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Abstract Distributed feedback (DFB) lasing in permanent
volume transmission gratings formed in a laser dye-doped
organic—inorganic nanocomposite has been investigated.
DFB laser cavities were fabricated using one-step two-
beam holographic exposure of Pyrromethene 567 (PM567)
doped photopolymerizable acrylate monomers containing
inorganic (LaPOy4) nanoparticles. Compared to the formula-
tion previously utilized, the material composition presented
provides longer lifetime of the laser. Spectral and polariza-
tion properties, input—output and stability characteristics of
the laser output have been investigated by varying the ma-
terial composition and the patterning parameters. DFB las-
ing emission of the second and the third diffraction orders
has been demonstrated. The spectral linewidth of ~0.08
nm has been observed at a pump energy threshold of about
0.2 pJ/pulse for the second-order DFB lasing when pumped
with 532 nm 500 ps laser pulses. Spectral tuning of the las-
ing output over ~56 and ~7 nm was obtained by varying
the grating period and the content of inorganic nanoparticles
in the polymer matrix, respectively.

1 Introduction

Distributed feedback dye lasers in which optical feedback is
provided due to the Bragg scattering by periodic modulation
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of gain or/and refractive index (RI, n) of the gain medium
were firstly presented by Kogelnik and Shank [1-3]. The
interest in DFB lasers became stronger in the last decades;
therefore intensive efforts have been dedicated to achieve
the incorporation of organic lasing compounds and feed-
back in solid easy processable organic or organic—inorganic
matrices that might replace conventional liquid dye lasers.
Lasers based on permanent DFB cavities can be integrated
into optical and fluidic microchips usable for medical and
bio-applications or chemical point-of-care analysis [4-7].
A number of approaches for fabricating permanent poly-
mer laser cavities based on both surface-relief and volume
(refractive index) DFB structures by using organic dyes or
semiconductor polymers as gain materials have been pro-
posed [4-27]. In volume DFB lasers the optical feedback
can be formed in suitable photoreactive materials by apply-
ing UV or holographic lithography. In this case polymers,
photopolymers or polymer-liquid crystal composites doped
with the active substances like organic laser dyes are ex-
ploited [14-22]. A volume optical feedback provides high
input/output lasing efficiency (up to 20%), keeping the value
of the linewidth of ~0.01 nm (see, e.g., [15]), and allows in-
troducing polarization modulation into DFB lasers for the
optical feedback [23]. Despite variety of approaches for mi-
crofabricated polymer-based dye lasers with integrated opti-
cal feedback (see the references mentioned before), an inten-
sive search of new materials and approaches to simplify the
technology of efficient low-threshold organic DFB-lasers is
in progress. In the last years, inorganic nanocrystals have
emerged as an attractive new gain medium or as well a mate-
rial to provide the optical feedback (see, e.g., [27]) for DFB
lasers. Semiconductor nanocrystals, quantum dots (CdSe,
CdSe/ZnS, PbSe, etc.), homogeneously dispersed in vari-
ous inorganic matrices, were used mostly as a gain medium
with external DFB structures [24—26]. In [27] the stimulated
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emission from an organic dye adsorbed within the void net-
work of a one-dimensional photonic crystal, consisting of
periodically alternating layers of TiO; and SiO, nanoparti-
cles, was reported. In all the cases the fabrication technology
of the lasing systems is tedious.

Here we report holographic dye-doped photocurable
organic—inorganic nanocomposites and a one-step structur-
ing method to fabricate DFB lasers based on a volume dis-
tributed feedback. As structuring method for the fabrication
of the laser cavities, the holographic photopolymerization
was used. UV holographic exposure has been applied di-
rectly to the organic—inorganic material consisting of pho-
tocurable monomers, inorganic nanoparticles (NPs) and a
laser dye. Holographic patterning technique allows fabricat-
ing the feedback structures in the gain medium in a single
all-optical step by controlling easily their period and geom-
etry. Upon exposure, polymerization in the interference pat-
tern generates a spatial periodic distribution of high RT NPs
in low RI polymer matrix, forming a dye-doped refractive
index grating. The organic—inorganic nanocomposites pro-
posed provide a higher Rl modulation than the neat polymer
materials, where the RI modulation originates exclusively
from a photoinduced change of the density of polymer ma-
trix. The holographic photocurable nanocomposites doped
with inorganic light-emissive nanocrystals and/or organic
laser dyes as the suitable materials for producing DFB lasing
devices were firstly proposed by us in [28]. DFB lasing ac-
tion in the dye-doped nanocomposite volume transmission
gratings was presented in [29]; more detailed examination
of the proposed dye lasers was reported in [30]. As a pho-
tostructurable matrix, the organic—inorganic nanocompos-
ite containing ZrO, NPs has been previously used. Unfor-
tunately, the ZrO, NPs-based organic—inorganic nanocom-
posite matrix did not provide a long shelf-life of the laser
dyes. After one month’s storage in the dark a drastic de-
crease in the photoluminescence (PL) intensity of the doped
nanocomposite gratings was observed, which indicates a
not complete chemical inertness of the organic—inorganic
matrix used with respect to the laser dyes. Chemical re-
actions between the dye and the organic acid, which was
used for modifying ZrO, NPs surface to ensure the com-
patibility of inorganic NPs with organic matrix, have been
considered as a possible reason. In this work, in order to
provide longer shelf-life of the lasers, the previous material
formulation was substituted for another photopolymerizable
acrylate-based nanocomposite containing other (LaPOy) in-
organic NPs [31]. The diffraction gratings fabricated from
this nanocomposite doped with the same laser dye as in [30]
perform almost no changes in their optical properties during
12 months’ storage and testing. The improved material for-
mulation allowed us to provide comprehensive study of DFB
lasing from dye-doped nanocomposite volume gratings. Be-
sides that, the modification of the nanocomposite formula-
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tion allowed to improve considerably the output and spectral
lasing parameters compared to those presented in [30].

In this work we report a detailed experimental inves-
tigation of the lasing performance of optically pumped
DFB cavities based on Pyrromethene 567 (PM567) doped
polymer-LaPO4 NPs transmission gratings. It has been
shown that variation of the composite formulation and the
grating periodicity provides an effective optical feedback via
both the second and the third Bragg orders and allows con-
trolling the output and spectral performance of laser. The
dependence of the lasing performance on the parameters
of the material, the efficiency of the feedback and optical
pumping are shown and discussed. The approach presented
should be interesting for further development of solid-state
organic DFB dye laser technology.

2 Experimental
2.1 Material preparation and characterization

The selection of the organic matrix and the development
of the holographic organic—inorganic nanocomposite ma-
terial based on REN-X green NPs (commercial name of
LaPO4:Ce3t, Tb3* NPs) have been reported elsewhere [31].
The REN-X green NPs perform low photoactivity, have no
absorption in the visible spectral range and posses enough
high RI (~1.85) compared to the RI of the organic matrix
used. The NPs form optically transparent dispersion with
the concentration up to 35 wt.% in the low-polar acrylate
monomer mixture. Despite slightly lower RI, compared to
the RI of the ZrO, NPs, the REN-X green NPs can pro-
vide high enough diffraction efficiency of the final gratings.
Moreover, the gratings fabricated from the doped REN-
X green NPs based nanocomposites perform almost no
changes in their optical properties during storage and test-
ing, which indicates the absence of any chemical reactions
between the material components. Besides that, the use of
another combination of the acrylate monomers allows ob-
taining a higher RI of the organic matrix compared to the
matrix previously used in [30].

To fabricate the DFB gratings, the mixture of two acrylate
monomers—isobornyl acrylate (n = 1.442) and pentaery-
thritol triacrylate (n = 1.481) (purchased from Aldrich) in
the concentration ratio of 8:2 was used as organic ma-
trix material. The acrylates were not purified before use.
The acrylate monomer mixture contains a small amount
(1.5 wt.%) of the UV-photoinitiator Irgacure 1700 (Ciba
Specialty Chemicals) to provide the free radicals for ini-
tiating photopolymerization by UV light (364 nm). The
REN-X green NPs (purchased from Nanosolutions GmbH,
average diameter is of ~6 nm) were employed as an in-
organic high-RI part of the nanocomposite. The content
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of the NPs (Cnp) in the nanocomposite was varied in the
range of 10-27 wt.%, which allows fine tuning of the RI of
the material from ~1.505 at Cyp = 10 wt.% to ~1.52 at
Cnp = 27 wt.%. The dependence of the RI of the material
as a function of Cnp is shown in Fig. 1a. In order to provide
the emissive properties of the DFB gratings, the active laser
substance should be incorporated into the nanocompos-
ite. Three often usable commercial lasing dyes, Rhodamin
6G, PM567 and DCM (4-dicyanomethylene-2-methyl-6-P-
dimethylaminostyryl-4H-pyran), have been tested. Accord-
ing to several specific requirements, like photostability for
the exposure to UV light (upon holographic recording of the
grating), good solubility in the initial nanocomposite and
efficiency of the lasing emission from the resulting DFB
cavities, PM567 (Exciton, Inc.) laser dye was selected as
the most suitable for the material formulation used. More-
over, high quantum fluorescence yield, high photostability
and good lasing performance of pyrromethene dyes when
incorporated into solid hosts are well known from the litera-
ture [32 and the references therein]. The dye (0.4—1.5 wt.%)
was dissolved firstly in the monomer blend containing the
photoinitiator. After addition of the dispersion of the NPs
in pentane and evaporation of solvent, the doped organic—
inorganic nanocomposites were used for the recording of
gain gratings.

The RI of the monomers and the nanocomposites were
measured using Abbe refractometer (Carl Zeiss, Jena). Ab-
sorption and PL spectrum were measured with Perkin-Elmer
UV-vis and PL spectrometers. The samples were prepared
by sandwiching a drop of the nanocomposite between two
glass substrates having RI ng ~1.514 (at 633 nm). The thick-
ness of the film (d) was controlled by Teflon spacers of the
thickness 10 and 12 pm.

In Fig. 1b, the absorption (dash line) and the PL (solid
line) spectra of the film prepared from the PM567-doped
nanocomposite containing 27 wt.% of the NPs are shown.
The luminescence maximum is located around 562 nm
(spectral width at half-maximum is ~42 nm).

2.2 Holographic fabrication of DFB structures and lasing
measurements

DFB transmission gratings were recorded by exposing the
films of the doped organic—inorganic nanocomposite to the
interference pattern formed by two s-polarized laser beams
(Ar-ion (Ar™) laser, A, = 364 nm, intensity I ~ 5 mW/cm?
per beam). The spatial period of the grating (A) was con-
trolled by the angle between the recording beams. The grat-
ing formation was monitored in real time by diffraction of
a He-Ne laser beam (s-polarization, A; = 632.8 nm). UV
floodlight exposure of the sample with a UV-lamp after
holographic inscription was performed to provide curing of
residual monomers in the film area around the grating. The
diffraction efficiency (n) of the grating was determined as
n = lair/ (e + lgir), where Iy and Igir are the intensity of
Oth diffraction order (transmitted beam) and —Ist diffrac-
tion order (diffracted beam), respectively. The RI modula-
tion amplitude of the grating (n1) was estimated using the
experimental values of 1 according to the Kogelnik formula
[33]: n1 = (A - cosBg - arcsin/n) /(7 - d), where 6g is the
Bragg angle within the material. The values of n; were mea-
sured at the readout wavelength A; = 632.8 nm.

For optical pumping of the doped DFB gratings a Q-
switched frequency doubled Nd:YAG pulsed laser (Soliton)
operating at 532 nm (pulse width 500 ps, repetition rate
v =10 or 100 Hz, maximum pulse energy Ep, = 30 uJ,
linear (vertical) polarization) was used in the lasing exper-
iments. The output pulse energy of the pump beam was
controlled using neutral density filters. The energies from
the pump and the nanocomposite lasers were measured us-
ing laser power/energy meter (Coherent, LabMax). Cylin-
drical lens was used in order to shape the pump beam into
a narrow stripe of ~4 mm length and ~0.5 mm width.
The light stripe was oriented along the grating vector. E of
the pump light is oriented parallel to the grating planes (s-
polarization, correspondently). A condenser lens was used
to collect light from the edge of the sample in an opti-
cal fibre coupled to a charge-coupled device spectrometer
Jobin Ivon (the wavelength resolutions of the monochro-
mator are 0.7 and 0.07 nm). After holographic and flood-
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Fig. 2 (a) Schematic description of the distribution of the material
components in a dye-doped nanocomposite DFB grating, the scheme
of optical pumping and direction of the lasing output; (b) the im-
age of the nanocomposite DFB laser operation; (c) diffraction effi-
ciency of the grating as a function of exposure time in the mate-

light exposure, the DFB-triplex lasing structures (substrate-
DFB grating-substrate) were tested with respect to the las-
ing performance. The transversal pumping scheme used al-
lows achieving a long gain medium and providing effective
distributed feedback even at low n. The grating planes are
perpendicular to the substrate and the laser emission comes
out from the edge of the film, perpendicularly to the grat-
ing fringes. Schematic presentations of the nanocomposite
grating-based DFB laser and the pumping scheme used in
the experiments are shown in Fig. 2a.

3 Results and discussion

3.1 DFB lasing in nanocomposite gratings

The holographic properties of the photopolymerizable organic—

inorganic composites containing REN-X green NPs, the
mechanism of the grating formation as well as the para-
meters of the volume nanocomposite gratings have been re-
ported in [31]. It was shown that the nanocomposite contain-
ing 27 wt.% of the NPs results in the RI modulation ampli-
tude (n1) up to ~0.011 in the range of the grating periodic-
ities of A = 0.45-1.5 um. The interference exposure causes
the initiation of free radicals from the photoinitiator, which
triggers a fast photopolymerization of the multifunctional
monomer in the bright regions of the interference pattern.
The formed polymer network causes segregation of less re-
active monomer and the NPs, driving them to the non-cross-
linked dark regions of the film. After complete consumption
of the active monomers, a permanent periodic distribution
of high RI NPs in low RI polymer matrix is formed. The
difference of the RI of the material in the NP-rich and the
NP-poor areas provides the RI modulation of the resulting
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rial without the NPs (black dash line), in the nanocomposite with
27 wt.% of the NPs (black solid line) and in the nanocomposite with
27 wt.% of the NPs doped with 0.7 wt.% of PM567 (gray dash
line) (d = 10 um, A =450 nm, starting time of holographic expo-
sure 5 s)

nanocomposite gratings and, correspondingly, optical dis-
tributed feedback. In Fig. 2 the typical time-evolutions of n
of the gratings with A = 450 nm in the REN-X green NPs
nanocomposite without the laser dye, in the nanocompos-
ite doped with PM567, and in the basic monomer mixture
without the NPs are shown. The addition of the dye in the
material increases the induction period of the grating forma-
tion for several seconds and changes slightly the shape of the
kinetics curve. The final values of 1 as well as optical quality
of the gratings, inscribed in the non-doped and doped mate-
rials, differ just slightly (Fig. 2b). Almost no degradation of
the absorption of PM567-doped films (~5%) was observed
during typical holographic patterning process.

According to DFB laser theory [1], for mth-order oper-
ation, the wavelength of dye laser (A155) is given by Ajys =
2nesrA/m, where negr is the effective index of material at
the lasing wavelength. Supposing that distributed feedback
in our DFB lasing system is provided via the second-order
Bragg reflection induced by the RI modulation (m = 2) and
in order to obtain the lasing emission in 560-630 nm spec-
tral region (according to the PL spectrum of PM567 in the
nanocomposite, Fig. 1b), an appropriate period of DFB grat-
ings (A) was selected in the range of 370—420 nm. To obtain
lasing via the third Bragg order, A should be in the range of
560-620 nm. The RI of the nanocomposite film containing
27 wt.% of the REN-X green NPs (n =~ 1.518) was used as
nefr for the estimations.

In the doped nanocomposite grating, composed of the
polymer matrix, inorganic NPs and a laser dye, the optical
feedback should be provided by the spatial modulation of
the concentration of the NPs (Cnp) (phase grating) and of
a gain (Crp) (amplitude grating) (Fig. 2a). At that, both
subgratings are shifted half a period () with respect to
each other, since the high-RI NPs are located mostly in the
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Fig. 3 (a) The output intensity as a function of the 532 nm laser
pump energy; (b) the lasing spectra at different pump energy: I E}, =
0.35 pl/pulse; 2 E, = 1.25 pl/pulse; 3 Ep = 3 pl/pulse (the inten-

fringes of the grating, corresponding to the regions of the
destructive interference, and the dye molecules should be
located mostly in the fringes, corresponding to the regions
of the constructive interference. According to the theoret-
ical conclusions of [34], the light amplification in volume
DFB lasers operating by the second diffraction order is more
favorable at “out-of-phase” matching (this configuration is
realized in the doped nanocomposite gratings) than at “in-
phase matching,” when the phases of both the gratings co-
incide. It makes the doped nanocomposite gratings a good
candidate for efficient lasing devices.

The laser devices under study work well (showing the
lowest lasing threshold and the narrowest width of the las-
ing line) if the pump stripe is well oriented perpendicu-
larly to the grating fringes. The lasing operation of the DFB
nanocomposite grating doped with PM567 and emitted at
Alas = 596 nm is shown in Fig. 2b. The measured output
characteristics of the doped grating, emitted at 596 nm, are
shown in Fig. 3a, b. The yielding input—output dependence
performs at a pronounced threshold behavior, typical for the
progress of DFB lasing. The lowest pump energy threshold
was found to be about 0.25 pJ/pulse (~12.5 pJ/cm?) in this
case (Fig. 3a). Above the lasing threshold the output las-
ing intensity increases almost linearly with increasing pump
laser energy (Fig. 3a).

The lasing spectra measured at different pump energies
are shown in Fig. 3b. The spectrum shape is typical for
the laser systems under study. Near the threshold energy
a sharp peak with a full width of half-maximum (FWHM)
of ~0.1 nm and a short-wavelength shoulder is observed.
The shape of the spectrum is not changed upon the growth
of pump energy up to ~1.25 pJ/pulse (a 5-fold excess of
the lasing threshold). However, as the pumping is gradually
increased, high-order modes (having higher threshold ener-
gies) begin to oscillate. At pump energies > 1.3 plJ/pulse,
the output emission becomes multimode which causes a
widening of the emission spectrum. The FWHM increases

sity of the curve 1 is multiplied by 10). Parameters of the grating:
A =392 nm, d = 12 pm, optical density of the film at A = 532 nm
OD =0.5,n1 =0.0075

to ~1 nm and remains constant up to pump energy which
is 10-fold higher than the corresponding pump threshold. It
should be noted that depending on the grating thickness and
the pumping conditions, FWHM can increase up to ~2 nm.
It is known [see, e.g., 2, 35, 36] that it is difficult to achieve
stable single-mode emission from DFB lasers based on pe-
riodical modulation of the RI of the active medium. DFB
cavity based on phase grating provides the propagation of at
least two lasing modes with a low threshold, situated at both
band edges of the Bragg resonance. Usually the number of
the lasing modes increases with pump intensity.

The second-order output lasing energy from the doped
grating having d = 20 um was measured to be about
1.4 pJ/pulse at pump energy of 17 uJ/pulse, giving the pump-
to-laser conversion efficiency of ~8%, which is compara-
ble with the conversion slope efficiency (~6.8%) for the
two-dimensional DFB laser based on the conjugated poly-
mer [13].

3.2 Polarization, laser threshold and spectral tunability of
lasing output

The dependence of polarization and intensity of the emitted
laser light on the polarization of the pumping light has been
investigated by inserting a polarizer (1 /2 plate) and an ana-
lyzer in the measurement scheme. The measurements were
carried out for both s- and p-polarizations of the pump light
at pump energy of ~1.2 pJ/pulse. The experimental results
are shown in Fig. 4. It was found that the lasing emission
is almost completely s-polarized with a degree of polariza-
tion of about 95% when the samples were pumped with s-
polarized light. The degree of polarization was defined as
(112s — Ilfi-s) / (11[;S + Iljs), where Ill;s’ Ili_s are the intensities of
the lasing emission if the analyzer is oriented parallel and
perpendicular to E of the pump beam, respectively. When
pumped with p-polarized light (with the same pump en-
ergy), the intensity of the output emission decreases suffi-
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Fig. 4 DFB laser output spectra for s- and p-polarized pumping; po-
larization directions of the pump light and the output emission are in-
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ciently. Both the s- and p-polarized components exist in the
output signal. At that, the intensity of the s-component was
found to be about 10 times higher than the intensity of the p-
component. The data obtained are in agreement with the po-
larization parameters of DFB waveguide lasers with multi-
wavelength output (see, e.g., [37]). Since the thickness of the
active layer of the system under study is of about 10 um, the
output emission is multimode. At that, the number of laser
modes is determined by different factors like thickness and
the RI of the waveguide and the substrates, energy and po-
larization state of the pump light. For instance, it was shown
that 8 pairs of TE/TM (s- and p-polarized) modes exist in
the film of n = 1.55 and thickness of 6.7 um, deposited on
glass substrate of ng = 1.51 [37]. We should note that the
TM modes are usually blue-shifted concerning to the spec-
tral position of the TE modes [37]. According to our results,
the last effect becomes apparent in the short-wavelength
shift of the p-polarized laser lines. The decrease in the out-
put laser intensity with a p-polarized pump has probably
the same origin as that in the dye lasers with a transver-
sal pumping, those performing a gain dichroism [38]. Upon
the excitation of chaotically distributed dye-dipoles by the
light having E perpendicular to the axis of resonator, the
maximum emission will coincide with the axis of resonator
and gained efficiently. In the case of E parallel to the axis
of resonator, the situation will be opposite and the inten-
sity of lasing will decrease. This effect increases especially
in the solid solutions of the dyes, where the time of rota-
tional relaxation of active molecules decreases considerably
[39, 40]. Besides that, the lasing efficiency will be affected
by specific interactions of s- and p-polarized emission of
dye molecules with both the RI and gain gratings [39]. The
glass—DFB grating—glass layers constitute plane symmetric
couples’ waveguides that can support an increasing number
of propagating modes in thick enough (10-20 um) volume
grating. Since lasers with the multiwavelength output have
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found applications as sensors for environmental monitoring
or as light sources in wavelength division multiplexing net-
works, the detailed investigation of multimode emission of
nanocomposite DFB dye lasers will be studied further.

The threshold parameters of the lasers depend on the ef-
ficiency and the period of DFB cavity, as well as on the
concentration of the laser dye in the material. The results
obtained are shown in Fig. 5. The measurements have been
carried out with an s-polarized pump beam. The efficiency
of the DFB cavity upon transverse pumping is determined by
the reflectivity of the grating in the second diffraction order.
Besides that, the first-order diffraction by the second har-
monic of the RI modulation, n, (which cannot be measured
experimentally for the gratings with small periods), can con-
tribute sufficiently to the reflectivity as well. The estimations
of the contribution of nj to the efficiency of the ZrO, NPs-
based DFB laser cavity [30] have shown that even a small
RI contrast (n7) can provide high reflectivity of the grating
(n“”ﬂ = 0.6-0.9), which, in turn, can ensure an effective op-
tical feedback.

The lasing threshold decreases with increasing 1, which
indicates a higher reflectivity of the DFB grating (Fig. 5).
At the same time, the lasing threshold changes slowly with
increasing n1, which is probably related to the saturation
of n of the reflection grating providing feedback. Decreas-
ing Cp to its optimized value, at which the optical density
(OD) of the film at the wavelength of optical pumping is in
the range of 0.4-0.6, causes a decrease in the lasing thresh-
old. This observation is in good agreement with the results
reported in [30].

The lasing threshold increases with A and, correspond-
ingly, with increasing Ajys from 594 to 615 nm (measured
for the gratings with comparable n; and OD). The latter can
be related to the fact that the lasing wavelengths longer than
600 nm correspond to a long-wavelength part of the gain
spectrum, where the gain efficiency decreases. On the other
hand, the lasing threshold increases as the emission is being
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Table 1 Spectral tunability (Aj,5) of the nanocomposite DFB dye
laser: dependence on the grating period (A), concentration of the NPs
(Cnp) and the diffraction order (m)

m Cnp, Wt.% A, nm Alas, M
2 27 375 568
2 27 383 585
2 27 392 596
2 27 394 598
2 27 410 625
2 10 394 591
2 10 410 619
3 27 559 567
3 27 586 585

tuned toward the blue edge of the tuning range. For the limit
case of A = 568 nm, the laser threshold increases suffi-
ciently (up to ~2 pJ/pulse) compared to the value measured
for Alas = 594 nm, ~0.12 pl/pulse (OD = 0.4; these data
are not shown in Fig. 5). The observed behavior can be ex-
plained that as the emission wavelength approaches the edge
of the gain spectrum the oscillating light experiences less
gain per one feedback cycle, while at the same time the self-
absorption losses become larger [41]. Thus, the optical gain
of the nanocomposite DFB cavities doped with the dye of
the concentration mentioned above is maximal in the spec-
tral range of 580-590 nm. Therefore, at the optimized para-
meters of the feedback structure (OD(532 nm) =0.45,n1 =
0.008, d = 12 pum), the nanocomposite DFB lasers exhibit
the pump threshold in the range of 6-8 plJ/cm? (0.12—
0.16 pJ/pulse) with an FWHM of about 0.1 nm over 594-
610 nm spectral range (at pump energy of < 5-fold higher
than the threshold value).

The lasing wavelength can be varied by changing ei-
ther A of the DFB grating or Cnp (i.e. nefr). To exam-
ine the spectral tunability of nanocomposite dye lasers, a
range of gratings with variable periodicity have been fab-
ricated. The nanocomposites containing 27 and 10 wt.%
NPs doped with 0.7 wt.% of PM567 (OD =~ 0.5) were ex-
ploited. The measured laser wavelengths (X155) and the cor-
responding A are collected in Table 1. Depending on the
grating period, the laser spectral output could be tuned at
about 60 nm, which is over almost entire emission spec-
trum of PM567. The change of Ay as large as ~5-7 nm
was observed by decreasing the NP concentration in poly-
mer from Cnp = 27 to 10 wt.% (negr was changed from
~1.52 to ~1.505, respectively). With the decrease of Cnp,
the lasing wavelength showed a blue shift. The correspond-
ing values of Aj,5 obtained for two grating periods are also
shown in Table 1. The lasing threshold decreases with in-
creasing Cnp: from ~0.7 uJ/pulse (35 pJ/cm?) for the grat-
ing with Cnp = 10 wt.% and n = 0.0055 to ~0.25 pJ/pulse
(12.5 pl/cm?) for the grating with Cnp = 27 wt.% and

n1 = 0.0096, probably due to a lower efficiency of the reso-
nant feedback (i.e. n1) in the material with Cxp = 10 wt.%.

DFB lasing at higher reflection order (m = 3) has been
obtained as well by using the gratings with A > 550 nm
(Table 1). The lasing threshold in this case was higher
(~1.1-1.4 wW/pulse) in comparison with the second-order
cavities fabricated from the same material and operated in
the same spectral range. The latter is explained by even
lower value of the RI modulation for higher diffraction or-
ders. We suppose that in this case the first-order diffraction
by the third harmonic of the RI, n3, provides the main con-
tribution to the reflectivity of the grating. The third harmonic
of the RI appears due to the nonlinearity of the material re-
sponse to the interference pattern.

3.3 Stability of DFB lasing

Degradation of dye molecules in solid-state hosts leads to
a reduction of laser output power and has been a cru-
cial bottleneck for utilization of dye organic solid-state
lasers [42—44]. Therefore the improvement of the stability
of polymer dye lasers to obtain high operation lifetime of
lasers is a subject of interest. Recently, an Nd:YAG pumped
DFB polymer dye laser showed threshold energy density
of 45 pJ/cm? and a relatively long lifetime of ~3 x 107
shots [45]. The PM567-doped plastic waveguide with pre-
fabricated DFB structures pumped by a Nd:YAG microchip
laser demonstrated a threshold of about 42 pJ/cm? and life-
time of ~4.5 x 10° shots at pump energy density of about
103 pl/em? [46].

Stability performance of the nanocomposite DFB lasers
has been examined at different pump energies and repeti-
tion rates at room (air) conditions. The measurements were
performed by observing the output energy (in a.u.) via the
number of excitation shots. The lifetime is determined as a
number of shots corresponding to decrease in the laser out-
put down to half of its initial value. The results are displayed
in Fig. 6a, b.

To determine the photostability of PM567 in dye-doped
inorganically non-modified and modified acrylate matri-
ces, the time evolution of amplified spontaneous emission
from dye-doped films (d = 10 um) prepared from the pure
polymer and polymer-NPs materials has been investigated
(Fig. 6a). The films were pumped with v = 100 Hz 532 nm
pulses of ~4 pJ pump energy (200 uJ/cm?). We have not ob-
served a considerable difference in the stabilities of the films
without and with the NPs of different concentrations. All
films showed the 50% output decrease after approximately
2.2 x 10* shots. Such small difference is, probably, related to
a low photoactivity and a low volume fraction of inorganic
additives in the organic matrix (26 wt.% of the REN-X green
NPs is equal to ~5 vol.% [31]). It seems that the content of
the NPs in the composite is sufficient to provide an effec-
tive distributed feedback but it does not change enough the

@ Springer
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Fig. 6 (a) Stability of the dye-doped films with different content
of the NPs (Cnp), v = 100 Hz repetition rate, E, = 4 ul/pulse; (b)
degradation of the laser output of the gratings doped with PM567

viscoelastic properties of polymer matrix and, in turn, the
lifetime of the laser dye.

Figure 6b displays the evolution of a normalized out-
put power as a function of the number of pump pulses for
the PM567-doped DFB grating (OD(532 nm) = 0.5). The
experiments were carried out at 10 and 100 Hz repetition
rates with pump energies of 2 pJ/pulse (100 uJ/cm?) and
4 uJ/pulse (20 pJ/cm?), respectively, that is approximately
10 and 20 times higher than the lasing threshold. It is seen
from the results that increasing the pulse rate at constant
pump energy does not change the operation lifetime of the
nanocomposite laser, which is in agreement with the data
of [43, 46]. In both cases the operation lifetime was found
to be about 4 x 10* shots (~1 h and ~7 min of the laser
operation at v = 10 and 100 Hz, respectively). It indicates
that under the repetition rates applied, the effect of heating
of the host polymeric matrix does not play a substantial role
in the stimulation of photodecomposition of the dye. Twice
increasing pump energy at 10 Hz repetition rate causes a de-
crease in the operation lifetime to 2.4 x 10* shots. Thus, a
low lasing threshold of the laser devices is favorable to ob-
tain longer operation lifetime. For the comparison, the same
test was done for the grating doped with the same concen-
tration of DCM laser dye. The stability of the grating doped
with DCM was found to be much lower, ~2 x 103 shots at
pump energy of 20 pJ/pulse (approximately 3 times higher
than the corresponding lasing threshold (~6 pJ/pulse)).

It is known that the photostability of PM567 in solu-
tion and in solid polymers strongly depends on the pres-
ence of oxygen [32, 42, 47, 48]. The most probable photo-
degradation mechanism could be attributed to self- and
radical-sensitized photo-oxidation, i.e., singlet-state oxygen
molecules sensitized by other species, such as triplet-state
PM567 molecules or free radicals, should be responsible
for the permanent degradation of PM567 dye and decreas-

@ Springer

2
2
§08 ;
£ &
306 w2
>
5 Le,
2 A
N 0.4 A
o A .
S 34 B
5 4 °
S 0.2 Py 1
[ ]
°
0.0 -—
0 40000 80000 120000 160000 200000

Number of pulses

(1-3) at different pump repetition rates and pulse energy: v = 100 Hz,
Ep =2 pl/pulse (1); v =10 Hz, E, =2 ul/pulse (2); v =10 Hz, E, =
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ing laser output in most cases. To obtain higher photostabil-
ity of PM567, antioxidant additives acting as singlet-state
quencher or free-radical scavenger have to be added into
host matrix together with PM567 [42, 47-50]. It should be
noted that the photostability data of the nanocomposite DFB
dye laser presented have been obtained for the systems to
which any special methods to improve the stability, like pu-
rification of the material components, addition of functional
additives, removal of oxygen from the initial nanocompos-
ite, capsulation of the DFB triplex, have not been applied.
On the other hand, it is difficult to compare the data received
because of the absence of the similar systems data in the lit-
erature. The optimization of the nanocomposite formulation
and the laser fabrication procedure in order to increase the
laser operating time is in progress.

In summary, fabrication and characterization of DFB
dye lasers based on doped solid-state volume Bragg grat-
ings have been presented. The improved organic—inorganic
nanocomposite doped with Pyrromethene 567 laser dye
has been used as an active medium for photoinduced DFB
lasers. Permanent DFB laser cavities have been fabricated
using one-step holographic photopolymerization of the
composite materials containing acrylate monomers, pho-
toinitiator, high-RI inorganic nanoparticles and a laser dye.
We have shown that the lasing threshold depends on the ef-
ficiency of the DFB grating (RI modulation amplitude), pe-
riod of the grating (position of the lasing wavelength in re-
spect to the gain band of the laser dye) and the concentration
of the laser dye. By optimizing the material and the feedback
structure, a narrow linewidth oscillation with the threshold
pump energy of ~0.2 and of ~1.1 pJ/pulse was achieved
for the second and the third Bragg orders lasing, respec-
tively. The wide-band tuning of the DFB laser output from
568 to 625 nm has been demonstrated for the second-order
action due to the variation of the grating period. By chang-
ing the NP concentration in the polymer matrix the lasing
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wavelength can be shifted over ~7 nm. Peak pump/output
conversion efficiency of about 8% has been achieved at an
operating wavelength of 594 nm. It was found that the out-
put emission is s-polarized with a polarization contrast as
large as 0.95 when the pump light is s-polarized. Both s-
and p-polarized lasing modes exist in the output emission
at p-polarized pumping: the intensity of the s-component is
about 10 times higher than the intensity of the p-component.
The PM567-doped nanocomposite matrix provides the sta-
bility of the laser emission of ~4 x 10* shots at 10 Hz rep-
etition rate at pump energy of 10 times higher than the las-
ing threshold value. The laser material will be optimized in
respect to a longer operation time. Further study will be fo-
cused on the investigation of the lasing modes and on the
development of the theory describing light amplification in
this kind of laser cavities. Altogether, the results presented
in this work indicate that holographically photostructurable
materials open the way to a one-step fabrication process of
effective and cheap tunable solid-state lasers based on dye-
doped organic—inorganic host systems.
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