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Fundamentals of phase-only liquid crystal on silicon
(LCOS) devices

Zichen Zhang1,2, Zheng You1 and Daping Chu2

This paper describes the fundamentals of phase-only liquid crystal on silicon (LCOS) technology, which have not been previously

discussed in detail. This technology is widely utilized in high efficiency applications for real-time holography and diffractive optics. The

paper begins with a brief introduction on the developmental trajectory of phase-only LCOS technology, followed by the correct selection

of liquid crystal (LC) materials and corresponding electro-optic effects in such devices. Attention is focused on the essential

requirements of the physical aspects of the LC layer as well as the indispensable parameters for the response time of the device.

Furthermore, the basic functionalities embedded in the complementary metal oxide semiconductor (CMOS) silicon backplane for

phase-only LCOS devices are illustrated, including two typical addressing schemes. Finally, the application of phase-only LCOS

devices in real-time holography will be introduced in association with the use of cutting-edge computer-generated holograms.
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BRIEF INTRODUCTION TO LCOS DEVICES

Liquid crystal on silicon (LCOS) technology1 has been developed for

many years for image and video display applications. This technology

combines the unique light-modulating properties of liquid crystal (LC)

materials and the advantages of high-performance silicon complement-

ary metal oxide semiconductor (CMOS) technology through dedicated

LCOS assembly processes.2–5 Unlike the conventional LC flat panel

displays, an LCOS device can be either transmissive or reflective and

can be used to alter the polarization or the phase of an incident light

beam utilizing the electrically modulated optical properties of LCs.

Such devices are usually called LCOS spatial light modulators (SLMs).

The architecture of LCOS devices is similar to conventional LC

devices except that a silicon backplane constitutes one of the substrates

(Figure 1). The silicon CMOS backplane consists of the electronic

circuitry that is buried underneath pixel arrays to provide a high ‘fill

factor’. The pixels are aluminum mirrors deposited on the surface of

the silicon backplane. The incident light is transmitted through the LC

layer with almost zero absorption. The integration of high-perform-

ance driving circuitry allows the applied voltage to be changed on each

pixel, thereby controlling the phase retardation of the incident wave-

front across the device. Currently, there are two types of light modu-

lation using LCOS devices, amplitude modulation and phase

modulation. In the former case, the amplitude of the light signal is

modulated6,7 by varying the linear polarzation direction of the incid-

ent light passing through a linear polarizer, the same principle used in

a standard LC television. In the latter case, the phase delay is

accomplished by electrically adjusting the optical refractive index

along the light path, which is possible because of the non-zero

birefringence of the LC materials in use but should be carefully

characterized.8–13 In a phase-only LCOS SLM modulator, no light

absorption by polarizers or other light-absorbing components will

occur, such that the maximum light efficiency can be expected.

Currently, most of the conventional LC devices are not able to

efficiently modulate the phase of an incident wavefront. For instance,

the LC device structure using thin film transistors is not suitable for

phase modulation because an appropriate electro-optic effect has not

been used (see the section on ‘Twisted nematic (TN) configuration’

and the section on ‘VAN configuration’ for details). Moreover, the

pixels of this type of device are too large to provide acceptably large

diffraction angles. In addition, the pixel circuitry and connection

tracks are in the light path such that the fill factor cannot be optimized

to the maximum value, and the illumination of the incident light will

be scattered by non-transmissive electrodes. Therefore, using a suit-

able active matrix and electro-optic effect with an appropriate LC

material are vital to modulate the phase of coherent light.

Unlike amplitude-modulating LCOS devices (mainly for video and

image projections), phase-only modulating LCOS devices have a wide

range of applications based on the spatial modulation of coherent

lights,14–16 including real-time holography,17 optical correlators,18

wavelength selective switches,19,20 reconfigurable optical add-drop
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multiplexers20–22 and diffractive optical components.23–25 The first

attempt to drive an LC pixel array from a single crystal silicon active

backplane was proposed by Ernstoff et al.26 in the early 1970s. This

device used the dynamic scattering electro-optic effect, which is dif-

ficult to drive from an active backplane as it is driven by an electric

current by the nature of the effect and, therefore, is not capable of

phase modulation because dynamic scattering devices work by passing

an electric current through an ionically doped LC, and the LC con-

ducts electricity. This finding means that the voltage can only be

maintained across the pixel by a capacitor for a short period.

Subsequently, the voltage will start to decrease due to the charge leak-

age. Therefore, this approach is not suitable for the phase modulation.

Soon afterward, the first field effect nematic LCOS device27 was

reported, and the first fast ferroelectric LC on silicon (FLCOS or

FLC-LCOS) device was demonstrated by Collings et al.28 In the early

days of optical computing, LCOS was proposed as an amplitude

screen29 for spatial filtering in optical correlators.30 At that time, it

was realized that phase modulation of incident light beam could be

possibly used in the future. Later, using LC-TV (television)31 devices,

phase and amplitude modulation were exploited for applications in

optical correlation.32 Phase-modulating LCOS devices are now

important optical engines for a wide range of applications.

In this paper, the suitable use of different LC phases and corres-

ponding electro-optic effects for phase-only LCOS devices are

explored, followed by an explanation of the need for an accurate LC

layer thickness and the crucial parameters dominating the response

time of the devices. Moreover, the motivations behind the designed

functionalities for CMOS silicon backplanes, including two essential

driving schemes, are illustrated. Finally, the algorithms developed for

computational hologram generation for the phase-only LCOS devices

used in real-time holography are described.

LC PHASES FOR PHASE-ONLY LCOS DEVICES

LCs are phases of matter with properties that are intermediate between

a liquid and a solid. Many types of LC phases exist, including the

nematic phases and smectic phases discussed here and the FLC men-

tioned before. The most important material property of LCs for the

phase manipulation is the birefringence (Dn), which is defined as

Dn~ne{no ð1Þ

where no is the ordinary refractive index for incident light with the

electric field polarzation direction perpendicular to the director of LC

molecules and ne is the extraordinary refractive index for that parallel

to the director as observed in Figure 2. Most LCs have a positive

birefringence (Dn.0) ranging from 0.05 to 0.45.33–35

Smectic phases have a higher degree of order than nematic phases

due to the positional and directional ordering of their molecular

arrangement. The increased order means that the smectic state is more

‘solid-like’ than the nematic one. Thus, these phases tend to align in

layers or planes and often occur at lower temperature than the nematic

phase. The LC molecules in a smectic A phase have a positional order

in the normal direction of the layers (Figure 3a), while within a layer,

the LC molecules have no positional order. When the temperature

decreases further and the LC enters a smectic C phase, the LC director

is no longer perpendicular to the layer but at a tilted angle (Figure 3b).

The viscosity of the LCs in the smectic phases is significantly higher

than that of the nematic phase, which leads to slower response times.

High voltages are required to distort smectic structures, and in general,

the changes cannot be reversed without heating. Therefore, smectic

LCs are not suitable for a phase-only LCOS device.

Nematic LCs are the most widely used in many LC devices, includ-

ing phase-only LCOS devices, because the effective birefringence of the

LC materials can be manipulated easily and continuously with an

electric field. The major advantage of using a nematic LC in an

LCOS device for phase-only real-time holography is its capability of

multilevel phase modulation rather than that of binary phase modu-

lation in an FLC-LCOS device. The efficiency of FLC-LCOS devices is

usually limited compared with that of multilevel LCOS devices due to

the large amount of light diffracted into the zero order and a conju-

gated image in the reply field. The maximum diffraction efficiency of

an FLC device can be obtained only when the correct thickness of the

device is applied and a 906switching angle is used.36 Nevertheless, 906

FLC materials are rare and are much slower than the more common

456 FLC materials. Large quantization noise (the continuous phase

profile can only be quantized into discrete values due to the limited

number of discrete voltages that the silicon backplane can apply)

is another problem for FLC-LCOS devices. For example, in a

n
ne
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Optical axis

Figure 2 A schematic of uniaxial optical indicatrix of refractive index.
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Figure 1 Structure of phase-only LCOS devices, consisting of transparent top substrate with transparent ITO electrodes, alignment layers, LC material, glue seal,

spacers (a gap supported by a single layer of spacers to control the thickness of the LC layer), aluminum reflective electrodes (pixel arrays) and a functional CMOS

silicon backplane. CMOS, complementary metal oxide semiconductor; ITO, indium tin oxide; LC, liquid crystal; LCOS, liquid crystal on silicon.
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holographic projection system, random quantization spatial noise is

generated in every frame. In fast 456switching angle FLC-LCOS devices,

multiple subframes can be used to reduce spatial noise by averaging

additive hologram quantization noise.37 However, the contrast ratio

will be reduced, and the efficiency will be inevitably low. Overall,

nematic phase LCs are the most suitable for phase-only LCOS devices.

LC ELECTRO-OPTIC EFFECTS FOR PHASE-ONLY LCOS

DEVICES

Thin layers of LC material can be arranged in different structures by

surface alignment. The incident light can be modulated in different ways

by their electro-optic effects depending on the voltage applied across the

LC layer. Various types of LC electro-optic structures have been tested

and investigated in LCOS devices, such as the twisted nematic,38 hybrid

field effect in nematic LC,39 electrically controlled birefringence

(ECB),40,41 surface-stabilized ferroelectric LC (SSFLC)42–45 and vertically

aligned nematic (VAN), optical compensated birefringence (OCB).

These devices have mostly been designed for light modulators by rotat-

ing the linear polarzation of light passing through polarizers.

Twisted nematic (TN) configuration

The twisted nematic electro-optic effect was first introduced by Schadt

and Helfrich46 and was first applied in the LCOS device by Fergason.47

This effect has been widely used in LC display devices. In the TN

device, the rubbing directions of the alignment layers of the two glass

substrates are perpendicular to each other, and the LC molecules

achieve a 906twist across the LC cell (Figure 4). The preferred direction

of LC molecules is aligned by the control of the alignment film on the

substrate. Homogenous alignment the same as the tilt alignment with

a pre-tilt angle can be accomplished by mechanically rubbing a poly-

meric alignment layer or through photoalignment.48 Homeotropic

alignment can also be achieved using a hydrophobic film.49 The LC

reorientation in the middle of the LC cell can be controlled by the

strong interaction (also called ‘anchoring’) between LC molecules and

the substrate surface.

In the ‘off’ state, when there is no voltage applied between the

substrates, the LC molecules are twisted between the surfaces of the

device. The polarized light incident on the panel undergoes a polarza-

tion transformation. After passing through the device, the light

emerges from the device with an elliptic polarzation. In the ‘on’ state,

the long axis of LC molecules apart from a very thin layer of the LC

molecules next to the substrate surface reorients to be parallel to the

electric field, and the rotation of the linear polarzation direction no

longer exists. Therefore, the light is blocked by the polarzation analy-

zer after passing through the LC layer. Due to the strong anchoring of

the LC molecules near the substrate surface, the LC molecules are re-

established to a 906 twist, and the light is transmitted again when the

electric field is not withdrawn. With variation of the amplitude of the

applied voltage, the orientation of the polarzation of light is altered.

Therefore, an analyzer in the reflected beam can control the amplitude

of the reflected light.

For phase-only operation, the analyzer and polarizer must be

removed because the ‘wave guiding’ of the polarzation direction is

incomplete (even in the off-state). Then, polarzation crossover

occurs50 (i.e., double refraction) when an incoming linearly polarized

light beam splits into two beams (an ordinary beam and an extraor-

dinary beam) on entering the LC medium. Each beam suffers different

phase retardation. In either case, the pixels are not characterized by a

small step of phase retardation as is required for real-time holography.

A polarizing filter can be used on the output beam to remove one

polarzation state of the output light; however, in general, this process

seriously reduces the efficiency. This polarzation crossover results in

the modulation of both the phase and the polarzation, which makes

the TN electro-optic effect more complicated to use for precise phase-

only holography, where each pixel is assigned a single value of phase.

n

a b

n

Figure 3 LC molecular arrangement in (a) a smectic A phase and (b) a smectic C

phase, where ‘n’ is a unit vector indicating the direction of molecular ordering. LC,

liquid crystal.

Polarizera b

Off-state Analyzer On-state Analyzer

Polarizer

Figure 4 A schematic of the twisted nematic electro-optic arrangement under (a) no external electric field and (b) as aligned by an external electric field normal to the

LC layer. The two-headed arrows indicate the rubbing directions on each substrate. LC, liquid crystal.
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VAN configuration

In a VAN device, the dielectric anisotropy of the LC is negative. The

incident linear polarzation is set at 456with respect to the orientation

of the LC materials, and the analyzer is oriented at 906with respect to

the polarizer. The preferred direction of LC molecules is aligned per-

pendicular to the surface of the alignment layer and results in no

rotation of the polarzation. With crossed polarizers, a wide wavelength

range of the light is completely blocked, resulting in a dark ‘black level’

and therefore high contrast ratio (Figure 5). Thus, the VAN is widely

used in displays. However, this is no advantage in phase-only LCOS

devices because the contrast ratio can be achieved depending on the

phase modulation of the incident light. Furthermore, the magnitude

of dielectric anisotropy is usually smaller for the negative ones than

that of the positive ones. Therefore, a phase-only LCOS device using a

VAN configuration will have a slow response time and a high thresh-

old voltage.

Zero-twisted ECB

A nematic LC with a positive dielectric anisotropy is used such that

when an electric field is applied, the ‘n’ director switches from planar

(almost) to homeotropic51 (see Figure 6). If the polarzation direction

of the incident light is aligned with the initial ‘n’ director, this electro-

optic switching accesses almost the complete range of refractive indi-

ces from ne to no continuously as the analog voltage level is increased.

In the ECB effect, the LC has a uniform planar alignment along the y-

axis with molecules close to the surface creating a small tilt angle with

the surface. The small tilt angle is necessary to prevent reverse tilt

switching;52 however, the pre-tilt angle should be as small as possible

to maximize the depth of phase modulation. In practice, a 26 surface

pre-tilt is obtained by rubbing the polyimide alignment layer on both

the glass cover and silicon backplane substrates in a nematic LCOS

device.53 Moreover, no polarzation crossover occurs due to double

refraction. This effect is therefore highly suitable for phase-only light

modulation.

The drawback of the ECB effect for phase-only LCOS devices is the

unwanted backflow of LC molecules during the switching.54 Let us

consider an LC being switched on and off by applying an electric field

(Figure 6). The molecules in the mid-layer have a torque-like force

causing a backflow of the material and rotating them through a large

angle back to their original state. The backflow can slow down the

electro-optic switching, especially in the thicker cells (see the section

on ‘Requirements for the device and response time’ for details) as

required for operation in telecommunications because of the longer

wavelength in use in C-band infrared optical communications.55,56

The effect is always accompanied by a macroscopic flow of the nematic

LC (backflow). When the applied voltage is switched off, the relaxation

of the mid-layer molecules is forced to the opposite direction by the

molecules next to the surface. An asymmetric torque occurs between

the mid-layer part and the surfaces. Thus, the LC response time in

relaxation is delayed.

OCB

The pi-cell was first proposed57 in 1984. The LC is aligned to produce a

bend structure in the middle of this typical cell.58 Compared with

traditional LC devices, the pi-cell has the same direction of alignment

on the two substrates rather than having opposite directions as in the

traditional ECB cells. In OCB, the pre-tilt angle must be larger (.86),

and it only operates between the bend deformation and homeotropic

state.57 Due to the alignment configuration of OCB, the backflow

effect is eliminated such that faster responses can be achieved. In the

OCB configuration, the flow accelerates the relaxation motion of

molecules due to a torque-like force in the mid-layer. While in the

relaxed state of the ECB electro-optic effect, the flow disturbs the

relaxation motion in the center (Figure 7). In addition, the director

is deformed59 strongly near the surfaces so it relaxes rapidly.

Even though the OCB electro-optic effect may offer faster switching

of nematic LCs with a positive dielectric anisotropy, there are reasons

why the OCB electro-optic effect is not currently suitable for phase-

only LCOS devices:

. The effective phase modulation depth is smaller than that for ECB

or a TN because of the requirement of a higher pre-tilt angle (.86)

for an efficient pi-cell.
. The basic requirement for the OCB electro-optic effect is that the

LC materials must be operated in the bend state. Currently, it is

difficult to ensure that unwanted twist states57,60–62 do not occur

during switching from the splay state to the bend state, which leads

to the double refraction. Figure 8 illustrates the transition process

of a pi-cell. The blue arrow indicates that the splay state transits to

the bend state when the applied voltage is beyond the critical volt-

age. The black arrow denotes ‘on-state’ and the red arrow denotes

‘off-state’, indicating that if the device is switched by a high voltage,

the LC materials can relax into a twisted state afterwards, which is

Polarizer

a b

Analyzer Analyzer

On-stateOff-state

Polarizer

Figure 5 A schematic of the LC vertical aligned nematic electro-optic arrangement under (a) no external electric field and (b) as aligned by an external electric field

normal to the LC layer. The two-headed arrow in red represents the direction of the analyzer, whereas the black one represents the direction of the polarizer. LC, liquid

crystal.
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undesirable for a phase-only modulator. Therefore, the maximum

voltage in use for the high retardation state must be confined to

allow the device operating only between the two bend states, as

depicted in the middle of Figure 8. This process, however, further

reduces the phase modulation depth between the useable high and

low retardation states for a cell of a given thickness.
. The alignment conditions are challenging for LCOS device fabrica-

tion using rubbed alignment because the relatively high-tilt poly-

imide alignment layer requires a high curing temperature that

degrades the reflectivity of the aluminum pixel surface.

SSFLCs

The surface-stabilized electro-optic effect in chiral smectic C LC64 can

be used for phase-only LCOS devices primarily because of its ultrafast

response speed and polarzation independence.65 However, SSFLC can

only provide binary phase-only light modulation. Although the sub-

frame sequential technique is used to achieve different voltage levels

and multi-level modulation that are available in FLC-LCOS holo-

graphic projection,37 this technique loses at least half of the incident

light to symmetric diffraction orders. Moreover, it was observed that

the maximum light efficiency (,50%) could be only achieved if the

FLC switching angle was 906. This angle requires highly specialized

materials that tend to slow the response time such that the devices

are comparable to the responses times of the nematic phase-only

LCOS devices operating in the ECB electro-optic effect. In addition,

large quantization noise occurs in SSFLC.33

The present study is restricted to analog (i.e., non-binary) phase-

only devices because binary holograms have insufficient degrees of

freedom for certain phase-only LCOS applications such as optical

switching in telecommunication systems and high-quality image pro-

jection.

Summary

LC materials as a high-performance non-linear electro-optic med-

ium are ideal for CMOS-based spatial light modulation devices

because these materials not only have one of the largest known

electro-optic coefficients but are also able to be driven directly by

relatively low voltages. When an external electric field is applied, LC

molecules re-orientate. Because of their optical birefringence, the

effective optical refraction coefficient changes accordingly, resulting

in a modulation in the phase retardation as controlled by the

applied voltage. Therefore, for an effective phase modulation,

phase-only LCOS devices benefit from an ECB electro-optic effect

with a zero-twisted configuration, a small pre-tilt angle and an anti-

parallel alignment.

OCB (pi-cell) might be a candidate for phase-only LCOS devices in

the future due to its faster response; however, currently, there are

several issues, such as the high pre-tilt angle requirement, unwanted

twist state during switching and high-temperature surface treatment.

z

y E

On-stateOff-state nn

Figure 6 A schematic of the initial Von and Voff states of the ECB electro-optic effect with small tilt angle. This representation is of the zero-twisted configuration in ECB.

ECB, electrically controlled birefringence.

Torque

Flow Flow

FlowFlow

ECB OCB

z

y E

Figure 7 A comparison of the macroscopic flow of nematic LCs using an anti-parallel LC alignment (ECB modulating electro-optic effect) and a parallel LC alignment

(OCB modulating electro-optic effect). ECB, electrically controlled birefringence; LC, liquid crystal; OCB, optical compensated birefringence.
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Furthermore, in a pi-cell, the voltage for overcoming the threshold

must be much larger than the critical voltage such that the LC can be

deformed from the splay state to the bend state, which necessitates a

much higher effective threshold in a pi-cell than in an anti-parallel

alignment rubbed device. This requirement is a problem when using

smaller pixels and the relatively low maximum voltages that are avail-

able from current silicon backplanes. However, for pi-cells, the voltage

can be reduced by increasing the dielectric anisotropy or using a low

anchoring energy or high pre-tilt alignment.66 Therefore, pi-cells are

still being investigated as an alternative electro-optic effect, which

might be used in phase-only LCOS devices.

The TN structure is not suitable for phase-only LCOS devices

because both the phase and polarzation need to be modulated, which

will cause difficulty in phase-only holography. The VAN is not con-

sidered as a candidate either because the small value of the negative

dielectric anisotropy of the required materials leads to a higher thresh-

old voltage. FLC-LCOS can only provide binary switching (0/1), which

results in a lower light efficiency and high quantization noise in the

replay field of holograms. Binary holograms using SSFLC have inad-

equate degrees of freedom for phase-only LCOS devices.

Considering the application of the ECB electro-optic effect for

phase-only LCOS devices, the nematic LC materials must have a

higher birefringence (i.e., the required thickness for the device can

be smaller) and consequently a faster response speed. In addition,

the materials must have a reasonably high positive dielectric aniso-

tropy such that they respond to low voltages. However, these materials

have relatively high viscosities. This characteristic is common for

highly anisotropic materials, which have a slow material response.

Because the viscosity is a very temperature-dependent parameter, a

solution might be to introduce an offset to some extent by raising the

temperature. However, attempts to use higher birefringence mixtures

resulted in instabilities at higher temperatures (506C) or photochemi-

cal degradation when exposed to blue light.67

REQUIREMENTS FOR THE DEVICE AND RESPONSE TIME

Because an LCOS device can be either transmissive or reflective, the

thickness of the LCOS device should be considered individually. For a

reflective phase-only LCOS device with ECB electro-optic effect for 2p

phase modulation and by ignoring the small pre-tilt angle, the LC layer

is switched from planar to homeotropic. The phase retardation of light

as it passes through an LCOS device is given by

d~2pDnd=l ð2Þ

where d is the thickness of the device (LC layer), Dn is birefringence

and l is the wavelength of incident light. Because current phase-only

LCOS devices operate in a reflective mode, the total phase retardation

is given by

d~2pDn2d=l ð3Þ

If the phase modulation of phase-only LCOS devices is required to

be 2p, the thickness is required to be

d~l=2Dn ð4Þ

For other types of LCOS devices, for instance, the thickness of a

reflective amplitude LCOS device should be reduced by half for p

phase modulation, and the thickness of a transmissive amplitude

LCOS device should be the same as a reflective phase-only LCOS

device. Figure 9a illustrates that the thickness of the conventional

and transmissive amplitude LCOS device should be at least ‘p’;

Figure 9b illustrates that the thickness of the reflective amplitude

LCOS device should be at least ‘p/2’; and Figure 9c demonstrates that

the thickness of the reflective phase-only LCOS device should be at

least ‘p’ to achieve 2p phase modulation.

Comparing a reflective amplitude modulation LCOS device with p

phase retardation, the thickness of a reflective phase-only device must

be doubled for 2p phase retardation. Therefore, the switching speed

for phase-only LCOS is approximately four times slower than ampli-

tude-modulated LCOS devices. The rise and decay times depend on

the square of the device thickness (d2), which dominates the response

time. The thickness of LCOS devices can only be minimized by

increasing the birefringence. For the infrared device, the thickness is

especially large, which exaggerates the effect of the flow; thus, the

response time might be observed to be significantly slower than

expected.

SILICON BACKPLANE AND ADDRESSING SCHEME

The functionalities of silicon backplane LCOS devices have been

improved by the development of CMOS processes. Compared with

a conventional CMOS manufacturing process, the LCOS backplane

require two special processes:68 first, the top metal layer must have a

high reflectivity to reflect the incident light sufficiently; second, man-

ufacturers must retain an earlier process with a larger feature size than

the current state-of-the-art. This requirement is necessary to ensure

that there is sufficient voltage from a standard CMOS process, which

must be available at each pixel to switch the LC rapidly. The LCOS

silicon backplanes currently available use CMOS in the range of 0.18–

0.35 mm. Example processes include Fujitsu (0.18 mm), Chartered

(0.18 mm) and Citizen (0.25 mm). All of these processes use logic

supplies of less than 3.3 V and are available with 5- or 12-V (higher)

processes for driving the pixels. In a reflection mode phase-only LCOS

device, the CMOS silicon backplane performs several functions:

. The pixel array consists of an array of aluminum mirrors with

pixel circuitry containing signal lines, gate lines and transistors

Splay state Bend state Twist state

Figure 8 Transition of LC molecular states in a pi-cell.63 LC, liquid crystal.

H HH/2

a b c

Figure 9 Thickness comparison of the cross-sections of different types of LCOS

devices (H5p). LCOS, liquid crystal on silicon.
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buried beneath the pixels to obtain the maximum fill factor22

(.90%).
. The density and complexity possible with CMOS circuitry allows

for the integration of row and column access circuitry onto the

LCOS chip and the use of much more sophisticated pixel circuitry

than is possible with thin film transistor active matrix displays.
. Rapid row-by-row scanning over the entire pixel array is used to

display each subframe of information. Each pixel is set up with an

appropriate drive voltage such that the LC layer responds to the

RMS (root mean square) of the applied voltage.

Two types of pixel addressing circuits can be distinguished:

dynamic random-access memory (DRAM)69-based and static ran-

dom-access memory (SRAM)69-based circuitries.

DRAM-based pixel circuitry

The advantages of DRAM pixel design are the small footprint, simpli-

city and unipolarity of the circuit. Therefore, the maximized density

and performance of the circuit are allowed with no additional com-

plementary structures. The disadvantages of such a design are the low

driving voltage in use and the short retention time of data voltage

levels due to charge leakage, which leads to the reduction of the switch-

ing speed and also an incomplete switching process of LC materials.

Thus, refreshing in the pixel array is required due to the voltage dis-

charge and may cause the phase flickers70 during the duration of a

phase-modulation process. The pixel-level charge leakage problem

here cannot be resolved by adding a storage capacitor as in the stan-

dard liquid crystal display pixel circuitry due to the very limited pixel

footprint area in the LCOS case.

SRAM-based pixel circuitry

The SRAM pixel design is able to provide stable and full voltage to the

backplane, and therefore, the LC materials are able to be fully switched

with a maximized speed. However, to connect the pixel array, addi-

tional complimentary nodes are required for the SRAM pixel design.

Thus, a larger footprint than that of a DRAM design is needed.

Furthermore, extra complimentary nodes are subject to insufficient

protection for latch-up in a pixel, which can be induced in the sub-

strate by the presence of light.

To meet the stringent requirement of voltage level stability for the

minimum phase flickers of phase-only LCOS chips, SRAM-based pixel

circuitry has been used in almost all of the designs. As the pixel size

itself is becoming increasingly smaller from 15 mm a few years ago to

3–4 mm currently, designing an SRAM cell with the smallest footprint

remains a challenge.

There are two typical addressing schemes for LCOS devices: the so-

called ‘analog driving scheme’ and ‘digital driving scheme’ (pulse

width modulation). The analog driving scheme is inherently based

on the DRAM pixel circuitry that allows an analog voltage to be stored

on a pixel capacitor during each subframe period, and the voltage

across the LC is appropriately conserved until it is refreshed. This

scheme allows the desired voltage to be refreshed at each subframe

scan.

Digital driving schemes, however, are based on SRAM pixel cir-

cuitry that allows digital pulses to be applied for different peri-

ods.71–73 These pulses are binary in nature and are applied to the

LC. In this case, different average voltage levels are implemented using

pulse width modulation on the basis that LCs respond to the RMS

value of the applied voltage waveform.

If fast LCs, electro-optic effects are used to achieve high frame rates,

and the LC may deviate from a time-averaged RMS response and may

start responding to individual pulses within the frame period. This

reaction is of no consequence in a conventional projector because the

eye will perceive the RMS response of the fluctuating intensity; how-

ever, this phenomenon seriously degrades the replay of holograms,

which are unable to time average the temporal fluctuations. The result

is spatial noise in the replayed image. Thus, analog DRAM silicon

backplanes are preferred for holographic applications. Hence, a

DRAM (analog) is selected for the phase-only LCOS device.

Some research institutions and companies that have developed

nematic LCOSs for phase-only modulation, such as ‘Holoeye’, also offer

research-oriented devices, such as LC-R 2500, a 456 twisted nematic

based on a Philips 10243768 pixel backplane with a custom interface,

high contrast and good gap tolerance,74 an ‘LETO’ reflective LCOS with

high definition resolution, pixel pitch 6.4 mm, 0.550 diagonal and 75%

reflectivity.75 ‘Holoeye’ supplies nematic LCOS devices modified for

phase-only operation. The backplane used was from Aurora Systems

Inc. (San Jose, CA, USA)76 and currently from Jasper Display Corp

(Hsinchu, Taiwan, China). 77 and achieves grey scale digitally using

pulse width modulation to achieve multiple phase modulations.

Table 1 lists the major LCOS companies offering silicon backplane

designs and some projector suppliers using LCOS technology includ-

ing JVC and Forth Dimension Displays (Forth DD). The pitch indi-

cates the inter-pixel spacing in microns, the fill factor relates to the

percentage of pixel that forms a reflective mirror, the refresh rate

expresses the driving scheme speed and the ‘‘array’’ means the pixe-

lated area, expressed either as the length of the diagonal or as the

width3height.

ALGORITHMS OF HOLOGRAM GENERATION FOR PHASE-

ONLY LCOS DEVICES IN REAL-TIME HOLOGRAPHY

One method of computing the phase pattern of a computer-generated

hologram uses an iterative Fourier transform algorithm and is a

degenerate problem requiring an optimisation process. Holograms

use diffraction to route the light to the bright areas of the recon-

structed image. The complex relationship between the hologram (or

kinoform)79 and the reconstructed image is such that the image qual-

ity cannot be determined directly from the characteristics of the

phase-modulating device as in the case for conventional displays.

The hologram of the image is loaded on the phase-only LCOS device

and illuminated by a collimated beam coming from a laser source. The

image is reconstructed using the diffracted beam from the hologram,

which is transformed by a Fourier transform lens, thereby forming an

image at the far field.

In the past, static hologram patterns have been calculated using

iterative algorithms in which pixels are changed one at a time.

Boltzmann annealing algorithms80–82 (simulated annealing or direct

binary search) are considered ideal for generating holograms. These

algorithms are sometimes referred to as ‘pixel-flipping’ algorithms. An

image can be recreated when a coherent light beam illuminates the

hologram through the glass etched to form a phase hologram. The

reconstructed image can be of very good quality using this method.

However, due to the laborious nature of the algorithm, the calculation

takes a long time to complete. Therefore, it is not currently suitable for

real-time holographic projection. Gerchberg-Saxton83 suggested an

iterative phase-retrieval algorithm that can calculate a phase-only

diffraction pattern (or hologram) that can be replayed to produce a

given intensity pattern. This class of algorithms does not involve

‘pixel-flipping’. These algorithms are sometimes called ‘Ping-Pong

algorithms’. Fienup et al.84–87 improved this type of algorithm using

‘overcompensation’ methods to increase the calculation speed, which
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converge faster by providing feedback on the amplitude of the recon-

struction of the image. Georgiou and Christmas88–90 improved the iter-

ative algorithm called ‘Fienup with don’t care’ (‘Fidoc’) to facilitate real-

time processing of the image; the algorithm is able to achieve signifi-

cantly higher speed and excellent image quality by dispersing noise into a

‘don’t care’ area around the image. Therefore, this algorithm is compat-

ible with phase-only LCOS devices for projection applications.

The LCOS technique was originally used in the display industries.

Recently, it has begun to be used in areas such telecommunication, med-

ical sciences (e.g., ophthalmology91), national defense industry92 and

atmospheric sciences for the correction of atmospheric turbulence.93,94

There are two classes of phase-only applications: first, where the polarza-

tion of the light is known and fixed, e.g., in projectors, and second, in

telecommunication systems, where the polarzation can vary. These two

classes of application can exploit different electro-optic structures.

In a holographic projection projector,89 a single pixel of the recon-

structed image is formed by all the hologram pixels, and a single

hologram pixel contributes to all the image pixels of the reconstructed

image. The development of high-power, compact light sources and

fast Fourier transform processors make the holographic projection

technology a practical proposition. Alps Electric UK and Light Blue

Optics95 are two companies currently developing holographic projec-

tors, automotive head-up displays, interactive projectors, etc.

Optical beam deflection in the telecommunication networks is one

of the major applications of phase-only LCOS devices. In fiber optic

telecommunication networks, the data are usually encoded on light

beams with wavelengths in the C-Band at approximately 1.5 mm in the

near infrared. This encoding necessitates special LCOS devices with a

thickness selected to yield a phase excursion of 2p at these wavelengths.

There are many related references to optical switching based on LCOS

technology. For instance, Jeon and Sawchuk96 presented a switch

using a variable fixed periodic grating for an optical interconnections

system, which is neither a computer generated hologram nor a

dynamic one. However, this work provided the good idea that the

LC spatial light modulator might be applicable to beam deflection.

Barnes et al.97 reported the use of a phase grating on a transmission LC

panel. However, this device was not optimized for phase-only opera-

tion. Collings et al.98 demonstrated that a grating could be displayed

on an optically addressed SLM (FLC-OASLM) by interfering two light

beams, which yields a more complicated optical system than the stand-

ard approach of using a phase-only LCOS device directly. In 1991,

O’Callaghan65 demonstrated polarzation-independent phase-only

binary gratings. This technique was used in the UK ROSES optical

switches project.36 However, as mentioned for an FLC-LCOS system,

the loss is too high and is doubled when the fibers are optically coupled

at both the input and output ports of a switch.99 Nematic LC devices

avoid most of these diffraction efficiency losses. However, because the

nematic electro-optic effects are polarzation sensitive and make the

devices polarzation independent, a quarter wave plate100 must be

applied on the reflective mirror. The normal thickness of a quarter

wave plate is approximately 3 mm, which is thicker than the LC layer.

Thus, the available voltage at the pixels is significantly lowered, thereby

decreasing the LC response time. Crossland et al.101 demonstrated an

improvement in diffraction efficiency (.77%) using nematic LCs.

polarzation independence can also be achieved by splitting the optical

signal beam into its two separate orthogonal polarzation components

and switching these independently. This process doubles the complex-

ity of the optics but avoids the quarter waveplate. Phase-only nematic

LCOS devices are now becoming the dominant optical switch techno-

logy in reconfigurable add-drop multiplexers (ROADMs).102–105 One

of the best performances for ROADMs was demonstrated by

Robertson et al.19 recently and implements a multifunctional 139

wavelength selective switch (WSS) based on a phase-only nematic

LCOS device with 27.6 dB of insertion loss and 219.4 dB of the

worst-case crosstalk for a channel spacing of 100 and 200 GHz.

These devices offer better control of the optical wavefronts and more

flexibility than MEMS (micro electro mechanical systems) devices.

Optical tweezers based on LCOS technology that tether tiny par-

ticles to optical traps have become a fruitful application for the study

of nanoparticles. This technique is increasingly useful for controlling

Table 1 List of select commercial suppliers of LCOS devices

Manufacturers Pixel array Pitch (mm) Fill factor (%) Refresh rate (Hz) LC type

Auroraa 0.7" diag. 8 87 Various Nematic (D)

Jasper Display Corp. 0.7" diag. 8.0 95 120 Nematic (D)

0.55" diag. 6.4 93 120 Nematic (D)

BNS 7.6837.68 mm2 15 83.4 10 to 100 Nematic (D)

7.6837.68 mm2 15 Unknown 1015 (maximum) Ferroelectric

Forth DD 0.8" diag. ,16 96 85 Unknown

0.88" diag. ,18 92 85 Unknown

0.83" diag. 8.2 94 120 Ferroelectric

Micronb 0.463" diag. 11.75 91.7 60 Ferroelectric

Holoeyec 0.7" diag. 8 87 60 Nematic (D)

0.55" diag. 6.4 93 60 Unknown

JVC 0.8" diag. 6.8 93 Unknown Nematic

Sony 0.78" diag. 9 92 Unknown Unknown

Syndiant 0.21" diag. 5.4 92.7 Unknown Unknown

Microdisplayd 0.9" diag. 13.95 91.2 60 Nematic (A)

Hamamatsu 16312 mm2 20 98 60 Unknown

Abbreviations: LC, liquid crystal; LCOS, liquid crystal on silicon.

Most LCOS devices are now available with pixels between 6 mm and 15 mm.
a Aurora is a silicon backplane designer and supplier that offers various types of silicon backplanes for LCOS devices.
b Micron ferroelectric LCOS display was acquired by Citizen in 2012.
c Holoeye offers ‘Pluto’ series products as the phase-only LCOS device, which are able to achieve 2p phase modulation up to 1550 nm.78

d Microdisplay was acquired by Finisar Corp. in 2008.

‘(D)’ indicates ‘digital driving scheme’. ‘(A)’ indicates ‘analogue driving scheme’.
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and probing matter at length scales from nanometers to millimeters.

Originally, Ashkin106 reported the first observation of the acceleration

of freely suspended particles by the forces of radiation pressure from

continuous visible wavelength laser light. Later, he published107 the

observation of a single-beam gradient-force optical trap for dielectric

particles in air. In 2002, Curtis reported methods for creating larger

numbers of high-quality optical traps in arbitrary three-dimensional

(3D) configurations that are dynamically reconfigured by computer

control. These systems use real-time holograms on phase-only LCOS

devices to generate the optical traps. By employing a ferroelectric LC

spatial light modulator, a fast switching speed is obtained. Heggarty

et al.108 published a very rapid reconfiguration of trap geometries,

high-speed particle movement and tweezer arrays using FLC-LCOS.

The basis of performance improvement for optical tweezers consists of

trap intensity control, spatial variations of the phase response or elim-

inating the amount of light away from the traps.

CONCLUSIONS

Real-time holography using phase-only holograms (dynamic kino-

forms) displayed by LCOS devices is now emerging as a useful techno-

logy. Applications include head-up displays, telecommunication devices

(WSSs and ROADMs) and future holographic 3D displays. Many of the

new applications are under development, and suitable LCOS devices are

not yet widely available. In other words, the device technology itself

remains at its early stage of maturity and is currently based on modified

versions of amplitude-modulating LCOS devices (originally made for

rear-projection TVs). Significant changes need to be made in these

devices to allow them to be used in holographic applications, where

the optical quality required is more stringent. This paper debates aspects

of the engineering of nematic phase-only LCOS devices for applications

of real-time holography. This application will enable progress to be

made with the cutting-edge application research and will also allow

the development of better devices (e.g., by improving the LC materials

and electro-optic effect). The availability of high-yield CMOS backplanes

and efficient methods of device testing and progression of new device

concepts are essential if the subject is to mature rapidly for the fast

deployment of the phase-only LCOS technology.
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