize a less ordered nematic phase, a copolymer with
an additional nematogenic phenylbenzoate side group was
synthesized (the synthesis of monomers and copolymer was
conducted by coauthors A.R. and A.B.). In addition, mesogenic
groups introduced into the system enhance the refractive index
modulation,* since the cooperative nature of the photoinduced
orientation of both types of side groups is inherent to such
material***°

Thus, we report here for the first time an application of a
liquid crystalline azobenzene-containing polymer for a DFB
single-layer laser device.

B EXPERIMENTAL PART

Polymer Matrix Synthesis. The copolymer PAAzo with a
molar ratio of mesogenic and azobenzene side groups of 1:1
was synthesized by free radical polymerization of appropriate
monomers that have been obtained according to procedures
described elsewere.”® The reaction was carried out in
anhydrous benzene in a sealed tube under an argon atmosphere
with the initiator (AIBN, 2 wt %) for 100 h at 70 °C. The
copolymer obtained was purified to get rid of low-molar-mass
and oligomeric substances by prolonged treatment with boiling
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methanol followed by drying in a vacuum at 50 °C for 2 h. The
polymerization was carried out to high conversions. The M,, of
PAAzo was about 8.6 kDa (degree of polymerization ~22,
polydispersity ~1.55), which was determined by GPC using a
Knauer chromatograph (UV detector, column type LC-100
with a sorbent 1000 A; solvent THF, 1 mL/min; 25 °C;
polystyrene standard). Phase transition temperatures were
detected by a polarized optical microscope (POLAM-R-112)
equipped with heating stage (Mettler FP-86), as well as
differential scanning calorimetry (Mettler TA-4000, heating rate
10 K/min, samples were prepared as 5—10 mg tablets).

Film Fabrication. Rhodamine 700 (LD 700), Rhodamine
800 (LD 800), LDS 730, and LDS 798 (all Exciton) have been
used as received. The nematic copolymer PAAzo obtained by
the procedure described above was used as matrix material.

The films were spin-coated from 1,1,2-trichloroethane
solutions onto soda lime glass substrates (refractive index
1.52, Carl Roth GmbH) with a rubbed polyimide (Nissan
Chemical) coating. The laser dye was introduced into the
material as guest (ca. 4% by weight) using the same 1,1,2-
trichloroethane as a solvent. Films of PAAzo doped with laser
dyes obtained by spin-coating from solutions do not form any
LC phase due to fast solvent evaporation; that is, these freshly
prepared films are amorphousized. Hence, after spin-coating,
the films were annealed at 80 °C for several hours in order to
form a unidirectionally aligned monodomain nematic structure.

Structuring. The experimental setup (Figure 2) used for
inscription of polarization gratings based on Lloyd’s mirror
interferometer has been described elsewhere.*® The films were
irradiated from the glass side with a polarization interference
pattern formed by left- and right-handed circularly polarized
light or with an intensity pattern formed by two beams of the

telescope
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«

Ar-ion laser

[ waveplate |

'\\ substrate
film

Figure 2. Experimental setup for inscription of polarization gratings.
The waveplate is a quarter-wave plate for the inscription with circularly
polarized beams and is a half-wave plate for the inscription with
linearly polarized beams.
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same linear polarization (vertical or horizontal). The pattern
period (A) and, hence, the period of the grating inscribed into
the film were determined by the angle of incidence (¢, Figure
2) of light according to the following equation:

A= i
2 sin(¢p) (1)

where 4, is the wavelength of the recording radiation. Radiation
of a continuous-wave Ar-ion laser operating at 488 nm was used
for this purpose. The intensity of each inscribing beam on the
sample was ca. 140 mW cm 2. The angle of incidence (¢) was
chosen in the range 10—63.5° resulting in pattern periods of
245—467 nm (A). The absence of SRGs in the samples was
proven by atomic force microscopy using a Veeco CPII
microscope in the intermittent-contact mode. A typical sample
image is presented in Figure SI.

The thickness of the samples was measured using a Veeco
Dektak 150 profilometer. The value of the birefringence of the
azobenzene polymers was obtained using the following
method.'® A film sample was exposed to vertically polarized
radiation of the Ar-ion laser to induce uniaxial negative
birefringence with a vertically oriented optical axis. Afterward,
the sample was tested by a probe beam of a He—Ne laser
linearly polarized at an angle of 45° to the vertical. The
transmitted beam was analyzed with a system consisting of a
half-wave plate and a Glan prism. Components polarized
parallel to the polarization of the incoming beam (I,) and
orthogonal to it (I5) were measured with a photodetector
(Thorlabs DET100A). The induced birefringence (An) was
determined using the following equation:®

I ]
I+ I (2)

where Ay is the wavelength of the He—Ne laser (633 nm)
and d is the thickness of the sample.

Device Characterization. The setup for investigation of
lasing properties in the fabricated DFB structures was the same
as in our previous papers.*”” A wavelength-tunable optic
parametric oscillator (Continuum Surelite OPO Plus) was used
as a pump source. The pump pulse duration was 3.5 ns, and the
repetition rate was 10 Hz. A cylindrical lens focused the pump
beam into a narrow stripe (5 mm length and 0.4 mm width)
oriented along the grating vector. The radiation generated in
the investigated samples was detected and investigated from an
edge of a sample. The generation spectra were recorded with a
Polytec Berlin AG (ETA-CS-HL) spectrometer, while for
investigation of lasing stability a Polytec Berlin AG (BRC642E)
spectrometer was used. The spectral resolution of both
spectrometers was ca. 1.5 nm. The pump energy and the
energy of output radiation were measured with a PEM 4
pyroelectric detector (energy meter LEM2020, Sensor- and
Lasertechnik, Germany) and with a calibrated photodetector
(Thorlabs DET100A).

A
HeN .
An = —%arcsin
pis

B RESULTS AND DISCUSSION

The azobenzene-containing copolymer PAAzo forms a nematic
mesophase with a clearing temperature of 127 °C with typical
marble texture observed by polarized microscopy. According to
DSC data, the glass transition temperature of the copolymer is
about 28 °C.
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Most of the mixtures with dyes were stable, and phase
separation was not observed during prolonged storage even at
elevated temperature. It was shown that the introduction of
low-molar-mass laser dyes does not affect the mesophase type
but leads to a reduction of the isotropization temperatures; for
example, for a mixture of PAAzo + 4 wt % LD 700 the clearing
point was 114 °C. This phenomenon can be explained by the
nonmesogenic nature of the laser dyes disrupting the
mesophase (low anisometry of dye molecules).

The chemical formulas of the azobenzene-containing side-
chain polymer and laser dyes successfully used as emitters are
given in Figure 1.

Measurements of Birefrigence. The birefringence of
PAAzo was measured in the LC state after film formation on
the rubbed polyimide substrate and was found to be 0.23. On
the contrary no birefringence was detected for the amorphou-
sized film (films without annealing) on the same rubbed
substrate or on a glass substrate. Exposure of amorphousized
films to linearly polarized light of 488 nm wavelength resulted
in photoinduced birefringence of ca. 0.08—0.09. These values
are smaller than the birefrigence measured for films in the LC
state (0.23). Hence, we can conclude that the order parameter
in the irradiated amorphousized films is smaller than that of
films in the LC state. This observation is in agrement with the
previously published results obtained for similar azobenzene-
containing polymers.**

The photoinduced birefringence in the LC films depends on
the angle of the light polarization plane with respect to the
rubbing direction. While azobenzene chromophores are
oriented along the rubbing direction, exposure to light with
polarization perpendicular to the rubbing direction did not lead
to any change of birefringence. On the contrary, exposure to
light with polarization parallel to the rubbing direction led to a
decrease of birefringence to a value of 0.16. Additional
measurements of the dependence of the film absorption on
the light polarization showed that in the latter case azobenzene
chromophores were oriented mainly orthogonal to the rubbing
direction.

Lasing Measurements. We have tried a number of NIR
laser dyes of Rhodamine and styryl type (Pyridine 1, Pyridine 2,
DCM, DCM2, Rhodamine 700, Rhodamine 800, LDS 798,
LDS 730). Some of these dyes (Pyridine 1, Pyridine 2, DCM,
and DCM2) were incompatible with the LC matrix, forming
scattering films. Consequently, amplified spontaneous emission
(ASE) has been detected only for the last four NIR dyes
(Figure 1); however, the lowest threshold value has been
detected for Rhodamine 700. A significant difference has been
observed between the ordered LC films on the rubbed
substrates and the amorphosized films on conventional glass.
The last ones exhibited a much higher ASE threshold due to
the light scattering. Apparently, small LC domains were still
present in the film, which led to light scattering (i.e., freshly
prepared film was only partially amorphousized), notwithstand-
ing that polarization optical microscopy did not reveal the
presence of an LC phase by the multidomain LC structure.

Inscription of a polarization grating in a PAAzo polymer,
doped with an emitter, resulted in a DFB laser device. In this
device the polymer layer acts as both a light-guiding layer and
active medium, while the grating inside provides a distributed
feedback for lasing with a wavelength (4,) obeying the Bragg
condition:

mig = 2ng/\ 3)
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where m is the order of the grating, A is the grating period, and
ng is the effective refractive index, which can be determined by
solving the waveguide characteristic equation.>””

For all the investigated dyes, where ASE has been detected,
DEFB lasers emitting at a first diffraction order were obtained.
Because the composition with a Rhodamine 700 dye showed
the best lasing with lowest threshold, further detailed
investigations were carried out for this composition only.

Lasing in Amorphousized Films (PAAzo+Rh700). Direct
inscription of polarization gratings in amorphousized films did
not result in DFB devices capable of lasing. Similarly to the case
of ASE, this can be explained by light scattering due to the
reason discussed above. This scattering both disturbs the
holographic pattern formation during grating inscription and
produces losses suppressing lasing.

Nevertheless, the fabrication of DFB lasers in amorphousized
films turned out to be possible when the films have preliminary
been illuminated with a linearly polarized Ar-laser radiation. For
example, when the amorphousized film was irradiated with a
light polarized along the z-axis (see Figure 3), fabrication of the
first-order DFB laser with a grating vector along the x-axis was

possible.

Film

Grating vector

Figure 3. Presentation of the coordinate system used for description of
holographic recording. The plane of the film is located in the xz-plane,
and the grating vector is parallel to the x-axis; k; and k, are wave-
vectors of interfering beams and are located in the xy-plane.

Typical generation spectra are presented in Figure 4.
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Figure 4. Lasing spectra of DFB structures fabricated in an
amorphousized film (PAAzo+Rh700) oriented with vertically
polarized light. The diffraction grating was written by two left- and
right-handed circularly polarized beams (black line, grating period was
255 nm) and by two beams linearly polarized in the xy-plane (red line,
grating period is 245 nm); the film thickness was ca. 800 nm.
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It is interesting that in such oriented films a polarization
grating can be written not only by interference of a left- and a
right-handed circularly polarized beam (Figure 4, black line)
but also by interference of two beams linearly polarized in the
xy-plane (Figure 4, red line). This is not typical, as it is usually
considered that gratings can be written effectively in
azobenzene-based materials only by an interference pattern
formed by a left- and a right-handed circularly polarized beam
or by two beams of orthogonal linear polarization with a
polarization plane at 45° forming the polarization interference
pattern.® ' The effective refractive index of the films estimated
in accordance with eq 3 is the same for both cases shown in
Figure 4 and is about 1.53. The polarization of generated
radiation was linear, corresponding to the TM mode of the
waveguide. The generation threshold was ca. 0.5 mJ cm ™ The
possibility of diffraction grating inscription into the amorphou-
sized film and the equality of the refractive indices for the cases
under consideration can be explained as follows. After
preliminary irradiation of the film with light polarized along
the z-axis the LC domains are oriented in the xy-plane. First,
the interaction of such a film with the interference pattern
formed by a left- and a right-handed circularly polarized beam
should be considered. Their electric fields (E; and E,) can be
expressed as follows:

E\(7,t) = Ey (2, cos(wt — EI?’) + (€ cos ¢ — €, sin ¢)

x sin(wt — k7)) (4)
E,(7, t) = Ey (2. cos(wt — 1227) — (€, cos ¢ + €, sin ¢)
x sin(wt — k,7)) (s)

where E, is the amplitude of the electric field of each beam, ¢ is
the incidence angle,  is the circular frequency of light, ¢ is_a
time_coordinate, 7 = x€, + yé, + Z€, is a position vector, and k,
and k, are the wave-vectors of the corresponding beams:
T2 >
k, = T(ex sin ¢ + €, cos ¢),
P -
k, = 7(—ex sin ¢ + ¢, cos ®)

(6)
Interference of these two waves in the plane of the film (7 =
%8, + Z¢,) results in the following electric field distribution:

= 2
E = ZEO-(E'Z cos wt cos(fsin qu) — €, cos ¢ cos wt

2 2
X sin(Tﬂsin gbx) — €,sin ¢ sin ot cos(Tﬂsin gbx))
7)
For 27/A sin ¢x = /2 + In, where [ is an integer number, the
polarization of the electric field becomes linear oriented along
the x-axis:

-

E = 2E,€, cos ¢ cos mt

(8)

For 2z/A sin @x = Ix the electric field (eq 7) is an elliptical
polarization oriented in the yz-plane:

E = 2E,-(€, cos wt — €, sin ¢ sin wt)

©)

Taking into account that the LC domains tend to be
orthogonally oriented against the polarization of light, one
can assume that for 27/ sin @x = Ix the LC director is oriented
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Figure 5. Lasing spectra of DFB structures (PAAzo+Rh700) with grating vector parallel to the LC director, pumped at 605 nm: (a) spectra of DFB
structures with different grating periods (film thickness is 550 nm); the inset shows the corresponding dependency of the lasing wavelength on the
grating period; (b) comparison of lasing spectra for DFB structures (film thickness is 800 nm) written with two circularly polarized beams (black
line) and written with two beams linearly polarized in the xy-plane (red line).

along the x-axis. For 27/ sin ¢x = n/2 + I the LC domains
are rotated to be orthogonal to the x-axis, but due to the initial
distribution in the xy-plane, we can suppose that the domains
are finally oriented along the y-axis.

In the case where the film is irradiated by two beams linearly
polarized in the xy-plane the electric fields of the beams can be
expressed as follows:

EI(?', t) = Ey (€, cos ¢ — E'y sin ¢) sin(wt — Zl?')

(10)
E, (7, t) = —Ey (2, cos ¢ + ¢, sin ¢) sin(wt — El?)
(11)

Interference of these waves in the plane of the film provides

= 2
E = —2E0-(_e'x cos ¢ cos wt sin(Tnsin ¢x)

+ €, X sin ¢ sin wt cos(z—ﬂsin d)x))
A (12)

Equation 12 shows that for 27/A sin gx = 7/2 + Ix the
electric field is oriented along the x-axis, while for 277/ sin gx =
Iz the electric field is oriented along the y-axis. Taking into
account that the LC domains are initially randomly distributed
in the xy-plane and that they are rotated to be orthogonal to the
electric field polarization one can conclude that the LC
orientation is along the x-axis for 277/ sin @x = Iz and along
the y-axis for 27/4 sin @x = 7/2 + Ix. The orientation is the
same as that for the case of two circularly polarized beams. This
explains the equality of the effective refractive indices for both
cases.

Thus, in both considered cases LC domains are oriented
sequentially along the y- and x-axis, forming regions with
uniaxial positive birefringence with optical axes oriented along
the y- and x-axis, respectively. When light propagates in a film
along the x-axis (the direction of the grating vector), the TE
mode (polarization is along the z-axis) is always the ordinary
wave and there is no change of refractive index for this mode.
The TM mode (polarization is along the y-axis) is the ordinary
wave for the regions where the LC domains are oriented along
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the x-axis and is the extraordinary wave for the regions where
the LC domains are oriented along the y-axis. Designating the
longitudinal component of the permittivity tensor of a LC
domain as & and the transversal component as &g, the
difference between the minimum and maximum value of
permittivity (Ae) for the TM mode can be expressed as
follows:

Ae = N,(& — &) (13)
where N is the relative number of oriented LC domains. The
corresponding difference of the refractive indices was
sufficiently high, and the TM mode was generated.

In the above-described case the grating vector was
orthogonal to the polarization of light that was used for
irradiation of the film before inscription of the grating. An
inscription of a grating with grating vector parallel to the
polarization did not result in any lasing. Cases of two left- and
right-handed circularly polarized beams as well as two linearly
polarized beams were tested with no success. Indeed,
irradiation of the amorphousized film with light polarized
along the x-axis distributes the LC domains in the yz-plane.
Exposure of the film to an interference pattern formed by
superposition of a left- and a right-handed circularly polarized
beam (eq 7) results in a sequence of LC domains with
orientation along the x-axis (for 277/4 sin @ = Ix) and in the
yz-plane (for 27z/4 sin @x = /2 + Ix). This is the sequence of
positive and negative birefringence with an optical axis along
the x-axis, and both TM and TE modes of the film propagating
along the x-axis are ordinary waves for all regions. The electric
permittivity for these waves is equal to &, for a region where
the LC director is parallel to the x-axis, while for a region where
the LC directors are distributed in the yz-plane the permittivity
can be expressed as N, [(&p + €;)/2]. The resulting difference of
permittivity is

& — &

Ae = N (14)
which is twice smaller than that in the case considered above
(cf. eq 13). It is also possible to show that the same difference
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of permittivity is created when the film oriented along the x-axis
is irradiated with two linearly polarized beams. It seems that
this difference could not provide a feedback sufficient for lasing
in the presence of relatively high scattering by the LC domains.

Lasing in Aligned Annealed Films (PAAzo+Rh700). The
case of annealed uniaxially oriented PAAzo polymer films in the
LC state on a rubbed substrate is more complicated due to the
presence of initial birefringence of the films. As a result, beams
of Ar-laser radiation, which write the diffraction grating, are
split into ordinary and extraordinary waves. These waves have
different refractive indices and hence different angles of
refraction in the films. The interference pattern cannot be
described with eq 7 or 12; it is sufficiently more complicated
and depends not only on the x-coordinate but also on the y-
coordinate. Additionally, the LC layer, which is located close to
the substrate surface, keeps the initial orientation even under
exposure to light, and regions with biaxial anisotropy are
formed.

In aligned films lasing on the first-order gratings was
obtained for cases where the grating vector is parallel and
perpendicular to the rubbing direction, respectively. Lasing
spectra for the case with the grating vector parallel to the
rubbing direction are presented in Figure Sa for different values
of grating period. Tuning of the lasing wavelength in the range
of 55 nm can be obtained. Fitting of these data with the formula
for the Bragg condition (eq 3) yields an effective refractive
index of ca. 1.52, which is close to that obtained for the above-
described amorphousized films. The difference can be
attributed to the difference in thicknesses of the films (800
nm for the amorphousized film and 550 nm for the oriented
film).> Figure Sb shows generation spectra for a DFB laser
written into the 800 nm thick film; the calculated effective index
is 1.53. It should be noted that the increase of film thickness
from 550 to 800 nm did not result in any change of generation
threshold or efficiency. The gratings of DFB lasers (the spectra
are shown in Figure Sa) were written with two circularly
polarized beams. However, such a grating can also be written
with two beams of linear polarization parallel to the rubbing
direction. The generation spectrum of a DFB laser with a
grating written in this way is also presented in Figure Sb (red
line). The wavelength (780 nm) and the effective refractive
index (1.53) are the same as for gratings recorded with two
circularly polarized beams (Figure Sb, black curve). The lasing
thresholds and efficiencies were also the same. In all these cases
the output radiation was unpolarized.

It was found that an increase of the angle between grating
vector and rubbing direction results in an increase of the
generation wavelength. Typical lasing spectra for different
values of the angle are presented in Figure 6. The dependence
of the lasing wavelength on the angle is shown in the figure
inset. Variation of the wavelength in the range of ca. 30 nm can
be observed. Thus, the lasing wavelength of PAAzo-based DFB
structures can be easily tuned just by varying the angle between
the orientation direction of side groups of the LC copolymer
PAAzo and the grating vector.

The longest generation wavelength was obtained for
orthogonal orientation of the grating vector with respect to
the substrate rubbing direction. Figure 7 shows the lasing
spectra for the DFB structures of this orientation with grating
periods of 255 nm (black line) and 245 nm (red line),
respectively. It can be seen that in addition to the mode with an
effective refractive index of 1.58 (lasing wavelength of 805 nm
for the grating period of 255 nm and lasing wavelength of 776
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Figure 6. Lasing spectra of different DFB structures in PAAzo+Rh700
with a grating vector rotated with respect to the LC director by the
angles 0 (black line), 38 (green line), 67 (red line), and 90 (blue line)
degrees (pumping at 60S nm, film thickness 550 nm, grating period
255 nm). The inset shows the dependency of the lasing wavelength on
this angle (scatters) with linear fit (red line).
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Figure 7. Lasing spectra of different DFB structures in PAAzo+Rh700
with grating vector orthogonal to the LC director. Pump wavelength is
605 nm; film thickness is 600 nm; the grating period is 255 nm (black
line), 245 nm (red line), and 467 nm (green line).

nm for the grating period of 245 nm) another mode can be
excited with an effective refractive index of 1.64 (lasing
wavelength of 836 nm for the grating period of 255 nm and
lasing wavelength of 804 nm for the grating period of 245 nm).
This second mode was not observed in the DFB structures with
grating vector parallel to the substrate rubbing direction, in
which only single-mode operation was detected. It is interesting
that only for such a mode was it possible to obtain laser
generation for the second-order DFB structure (m is equal to 2
in eq 3) with a grating period of about 467 nm. The generation
spectrum is also presented in Figure 7 (green line).

It was found that irradiation of oriented films with Ar-laser
radiation, linearly polarized in a direction parallel to the rubbing
direction of the substrate, prior to grating inscription shifts the
lasing wavelength. This is illustrated in Figure 8 for the cases of
the DFB structures written parallel (a) and orthogonal (b) to
the rubbing direction. It can be seen that in the first case the
lasing wavelength is increased, while in the second case the
wavelength decreases. This effect can be explained by the fact
that irradiation of the film with light polarized parallel to the
rubbing direction reorients a part of LC domains into

dx.doi.org/10.1021/ph500183n | ACS Photonics 2014, 1, 885—-893
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Figure 8. Lasing spectra of different DFB structures in PAAzo+Rh700 with grating vectors parallel to the LC director (a) and orthogonal to the LC
director (b). The pumping wavelength is 605 nm, film thickness is 600 nm, grating period is 255 nm; red lines correspond to the lasing spectra for
the films, which were irradiated with light linearly polarized parallel to the LC director before the gratings were recorded; black lines correspond to

the lasing spectra for the films without such irradiation.

orthogonal directions. As a result, the difference between
parallel orientation of the grating vector and orthogonal
orientation is decreased.

The threshold of lasing was ca. 0.2 mJ cm™ for the DFB
structures written with the grating vector parallel to the LC
director. When the gratings were recorded with their vector
perpendicular to the rubbing direction, the lasing threshold was
about two times higher. It is remarkable that these threshold
values can be achieved even for a grating inscription time of
about 1 s, while previously for other azobenzene matrices under
similar intensity conditions®~” not less than 40 s long
inscription has been used. The dependence of output energy
on pump energy was measured for the best case (grating vector
is parallel to the LC director) and is presented in Figure 9. The
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Figure 9. Output lasing energy versus pump energy per pulse for the
DFB laser inscribed into PAAzo+Rh700 (grating vector parallel to the
LC director; pumping at 605 nm, film thickness 500 nm, grating
period 255 nm).

energy detected from one side of the DFB structure was 18 nJ
for the pump energy of 12 yJ per pulse. This corresponds to an
efficiency of generation from both sides of the DFB laser of ca.
0.3%, which is practically equal to the lasing efficiency of LDS
730 in a PAZO matrix* for the same pump energy. However,
the long-term stability of the DFB laser was not particularly
high. The half-lifetime was measured to be ca. 3 X 10° pulses.
The long-term decrease of pulse energy was not accompanied
by a change of spectrum of the generated radiation.
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Similarly to the previous investigations,® the gratings were
easily overwritten with a different grating frequency, yielding a
different emitting wavelength. However, while in the current
case the inscription time is much shorter, the number of
possible rewriting cycles is much higher. We performed a turn
by turn writing of gratings with periods of 250 and 270 nm in
the same film using an inscription time of 5 s. No significant
change of lasing intensity was detected after 25 cycles of
rewriting. A sufficiently large number of possible rewriting
cycles can be expected when the inscription time is decreased
to1ls.

Lasing in Oriented Films with Other NIR Dyes. An
application of other NIR laser dyes (Rhodamine 800, LDS
798, and LDS 730) also led to a laser device with a somewhat
higher lasing threshold of 2—5 mJ cm ™ The lasing spectra for
these dyes are shown in Figure 10a. With the dye LDS 798 it
was possible to extend the tuning range to 883 nm (Figure
10b).

When the data for all dye formulations with different grating
frequencies (with the grating vector parallel to the rubbing
direction) were plotted (Figure 10c), the same value of
refractive index of ca. 1.52 was yielded. All dye combinations
together allowed the tuning range from 760 to 883 nm.

H CONCLUSION

For the first time an azobenzene-containing LC polymer was
applied as a medium for DFB lasers based on polarization
gratings. It was shown that the LC azobenzene-containing
polymer matrix has noticeable advantages, such as a very short
time for grating recording (about one second at moderate light
intensity) and the possibility to easily rewrite or erase a
polarization grating. Using the different NIR laser dyes together
with various periods of orientation gratings allows one to
change the lasing wavelength from 760 nm to 883 nm. In
addition, the possibility of lasing wavelength tuning by not only
variation of the grating period but also by simple changing the
angle between the LC director (direction of orientation of side
groups of the LC polymer) and the grating vector was
demonstrated. This new approach allows one to alter the
emission wavelength in the range of 30 nm.
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Figure 10. Lasing spectra of different DFB structures in the systems based on the LC polymer PAAzo containing different NIR laser dyes: (a) LDS
730, period 260 nm (dashed line); LDS 798, period 265 nm (solid line); Rhodamine 800, period 270 nm (dotted line); (b) tuning of lasing spectra
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In Figure S1 the image of a sample after grating inscription
obtained with atomic force microscopy is presented. The figure
proves the absence of SRG. This material is available free of
charge via the Internet at http://pubs.acs.org.
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