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Lasing action in a fully organic dye doped ﬂexible 1D random
multilayer photonic crystal is reported. The emission energy can
be modulated by varying layers thicknesses to ﬁt the dye
characteristics, thus showing the potential interest of such cheap
materials in active devices for optoelectronic applications.
In the last decade, the discovery of lasing action from various
intrinsically disordered materials has greatly widened the
number of materials suitable to obtain laser action. Since
random lasers can be easily made, i.e. by grinding a laser
crystal and optically pumping the resulting powder, they have
a great potential for technological applications.
A random laser consists essentially of particles that scatter
light and are embedded in a gain medium. It possesses most of
the characteristics of conventional lasers, namely well deﬁned
threshold, linewidth reduction, a degree of coherence, and
proper photon statistics, but it lacks in directionality.1–5 In
standard lasers the tuning of the emission wavelength and the
directionality can be achieved by changing the gain medium
and the geometry of oriented optical cavity providing the
feedback. However this approach cannot be applied to
random structures because of the total absence of structural
order and the non-directional character of the diﬀused light.
Recently, de Matos et al. have obtained a high degree of
directionality in random lasers by inserting TiO2 nanoparticles
in an ethylene glycol solution of Rhodamine 6G into the
hollow core of a photonic crystal ﬁbre.6 In this way transverse
conﬁnement is obtained by total internal reﬂection and
longitudinal feedback is provided by scattering. Another approach
exploits the random fractures present in nanoﬁbres.7–10 In
these one dimensional (1D) systems, the positions of the bright
lasing spots match those of the breaks clearly observable on
the single ﬁbers. Back-reﬂections of the ﬁber waveguide modes
at the ﬁber break interfaces are the main source of optical
feedback along the nanoﬁbers axes, despite the limiting of the
stimulated emission on these small areas.
As an alternative, we present a lasing system composed of a
dye doped 1D fully plastic multilayer random structure. In
fact, all plastic light-emitting devices have several advantages
such as they can cover large areas and can be deposited on
ﬂexible substrates. The multiple interference provided by the
layer interfaces acting as reﬂectors supplies the optical feedback necessary to produce the ampliﬁed stimulated emission,11–13
characterized by strict directionality along the multilayer
arrangement. The emission wavelength can be widely tuned
to ﬁt the gain properties of the dye by simply changing the
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thickness of the dye doped layers. These kind of emitters are
really promising for low-cost applications, especially in the
visible range where cheap selective light sources are still
missing. The photonic feedback structure—fabricated by
self-assembling and/or patterning techniques—can be provided
in one, two and three dimensions. A huge variety of conjugated
molecules and polymers is available as gain material for the
doping of the layers.14
Experiments were performed on multilayer samples doped
by the organic dye Rhodamine 6G (R6G) as shown in Fig. 1.
The arrows hitting the sample are the excitation laser source,
while outgoing arrows represent, respectively, the ampliﬁed
spontaneous emission (ASE) and the laser emission detected.
Two samples have been realized: the ﬁrst one (sample A) has
been fabricated by depositing 48 layers of R6G doped cellulose
acetate (CA, Acros Organics), while in the second (sample B)
72 layers of doped CA and polyvinylcarbazole (PVK, Acros
Organics) have been randomly alternated. Brieﬂy, polymeric
solutions of PVK in chlorobenzene (Sigma Aldrich) and CA in
diacetone alcohol (Acros Organics) have been prepared with a
concentration of 24.4 g l1 and 49.3 g l1, respectively. The CA
solution was doped with a laser dye (Rhodamine 6G, Acros
Organics), 0.5 wt%. We have deposited the layers from the
solutions by using a spin coater (Laurell WS-400A-6NPP/LITE).
The rotation speed of the spin coater for PVK and CA
solutions has been 3600 rpm and 4000 rpm, respectively. The
duration of the rotation has been 20 seconds for both solutions
in an ambient atmosphere at room temperature. In order to
condensate the polymeric layers, samples have been heated
after each deposition at 80 1C for 10 minutes. The thickness of
layers is 50 nm and 150 nm for PVK (n1 = 1.683) and CA
(n2 = 1.475), respectively. Transmission spectra were collected
by a Varian Cary 50 (bandwidth 1 nm). For lasing measurements,
as a light source we have used the second harmonic of a
Nd:YAG pulsed laser (Quanta System, repetition rate 1 Hz,
pulse width 5 ns) at 532 nm. Photoluminescence (PL) spectra
have been recorded with a nitrogen cooled CCD (Spex 2000)
coupled to a polychromator (Triax 190 from J-Horiba), with a

Fig. 1 Schematic representation of the system studied.
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Fig. 3 Integrated intensity of 565 nm emission of sample A as a function
of the excitation power density, showing a threshold at 66 mJ cm2. Inset:
PL intensity as a function of the detection angle f, under 73 mJ cm2
excitation.

Fig. 2 (a) Transmission spectrum of sample A (dashed line)
and PL spectrum under a power excitation density of 62 mJ cm2
and 92 mJ cm2. (b) Solid line shows the DOS of the 1D photonic
structure. Dashed line indicates the maximum of the ampliﬁed emission
peak.

bandwidth of 0.2 nm for signal detection. Excitation laser light
has been removed by using a proper notch ﬁlter (Edmund Optics).
Samples have been excited obliquely, while transmission and
PL spectra have been recorded normally to surface, in the
direction of light propagation along the multilayer random
structure. In the following ﬁgures, the arrows direction shows
the kind of the measurement.
Fig. 2a reports the transmission spectrum of sample A
(dashed line). The wide and deep minimum at 532 nm is given
by R6G absorption.14 Only negligible oscillations in the
transmission spectrum can be observed at low energies, with
a very weak variation in the corresponding density of states
(DOS) shown in Fig. 2b. They are determined by the
interference given by the thin layers which constitute the
sample. Solid line shows the PL spectrum of sample A under
pulsed excitation at 532 nm with a power density of 62 and
92 mJ cm2 respectively. At low power, it is almost coincident
with the luminescence spectrum of the R6G in solution, which
exhibits a broad maximum at 560 nm. By increasing the excitation
power density, we have observed the rise of a narrower peak
centered at 565 nm, which quickly becomes the main spectral
feature of the sample luminescence. Blue solid line shows the PL
spectrum under an excitation power density of 92 mJ cm2.
Fig. 3 displays the integrated intensity of the narrower peak
as a function of the excitation photon ﬂuence, which exhibits
the typical behavior of an ampliﬁed emission eﬀect, with a
power density threshold of 66 mJ cm2. In order to detect
lasing behaviour, the intensity of the peak has been studied as
a function of the detection angle f measured with respect to
the normal to the sample surface. Inset of Fig. 3 indicates that
this emission is not directional. In addition, the wavelength of
565 nm coincides with the maximum of the optical gain of the
R6G, validating the hypothesis that we are observing the
ampliﬁed spontaneous emission (ASE) of the dye.15 This is
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due to the fact that for sample A the substantially transparent
multilayer polymeric matrix does not provide any optical
coupling with the dye luminescence.
The optical properties of sample B are much more intriguing.
The dashed line in Fig. 4a shows its transmission spectrum.
Again we observe the minimum at 532 nm given by the R6G
absorption, while at longer wavelengths several structures
are visible, originating by the convoluted eﬀect of the
multiple interference of alternating reﬂecting layer interfaces.
The deeper pseudo photonic bandgap centered at 606 nm rises
by a maximum in the reﬂection eﬃciency. Dotted line shows
the transmission spectrum computed by Comsol Multiphysics

Fig. 4 (a) Experimental (dashed line) and theoretical (dotted line)
transmission spectrum of sample B. Solid lines show the PL spectrum
under a power excitation density of 75 mJ cm2 and 417 mJ cm2
respectively. The broad spectrum centred at 565 nm is the PL of pure
R6G dispersed in a CA matrix. (b) Solid line shows the DOS of the
photonic structure. Dashed lines: ASE at 571 nm and laser emission at
598 nm.
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that numerically solves second order diﬀerential equations.
The equation for the transverse electric ﬁeld component Ez
(z being the direction along the refractive index modulation) is
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rrEz  n2k20Ez = 0,

(1)

where n is the refractive index and k0 is the free space wave
number.16,17 The simulation of the light transmission through
the random photonic structure is in good agreement with the
experimental one in the dye gain region, while at both short
and long wavelengths some discrepancy appears because of
the dependence of the refractive index of polymers (considered
constant in the simulation) on the wavelength.
At very low power densities, the broad emission of the dye is
modulated by the optical density of the multilayer structure.
By increasing the excitation, a ﬁrst peak appears at 571 nm,
then followed at higher intensities by a narrower second one at
598 nm. Both peaks fall into the gain region of the R6G dye.
While the higher energy peak falls in a range without any
particular feature, the low peak corresponds to the blue
edge of the photonic bandgap at 606 nm (Fig. 4a). This
wavelength corresponds to the highest DOS in the sample
(Fig. 4b), thus where stimulated emission is easily obtained.12
Peak intensities have been measured as a function of the
incident power density (Fig. 5), in the range from 7 mJ cm2
up to 375 mJ cm2.
Both signals present an abrupt change in the emission slope
eﬃciency where the ampliﬁcation begins. Luminescence at
571 nm shows a threshold power density at around 20 mJ cm2.
Its intensity grows linearly up to 125 mJ cm2, where
the emitted photon ﬂux becomes almost constant. The
threshold for the 598 nm ampliﬁed emission is at around
175 mJ cm2; the intensity of this peak rises faster than the
previous without any saturation.
PL intensities have been measured as a function of the
detection angle f (inset of Fig. 5). Orange emission is
substantially isotropic. In addition, it is peaked very close to
the maximum gain wavelength of the dye and can be
therefore considered a simply ASE shaped by the random

Fig. 5 Integrated PL intensity of sample B at 571 nm and 598 nm as a
function of the excitation power density. Data show a threshold of
20 (175) mJ cm2 for 571 nm (598 nm) luminescence. Inset: PL intensity
as a function of the detection angle f, under 325 mJ cm2 excitation.
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reﬂectors. To the contrary, red emission is strongly directional
along the multilayer direction, indicative of the coherence
of the emitted photons. The threshold of the laser emission
is higher than for the ASE since the absolute maximum
of the DOS, where stimulated emission is most enhanced, falls
in the region in which the R6G intrinsic optical gain is almost
10–100 times smaller. At the maximum incident photon ﬂux
used (Fig. 4a,), the full width at half maximum (FWHM) of
the red peak is 4 nm; compared to a standard optical
Fabry–Perot cavity, this FWHM gives a ﬁnesse quality
factor of the optical cavity Q E 150. The position of this
emission corresponds to a strong gradient in the sample
transmittance, where the group velocity of travelling
photons is consistently reduced, with a consequent relative
increase of the eﬀective optical path leﬀ inside the active
medium.18–21 This demonstrates the lasing action provided
by a random multilayer 1D structure. Moreover, the emission
wavelength of this structure can be tuned by changing the
thickness of layers. Fig. 6 reports the computed transmission
spectra of a series of random structures, possessing the
same sequence but diﬀerent thickness of the CA dye
doped layer, in the range 125–175 nm. While the separation
between the transmission minima is unchanged, their
position can be easily tuned in a range of about 100 nm,
suitable to match the emission spectra of a large number of
organic dyes.
To conclude, laser emission in a 1D plastic random system
has been successfully realized by exploiting a low cost, easy to
fabricate, optically pumped device. Laser emission has been
obtained at a relatively low pump threshold, despite the
intrinsic large optical losses (ASE emission). Foreseeable
applications of this ﬂexible multilayer laser structure can be
envisaged for ampliﬁers or all-optical logic gates, optical
switching21 and also on polymeric coating for lightning
applications.22

Fig. 6 Computed transmission spectra of a series of random multilayer structures, in where CA layer thickness is 125 nm, 140 nm,
150 nm, 160 nm and 175 nm.
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