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All-Optical Liquid Crystal Waveguide on Silicon
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In this paper we demonstrate nonlinear optical properties of a channel waveguide
made of E7 nematic liquid crystal infiltrated in a SiO2/Si V-groove. Light in C-Band
(1530-1565 nm), fiber coupled to the core of the liquid crystal waveguide, was optically
modulated by the optical beam itself, with a power below 25 mW. A bias voltage was
applied to induce a liquid crystal orientation over the Freedericksz threshold and a
further director reorientation was obtained by increasing the optical beam. The effect of
optical modulation for different applied voltages obtained experimentally was modelled
including both opto and electro-optical effects.

Keywords All-optical waveguides; liquid crystals; electro-optic effect; silicon pho-
tonics; nonlinear optics

Introduction

All-optical photonic components can exploit more efficiently the huge band of the optical
fibers and bring a lot of advantages, such as bit rate independency, flexibility, scalability to
many applications [1–5]. The employment of all-optical devices can be also important for
the development of research in the field of optical sensing, image processing and optical
computing [6, 7]. In recent years, all-optical components have attracted increasing attention
as a mean to exert control on micro-optofluidics systems [8, 9]. The operation principle of
all-optical components is related to the nonlinearity of materials used to realize the devices.
In this context, the research is focused on new materials with high nonlinear optical effects,
which require low power optical control.

Liquid crystals (LC) are highly optically nonlinear materials whose physical properties
are easily perturbed by an applied optical field [10]. They are characterized by large electro-
and opto-optical reorientational responses, while exhibiting extended transparency from
ultraviolet to mid infrared, low scattering losses, in addition to well developed chemistry,
physics and technology. In this context, several electro-optic devices were proposed based
on guiding properties of LC [11, 12], discrete spatial solitons [13] and all-optical switching
[14]. Recently the LC properties have attracted a lot of interest in the innovative fields of
biomedical and lab-on-chip applications [15, 16].

In this paper, we report on the experimental and theoretical demonstration of self-
modulation of a light beam in the C-Band confined in a LC waveguide (LCW). The device
is composed of a micromachined silicon V-groove filled with the nematic LC (NLC) E7.
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Figure 1. Schematic illustration of a LCW made of NLC embedded in a silica on silicon V-groove.

After reporting on the fabrication process, we present the experimental results of the self-
modulation of the light beam propagating in the core of the waveguide. A model describing
the nonlinear behaviour of the device is also presented showing good agreement with the
experiment.

Device Structure and Fabrication

The optical waveguide structure schematically illustrated in Figure 1 is made of SiO2/Si
V-groove filled with the NLC E7. It consists of a core with a triangular cross-section with
an upper width of 15 µm, a SiO2 buffer layer and an ITO coated top glass cover. A Nylon 6
layer has been deposited and rubbed on the cover glass to provide uniaxial alignment of the
liquid crystal. The structure and the fabrication process are described in details in previous
works [12–14, 17]. A thin layer of Nylon 6 was rubbed after the deposition on the ITO
electrode to promote the alignment of LC molecules along the propagation direction. The
n-doped silicon substrate is used as counter electrode. NOA61 UV adhesive by Norland
is used to seal the input and output and to define neat interfaces with NLC core of the
waveguide [18]. Table 1 reports refractive indices of the materials, where n// and n⊥ are
the two indices of refraction parallel and perpendicular to the molecular axis of the NLC
respectively.

Table 1. Refractive indices of the LCW materials

Material Refractive index at λ = 1550 nm

LC E7 n// = 1.689 n⊥ = 1.502
SiO2 n = 1.444
n-Si n = 3.478
D263 glass n = 1.516
NOA61 n = 1.542
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102 M. Trotta et al.

Figure 2. Schematic illustration of the device working principle without (left) and with (right)
applied electric field.

Working Principle

The optical confinement of a laser beam at the wavelength of 1560 nm in a 15 µm wide
LCW, butt-coupled by a single mode fiber [19], is achieved when the effective refractive
index of the LCW is higher than the glass-SiO2 cladding refractive index. When no electric
field is applied on the LCW, the LC ordinary refractive index, corresponding to n⊥ = 1.5, is
sensed by both TE and TM polarizations. Such refractive index at the wavelength of 1560
nm is lower than the one of the D263 cover glass and no light propagation occurs. While
progressively increasing the electric field on the structure produced by an applied voltage
or by the propagation beam itself, a molecular tilt reorientation occurs corresponding to an
increase of the refractive index for TM input polarization (Figure 2). Guided propagation
is enabled when the LC effective refractive index is higher than the glass refractive index.

Waveguide Modelling

The nonlinear behaviour of the LCW is modelled by considering both the electrically [20]
and optically induced molecular reorientation. A bias applied voltage is used to induce a LC
pretilt over the Freedericksz threshold. The LC director spatial reorientation is computed
by minimizing the free energy density F reported in Equation (1), composed of the elastic
Felastic, electrostatic Felectrostatic and optical Foptical contribution [21]:

F = Felastic + Felectrostatic + Foptical

= 1

2
(K11(∇ · n)2 + K22(n · (∇ × n))2 + K33(n × (∇ × n))2)

− 1

2
ε0(�εes(n · Ees)

2 + ε⊥es Ees · Ees + �εop(n · Eop)2 + ε⊥op Eop · Eop) (1)

The elastic energy, also known as Oseen–Frank, indicated as Felastic, depends on K11, K22

and K33 which are the elastic constants of the NLC (splay, twist and bend respectively).
Felectrostatic represents the energy contribution due to the electric field Ees of an applied
voltage V , where ε⊥es is the dielectric permittivity when an electric field at low frequency
is applied perpendicular to the director n and �εes is the relative dielectric anisotropy. The
last contribution Foptical indicates the energy due to the electric field referred to the optical
excitation (Eop), where ε⊥op and �εop refer to the optical frequencies.

After a bias tilt due to the applied voltage, a further director reorientation is obtained
by increasing the input power of the laser beam. The electric field is the solution of the
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Optically Controlled LC Waveguide 103

Figure 3. Contour maps of the molecular tilt distribution of the LCW with an applied bias of
2.17 V: without (left) and with (right) input optical power from a laser beam of 25 mW at a wavelength
of 1560 nm.

Poisson equation solved using the finite element method applied to the anisotropic NLC.
The minimization of F was achieved by solving the partial derivative Euler-Lagrange
equation of F, implemented in the weak form by means of a finite element method. Strong
anchoring was assumed with a pretilt of 3◦ at all boundaries for numerical stability. Lateral
boundary condition and both LC tilt and twist angles were considered in the simulation.
Calculations show that the azimuthal twist angle ϕ is perturbed by less than 5◦, therefore
its contribution to light propagation is negligible. The extraordinary refractive index of the
NLC depends on the sum of the molecular tilt θV, induced by a low frequency electric
field by means of an applied voltage, and the tilt θop induced by the optical electric field
according to the Equation (2):

ne(θV , θop) = n⊥n//√
n⊥ sin2(θV + θop) + n// cos2(θV + θop)

(2)

The model describes the effect of optical field on the tilt angle as confirmed by the contour
map of Figure 3, where the spatial distribution is modified when a laser beam of 25 mW at
1560 nm is applied for a bias voltage of 2.17 V.

Nonlinear Optical Characterization

In Figure 4 the set-up used to characterize the optical behaviour of the 15 µm LCW is
presented. Single-mode optical fiber was butt-coupled both at the input and the output
of the LCW connected to a DFB laser in the C-B. The polarization was controlled by a
λ /4 − λ /2 − λ /4 wave plate sequence mounted on a fiber bench, so any state of polarization
with negligible optical power loss can be obtained. To supply the bias voltage, the sample
was driven by a symmetric +V/−V square wave of frequency 1 kHz.

The nonlinear optical behaviour can be observed by raising the optical power with TM
polarization for a fixed applied voltage. Figure 5 shows a plot of the output optical power
versus input power in solid line for two voltages bias at 6.7 V and 8 V. In the 6.7 V plot
a nonlinear behaviour is observed when input optical power increases above 10 mW. The
linear behaviour observed for 8 V bias is due to a saturation of the optical transmission
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104 M. Trotta et al.

Figure 4. Measurement set-up used for nonlinear optical characterizations of LCW using fiber
butt-coupling technique to collect the output signal measured by an optical power meter.

of the waveguide. The model can describe both nonlinear optical effect and transmission
saturation. Figure 5 shows the experimental (solid line) and simulation (dashed line) results
of the output optical power versus input power. In the 6.7 V plot a non linear behaviour
is observed when input power increases above 10 mW. Theoretical curves at 2.17 V and
4 V follow the measured value for 6.7 V and 8 V respectively. In particular the model
also includes optical losses for the corresponding voltage bias. The difference between the
voltages of the theoretical curves and the experimental ones, are due in part to defects on
the groove walls perturbing the LC orientation. Another contribution to such difference also
comes from voltage drop along the electrodes, which smoothes out the square ac waveform
and reduces the RMS voltage.

Figure 5. Plot of output power versus input power in which measurements for 6.7 V and 8 V applied
voltage bias are compared with theoretical curves (dashed lines) at 2.17 V and 4 V.
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Conclusion

A nonlinear optical LCW made of a commercial NLC mixture embedded in a SiO2/Si is
demonstrated both experimentally and theoretically. We modelled the nonlinear behaviour
of the output power versus input power found experimentally by minimizing the total
free energy, which includes the dielectric energy at optical frequencies. These prelimi-
nary results, far from their optimum performance, represent however a very encouraging
demonstration of a first step towards truly working all-optical devices on silicon.
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