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1.1

Introduction

Spatial light modulator (SLM) is a general term describing devices that are used

to modulate amplitude, phase, or polarization of light waves in space and time.

Current SLM–based systems use either optical MEMS (microelectromechanical

system, [1]) or LCD technology [2]. In this chapter, we review trends and applications

of SLMs with focus on liquid crystal on silicon (LCOS) technology.

Most developments of liquid crystal (LC) microdisplays are driven by consumer

electronics industry for rear–projection TVs, front projectors, and picoprojectors.

Also, MEMS technologies such as digital micromirror device (DMD, [3]) and grating

light valve (GLV, [4]) are driven by these industries, except for membrane mir-

rors. Some industrial applications have forced MEMS development for scanning,

printing technologies, and automotive applications [5]. But the major R&D-related

driving force for new SLM technologies is the defense industry.

Technological advances in lithography are the basis for MEMS developments.

Phase modulators based on 2D pistonlike mirror arrays [6, 7] or ribbonlike 1D

gratings [8] show high performance in frame rate. Unfortunately, the availability of

these technologies is limited because they are developed either company-internal

or within defence projects. The major advantages of MEMS are frame rate, spectral

range, and an efficient use of nonpolarized light. Phase modulators and other

optical implementations are still niche markets for the MEMS industry. Even now,

customized MEMS developments are quite challenging and expensive.

LC panels still have an advantage out of their projection applications in terms

of resolution and minimal pixel size for 2D displays. Only LC-based technology

is able to modulate intensity, phase, and/or polarization because of polarization

rotation and/or electrically controlled birefringence (ECB).

LCOS technology [9] was developed for front- and rear- (RPTV) projection

systems competing with AMLCD (active matrix LCD) and DMD. The reflective

arrangement due to silicon backplane allows putting a high number of pixels

in a small panel, keeping the fill factor ratio high even for micrometer-sized

pixels.
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The history of companies shutting down their LCOS activities (Intel, Philips,

etc.) and the downfall of the RPTV market made it difficult to demonstrate the

promised LCOS advantages in performance and volume pricing. However, the

classic three-panel architectures for high-end front- and rear-projection systems led

to the development of high-quality microdisplays, high-performance polarization,

and compensation optics as well as sophisticated electronic driving solutions.

Single-panel designs for field sequential color systems never really entered the

high-end and professional market, but are as good candidates as DMD and laser

scanning technologies for small and embedded projection devices, such as cell

phone, companion, camera, and toy projectors.

1.2

LCOS-Based SLMs

LCOS SLMs based on ‘‘consumer’’ microdisplay technology inherited features and

drawbacks of projection displays. Backplanes of the front-projection microdisplays

usually have a diagonal exceeding 0.55 in. or higher and pixel sizes starting

from 8 µm. Smaller panels are not popular in front-projection microdisplays

because of étendue limitations when used in an incoherent system [10] as well as

heat dissipation considerations. However, microdisplays intended for embedded

projectors and picoprojectors utilize quite small panels from 0.17 to 0.55 in. with

pixel sizes ranging from 6 to 10 µm. Whereas HMD products require a larger panel

diagonal for high field of view (FOV) designs. Reduction of the pixel size has a

significant economical advantage in customer electronics industry since it allows

placing more dies on the wafer. Both types of microdisplays are usually driven

color field sequential, which means they offer a higher frame rate when potentially

used as SLMs.

1.2.1

LCOS Technology

1.2.1.1 Manufacturing and Assembly Technologies

LCOS technology has different descriptions/brand names with different suppliers;

for example, JVC’s ‘‘D-ILA’’ and Sony’s ‘‘SXRD,’’ are basically the same CMOS

wafer technology, processed typically using 8 in. silicon wafers (Figure 1.1). Both

Sony and JVC introduced 4K LCOS panels (4096 × 2160 and 4096 × 2400) to the

market. JVC was also successful in building a prototype of an 8K panel (8192 ×

4320) with 5 µm pixel size [11].

In order to get a good reflectivity out of these reflective pixelated arrays, high

reflective aluminum mirrors, mostly with a passivation layer, are used. Various

techniques for planarization or reduced interpixel gap effects have been developed

over the years. At present, foundries offer processes to reduce the interpixel gap in

the design down to 200 nm [12].
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Figure 1.1 Silicon wafer with panel backplanes of Omnivision (OVT).

It is also possible to cover the backplane with a dielectric mirror so that the

pixelated structure is not seen any more. It allows to increase the reflectivity of

the SLM, so the light utilization efficiency for a low-frequency content is higher.

Unfortunately, dielectric layers limit the spectral range of the device typically to an

80–100 nm band. Another disadvantage is that the cell requires higher voltages as

it becomes thicker and therefore introduces a higher cross talk between adjacent

pixels. As the modulation is then strongly dependent on the addressed spatial

frequency, the effective resolution of the microdisplay as well as the achievable

diffraction efficiency will decrease. The pixel resolution of such commercially

available SLMs (Hamamatsu Photonics, Boulder Nonlinear Systems) does not

exceed SVGA, and pixel sizes are typically as large as 16–32 µm [13].

The production of the actual LCOS cell can be done on the wafer level or based

on single cell. The LCOS cell production on the wafer level has advantages on the

economics side but lacks flexibility. An important process is the implementation

of the spacers, defining the cell gap of the LCOS cell. There are spacers designed

into the CMOS backplane, spacers distributed into the LC material itself, and also

spacers as part of the gasket definition (frame spacer technology). Assembled LCOS

cells typically show a dashed shape (Figure 1.2). Wafer-scale-processed parts have

a lower curvature than single-cell-assembly-manufactured parts [2].

In the peak of the RPTV and front-projection development phase, the alignment

layer technologies became an important factor because of lifetime issues with

higher-density illumination and the lower end of the blue spectrum. So, the

standard alignment layer material polyimide (PI) was replaced by inorganic SiOx

alignment structures [14]. Besides projection applications various LC modes for

photonic applications [15] were also designed and tested, covering twisted nematic,

ECB, and VAN (vertically aligned nematic) materials. In order to use the LCOS

as an addressable optical component the packaging design and the packaging

processes, such as die attach/bonding and wire bonding, as well as device handling

are critical. Packaging also significantly influences the total device cost when going

into volume production.

Related to HOLOEYE’s history in diffractive optics and SLM technologies,

we developed phase modulating LCOS SLMs in conjunction with Omnivision

Technologies (OVT), see [16]. The phase modulating LCOS SLMs are based on
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Figure 1.2 Curvature of the microdisplay measured with a Twyman–Green interferometer.

OVT’s commercially available 0.7 in. full HD backplane and have been used in

numerous adaptive optics applications. HOLOEYE is using nematic LC for their

LCOS SLMs with almost analogous phase modulation, because of the higher

diffraction efficiency of multilevel hologram structures (256 level, typically 80%).

This is one of the main advantages compared with ferroelectric LC (FLC) technology,

as FLC can only display binary holograms that always create a symmetrical image

leading to a basic 50% loss of light in the system in addition to 50% duty cycle

of FLCs. The clear advantage of the FLC is its switching speed, that is,it can be

refreshed in the kilohertz range.

1.2.1.2 Signal Flow

In most microdisplay technologies/applications, the signal flow starts with a defined

input signal form to be transferred to the microdisplay driver directly in contact

with the microdisplay. The schematic representation shown in Figure 1.3 can be

used to derive the first batch of parameters leading to an optimized microdisplay

drive solution.

Most pixel-based display technologies show a native resolution of a certain display

standard (compare, e.g., VESA (Video Electronics Standards Association)), showing

optimized performance with input signals representing this native resolution. For

higher quality microdisplays, the device can embed the input signal of lower

resolution into the physical pixel matrix, filling the whole array of pixels. Pure

digital input signals and an EDID (extended display identification data) adapted to

the display controllers guarantee the correct choice of timing and addressed display
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Analog or digital video input from a graphics processor
(e.g. based on FPGA) combining video input and 
digital signal generator, digital output

High bandwidth on PCB signal data lines (Bit-Parallel) for short distances

Signal transfer by Bit-Serial (e.g. DVI or special nonstandard interface)

for long distances with differential signal like LVDS

Input signal processing depending on display drive scheme

Signal interface (for digital drive schemes through
image frame buffer) to microdisplay

Processing of display bus signal depending on drive scheme
(from simply pixel voltage set to integrated LUT and
illumination feedback to controller)

Integrated with some display technologies

Figure 1.3 Block diagram of microdisplay driving. LUT, lookup table; PCB, printed circuit

board.

resolution. Consumer products are facing the challenge of processing various digital

and analog signals, always leading to a compromise in the transferred signal.

Image processors (e.g., based on FPGAs –field-programmable gate array) can

combine several input signals and create digital video output according to the

capabilities of the display driver technology, leading to a significant design freedom

in resolution (aspect ratio), frame rate, and bit depth.

For video-only applications, standard DVI (digital visual interface) and/or HDMI

(high-definition multimedia interface) signals provide highest quality, but are rather

complex, require a large cable diameter, and cause a relatively high power con-

sumption. Special LVDS (low-voltage differential signal) multiplexer/demultiplexer

chipsets are available for custom (frame rate and bit depth) digital signals, such

as single pair LVDS transmission solutions, especially for near-to-eye (NTE)

applications.

ASIC (application-specific integrated circuit) along with microdisplay combina-

tions (like most HD projection microdisplays) show high flexibility in addressing

parameters, but are large and power hungry. Epson and Micron showed more

simple approaches, where Epson integrated an LVDS receiver on the microdisplay

flex cable (flexible flat cable) and Micron integrated the driver ASIC onto the silicon

backplane of the LCOS. The Epson solution can reduce the portion of electronic

circuitry right at the microdisplay, so the driver electronics can be separated. The

Micron solution (at the moment only up to the resolution of 960 × 540 pixels) has

a fully integrated driver reducing power consumption drastically, but limiting the

choice of possible drive schemes.
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1.2.1.3 Drive Schemes and Latency

Two major types of drive schemes are used: analog and digital, and this differenti-

ation is based on the actual generated voltage applied to individual pixels.

Analog Drive In analog drive schemes, the microdisplay utilizes analog voltages

directly for the representation of a gray level in an individual LC cell. The scheme

is well suited for short illumination pulses because of analog voltages on the pixel

(there is no specific digital flicker noise, see further). Analog drive uses typically

lower clock frequency and hence has lower power consumption. As a result, longer

flex cables between driver and microdisplay are possible.

The analogue scheme also has a number of drawbacks. Drift- and

channel-depending variations of drive voltages need to be compensated. The ability

for that compensation is evidently limited. The display addressing is progressive,

that is, pixels are addressed in a consecutive way and not simultaneously.

Effectively, the video signal goes through a low-pass filter. The analog signal path

affects the slew rate of the video signal and can superimpose ringing, nonlinear

distortion, noise, and echoes. Since the frequency of the video signal is relatively

low in the vertical direction and relatively high in the horizontal direction, a

significant ‘‘cross talk’’ occurs for the latter one, that is, for sequentially written

pixels. As a result, a decrease of phase (or amplitude) modulation for high spatial

frequencies in the addressed image is observed [17], which corresponds to a

decrease in resolution.

The field inversion, which is always required in LCs, in typical analog progressive

scan architectures is limited to the single or double frame rate. In the case of the

single frame rate field inversion, the DC balancing can fail if the content changes

too fast (e.g., due to a specific application). This can cause lifetime issues, that is,

destroy the transparent electrode (Indium tin oxide (ITO)). The inversion with the

double frame rate requires a frame buffer [18].

Digital Fast Bit-Plane Addressing In a digital drive scheme a pulse width modula-

tion (PWM) encodes a certain gray level into a series of binary pulses in the kilohertz

range, referred to as sequence. In principle, every individual pulse interacts with

the LC molecule, causing its rotation, that at the end leads to the desired gray

level representation. Owing to limited rotational viscosity of the LC material, LC

molecules cannot follow individual pulses of the electrical signal in a discrete way.

That is why the base addressing frequency cannot be resolved, so that it is possible

to achieve an almost analogous LC molecule position representing/resulting in a

certain gray level.

The digital scheme is usually more stable than analog and shows a repeatable

performance. Field inversion is possible at the kilohertz range (e.g., for each mod-

ulation pulse) without image retention. All pixels are addressed simultaneously.

The scheme does not suffer from electrical cross talk (i.e., no low path filtering

of the signal). However, an electro-optical cross talk for small pixel sizes may still

be observable. The electro-optical cross talk is caused by influence of the electrical

field between adjacent pixels and can be further compensated [19].
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The control electronics of such microdisplays is compact and has low cost.

The device itself is highly programmable. The addressed resolution, amplitude or

phase bit depth, and frame rate can be changed in situ and if required, adapted to

environmental changes (e.g., wavelength, temperature).

The advantages of digital addressing are accompanied by limitations. One

observes a kind of flicker noise at high frequencies (‘‘supermodulation’’). This

means the electro-optical response of the SLM is not constant over the frame. In

some scenarios (e.g., projection) time averaging can be used to compensate this

effect. In other scenarios, in particular, when using phase modulation or short-pulse

light sources, time averaging is not possible. Here, special sequences and higher

bandwidth to the LCOS panel help to reduce the flicker noise to acceptable level.

Another option is synchronization between the light source and the SLM at the

frame rate.

OVT Display Driving The OVT technology, implemented in HOLOEYE’s phase

SLMs, uses a digital PWM technique, based on the idea, that a fast sequence of

binary modulation can realize an almost analogous response, in particular, for a

low bandwidth detector, for example, the human eye. In this way, LC microdisplays

with binary modulating FLC material and MEMS technologies, such as digital light

processing (DLP), are operated to deliver gray scale modulation. With nematic LC

technology, we also have to consider the larger response time of this LC material

leading to an almost analogous optical response because of the convolution of

the digital pulse code and the LC response time. With OVT’s technology [20], it is

actually not the ‘‘pulse width’’ that is varied, whereas the gray scale encoding is done

by the sequence of bits. The bits of the sequence have individual durations, selected

from the set of fixed values. This pulse code modulation (PCM) is advantageous

because of the bandwidth limitation and the digital nature of the drive concept.

A typical PCM sequence consists of bits with different weights (duration), which

are independently programmable, which is repeated every video frame. With this

approach, the sequence design offers a lot of flexibility, enabling the microdisplay

to be driven with different frame rates, color bit depth, and color frames. Here, a

simple 10 bit interface could be used for RGB (sequentially reproduced red, green,

and blue) 3 : 4 : 3 bit depth system, which for technical applications shows a quite

reasonable performance. For color systems with mainly monochromatic content

(e.g., green) a 2 :6 : 2 bit depth can also be designed and programed.

The effective latency not only depends on the LC response time but also on the

drive scheme. The analog drive is typically operated in an ‘‘unbuffered’’ mode,

where the pixel data can be directly addressed to the microdisplay. The analog drive

uses a progressive scan approach, where there is a continuous serial refresh of the

pixel information.

However, the fast bit-plane addressing needs memory for storing the image

content. With the incoming video information, the pulse sequence (encoding the

gray value) for the individual pixel is written into a frame buffer. With the next

frame, binary information for all pixels (the so-called bit planes) is transferred to
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all pixels at the same time. The individual gray values are realized with a sufficient

number of bit planes.

Most digital drive schemes are designed for video applications, where the human

eye is the detector. Any supermodulation (flicker) above 100Hz is almost not

noticeable. For applications using a pulsed light source, such as light-emitting

diode (LED) or laser, the PWM of the digital display drive could interfere with the

light source driving as it was already mentioned above. It is worth mentioning that

the electronic addressing bandwidth is the key in defining the right addressing

frequency.

1.2.2

Operation Modes

The use of LC materials in SLMs is based on their optical and electrical anisotropy.

Typically, a thin layer of LC material can be described as a birefringent material

with two refractive indices. The orientation of the index ellipsoid is dependent on

the direction of the molecular axis. This orientation is determined by the alignment

layers of the LC cell. The most important cases are twisted, parallel aligned (PA),

and vertical aligned (VA) cells. In a twisted cell, the orientation of the molecules

differs by typically 90◦ between the top and the bottom of the LC cell and is arranged

in a helix-like structure in between. In both PA and VA cells, the alignment layers

are parallel to each other, so the LC molecules have the same orientation.

The effect of an LC cell on a monochromatic, polarized light wave can be

described by a Jones matrix. Here, ‘‘polarized’’ does not necessarily refer to linear

polarization, but to a fully polarized state in the sense that the Stokes parameters

[21] add up to 1. For PA and VA cells, the Jones matrix [22] is given by

WPN−LC = exp(−iφ)

(

exp(−iβ) 0

0 exp(iβ)

)

(1.1)

where the birefringence β and the phase offset φ are given by

β = (neo − no)
πd

λ
(1.2a)

φ = (neo + no)
πd

λ
(1.2b)

where no and ne are the ordinary and extraordinary indices of refraction of the

LC material, respectively, d is the thickness of the cell, and λ is the wavelength of

the light field. The possibility of changing the birefringence β as a function of the

voltage applied to the LC cell makes this component a switchable waveplate.

The Jones matrix of a TN-LC cell is dependent on the physical parameters twist

angle, α, front director orientation, ψ , and birefringence, β. It is given by [23]

WTN−LC(f , h, g, j) = exp −iφ

(

f − i · g h − i · j

−h − i · j f + i · g

)

(1.3)
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using parameters f , g, h and j which fulfill f 2 + g2 + h2 + j2 = 1 and can be

calculated from the physical cell parameters as

f = cos γ cos α +
α

γ
sin γ sin α (1.4a)

h = cos γ sin α −
α

γ
sin γ cos α (1.4b)

g =
β

γ
sin γ cos(2ψ − α) (1.4c)

j =
β

γ
sin γ sin(2ψ − α) (1.4d)

where the parameter γ is given by

γ =
√

α2 + β2 (1.5)

The phase factor exp(−iφ) can be neglected for most applications. For some

commercially available TN-LC-cell-based microdisplays, the parameters α, β, and

ψ were not made available by the manufacturers but could be retrieved from optical

measurements [24].

It is obvious that the first case of a PA or VA cell is more convenient, at least if

we are interested in creating pure phase modulation or polarization modulation.

1.2.2.1 Amplitude Modulation

This modulation type can be achieved with twisted, PA, as well as VA LC cells in a

simple optical configuration. The incident light field should be linearly polarized,

and after passing through the LC cell, it should be transmitted through a polarizer

oriented perpendicular to the incident polarization. For an LCOS-SLM, a polarizing

beam-splitter cube is suitable to obtain this. For PA or VA cells, the orientation of

the optical axis should be rotated by 45◦ with respect to the incident polarization.

For a phase delay of π introduced by the cell, the polarization appears to be rotated

by 90◦. The level of attenuation by the second polarizer can be tuned by applying

an electric field to the cell, which leads to a change of the birefringence β.

This regime is normally used by projection displays. The three-panel architecture

in front projectors can realize very high contrast ratio values above 70 000:1 (JVC

DLA-RS series). To get the panels toward fast response time, the VAN mode is used,

in which the LC material has a considerable pretilt (also in order to avoid reverse

domains), which leads to a residual retardation effect in the dark state, and this

needs to be compensated to achieve high contrast ratio. A variety of compensation

technologies are available [25, 26], whereas these days, the preferred components

are quarter-wave plates (QWPs) and specific retarder plates (see e.g., [22]).

1.2.2.2 Phase Modulation

We have seen that a PA LC cell can be interpreted as a switchable waveplate

(Eqs. (1.1) and (1.2a)). It is evident that on transmission through a PA LC cell, light

polarized linearly parallel to the extraordinary axis of the LC material is retarded

as a function of the voltage-controlled birefringence β (this mode is also known
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as ECB). Therefore, such cell is a convenient phase-only modulator for linearly

polarized light.

Obtaining phase-only modulation using twisted cells is significantly more com-

plicated. It has been shown that there are elliptic polarization states that are only

subject to phase modulation, with tolerable amplitude modulation introduced by

a polarizer behind the SLM [27, 28]. This mode of operation is often referred to

as phase-mostly operation. Creating the appropriate elliptic polarization requires a

QWP, as well as the conversion to a linearly polarized state behind the SLM.

This regime has many applications ranging from wavefront control (with typi-

cally slowly varying phase functions) to dynamic computer-generated holography

(with typically fast spatial variation of the phase function). In the latter case, a

suitable algorithm for the creation of the phase-only hologram is required. Such

computational algorithms have been adapted to match the particular needs of SLM

applications in order to deal with fringe field effects, [29], optimize the speed of

holographic computations [30], obtain a free choice of diffraction angles [31], and

reduce the intensity fluctuations during frame-to-frame SLM update [32].

1.2.2.3 Polarization Modulation

When placing a waveplate of variable retardance (‘‘WP1’’) between two QWPs,

with the optical axes of these QWPs rotated by +45◦ and −45◦ with respect to the

optical axis of WP1, the Jones matrix of the three waveplates together is a rotation

matrix in which the rotation angle is given by the phase shift of WP1. Therefore it

is possible to convert a phase modulating SLM into a 2D matrix of phase-rotating

pixels by sandwiching it between two such QWPs. Interestingly, the polarization

rotating feature is not dependent on the polarization of the incident light wave,

only on the degree of polarization, which should be 1, and its wavelength. To give

an example, this means that by addressing a vortex phase function to the SLM,

a linearly polarized beam can be converted into a beam with radial or azimuthal

polarization.

1.2.2.4 Complex-Valued Modulation

A desired mode of operation would be the ability to change both amplitude and

phase of an incoming wavefront simultaneously, thereby creating a complex-valued

transmittance of the SLM. From the discussion above it is evident that while of

course phase and amplitude can be modulated by a single cell, the amplitude

and phase values cannot be chosen independently, which makes complex-valued

operation using a single cell almost unusable. Following are the options to represent

a complex-valued transmittance by using special configurations.

• Stacking two LC cells: This involves sandwiching two LC layers and operating

one in phase-only and the the other in amplitude-only mode. A transmissive

SLM with a 1D array of pixels is manufactured by Cambridge Research and

Instrumentation, but for 2D arrays of pixels the control of the two independent

voltages required for each pixel has prevented the realization of such device.
• 4f imaging: In this option two SLM devices, including polarizer(s), with two

lenses in 4f configuration are used and one device is operated in phase-only
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and the other in amplitude-only mode (or vice versa),. Apart from the spatial

frequency bandwidth limitation and inevitable optical aberrations, this would be

the straightforward equivalent to physically stacking two LC cells.
• Macro pixel technique: In this, two adjacent pixels can be used to represent

the real and imaginary parts of the desired complex transmittance [33] or can

be combined together with help of additional thin components, which provides

better quality of reconstruction in digital holography [34]; three amplitude pixels

can very well represent a complex value [35], and using four pixels, it is possible

even to use TN cells with mixed polarization and phase modulation [36].
• Spatial multiplexing: In the special case that the desired complex distribution

is the sum of two phase functions it is an option to use a single phase-only

SLM and to display each phase function in only every second of the available

pixels. The pixel locations used for each phase function can simply be a random

pattern [37].

1.2.3

Performance Evaluation

The evaluation of the SLM performance for digital holography applications typically

comprises evaluation of phase response versus addressed value (linearity and

maximal achievable phase delay) as well as phase response versus time, crosstalk

versus spatial frequencies, flatness of the display, response times, and cross

modulation.

Phase response can be measured using a Michelson interferometer or also with

a common path interferometer [38]. Alternatively, it is possible to get a good

estimation indirectly, using amplitude modulation mode. In this case, the incident

polarization is oriented at 45◦ to the slow axis (in phase mode, it is parallel) and the

analyzer is set perpendicular to the incident polarization. However, the advantage

of a Michelson interferometer is that it is well suited for determining the flatness

of the SLM at the same time (Figure 1.2).

Measurement of the phase response requires a high-speed detector, because

the specific digital noise has relatively high frequency. One indirect method is to

address diffraction gratings to the SLM and to observe intensity of the diffraction

orders with a single detector (photodiode), attached to an oscilloscope. This method

actually measures the diffraction efficiency over time. Another indirect method is

to use an amplitude modulation mode, that is, to measure intensity noise over

time. A more direct measurement can be performed using an interferometer with

fast acquisition or with a stroboscopic technique [39].

Cross talk can be well evaluated with a simple approach, in which diffraction

efficiency is measured versus addressed phase value for different spatial frequen-

cies. The resulting curves can be used to derive actual phase modulation of the

addressed grating versus addressed values [38].

Cross modulation is a residual amplitude modulation, which accompanies phase

modulation. Residual amplitude modulation means that light coming from the

SLM has a certain ellipticity in polarization state. This is simple to measure using
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an analyzer, which is oriented parallel to the incident polarization, and a power

meter. More generally, as mentioned above, a full Jones matrix can be determined

and taken into account later in the calculation of holograms [40, 41]. Response

times can be basically evaluated with an oscilloscope and photodiode, observing

diffraction order intensity of an addressed grating (the grating is then switched on

and off). Alternatively, measurements in amplitude modulation mode as well as

time-resolved phase measurements can be considered (as already mentioned).

Also of importance is the quality of anti-reflection (AR) coating of the front and

back surfaces of the cover glass. Parasite reflections created by one of this surfaces

can cause Fabry-Pérot-type interferences in the microdisplay.

For industrial and high-power applications, the behavior of SLM in response

to temperature can be important. It is defined mainly by the dependence of the

viscosity of the LC material on temperature. Higher temperatures usually decrease

response times and increase phase modulation values at the cost of increasing

temporal noise.

1.3

Some Applications of Spatial Light Modulators in Optical Imaging and Metrology

SLMs are used in a wide variety of applications mostly as a phase modulator,

among which are measurement systems, microscopy, telecommunications, and

digital holography. Meeser et al. [42] developed a holographic sensor, using an SLM

to adapt the reference wave for different object positions as well as a flexible phase

shifter. The SLM allows to switch between Fresnel and Fourier holograms and to

determine accurately the phase distribution in the CCD plane using phase shifting

algorithms (Figures 1.4 and 1.5). Another system from the same group works using

Spherical 

CCD

PPBSQWPP

SLM

Object

reference
wave

Figure 1.4 Schematic layout of the holographic sensor. P, polarizer; QWP, quarter-wave

plate; PBS, polarizing beam splitter; CCD, detector. (Source: Adapted with permission from

[42].)
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Figure 1.5 Numerical reconstruction of the hologram, captured with the holographic

sensor. Source: With permission from [42].

the shearography principle, where the SLM performs the function of a shear [43],

see also Chapter 17. Schaal et al. [44] proposed to use a phase SLM in a multipoint

dynamic vibrometer, where the vibration is simultaneously measured in a freely

selectable set of points. Baumbach et al. [45] demonstrated a digital holography

technique, which replaces the holographic interferometry and implements SLM

for achieving ‘‘analog’’ optical reconstruction of the master object.

Jenness [46] demonstrated the use of a phase SLM in a holographic lithography

system (Figure 1.6), in which he successfully processed micropyramid structures

(Figure 1.7) in photoresist [47, 48]. The main limitation of lithography applications

with LCOS is the UV absorption of the LC cell, which does not allow the use of short

wavelengths and hence affects the increase of the resolution of the lithography.

Even though there exist transmission windows in the absorption spectrum [49,

50], the use of these windows does not look feasible. More flexible might be a

combination of holographic lithography with two-photon lithography [51], which

gives the possibility of working in the visible spectrum and then halving the

wavelength due to the two-photon effect in the object plane. A similar principle was

used in the realization of scanless two-photon microscopy by Nikolenko et al. [52].

Another maskless lithography application that utilizes polarization modulation in

the SLM plane, which is imaged onto the object plane (a photoactive polymer film),

is the fabrication of polarization computer-generated holograms (CGHs) [53].

The capability of LCOS to withstand high light intensities (that is actually

inherited from its ‘‘front projection’’ origin), permits unusual LC applications.

Kuang et al. [54] directly used a high-power laser to make microstructuring with

laser ablation parallel at many points of an array. Nevertheless, the SLM function

in this case is similar to holographic lithography described before.

Microscopic applications of SLMs have been found in the illumination or

in the imaging light path. Examples for SLM usage in the illumination path

are structured illumination microscopy [56–58], optical tweezing, and point spread

function (PSF)-engineering (discussed below). Use of LC SLMs for optical tweezing

was first proposed by Hayasaki et al. [59], followed by a number of publications of

Dufresne and Grier [60], Reicherter et al. [61]. Figure 1.8a shows optical tweezer
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Figure 1.6 Schematic layout of the holographic lithography system. M1–M4, fold mirrors;

L1 and L2, beam expander; L3–L6, relay lenses. DBS, dichroic beam splitter; TL, tube lens.

Source: With permission from [46].
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Figure 1.7 Processed structure. Source: With permission from Ref. [46].
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SLM

(a)

(b)

Pol filter

Kamera

2. move z 3. move x,y

4. move x

Figure 1.8 Optical tweezing system. (a) Schematic layout. (b) One particle is trapped

in x-y-z relative to another particle. Source: With permission from Institut für Technische

Optik, Stuttgart. (a) Taken from [55].

setup integrated in a Zeiss Axiovert 200. The SLM is telecentrically imaged into

the pupil of the microobjective lens. The object is then illuminated with a pattern,

which reconstructs a hologram addressed to the SLM. Moving of optical traps

(i.e., addressing holograms to SLM) allows to move one or multiple objects in

three dimensions (Figure 1.8b), see [62]. The state of the art in holographic optical

tweezing is reviewed in Chapter 8.

For application in the imaging light path, LCOS SLMs were used in implementa-

tions of a phase contrast microscope [63–65], where addressing of different phase

patterns to the SLM located in the Fourier plane allowed to get phase contrast, DIC

(differential interference contrast), and dark field images in the same microscope

(Figure 1.9). Figure 1.10 shows a phase bar structure imaged in bright field in

panel (a) and SLM-based DIC in panels (b and c). The difference between two DIC

images in Figure 1.10 represents two different periods of the gratings used for DIC.
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SLM

CCD

Object

Microscope
objective

Köhler
illumination

Figure 1.9 Schematic layout of the implementation of phase contrast. Source: With

permission from [63].

(a) (b) (c)

Figure 1.10 Phase object imaged with bright field (a) and DIC (b,c). Source: With

permission from [63].

Another attractive application is coherence holography proposed by Takeda et al.

[66], also see Chapter 11. This principle was originally proposed for microscopy

[67], which allows to eliminate dispersion problems [68], see also Chapter 6. The

same idea was recently applied for a synthetic aperture telescope [69].

One can find an excellent review of the SLM applications in microscopy in a

recent paper by Maurer et al. [70].

Very promising are advances in application of phase SLMs in superresolution

microscopy. Auksorius et al. [72] generated and controlled a doughnut-shaped PSF

of a stimulated emission depletion (STED) beam with a phase SLM. They showed

rapid switching between different STED imaging modes as well as correction of

aberrations in the depletion path of the microscope and achieved significant reso-

lution improvement compared with the standard confocal technique (Figure 1.11).

The compensation of aberrations is especially important because of high sensitivity

of the STED beam [71]. The standard confocal method can be also improved – as it

was proposed recently by Mudry et al. [73], confocal microscopes could significantly

increase resolution in z-axis, using an SLM for generation of two superimposed

spots, which results in an isotropic diffraction-limited spot. These applications are

very close to the more general method, called SLM-based PSF engineering [74].

PSF engineering is the most common use of LCOS SLMs operated in a mode

to provide polarization modulation. Generation of polarization patterns [75–77]

already found plenty of applications in microscopy, giving the possibility to reduce
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Figure 1.11 (a,b,c) Lateral and (d,e,f) axial

fluorescence images of 200 nm beads with

(a,d) confocal acquisition, (b,e) acquisition

with a doughnut STED beam (type I), and

(c,f) acquisition with a ‘‘bottle’’ STED beam

(type II). (g,h) Normalized intensity line pro-

files of lateral and axial images, respectively,

with specified FWHM. Insets show the cor-

responding PSFs. Note the differences in lat-

eral and axial resolution between two STED

imaging modes. (Source: With permission

from [71]). (Please find a color version of

this figure on the color plates.)

a spot size [78], to generate a doughnut, an optical bubble [79], or needle [80].

Generation of the doughnut could also be achieved with spiral phase pattern

without additional polarization components (e.g., QWPs) as it was discussed ear-

lier [72, 81]. Beversluis and Stranick [82] showed independent polarization and

phase modulation with two SLMs, which succeeded in increasing the contrast of

300 nm polystyrene beads in coherent anti-Stokes Raman spectroscopy (CARS)

images. They used independent phase and polarization modulation (Figure 1.12)

for PSF engineering (Figure 1.13, see also [74]). SLM 1 in Figure 1.12 performs

phase-only modulation of the light wave. SLM 2 with attached QWP is dedi-

cated to polarization-only modulation. These two SLMs with optics form a ‘‘mode

converter,’’ so that finally phase- and polarization-modulated wavefronts are tele-

centrically imaged in the pupil plane of the microobjective lenses. The differences

between linear, azimuthal, and radial polarizations showed in Figure 1.13 are

obvious. Note also the changes in the Z-component of the field.

The methods and applications of PSF engineering were recently reviewed by

Zhan [83].
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Figure 1.12 Schematic layout of the phase and polarization modulation in a

PSF-engineered microscope. Source: With permission from [74].
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(c) radial pupil polarizations (each image has 2 µm side). Source: With permission

from [74].
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Figure 1.14 Femtosecond pulse shaper. (a) Schematic layout. G, diffraction grating; M1

and M2, mirrors; FL, Fourier lens. (b) Amplitude modulation with SLM. (c) Phase modula-

tion with SLM. Source: With permission from [84].
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Figure 1.15 Amplitude-only modulation of the spectrum. Source: With permission from

[84].

Frumker and Silberberg [84] demonstrated amplitude and phase shaping of

femtosecond laser pulse using an LCOS phase modulator (Figure 1.14a). Here

illumination femtosecond pulses are split into a spectrum with help of a grating G

so that a cylindrical Fourier lens FL focuses each wavelength component onto the

SLM in only one direction. The components stay in the same time spread in vertical

direction. Then, writing a phase grating in vertical direction (Figure 1.14b) allows

to modulate amplitude of the spectral components (Figure 1.15) independent of the

phase modulation (the last one uses SLM in horizontal direction – Figure 1.14c).

The phase modulation is observed as a correlation function showed at Figure 1.16.

A principle capability of LCOS to work in the near-infrared range allowed to

develop a telecommunication device based on a similar principle, combining

optical switching [85] and pulse shaping capabilities of SLMs [86]. A similar

approach was recently patented and commercialized by Finisar [87].

There are several attempts to use SLM for holographic reconstruction in visual

systems. A comprehensive review of SLM-based holographic 3D displays is given by

Onural et al. [89]. SeeReal Technologies demonstrated an 8 in. full color holographic

projection 3D display (Figures 1.17 and 1.18) using an amplitude SLM and

observation through a concave mirror – ‘‘display’’ [88]. The color was achieved using

color field sequential technology. The holograms were a kind of Fresnel hologram,

where complex values were converted to amplitude values using well-known
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Figure 1.16 Cross-correlation. (a) No phase is applied. (b) Periodic phase-only modulation

with binary modulation depth of π/2 and period 3.1 THz.(c) Periodic phase-only

modulation with modulation depth of π . Source: With permission from [84].
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Figure 1.17 Schematic layout of 3D projection display. Source: With permission from [88].

Burckhardt or detour phase encoding [35]. A significant drawback of the system is

its relatively low light efficiency, caused by the usage of an amplitude SLM. This is

an unusual example of using amplitude modulation in digital holography, as 3D

displays of this kind are thought to be realized with a phase modulator. However,
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Figure 1.18 Photo of the display. (Source: With permission from [88]). (Please find a color

version of this figure on the color plates.)

here the amplitude modulation provided good-quality reconstructions and helped

to omit iterative calculations at the same time.

Light Blue Optics introduced full color 2D holographic projection unit with

ferroelectric SLMs [90]. They demonstrated good quality of reconstructions, using

high frame rate of ferroelectric SLMs to suppress perceivable speckle noise.

Unfortunately, due to the nature of ferroelectric LCs, as it was already mentioned

above, this approach shows relatively low light efficiency.

An implementation of the holographic visualization in the head mounted display

(HMD) looks quite attractive as well. The features would be high brightness and

capability of 3D representing information or objects overlapped with real objects

(see-through). The reconstructed information can be adapted to the individual ob-

server using the wavefront correction properties and thus will allow to compensate

myopia or hyperopia, astigmatic errors of the eye, as well as other aberrations up

to ‘‘supernormal vision’’ level as it was demonstrated by Liang et al. [91].

The basic layouts for the HMD can be different, e.g., projection of the SLM

into the eye pupil, as it was already demonstrated for head-up display [92] or

the projection of the Fourier transform of the SLM, as it was made in the

projection holographic display of SeeReal Technologies (see earlier discussion).

Main parameters of the HMD are the exit pupil and the FOV. Simple analysis

shows that the product of the FOV and exit pupil in a digital holographic HMD is an

invariant quantity that is proportional to the number of pixels at the SLM, regardless

of the scheme used (as long as no pupil expander is used). This means that visual

holographic systems are very critical to pixel count so that system becomes feasible

only if the pixel amount exceeds 2–4 megapixels. Figures 1.19 and 1.20 show

reconstructions from a prototype of a digital holographic see-through HMD, based

on phase-only HOLOEYE SLM of the high-definition television (HDTV) resolution

and a fiber-coupled red superluminescent diode. The numerical aperture of the

camera was matched to that of the human eye. This ensures similarity of speckle

characteristics between the captured pattern and the pattern perceived by the
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(a) (b)

Figure 1.19 Reconstruction of a hologram, captured at two reconstruction distances. The

FOV is ≈6◦ in horizontal and 3.4◦ in vertical direction. The exit pupil is 12 mm. Note the

difference in acuity of the background. (a) Fuel sign. (b) Stop sign.

Figure 1.20 Reconstruction of a resolution test target. Field of view is ≈14◦.

human eye [93]. The SLM is projected in the exit pupil plane with help of a

telecentric system. The observer’s eye makes a Fourier transform and gets an

image at the retina. Figure 1.19a,b is the reconstruction from the same hologram.

The hologram contains 3D information, which is reconstructed in two different

planes. Another example shows approximately 14◦ field of view (Figure 1.20), where

the eye can resolve a finer pattern.

The 3D display application, realized as an array of phase SLMs with Fresnel

holograms, is given in Chapter 3. The readers are also referred to Chapter 2 for a

general overview of the 3D display technologies.

In addition to the more established fields of applications such as microscopy,

metrology, and holographic visualization, there is an apparently ever-growing

number of other fields in which the potential benefits of using SLMs are expected.

It can relate to optical processing of the information; for example, Marchese

et al. [94] designed an SLM-based optronic processor for rapid processing of the

synthetic-aperture radar (SAR) multilook images. As an adaptive optics example,

Vellekoop and Mosk [95] focused light through a highly scattering medium. There

are a number of scientific works, related to quantum optics. Becker et al. [96]
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applied amplitude SLM to generate dark solitons in Bose–Einstein Condensate

(BEC), whereas another group manipulated BEC with a ferroelectric phase SLM

[97]. Bromberg et al. [98] implemented computational ghost imaging with only a

single bucket detector, where the rotating diffuser was replaced with a phase SLM,

thus allowing the computation of the propagating field and omitting the usage of

the second high-resolution detector. Stütz et al. [99] generated, manipulated, and

detected multidimensional entangled photons with a phase SLM. Following him

Lima et al. [100] demonstrated manipulation with spatial qudit (‘‘multilevel qubit’’)

states.

1.4

Conclusion

LC-based SLMs have existed for the past 40 years and have been a basis for many

studies in electro-optical effects. With the reflective LCOS microdisplay technology,

one could realize components with parameters, unthought before (e.g., resolution,

pixel size, fill factor, overall light efficiency, and driving electronics solutions).

Even though projection display and SLM target markets are quite different, trends

in the LCOS microdisplay technology fit to some extent the requirements of SLM

development. This fact, the accessibility of the technology, and the possibility of

customization of the parameters also lead to considerably smaller investments. The

background in consumer products also ensures achievement of stable, predictable,

and high-performance commercial products with competitive pricing.

The availability of such SLMs has helped the scientific community to explore a

wide range of potential applications. High-resolution devices were made possible,

but for phase modulators, high diffraction efficiency along with high frame

rate is still a challenge. Customization including SLM-specific backplane design

together with mass-production-suitable production facilities opens the way for

implementation in various commercial applications.

Current developments will bring 10 megapixel phase-only panels (e.g., 4160 ×

2464 pixels) to the market. Pixel size will drop down further below 4 µm. The

continuous progress in the development of driving electronics makes higher

refresh rates available, together with a reduction of digital-specific noise. This will

positively influence feasibility of SLMs for industrial applications.

Although LCOS SLMs have originally found their applications in scientific

research, there is an increased interest in the commercial field and a transition

from science to industry is expected in the near future.
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