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Abstract
Organic Bragg mirrors with high reflectivity were fabricated on different substrates using a
simple spin-coating procedure. Due to the simplicity of the procedure, the complete stack of
layers could be fabricated within a very short time (approx. 30 min). Since one of the used
polymers was based on azobenzene, it was possible to use photo-induced birefringence of the
azobenzene material to tune the stop-band of the fabricated mirrors by means of illumination
with polarized light. These Bragg mirrors were applied to fabricate microchip laser devices.
Devices fabricated with different laser dyes exhibited conversion efficiencies of up to 4%.
(Some figures may appear in colour only in the online journal)

1. Introduction

organic–inorganic layers [11–15], and polymers [16–25].
Also co-extrusion of polymers has been reported [26,
27]. Such easily fabricated optical elements have several
advantages. Commercially available polymers are usually
very cheap. Nanoparticle suspensions, when produced on
an industrial scale, should also be cheap. Polymer materials
can be conveniently processed from solution or from
the melt. Polymer processing techniques do not require
high-vacuum equipment, which makes them comparably costand time-efficient. The fabrication can also be accomplished
on different types of substrates (glass, plastic, elastic etc). On
flexible or elastic substrates the properties of the mirrors can
be tuned mechanically [22, 23, 28, 29] and also birefringence
can be introduced [16]. Therefore, the fabrication of
diffractive mirrors via spin-coating of commercially available
polymers can be assumed to be an easy and cost-efficient
fabrication method. In this process the properties are easily
controlled by the concentration of the solution and the speed
of rotation. A pair of polymers for the fabrication of mirror
stacks are poly(N-vinylcarbazole) (PVC) and cellulose acetate
(CA), with a refractive index difference of 0.2 [20–23].

Periodic modulation of the refractive index in one direction
creates a photonic band gap or optical reflection in certain
regions of the spectrum when the length scale of modulation
is comparable to light wavelength [1]. These so-called onedimensional photonic crystals have potential applications as
antireflective coatings on lenses, colour pigments, interference
filters and distributed Bragg reflectors or mirrors (DBR) in
laser devices [1–3]. Well-established industrial procedures
to fabricate highly reflective Bragg mirrors are vacuum
evaporation, e.g. atomic layer deposition or sputtering of
alternating layers of high and low refractive index materials,
typically titania and magnesium fluoride [4]. The production
of such interference mirrors is time consuming and expensive.
A competitive approach would be based on the simple liquid
phase deposition technique used in chemical laboratories,
thus avoiding methods based on high vacuum. Such easy
techniques have been pursued for the past few years. They
are based on spin-coating of alternating multilayers of
nanoparticles [2, 3, 5–9], sol–gel materials [10], hybrid
1612-2011/13/055808+07$33.00
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Figure 1. Chemical formulae of materials employed for fabrication of Bragg mirrors and DBR lasers.

measurements. Birefringence was induced by exposure of the
stack to the light of an Ar+ laser (Spectra Physics) operating
at 488 nm. A Q-switched frequency doubled Nd:YAG pulsed
laser (Surelite I, Continuum, Inc.) operating at 532 nm with a
pulse duration of 6 ns and repetition rate of 10 Hz was used
as the pump source for investigation of the DBR laser. The
output signal was collected by an optical fibre, which was
coupled to a CCD-based spectrometer (Polytec Berlin AG)
with a spectral resolution of about 1.5 nm. The energy of the
pump and of output pulses was measured with an energy meter
LEM2020 (Sensor- und Lasertechnik, Germany) connected to
a pyroelectric head PEM 4.

High reflectivity has been obtained for a stack of 39 layers.
However, the polymers used required a few minutes of
baking after deposition of each layer. This complicates the
process and renders it time consuming. In the search for an
easier fabrication technique we have used our own results
obtained with multi-stacks of surface relief gratings based
on azobenzene-containing polyelectrolyte [30–32] and of the
application of such stacks for bi-layer distributed feedback
(DFB) lasers [33]. The pair of materials, which give a
refractive index contrast of 0.28 and a good compatibility, is
shown in figure 1 together with the used laser dyes.
Here we report an easy fabrication technique for highly
reflective Bragg mirrors in a single continuous process
without stopping the spin-coater. In this way a 35-layer
mirror with a reflectivity of more than 90% is produced in
approximately half an hour. We report here also the tuning of
the polarized reflectivity of the mirror based on photo-induced
birefringence of the azobenzene-containing material [34] and
fabrication of a plastic microchip laser [35, 36] using such
mirrors for the creation of a laser cavity.

3. Results
It was previously established [30–33] that multilayer stacks
could be prepared from the polar azobenzene-containing
polyelectrolyte PAZO with a high refractive index of n =
1.67 [33] and of the non-polar, low refractive index polymer
PMMA with n = 1.49, or even with the higher refractive
index PPQ with n = 1.75 [33]. In these studies [30–33] we
have used 2-methoxyethanol as the solvent for spin-coating
of PAZO to yield very smooth films [30, 31]. However,
2-methoxyethanol is a relatively high boiling solvent (b.p.
120 ◦ C), and consequently similarly to the polymer pair
PVC-CA [20–23], a deposition from this solvent would
require baking after each stage to remove the rest of the
solvent. To avoid the baking step we have used low boiling
point methanol (b.p. 65 ◦ C), as originally used for the
fabrication of PAZO holographic layers [34]. This allows
continuous alternating deposition of the pair of polymers
(PAZO from methanol and PMMA from toluene) without
stopping the rotation and the appearance of reflection from
the interference mirror could be observed on the spin-coater
(figure 2(a)).
The parameters of multilayer structures were calculated
using the method described in [37]. In this method a stack
matrix for the structure is calculated as follows:
!
S11 S12
S=
= TN(N+1) PN T(N−1)N PN−1 · · · T12 P1 T01 ,
S21 S22

2. Experimental details
Poly{1-[4-(3-carboxy-4-hydroxyphenylazo)benzenesulfonamido]-1,2-ethanediyl} (PAZO), polymethylmethacrylate,
Mw = 120 000 (PMMA) (both Aldrich), LD688 (DCM2),
pyrromethene 580 and pyrromethene 650 laser dyes (all
Exciton) have been used as received.
Multilayers were produced on glass or plastic (PE)
substrates from a solution of PAZO in methanol (20.2 g l−1 )
and PMMA in toluene (30.9 g l−1 ) using a SCE-150
spin-coater (Lot-Oriel) at a rotation speed of 75 rps. The first
and the last layer were always made of PAZO. An active
light generating layer was cast from a 1% solution of the
selected laser dye in PMMA in toluene or chlorobenzene. A
back-reflection aluminum mirror was evaporated afterwards
in vacuum.
The thickness was measured using a Veeco Dektak
150 profilometer. UV–vis spectra in both transmission and
specular reflection geometries (angle 20◦ ) were measured
using a Specord M42 spectrometer (Carl-Zeiss Jena). An
aluminum mirror was used as a standard in reflection

(1)
2
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Figure 2. Photographs of interference mirror samples: (a) on the spin-coater chuck; (b) showing reflection colours; (c) showing reflection
colours after bending on a plastic substrate.

where Pj is a propagation matrix, describing the phase shift
introduced during propagation through the jth layer with
thickness Lj and refractive index nj :




2π
0

exp i λ nj Lj
 .

(2)
Pj = 


2π
0
exp −i nj Lj
λ
Tij is the transition matrix connecting the electric field
amplitudes on both sides of the interface between the ith and
jth layers:
!
1 −rij
1
Tij = q
,
(3)
1 − r2 −rij 1
ij

Figure 3. Reflectivity of a 35-layer mirror versus wavelength. The
solid line corresponds to the case of different thicknesses of the
PAZO- and the PMMA layers. The dashed line is for the case where
the thicknesses of the PAZO- and the PMMA layers are equal.

where rij is the amplitude reflection coefficient for a transition
from the ith layer to the jth layer:
rij =

ni − nj
.
ni + nj

(4)

The zeroth layer in equation (1) is a glass substrate, while the
(N+1)th layer is air. No absorption was assumed in the layers.
Finally, the reflectivity of the multilayer structure can be
calculated using the stack matrix S as follows:
R=

S12
S22

170.1 nm and 151.8 nm, respectively. The optical thickness
of the bi-layer was about 322 nm, which corresponds to half
of the wavelength of minimum reflectivity (644 nm). In the
second case (dashed line) the optical lengths of each layer
were equal to 161 nm (the quarter of 644 nm). It can be
seen that the difference between these two cases is negligible.
So, we can produce multilayer structures by ensuring that the
optical thickness of a bi-layer is equal to half of the required
wavelength.
In preparation of the multilayer mirror the control of
layer thickness was performed by adjusting the polymer
solution concentration and rotation speed. The thickness
of each layer was nearly equal to 100 nm (measured by
profilometer). The optical thickness of the PAZO layers was
about 170 nm and that of the PMMA layers was about 150 nm.
Hence, the optical length of a bi-layer was about 320 nm,
which causes a spectral stop-band around 640 nm. In this
way multilayer stacks can be deposited on glass or plastic

2

.

(5)

Calculations were performed for a refractive index of PAZO
equal to 1.67 [33], PMMA equal to 1.49 [2], and the glass
substrate equal to 1.5.
Usually in multilayer mirrors [37] the optical thickness
of each layer is equal to a quarter wavelength multiplied
by an odd integer. However, our calculations showed that
it is enough to control the optical thickness of a bi-layer.
Figure 3 shows the mirror reflectivity calculated for 35 layers
for two cases: in the first case (solid line) the geometrical
thickness of each layer was equal to 101.9 nm. The optical
thicknesses of the PAZO and PMMA layers were about
3
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Figure 4. Spectra of multilayer mirrors (a) measured (the inset shows the dependence of the transmittance minimum on the number of
layers) and (b) calculated spectra (for details see text).

using the position of the Fabry–Perot fringes, and from the
simulation were similar.
The suggested method of preparation of the multilayer
structure can be employed for fabrication of organic lasing
devices. Two device configurations can be envisaged. The first
configuration is a DFB laser, which has already been realized
with other multilayer structures fabricated by spin-coating [2,
3, 15, 20, 22]. In the reported design each second layer in the
multilayer architecture contains an emitter [15, 20, 22]. The
second lasing device configuration is a DBR laser, where the
multilayer structure works as one of the mirrors in the laser
cavity. Such a device was realized using sol–gel multilayer
structures and the emitter in liquid crystal matrix [10] and
mixed for a TiO2 nanoparticles–PMMA multilayer [2]. The
second configuration has the advantage that many different
polymer matrices can be used as an active layer depending
on which layer (polar polymer or non-polar polymer) is the
last one in the multilayer structure. This allows the use of a
variety of laser dyes or other emitting materials, the variation
of their concentration and the optimization of the thickness of
the active layer. In contrast, for the DFB laser structure the
laser dye can in our case only be introduced into the PMMA
layer, as azobenzene usually quenches luminescence [33, 39],
and because the majority of laser dyes are of a polar nature
not many of them could be introduced into PMMA-toluene
solution in high concentration. Naturally, for other systems
with DFB structure, the emitter can be introduced into either
the polar or the non-polar layer, and the polar CA layer
has already been used for the introduction of the laser dye
Rhodamine 6G [20, 22].
In this letter we demonstrate that the previously discussed
organic Bragg mirror can be used as the output coupler
in an organic microchip laser [35, 36]. Microchip lasers
were realized by coating the above discussed organic Bragg
mirrors with gain layers of PMMA doped with dyes such
as pyrromethene 580, pyrromethene 650 or LD688. The rare
mirror was made by deposition of an aluminum layer onto the
gain layer in vacuum (figures 5(a) and (b)). The DBR lasers
were pumped through the Bragg mirror at an incidence angle

substrates. Figure 4(a) presents the transmittance spectra
measured for 9-, 19-, 29-, and 35-layer mirrors spin-coated
on a glass plate. It can be seen that even a 9-layer mirror
exhibits a stop-band, and the depth of the stop-band increases
with the number of layers (see the inset in figure 4(a)).
Unfortunately, we could not realize a high reproducibility of
the bi-layer thickness. The thickness was slightly different
in different multilayer structures. This resulted in a certain
wavelength shift of the stop-band (figure 4(a)). Using the
stop-band position shown in figure 4(a) we can estimate
that the bi-layer optical thickness was equal to 315 nm
for the 9-layer structure, 324 nm for the 19-layer structure,
327 nm for the 29-layer structure, and 325 nm for the
35-layer structure. The transmittance of the multilayer mirrors
calculated for these values of bi-layer thickness is presented
in figure 4(b). The geometrical thickness of all layers in
a multilayer structure was assumed to be constant. The
good correspondence between experimental and calculated
dependences is evident. The difference between experimental
and calculated curves, especially in the spectral region
500–550 nm, can be explained by the absorption of PAZO.
Our calculation did not consider this absorption. In the middle
of the mirror stop-band (near 650 nm) PAZO absorption is
small and both the experimental and calculated transmittance
spectra show a transmittance minimum of the 35-layer mirror
equal to 5%. The reflectivity of this mirror was experimentally
compared with a commercial Al-mirror (reflectivity at a
wavelength of 650 nm is about 92%) at an incidence angle
of 20◦ . The comparison shows that the reflectivity of our
35-layer mirror is even slightly higher than 92%. This means
that the absorbance of the mirror in the specified spectral
region is very small (1–2 % or less).
As can be seen in figure 4(a), the spectra of the
mirrors, especially of the 35-layer mirror, show characteristic
Fabry–Perot fringes. Similarly to three-dimensional colloidal
crystals [38] such an observation indicates the high quality
of the one-dimensional photonic crystal and allows the
calculation of the total multilayer thickness. The values of
thickness measured by means of profilometer, calculated by
4
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Figure 5. (a) Scheme of the DBR laser, (b) photograph of a fabricated DBR laser, (c) photographs of a working laser: 35-layer DBR mirror
with the gain medium PMMA doped with 1% by weight of LD688, 350 µm thick.

Figure 6. Spectra of laser generation together with the stop-band (dashed line) for DBR lasers: (a) DBR of 9-layers with pyrromethene 580
in the PMMA matrix (0.5% by weight, gain layer thickness 77 µm); (b) DBR of 19 layers with pyrromethene 650 in the PMMA matrix
(0.5% by weight, gain layer thickness 60 µm); (c) DBR of 35 layers with LD688 in the PMMA matrix (1 % by weight, gain layer thickness
350 µm); red and green lines correspond to different measurements, each of which was carried out by averaging over 100 pulses.

of about 30◦ as illustrated in figure 5(a). The pump beam
diameter was about 0.8 mm.
Already the Bragg mirror with 9 layers shows sufficient
reflected power to yield laser generation (figure 6(a)). Several
examples of lasing spectra for active media with different laser
dyes generating at different wavelengths (DBR with different

number of layers) are presented in figure 6. It is evident that
for all cases laser generation was reached. It was found that the
generation wavelength changes with time. Sometimes several
wavelengths were generated simultaneously (see figure 6(a)).
This behaviour can be explained by the competition of
longitudinal modes of the cavity.
5
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Figure 7. Changes in transmittance spectra of a 35-layer Bragg mirror after exposure to vertically polarized 488 nm light: solid lines are
spectra before exposure; dashed lines are spectra after exposure, registered: (a) with non-polarized, (b) with vertically polarized light.

Certainly the reflective power of the DBR determined
by the number of layers strongly influences the laser device
performance. While for the laser with 35 layers DBR
shown at figure 6(c) a lasing threshold of 8 mJ cm−2 has
been observed, for the lasing devices with lower numbers
of layers (consequently with lower reflection, spectra at
figures 6(a) and (b)) the lasing threshold was at least 10
times higher. The generated beam for the best performing
laser is presented in figure 5(c). Good central symmetry of the
beam is evident. The beam divergence was about 200 mrad.
Conversion efficiency has been measured to be about 4%.
Direct comparison with other reported laser devices based on
a multilayer architecture prepared by spin-coating would be
difficult, while not all data were reported and different device
configurations, emitters, dye concentration and active length
were used. Just to mention, a polymer DFB structure [22] and
polymer-nanoparticles DBR structure [2] exhibited a higher
lasing threshold of 17 mJ cm−2 , while DFB structures where
the emitter has been absorbed into a sintered mirror [3], and
where one of the layers in a multilayer structure was the
layer of a light emitting polymer [15], exhibited much lower
threshold below 1 mJ cm−2 .
The peculiarity of materials used in the preparation of
the DBR is that the azobenzene-containing polyelectrolyte
PAZO, as many other side-chain azobenzene polymers, could
be oriented by linearly polarized light [34]. In this way we
were able to produce an optically responsive one-dimensional
photonic crystal (see figure 7). Here the transmittance
minimum (position of the stop-band) can be shifted by
10–20 nm when optical birefringence is photo-induced in
the PAZO layers of the multilayer structure. The effect
can be used for tuning other optical properties dependent
on the position of the stop-band. Potential applications
of other azobenzene-containing materials exhibiting higher
photo-induced birefringence (e.g. liquid crystalline materials)
may further increase the optical tunability of the DBR
mirror. For example, a comparison of the area exposed to
linearly polarized light with an unexposed area of a plastic
microchip laser exhibits the trend that the photooriented area
which shows a hypsochromic shift of the stop-band in the

Figure 8. Spectra of laser generation in a 35-layer DBR laser
device with LD688 in the PMMA matrix (1% by weight, gain layer
thickness 190 µm), where the DBR was not exposed (solid line) and
exposed (dashed line) to vertically polarized light of 488 nm prior to
the lasing experiment.

spectrum (figure 7), generates light at a shorter wavelength
(figure 8). Tuning over 10 nm was achieved. However, more
detailed investigations of optical tuning of the laser generation
wavelength will be performed within further studies.

4. Conclusions
Multilayer Bragg reflective mirrors were fabricated by a fast
and simple continuous procedure, which is essentially an
alternating spin-coating of two different polymer solutions.
Because one of the polymers was a side-chain azobenzenecontaining polymer, birefringence could be introduced into
these layers by exposing them to linearly polarized light
at 488 nm. In this way the stop-band of the Bragg mirror
can be optically tuned. Using such fabricated DBR mirrors,
the creation of laser cavity devices with different laser dyes
and different numbers of layers has been achieved. The best
devices exhibited light conversion efficiencies up to 4%.
6
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