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We report on the fabrication and characterization of a tunable filtering effect, observed
in a waveguide grating made of alternated strips of photocurable polymer and a mixture
of azo-dye doped liquid crystal. The grating is sandwiched between two borosilicate
glasses, one of which includes an ion-exchanged channel waveguide, which confines
the optical signal to be filtered. We analyze the effects of a low power visible, pump
light beam that hits the sample and temperature effects. Both effects are investigated
experimentally. The application of the pump light allowing the filtered wavelength to
be tuned over a 6.6 nm range, while a temperature variation of 4◦C, implies a tuning of
14 nm.

Keywords Optical waveguides; liquid crystals; opto-optical effect

Introduction

Bragg reflectors are periodic structures that play important functions in integrated optics.
They can be used in various applications including tunable lasers [1], polarization dispersion
compensation and manipulation [2], spectrometry [3], multi/demultiplexing [4], sensing
[5], and spectral filtering [6]. Bragg reflectors have been demonstrated by employing
waveguides made of different materials and structures such as polymers [7], silicon-on-
insulator (SOI) [8], hollow capillaries [2], lithium niobate [9], metal-insulator-metal [10]
silica [11] and liquid crystals [12,13]. Such reflectors can be tuned by using different
mechanisms such as thermo-optic [14], mechanical [15], electrical [11] acusto-optical [9],
electro-optical [12,13] or opto-optical [16].

Recently, composite organic materials, such as azo-dye doped liquid crystals, have been
engineered to obtain all-optical effects which proved very efficient in terms of switching
speed and low driving optical power [17,18].
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Tunable Bragg Grating 65

Furthermore, micro/nano structured templates designed to realize a generation of holo-
graphic gratings called POLICRYPS (POlimer LIquid CRYstal Polymer Slices) based on
polymers and liquid crystals (LC) [19,20] have been combined with such azo compounds
to obtain efficient, optically controllable, free-space devices [21]. POLICRYPS represent a
low cost and easy to fabricate approach to make efficient Bragg reflectors with respect to
other technologies. In order to envisage a generation of low cost and low driving power,
easy to fabricate, all optical devices, in this paper we propose and experimentally demon-
strate an integrated all-optical tuneable filter. It is obtained by combining a simple and low
cost ion-exchange waveguide technology with a composite LC and a well characterized
photosensitive azo-dye compound, methyl red (MR), to enable full optical tuning in the
telecom wavelength range.

Device Fabrication

A schematic illustration of the proposed device is in Fig. 1. The first fabrication step consists
of a double ion-exchange process (KNO3-AgNO3) to obtain a channel optical waveguide
on a BK7 substrate as described in [22]. The device is then assembled by placing a BK7
glass cover on the top of the processed substrate (which includes the optical channel
waveguide) by using ball spacers of about 1 µm in diameter, mixed to an UV-curable glue
to control the gap. In the first step, the POLICRYPS structure is realized according to
the standard fabrication process [19]. Then, it is possible to realize a polymeric template
by etching the POLICRYPS structure using the multi-step process, in which the NLC is
removed by using a microfluidic etching process, and the obtained polymeric template can
be filled with self-organizing materials. This technique provides two striking advantages: it
is completely insensitive to dust particles because the polymerization occurs in an already
sealed device and the polymer symmetrically adheres to both glass substrates leaving no
gaps. We, infiltrated the polymeric structure with nematic LC (NLC) E7 doped with MR,
2% in weight. Such a percentage has been chosen by considering the highest possible

Figure 1. Schematic view of the proposed device with a zoom on the grating structure. The top inset
sketches the orientation tilt (θ ) and twist (φ) angles of the molecular director n̂.

D
ow

nl
oa

de
d 

by
 [

Si
au

liu
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
0:

29
 1

7 
Fe

br
ua

ry
 2

01
3 



66 G. Gilardi et al.

solubility of MR in NLC (MR:E7) to minimize the pump power required for the optical
switching [21].

Working Principle

According to the Bragg law, the back-reflected wavelength is given by:

λB = 2�neff/m (1)

Where λB is the back-reflected wavelength, � = 1.5 µm is the period of the grating,
m = 3 is the diffraction order and neff is the effective refractive index of the propagating
mode. � and m are imposed by the fabrication, then to obtain the tuning of the device we can
act on neff. It depends on the ion diffusion profile in the glass, on the upper glass refractive
index, on the overlayer refractive index and on its thickness. The overlayer thickness is
imposed by the fabrication (h ≈ 1 µm). To tune the device we can only modify the effective
refractive index of the grating.

The refractive indices of E7 NLC are well characterized, with values at λ = 1550 nm
which are n|| = 1.689 and n⊥ = 1.5 for light polarization parallel and perpendicular to
the LC director, respectively. The period of the grating fabricated for the realization of the
optical filter is estimated to be � = 1.50–1.55 µm. For m = 3 the value of λB is in the
telecom wavelength range of 1520–1570 nm.

All-Optical Tuning: Experiments and Simulations

At the thermal equilibrium, without any applied external stimulus, the MR is in its elongated
trans form. The MR:E7 behaves as guest-host optically anisotropic mixture of a liquid
crystalline compound and a non-liquid crystalline compound. In this mixture, the long
axis of the LC molecules and long axis of trans-MR remain parallel to z-axes, as in all
POLICRYPS structures [20]. This is easily verified by an investigation through the polarized
microscope.

Due to the mismatch between the trans MR: E7 ordinary refractive (≈1.5 at 1550 nm
[23]) index and the index of the NOA61 polymer (1.5419 at 1550 nm [24]) in the overlaying
grating, a TE-like optical beam guided by the waveguide experiences a phase grating. This
enables the device to operate as a Bragg filter.

Since the absorption band of trans isomer is typically in the green range, the MR turns
in the spherical cis form when the grating is irradiated by a green light beam λ = 532 nm.
Such conformational transition brakes the directional order of the MR-E7 guest-host. In
this condition, the NLC:MR mixture behaves like a typical optically isotropic material, as
easily verified by an optical analysis using a polarized microscope. The refractive index of
the mixture after exposure can be estimated as the average value given by [25]:

〈n〉 =
√

n2
|| + 2n2

⊥
3

= 1.5655 (2)

There is therefore, a mismatch with the polymer refractive index and a variation in the
value of the back-reflected Bragg wavelength. Figure 2 shows the all-optical setup used to
measure the transmitted spectra of this tuneable filter.

The input and output end facets of the device are butt-coupled to a single mode fiber.
The input signal is supplied by an erbium doped fiber amplifier operating in the wavelength

D
ow

nl
oa

de
d 

by
 [

Si
au

liu
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
0:

29
 1

7 
Fe

br
ua

ry
 2

01
3 



Tunable Bragg Grating 67
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Figure 2. Setup used to measure the transmitted spectra.

range between 1520 and 1580 nm. A single mode fiber butt-coupled to the output end-face
of the waveguide is used to send the filtered output light signal to an optical spectrum
analyser. The pump laser has a circular spot (about 2 mm in diameter) and a power of
45 mW at λ = 532 nm, a value that greatly exceed the threshold of the trans-cis transition.

Figure 3 shows the transmitted spectrum, which exhibits a notch peak of −20 dB at
the wavelength λ = 1545.7 nm when the pump is off (black line). When the pump is on,
the spectrum is shifted by �λB = 6.6 nm (red line), preserving its shape but with a slightly
deeper notch of about −22 dB. The bandwidth of the transmitted notch, considered at
−3 dB with respect to the transmittance minimum value, is 3.3 nm when the pump is OFF
and 2.7 nm when the pump is ON. We have used eq. (1) to perform computer simulations
of the behavior of the filter in three basic steps. In the first step, we studied the orientation
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Figure 3. Transmitted spectra of the POLICRYPS all-optical filter. Black line – Pump off; inset with
azo dye in trans-phase. Red line – Pump on; inset with azo dye in cis-form. Both measurements have
been taken at 20.8◦C.

D
ow

nl
oa

de
d 

by
 [

Si
au

liu
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
0:

29
 1

7 
Fe

br
ua

ry
 2

01
3 



68 G. Gilardi et al.

8.5

8.0

7.5

7.0

6.5

6.0

5.5

5.0

W
av

el
en

gt
h 

sh
ift

 [n
m

]

Grating thickness [μm]
1 1.05 1.1 1.15 1.2

Figure 4. Relation between wavelength shift and grating thickness for the pump laser power of
45 mW at λ = 532 nm.

angle of the NLC director comprised between the NOA61 stripes in the POLICRYPS
structure. The director profile was computed minimizing the LC free energy by solving the
partial derivate Euler-Lagrange equation of the free energy implemented in the weak form
by means of a finite element method. The terms to take into account in the minimization
of the free energy are: i) the elastic energy of the LC that depends on its elastic constants,
ii) mechanical orientation induced by the MR deformation, as result of the applied external
pump.

In the second step, the NLC refractive index distribution derived from the director
profile was used to describe the grating by a grating mode solver [26]. The effective index
computed in the second step is used in the third step to solve equation (1).

In the simulation, we consider several different values of the grating thickness to
include a low uncertainty in the estimation of the device gap. The result is reported in Fig. 4
and the wavelength shift obtained numerically is �λB1 = 5.88 nm for h = 1 µm, �λB2 =
7.25 nm for h = 1.1 µm and �λB3 = 9.19 µm for h = 1.2 µm.

It is evident that an increase of h yields an increase of �λB, for the same value of
the refractive index. This behavior can be explained in terms of a smaller influence of the
boundary conditions.

Initially, the NLC director is considered to be parallel to the z direction (Fig. 1), so that
a TE-like input light experiences the n⊥ index of the NLC. The exposure to the green light
makes the reorientation of the NLC molecules not uniform, due to the presence of MR,
hence the NLC can be considered isotropic and the average value of E7 refractive index
<n> = 1.5655 according to eq. 2 is used in the calculations. The model takes into account
also the interaction of the NLC with glass and NOA61. In particular, a pretilt angle of 2◦

is imposed in the calculations, in order to avoid the presence of a Fréedericks threshold for
the director orientation. Finally, a pretwist angle of ≈0◦ is set at the normal orientation of
n in the liquid crystal-NOA61 interface.

Figure 4 highlights that a wavelength shift value about 6.6 nm, is obtained for a
thickness of approximately 1.1 µm, in agreement with the experimentally measured shift
and the gap of the realised sample.

D
ow

nl
oa

de
d 

by
 [

Si
au

liu
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
0:

29
 1

7 
Fe

br
ua

ry
 2

01
3 



Tunable Bragg Grating 69

1540

1542

1546

1544

1550

1548

1552

1556

1554
W

av
el

en
gt

h 
[n

m
]

20.820.319.8 22.321.821.3 23.322.8 23.8

Linear fit

Temperature [°C]

Figure 5. Wavelength shift as a function of the temperature with the laser pump OFF.

Thermo-Optical Tuning: Experiments

As shown in Fig. 3, the sample under investigation is positioned over a heater. The temper-
ature of the sample is controlled by the application of a proper current in the heather. The
experimental result of the thermal effect is represented in Fig. 5.

Figure 5 shows that the wavelength shift with the temperature is well described by a
linear curve. The resonant wavelength shifts from 1541 nm to 1555 nm, when the sample
temperature changes from 19.8◦C to 23.8◦C.

The temperature variation of all materials involved in the structures implies a change
in their refractive index. The bottom glass and the upper glass do not have an important role
in the definition of the wavelength shift with the temperature because their low thermo-
optical coefficient (about −10−6/◦C) [27]. The MR does not influence neff, due to its
relative low percentage in the NLC:MR mixture. The increase of temperature modifies the
refractive index difference between the NOA61 and the MR:E7 mixture because they have
different thermo-optical coefficients. The thermo-optical coefficient for the NOA61 is about
−10−3/◦C [24]. In the NLC both n⊥ and n‖ depend on the temperature. In particular n‖
decreases, while n⊥ increases when the temperature increases. In this mixture, the long axis
of the LC remains parallel to z-axes therefore, only n⊥ must be considered. The thermo-
optical coefficient for n⊥ is greater then the NOA61 thermo-optics coefficient and it is also
positive [28]. The total effect induced by the temperature increase is the increase of neff

then a red-shift of the resonant wavelength.

Conclusion

In conclusion, we have demonstrated an all-optical Bragg filter integrated on glass by
using commercially available materials, combining ion exchanged channel waveguides and
composite holographic gratings. The prototype exhibits a signal suppression higher than
20 dB at the Bragg wavelength, with a bandwidth of the transmitted notch of about 3 nm. A
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70 G. Gilardi et al.

tuning range of 6.6 nm is observed by applying a pump green light of 45 mW. The device
exhibit a red-shift of 14 nm due to a temperature variation of 4◦C.

A simple model, implemented to carry out numerical simulations, yields values of the
Bragg wavelength shift which are in full agreement with our measurements. An improve
of the proposed device is related to changes in the grating pitch to obtain operation at the
first order of diffraction and in the use of new, high performance, mesogenic LC to obtain
a reduction of the pump laser energy.
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