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Abstract. Liquid crystal (LC) devices are increasingly attracting much interest for
applications where an electrical control of light is required. In this work, a nematic LC-
based optical deflector has been designed, fabricated and characterized. An incident
laser beam is deflected laterally due to the creation, by a specially designed electric
field distribution inside the cell, of a LC’s refractive index gradient. Relevant details
on the fabrication process steps are given.
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1. Introduction

Liquid crystal (LC) molecules have been widely employed since 1971 in the field of dis-

play applications. This type of applications has attracted much attention in recent years,

specially since the remarkable development of the flat panel display industry, which has

given rise to the actual Liquid Crystal Displays (LCDs). For this type of applications,

the nematic and the twisted nematic (TN) liquid crystals are popular because of their

low operation voltage, high contrast ratio, and nearly achromatic transmission[1].

Materials in the liquid crystalline phase maintain the crystalline order of solids as well as

the mobility of liquids, thus being partially ordered fluids. One of the most common LC

phases is the nematic, where the positions of the molecules’ center of mass are randomly

distributed as in a liquid, but the molecules themselves point all in the same direction.

Nematic LCs can be easily aligned by an external magnetic or electric field and possess

optical properties similar to those of uniaxial crystals. Electro-optic crystals are usually

driven by voltages in the order of kV whereas only some tens of volts are usually re-

quired for operating LC-based devices. For this reason many devices currently available

in the market, such as flat panel screens or projectors are based on LC. In addition,

several new applications based on Liquid Crystals such as diffraction gratings[2, 3, 4] or

switchable lenses[5] are currently under investigation. This work deals with the design

and fabrication of another type of LC-based device, an optical deflector.
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Figure 1. Design of a liquid crystal-based light deflector based on the blazed-grating
solution. When no electric field is applied, the incoming light is diffracted into several
modes because of the index mismatch between the LC and the PMMA layer. On
the contrary, at a specific driving voltage the LC refractive index matches that of the
PMMA, thus behaving as an effective flat plane and, accordingly, not perturbing the
incoming beam. Courtesy of [3].

2. Cell design

Liquid crystal deflectors have been investigated since early 1970’s. Major effort has

mainly focused on blazed-gratings where the incoming light is diffracted using a series

of grooves[2, 3]. When no electric field is applied, strong diffraction occurs because of

the refractive index mismatch between the liquid crystal and the patterned alignment

layer (usually PMMA - Poly(methyl methacrylate)). In this state, light is diffracted

into different diffraction modes (Fig. 1) according to the period of the PMMA struc-

tures. On the contrary, when an electric field is applied, the refractive index of the LC

is decreased; at a certain driving voltage, index matching occurs between the PMMA

and the LC. The whole LC-PMMA composite grating structure can then be considered

as an optically flat plate, and no diffraction occurs for this ON state. Accordingly, this

solution presents only two possible states of deflection: no-deflection and fixed-angle

deflection.

To achieve tunability of the deflection angle, the approach considered in this work is

completely different. To allow a continuous spatial sweep of the deflected optical beam,

a material possessing both tunability of its optical properties and a high refractive in-

dex gradient is required. The use of liquid crystals could be a straightforward solution
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Figure 2. (Color online) Electric field distribution inside the LC cell. Electric field
direction is given by the direction pointed by the arrows whereas their size scales
proportionally to the electric field intensity. Note that the top electrode is always
positively polarized. The author is thankful to the Universitat Politècnica de Catalunya
(UPC) for the theoretical simulations.

provided that they are uniaxial materials and that they can be aligned according to an

externally applied electric field.

2.1. Requirements for the electrodes

By properly patterning and polarizing the electrodes, an electric field distribution (and,

accordingly, LC principal axis orientation) similar to that shown in Fig. 2 can be

achieved. Therefore the LC’s effective refractive index would be different between the

two positively polarized electrodes when compared to the rest of the cell, thus leading

to the required refractive index gradient. Light would be deflected towards the larger

effective refractive index area (to the left in the case of the distribution given in Fig. 2).

Simply inverting the polarity of the bottom electrodes, light could be deflected in the

opposite direction going through all the intermediate angles.

The electric field distribution given in Fig. 2 requires patterning the bottom metal-

lic film so that two different voltages can be applied in the same plane. On the other

hand, the top electrode can be a continuous film provided that it is always positively

polarized. In addition, the deflected optical beam can leave the cell through any point

of the top electrode, thus requiring the use of transparent and conductive electrodes.
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3. Cell fabrication

In this section we summarize all the processes that were carried out to fabricate all the

components of the LC cell: pinholes layer, top and bottom electrodes, alignment layer

and assembly of the cell. Figure 3 summarizes the aforementioned steps. Note that

some of the fabricated devices do not have undergone through all the fabrication steps

given in Fig. 3. For instance, the chromium and dielectric layers to integrate pinholes in

the cell as well as their related fabrication processes have been omitted in the simplest

samples.

3.1. Pinholes

An opaque chromium layer is first deposited onto the glass substrates using an

ATC ORION 3 HV sputtering system, this process being followed by a standard

photolithographic and a wet etching processes to create several circular openings on

the film. Different pinhole diameters have been used, these ranging from 40 µm up to

125 µm. These openings on the opaque film will spatially filter the laser beam, thus

behaving as integrated pinholes.

In order to electrically isolate the chromium layer from the following metallic film, an

approximately 2 µm thick dielectric layer is then deposited on top of the chromium film.

As discussed before, both pinhole and dielectric layer are only considered in some of the

devices.

3.2. Top and bottom electrodes

On one hand, the bottom electrodes were grown from an opaque continuous metallic

layer with approximate thickness of 50 nm deposited using an ATC ORION 3 HV

sputtering system. Two different types of substrates were used: glass substrates where

the aforementioned pinhole structure and dielectric had been grown previously as well as

blank glass substrates. On the other hand, a semitransparent metal film was sputtered

onto a blank glass substrate with the aforementioned tool to be employed as top

transparent electrode.

As discussed before, the bottom electrode was patterned in order to apply two different

voltages to the same metallic film. A standard positive photolithographic process was

performed where the design of the mask was that of Fig. 4. Two different separation

distances between the electrodes were employed: 40 µm and 125 µm. A wet etching

process was then applied to transfer the pattern from the photoresist to the metallic

film.

3.3. Alignment layer

Although LC molecules can be aligned by electric or magnetic fields, the molecules

alignment in absence of field plays a very important role on the quality and function

of many devices such as LCDs[6, 7]. This issue is traditionally solved by adding on
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Figure 3. (Color online) Summary of all the processes carried out to fabricate all the
required components. The top half figure presents the pinholes fabrication processes.
These steps and their related layers are not considered in simplest cells. The bottom
half image shows the processes required to deposit and pattern the electrode layer.
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Figure 4. (Color online) Design of the photolithographic mask. The white squares
on each corner were used to align the electrodes and pinholes layers.

top of the electrodes a thin polymer layer, this usually being polyimide (PI), polyamide

(PA) or polyvinyl acetate (PVA)[8]. The film is then mechanically rubbed to provide

the LC alignment layer. Although the effect the rubbing produces on the polymer layer

is still not completely understood, it seems to be different depending on the material:

whereas alignment in PI films occurs because of microgrooves created along the rubbing

direction[9], on PVA films it was found to be fully determined by anisotropy in the

root mean square vertical roughness of the substrate’s surface[10]. The alignment layer

provides an initial orientation to the first LC molecules, which at the same time enhances

the alignment of the remaining LC.

In order to provide the molecules alignment in absence of field, an alignment layer

was deposited on top of the patterned and as-deposited electrodes. We spin coated a

diluted PVA solution on top of both metallic layers (top and bottom electrodes) and a

small gap was opened on the PVA layer to access the electrodes. Finally, the samples

were manually-rubbed to provide the LC’s alignment layers.

3.4. Cell’s assembly

The spacers were then dispensed in between the two glass substrates as shown in Fig. 5.

Two different optical fibers (with diameters of 125 µm and 40 µm) were used for this

purpose. Top and bottom electrodes were then brought one against the other, their

rubbing directions being antiparallel oriented. Two sides of the cell were sealed using

UV curing epoxy and the wires were then bond to the electrodes using a two-component

silver epoxy cured using a hot plate. The LC was then injected by capillary effect inside

the cell. The remaining unsealed sides of the glasses were subsequently sealed with the
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Figure 5. (Color online) Assembly of the LC cell. First the alignment layer is spin
coated on both top and bottom electrodes, cured and mechanically rubbed. Then the
spacers are dispensed in between the alignment films (or directly in between top and
bottom electrodes for those samples without alignment layer) and the cell is partially
sealed using UV curing epoxy. Finally the LC is injected by capillary effect and the
cell is totally sealed.

aforementioned UV epoxy. An image of the final liquid crystal-based light deflector is

shown in Fig. 6.

4. Characterization of the liquid crystal-based light deflector

The fabricated light deflectors (summarized in Table 1) were finally characterized in

terms of deflection angle and time response.

4.1. Deflection angle

Figure 7 shows the electro-optical setup used for measuring the deflection angle. The cell

was located at a fixed distance (d) from the projection screen and the distance between

the deflected and non-deflected optical beams (s) was measured. The deflection angle

(φ) was finally calculated as:

φ = arctan
s

d
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Figure 6. (Color online) Picture of the mounted LC-based electro-optic deflector.
The incoming laser beam is focused in between two oppositely polarized electrodes
and then laterally deflected by the effect of an electric field (and, accordingly, liquid
crystal’s refractive index) gradient.

Table 1. Summary of the different samples fabricated. Second and fourth columns
refer to the presence (“Y”) or absence (“N”) of the pinhole and alignment layers,
respectively.

Sample name Pinholes Electrodes separation Alignment layer Cell spacing

A N 125 µm Y 125 µm

B N 125 µm Y 40 µm

C N 125 µm N 125 µm

D Y 125 µm N 125 µm

The results obtained for the different samples fabricated are given in Table 2. Note

that the smaller the cell spacing the smaller the deflection angle regardless the presence

or absence of alignment layer (samples A and C). On the contrary, for the same cell

spacing, the deflection angle is smaller if pinholes are employed. Since the pinholes were

centered with respect to the electrodes, this effect is attributed to the smaller electric

field gradient (and, accordingly, LC’s refractive index gradient) in the center of the cell

with respect to that closer to the electrode edges.

4.2. Time response

Two photodetectors were used to measure the intensity of both deflected and non-

deflected laser beams. The delay between their intensity readings (and, accordingly, the

time response of the device) was measured using a digital oscilloscope. Two different

time responses were investigated: rise time and decay time. The results for the different

samples fabricated are given in Table 3.
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Figure 7. (Color online) Sketch of the experimental setup. The polarized incoming
laser beam is focused in between two oppositely polarized electrodes. The distance
between the deflected and non-deflected laser beams (s) was then measured.

Table 2. Summary of the measured deflection angle (φ) under different conditions,
i.e. cell spacing, presence or absence of alignment and pinholes layers. Note that
the deflection angle (φ) is measured from the distance between the deflected and the
non-deflected laser spots.

Sample name Deflection angle

A 11.15o

B 7.74o

C 11.2o

D 5.43o

Table 3. Summary of the time response (rise time and decay time) results of the
LC-based light deflector.

Sample name Rise time Decay time

A 860 ms 1120 ms

B 120 ms 640 ms

C 850 ms 1130 ms

D 880 ms 1040 ms

It is worth noting that both rise and decay times were found to be larger with in-

creasing cell spacing because of the presence of more LC molecules to be aligned. The

influence of both the pinholes and alignment layers on the time response of the devices

was found to be negligible.
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5. Conclusions

The designed liquid crystal-based light deflectors have been successfully fabricated and

characterized and the electrical and optical performances of the fabricated devices have

been investigated. The resulting deflectors possess larger deflection angles as well as

larger rise time and decay time (and therefore poorer time responses) with increasing

cell spacing. The influence of the PVA alignment layer on both electrical and optical

performances of the deflectors was found to be negligible for this type of devices where

the non-driving state is not used. Finally, integrating a pinhole layer in the structure

produces a decrease on the deflection angle attributed to the smallest electric field (and,

accordingly, LC’s refractive index) gradient in the center of the cell with respect to that

closer to the electrode edges whereas it was found not to affect the time response of the

devices.
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