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SPATIAL LIGHT MODULATOR USING ELECTROWETTING CELLS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The tield of the invention s spatial light modulators, and devices which contain such spatial

light modulators, especially holographic display devices.

2. Technical Background

Spatial light modulators (SL.Ms) are known from the prior art. There are various types of
SLMs, based on various physical principles. SLMs are optical devices that modulate an
incident light field in a spatial pattern in order to reflect or to transmit an image ot to
generate a holographic reconstruction corresponding to an electrical or optical nput. An
SLM typically comprises a one- or two-dimensional array of addressable elements (pixels)
which are capable of transmitting or reflecting incident light fields. Well-established
examples are Jiquid crystal (LC) based modulators, in which a voltage-induced birefringence
is used to modulate either the amplitude or phase of an incident light field. Spatal light
modulators are used in almost all areas of optical technologies and optical intormation
processing which take advantage of variable or adaptive optical components. The
applications of spatial light modulators range from display and projection systems, to
microscopy, beam and wave front shaping, optical metrology, maskless lithography, ultra-

tast laser pulse modulation to abertation cotrection in tertestrial telescopes.

Vatious types of SLMs are known from the prior art. These include electrically addressable
SLMs (EASLMs), optically addressable SLMs (OASLMs) and magneto-optical SLMs
(MOSLMs), for example.

SLMs may comprise an array of pixels. The term “pixel” derives from “picture element” and

hence is a term associated with digital imaging. In the context of SLMs, a “pixel” is the
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hardware element which controls the display of a picture element ot an image which may be

seen by a viewer. The image seen by a viewer may be a holographic image.

Prior art SLMs have various drawbacks. Most of the liquid-crystal-based spatial light
modulators which are commercially available today exhibit refresh rates in a range of 60-120
Hz, which correspond to response times greater than 8 milliseconds. Such switching speeds
are sufticient for many applications. However, there are many applications which require a
much faster switching, i.e. higher frame rates. This includes in pasticular applications which
involve time multiplexing methods. Possible applications of time multiplexing are displays
that present ditferent information to difterent observers. Such displays redirect the light to
ditferent observers and simultaneously change the information content of the display
designated for each observer. As long as the refresh rate per observer is more than about 60
Hz, i.e. the response time is below 17 ms, the observer does not perceive any flickering of
the image displayed. Examples of possible applications are automotive displays, whete the
driver wishes to see the navigation system whereas another passenger wishes to see a movie.
Another example 1s 3D autostereoscopic displays where every observer wishes to see the 3D

scene from their own perspective.

An object of the implementations disclosed in this document is to modulate the amplitude,
or the phase, or the amplitude and phase of a light field spatially, where the temporal
modulation of the desired values is fast compared with LC-based SL.Ms. The amplitude is
typically adjustable in the entire codomain (from 0 to 1, inclusive), whereas the phase is
typically adjustable in the entire codomain (from 0 to 27, inclusive) and the target refresh
rate lies within the range of between some hundred Hertz and some kHz, ie. a response
time of 5 milliseconds or less, but typically greater than or equal to 100 microseconds. A
further object of the implementations is to cover the entire amplitude and/or phase range by
a relative change of the amplitude and/or phase values between the individual pixels of a

plane one- ot two dimensional atray.
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It will be appreciated by those skilled in the art that the SLMs contorming to this invention
may be used in any known application in which SLMs are employed. While the applications
of the spatial light modulators described here are not limited to holographic displays,
holographic displays are the preferred application of the spatial light modulators described
here. It will be appreciated by those skilled in the art that the SLMs desctibed herein may be
used in any known form of holographic display. However, the preterred approach of the

applicant to generating computer-generated video holograms will be described below.

Computer-generated video holograms (CGHs) are encoded in one or more spatial light
modulators (SLMs); the SEMs may include electrically or optically controllable cells. The
cells modulate the amplitude and/or phase of light by encoding hologram values
corresponding to a video-hologram. The CGH may be calculated e.g. by coherent ray
tracing, by simulating the interference between light reflected by the scene and a reference
wave, ot by Fourier or Fresnel transtorms; CGH calculation methods are described for
example in US2006/055994 and in US2006/139710, which are incotporated by reference.
An ideal SLM would be capable of representing arbitrary complex-valued numbers, i.e. of
separately controlling the amplitude and the phase of an incoming light wave. However, a
typical ST.M controls only one property, either amplitude or phase, with the undesirable side
effect of also affecting the other property. There are ditferent ways to spatially modulate the
light in amplitude or phase, e.g. electrically addressed liquid crystal SLM, optically addressed
liquid crystal SLM, magneto-optical SLM, micro mirror devices or acousto-optic modulators.
The modulation of the light may be spatially continuous or composed of individually
addressable cells, one-dimensionally or two-dimensionally atranged, binary, multi-level or

continuous.

In the present document, the term “encoding” denotes the way in which regions of a spatial
light modulator ate supplied with control values to encode a hologram so that a 3D-scene

can be reconstructed from the SLM.

In contrast to purely auto-stereoscopic displays, with video holograms an observer sees an

optical reconstruction of a light wave front of a three-dimensional scene. The 3D-scene is
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reconstructed in a space that stretches between the eyes of an observer and the spatial light
modulator (SLM), or possibly even behind the SLM. The SLM can also be encoded with
video holograms such that the observer sees objects of a reconstructed three-dimensional

scene in front of the SI.M and other objects on or behind the SL.M.

The cells of the spatial light modulator may be transmissive cells which are passed through
by light, the rays of which are capable of generating interference at least at a defined position
and over a spatial coherence length of a few millimetres. This allows holographic
reconstruction with an adequate resolution in at least one dimension. This kind of light will
be reterred to as ‘sutticiently coherent light’. However, cells which operate in a reflective

geometry are also possible.

In order to ensure sufticient temporal coherence, the spectrum of the light emitted by the
light source must be limited to an adequately narrow wavelength range, i.e. it must be near-
monochromatic. The spectral bandwidth of high-brightness LEDs is sufficiently narrow to
ensure temporal coherence for holographic reconstruction. The diffraction angle at the SLM
is proportional to the wavelength, which means that only a monochromatic source will lead
to a sharp reconstruction of object points. A broadened spectrum will lead to broadened
object points and smeared object reconstructions. The spectrum of a laser source can be
regarded as monochromatic. The spectral line width of a LED is sufficiently narrow to

facilitate good reconstructions.

Spatial coherence relates to the lateral extent of the light source. Conventional light sources,
like LEDs or Cold Cathode Fluorescent Lamps (CCFLs), can also meet these requirements
it they radiate light through an adequately narrow aperture. Light from a laser source can be
regarded as emanating from a point source within diffraction limits and, depending on the
modal purity, Jeads to a sharp reconstruction of the object, i.e. each object point is

reconstructed as a point within diffraction limits.

Light from a spatially incoherent source is laterally extended and causes a smeating of the
recanstructed object. The amount of smearing is given by the broadened size of an object
point reconstructed at a given position. In order to use a spatially incoherent source for

hologram reconstruction, a trade-off has to be found between brightness and limiting the
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lateral extent of the source with an aperture. The smaller the light soutce, the better is its

spatial coherence.

A line light source can be considered to be a point light source if seen from a right angle to
its longttudinal extension. Light waves can thus propagate coherently in that direction, bat

incoherently in all other directions.

In general, a hologram reconstructs a scene holographically by coherent superposition of
waves in the horizontal and the vertical directions. Such a video hologram is called a full-
parallax hologram. The reconstructed object can be viewed with motion parallax in the
horizontal and the vertical directions, like a real object. However, a large viewing angle

requires high resolution in both the horizontal and the vertical direction of the SLM.

Often, the requirements on the SLM are lessened by restriction to a hotizontal-parallax-only
(HPO) hologram. The holographic reconstruction takes place only in the horizontal
direction, whereas there is no holographic reconstruction in the vertical direction. This
results in a reconstructed object with horizontal motion parallax. The perspective view does
not change upon vertical motion. A HPO hologram requires less resolution of the SLM in
the vertical direction than a full-parallax hologram. A vertical-parallax-only (VPO) hologram
is also possible but uncommon. The holographic reconstruction occurs only in the vertical
direction and results in a reconstructed object with vertical motion parallax. There is no
motion parallax in the horizontal direction. The different perspective views for the left eye

and right eye have to be created separately.

In some of the implementations described herein, electrowetting cells are used. An early use
of the term “electrowetting” was in 1981; “electrowetting” was used in G. Beni and S.
Hackwood, Appl. Phys. Lett. 38, 4, pp.207-209 (1981). The clectrowetting ettect was
originally defined as "the change in solid electrolyte contact angle due to an applied potential

difference between the solid and the electrolyte”. Since then a number of devices based on
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clectrowetting have been devised. The phenomenon of electowetting can be understood in
terms of the forces that result from the applied electric tield. The fringing field at the corners
of the electrolyte droplet tend to pull the droplet down onto the electrode, lowering the
macroscopic contact angle, and increasing the droplet contact area. Alternatively
electrowetting can be viewed from a thermodynamic perspective. Since the surface tension
of an interface is defined as the Gibbs free energy requited to create a certain area of that
surface, it contains both chemical and electrical components. The chemical component is
just the natural surface tension of the solid/electrolyte interface with no electric field. The
electrical component is the energy stored in the capacitor formed between the conductor and

the electrolyte.

3. Discussion of Related Art

WO 2004/044659 (US2006/0055994) filed by the applicant describes a device for
reconstructing three-dimensional scenes by way of diftraction of sufticiently coherent light;
the device tncludes a point light source or line light source, a lens for focusing the light and a
spatial light modulator. In contrast to conventional holographic displays, the SLM in
transmission mode reconstructs a 3D-scene in at least one ‘virtual observer window’ (see
Appendix I and II for a discussion of this term and the related technology). Each virtual
observer window is situated near the observer’s eyes and is restricted in size so that the
virtual observer windows are situated in a single diffraction order, so that each eye sees the
complete reconstruction of the three-dimensional scene in a frustum-shaped reconstruction
space, which stretches between the SLM surface and the virtual observer window. To allow a
holographic reconstruction free ot disturbance, the virtual observer window stze must not
exceed the periodicity interval of one diftraction order of the reconstruction. However, it
must be at least large enough to enable a viewer to see the entire reconstruction of the 3D-
scene through the window(s). The other eye can see through the same virtual observer
window, or is assighed a second virtual observer window, which is accordingly created by a
second light source. Here, a visibility region ie. the range of positions tfrom which an
observer can see a correct reconstruction, which would be rather large, is limited to the

locally positioned virtual observer windows. This virtual observer window solution uses the



10

18

larger area and high resolution of a conventional SLM surtface to generate a reconstruction
which is viewed from a smaller area which is the size of the virtual observer windows. This
leads to the effect that the diffraction angles, which are small due to geomertrical reasons, and
the resolution of current generation SLMs, are sufficient to achieve a high-quality real-time

olographic reconstruction using reasonable, consumer level computing equipment.
holographic r tructi in nabl t level computing equi t

A mobile phone which generates a three dimensional image is disclosed in US2004/0223049.
However, the three dimensional image disclosed in US2004/0223049 is generated using
autostereoscopy. One problem with autostereoscopically generated three dimensional images
is that typically the viewer perceives the image to be inside the display, whereas the viewet’s
eyes tend to focus on the surtace of the display. This disparity between where the viewer’s
eyes focus and the perceived position of the three dimensional image leads to viewer
discomfort after some time in many cases. This problem does not occur, or is significantly

reduced, in the case of three dimensional images generated by holography.
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SUMMARY OF THE INVENTION

This document describes multiple inventions. The invention is summarized in the Claims.

In one implementation of one of the inventions, thete is provided a spatial light modulator
comprising pixels, where for each pixel, the light field is modulated on a complex number
basis using two electrowetting cells in series for each pixel, the two electrowetting cells

permitting independent modulation of amplitude and phase of the complex number.



10

15

20

25

30

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic cross-sectional view of one electrowetting cell with a central
absotbing oil droplet, where sub-figure (a) shows the cell in its ON state, sub-tigure (b)
shows the cell in its OFF state, and sub-figure (c) shows the cell in a partially light-
attenuating state.

Figure 2: Figs. 2A and 2B are cross-sectional views of one display pixel, comprising the
clectrowetting cell positioned near the focus of a first focusing element and a second,
contfocally positioned tocusing element.

Figure 3: Iigs. 3A and 3B are cross-sectional views of one display pixel, comprising the
electrowetting cell positioned near the focus of a focusing element which is followed by a
diffuser foil.

Figure 4: Figs. 4A and 4B show the combination of a spherical tocusing element with an
clectrowetting cell comprising a circular pinhole aperture and an alternative combination of a
cylindrical focusing element with an electrowetting cell comprising a slit aperture,
respectively.

Figure 5: Figs. 5A and 5B show a schematic cross-sectional view of one electrowetting cell
with a ring-shaped absorbing oil droplet, with the cell in its ON state and the cell in its OFF
state, respectively.

Figure 6 shows how a controllable refractive index n of a liquid crystal inside a surface
relief grating leads to a controllable intensity of a fixed focal point. The patt of the diffracted
light (dashed line) depends on the ditfraction efticiency 1 of the dittractive structure. The
diffraction efficiency is changed by the change of the modulation An(U) = n,(U) - 0 pumme
Figure 7 shows difterent arrangements of a combination of a surface reliet grating and a
liquid crystal to realize an amplitude modulation.

Figure 8 shows how a circular focus can be used to obtain an amplitude modulating device
with a high contrast. By changing the focal length of a lens the intensity value being
transmitted can be chosen. A circular spot is realized by a combination of an axicon and a
lens. Also a circular phase function in front of a lens can be used to obtain a circular tocus.
An enlarged circular tocus will be stopped by the aperture stop AS in a way that no light will

pass the central clear area of the aperture stop AS. Thus a high contrast can be obtained.
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Figure 9 shows a setup of a lens and an axicon which is placed behind the lens.

Figure 10 shows a side view of a combination of a lens and an axicon which forms a circular
focus.

Figure 11 shows a circular focus behind a combination of a lens and an axicon,

Figure 12 shows a side view and beam path through a combination of a lens and an axicon
which torms a circular tocus. The diameter of the circular focus can be changed
continuously by changing the tocal length of the lens.

Figure 13 shows generating a circular focus by combining a lens with an asicon in a single
element.

Figure 14 shows a realized circular focus in the image plane of the setup shown in Figure 13.
Figure 15 shows a realized focus in the image plane of the setup shown in Figure 13 in the
case of an increased focal length f. Compared to Figure 14, the focal length is enlarged by
thirty percent in this example.

Figure 16 shows an optical phase modulating element, using an electrowetting cell.

Figure 17 shows an optical phase modulating element, using an electrowetting cell.

Figure 18 shows an optical phase modulating element, using an electrowetting cell.

Figure 19 shows an optical phase modulating element, using an electrowetting cell, with a
prism for altering the beam propagation direction.

Figure 20 shows an optical phase modulating element, using an electrowetting cell, with an
aperture on the side from which the beam exits.

Figure 21 A, B and C show the lateral beam offset or lateral shift of the beam, the optical
path length difference and the phase lag, respectively, as a fupction of the inclination angle y,

calculated tor the example shown in Figure 16.
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DETAILED DESCRIPTION

Vatious implementations will now be described.

A. Spatial light modulator for modulating light field amplitude and display device using

electrowetting cells

This implementation relates to a spatial light modulator, and in particular to a spatial light
modulator comprising pixels, where for each pixel, a light field amplitude transmitted by the
pixel is modulated by an electrowetting cell. The spatial light modulator may be used to

generate a desired video hologram.

This implementation relates to a spatial light modulator, and in particular to a spatial light
modulator suitable for displaying dynamic computer-generated holograms, where the
amplitude of a light field is spatially modulated. It also relates to an active matrix display
device incorporating a spatial light modulator according to the implementation, more
particularly to an electrowetting display device. It further relates to a switchable light source
and light source array with an individuvally adjustable intensity incorporating a light

modulator of the present implementation.

It is an object of the present implementation to provide a fast or very fast amplitude
modulation of a light field using the electrowetting principle, and a corresponding display
device. However, the spatial light modulator may also be operable at more conventional

switching frequencies.

Each electrowetting cell comprises at least a first substantially transparent substrate coated
with a substantially transpatent electrode and hydrophobic isolation layers, a pixel-separating
side wall, a first opaque or absorbing liquid and a second electrically conductive or polar

liquid where these two liquids are immiscible, and a second, substantially transparent
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substrate. The amount of light passing through the electrowetting cell is controlied by a

voltage applied to the electrically conductive or polar liquid.

According to a tirst implementation, a spatial light modulator is provided having a plurality

of electrowetting cells. In a preferred example, each cell comprises the following:

- A first, substantially transparent substrate coated with a substantially transparent

electrode and hydrophobic isolation layers;
- A pixel-separating side wall

- A first, opaque or light absorbing liquid and a second, electrically conductive or polar

liquid whete those two liquids are non-mixable;

- A second, substantially transparent substrate optionally coated with a substantially

light absorbing layer with a centrally disposed transpatent apetture,

where the electrowetting cell is positoned near the focus of a focusing element, and where
the amount of light passing through the clectrowetting cell is controlled by a voltage applied
to the second liquid such that the contact angle of said first opaque liquid is changed, and
therefore the shape of the interface between said immiscible liquids is moditied, and as a
consequence, more or less light is absorbed by the opaque liquid. The electrowetting cell is
smaller or much smaller than the focusing element. The applied voltage is applied directly
such as from a controllable source of electrical potential difterence, such as in an electrically
addressable SLM. The contact angle of the electrically conductive or polar liquid and the first
substantially transparent substrate is continuously variable by applying different voltages thus

realising a continuously variable absorption in the cell.

A display device according to the present implementation comprises a light source, a first
focusing element, said electrowetting cell, and a second focusing element. The minimum

pixel pitch of the display is detined by the size of the light focusing element.

According to a second implementation, a switchable point source ot point source array

having one or more electrowetting cells ts provided. A switchable point source or point
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soutce array according to the present implementation comprises a light soutce, a focusing

clement, and said electrowetting cell.

The terms ‘opaque’, ‘absorbing’ and ‘transparent’ denote wavelength-dependent material
propetties, i.e. they ate related to the wavelength of the electromagnetic radiation whose
amplitude is to be modulated with the help of the modulator according to this
implementation. The modulator according to this implementation is thus not limited to the
spectral range of the visible light, but includes the near infra red and near ultraviolet. For
example, military applications in the near infra red are possible, such as in laser radar

systems.

The implementation will now be described in detail with the help of particular examples. The
examples relate to the electrowetting approach and can be combined with various focusing
clements to realize amplitude modulating spatial light modulators. These spatial light
modulators can be used in display devices, especially in holographic display devices. It is also
possible to use these spatial light modulators to form a secondary light source or a light
source array with variable amplitude. Secondary light sources may be used in back light units

(BLU) of display devices.

Figure 1 dllustrates a first example of an electrowetting cell. It comprises a hermetically sealed
hollow body which is filled with two immiscible liquids. One of the liquids is optically
transparent, polar and electrically conductive; it will be referred to below as a water-based
liquid. It is known from the priot art that this liquid can be water with added salts, or a polar
or conductive liquid, or any other liquid which is made conductive by adding ionic
components. A second liquid comprises an optically opaque, light absorbing liquid, e.g. an
oil-based liquid. This second liquid is electrically insulating or non-polar; suitable substances
are for example oils, alkanes or alkane mixtures. It is known that both liquids preferably have
the same or similar density, so as to prevent shape deviations due to gravitational force or

mechanical vibrations.
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The shape of the light absorbing liquid can be changed in a specific manner taking advantage
of the electrowetting principle such that the transmitted optical radiation is not attenuated,
or is partly or tully attenuated. The electrowetting cell according to this implementation
comprises a transparent substrate (e.g. glass or plastic) on to which a thin electrode film (e.g.
an indium-tin oxide (ITO) layer, approx. 50-100 nm thick) is applied which is optically
transparent and electrically conductive. The ITO coating can be applied for example with the
help of sputtering processes. Then, for example, an approx. 1um thick, hydrophobic
dielectric insulator Jayer is applied on to the electrode film, such as by way of dip coating and
curing. This insulator film can for example be made using an amorphous fluoro-polymer
(e.g. Tetlon) dissolved in a fluoride solution. An additional centting means may be disposed
in the centre of the cell, for example a hydrophobic spot, which enables the oil-based liquid
droplet to be held in a preferred position. The side walls of the cell can be made by shaping
silicon, e.g. with the help of commonly used etching processes, such as reactive ion etching
(RIE) or plasma etching (ICP). Alternatively, optical structuring methods can be used, and
the side walls can be formed using photoresist. In the case silicon walls are used, these
direcdy form the counter electrode; if photoresist walls are used, these may be additionally
coated with a conductive material or the electrical supply line ends directly in the water-

based liquid volume. A further thin cover substrate seals the cell hermetically.

According to a preferred example of the electrowetting cell, the top face of the cover
substrate is coated with an optically non-transparent, preferably absorbing layer, which
exhibits a centrally disposed optically transmitting opening (pinhole aperture). This aperture
effects a spatial filtering and represents a secondary light source with adjustable intensity. In
this implementation, the light is transmitted through the electrowetting cell with a spherical
or cylindrical outgoing wavetront, where the cell is positioned near a focal point or near the
beam waist of a ray bundle or of a Gaussian beam. The cell is in the ON state it a DC or AC
voltage is applied between electrode and counter electrode, as shown in Fig. 1(a). In this
state, the electrically conductive or polar liquid or water-based liquid is attracted to the
hydrophobic insulator layer caused by electrostatic forces, thereby displacing the opaque or
absorbing or oil-based droplet, which is positioned around the central spot. As a

consequence, a large portion of the light is transmitted through the cell. By applying different
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voltages, the water contact angle can be vatried continuously, thus tealising a continuously
vatiable absorption in the cell, as shown in Fig. 1(c). The cell is in its OFF state it no voltage
is applied, as shown in Fig. 1(b). Due to the hydrophobic coating of the dielectric base
substrate, the oil droplet spreads across the entire base area or at least across large parts of it.

The light which is incident on the cell is fully absorbed in the OFF state.

Fig, 5 flustrates a second example of an electrowetting cell. In contrast to the first example
in Fig. 1, the opaque or absorbing liquid or oil-based liquid is disposed at the fringes of the
electrowetting cell and is held in this preferred position by suitable means. If no voltage is
applied, the otl-based liquid spreads across the base area. A small separation ring can
preferably be positioned in the centre of the cell, which ensures that there is permanent
contact to the water-based solution and that the oil spreads homogeneously in all directions
when the cell is switched on. Other examples of electrowetting cell configurations will be

obvious to those skilled in the art.

Fig, 2 shows the use of an electrowetting cell in combination with two converging or
focussing elements according to a first example of a display device. The combination of
these three elements represents a pixel of a display. The minimum pixel pitch is determined
by the size of the tocusing clement. The electrowetting (EW) cell may be small ot very small
compared with the lateral dimension of a tocusing element, which allows very fast switching
times to be achieved, because the liquid volume to be moved is small, and the distance to be
moved is small. A typical switching time is in the range from 100 microseconds to 5
milliseconds, but it strongly depends on the cell size. The cell is disposed near the focal point
of the tirst focusing element or near the intermediate image of a light source. The position is
preferably chosen such that the exit pupd of the electrowetting cell coincides with the
position of the intermediate focus. The axial shift of the intermediate focus due to refraction
at the electrowetting cell is preferably taken into account. The exit pupil of the electrowetting
cell represents a secondary light source, which is imaged through a second optical element
into the desired position. Fig. 2 shows a refractive microlens which collimates the light again.
Alternatively, the second optical element could have a diverging effect or be disposed non-

confocally to the intermediate focus. The effect of the optical elements shown can be
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tefractive, but also reflective or diftractive. The two sub-figures of Fig. 2 illustrate the
conditions for a pixel in the ON state and in the OFF state. Here, and in some other
Figures, only one pixel is shown, but it will be appreciated by those skilled in the art that a

real display device may have any number of pixels, up to several million pixels or more.

Fig. 3 shows the use of an electrowetting cell in combination with a converging or focusing
element and a dittuser foil according to a second example of a display device. Such an
arrangement is preferable if no further imaging is required, and if the diffuser foil is to be
used as an illuminated display surface. The two sub-figures of Fig. 3 illustrate the conditions
for a pixel in the ON state and one in the OFF state. Here only one pixel is shown, but it
will be appreciated by those skilled in the art that a real display device may have any number

of pixels, up to several million pixels or more.

Fig, 4 illustrates various examples of the electrowetting cell. The aperture of the
clectrowetting cell can have various forms. A preferred example is a circular aperture, as
already described above, which allows a spherical secondary wave to be formed when the
light is emitted through the opening. Another preferred example is a slit aperture, which
allows a cylindrical secondary wave to be formed when the light is emutted through the
opening. In the latter example, the electrowetting cell has a rectangular base, where the

absorbing liquid is for example arranged in the form of a line.

According to a preferred arrangement, multiple pixels are arranged in the form of a line array
or matrix. The individual pixels are discretely controllable. Because of thetr small size, they
are capable of switching fast or very fast. An arrangement in the form of a matrix is
preferred in the context of display applications. Colour contents may be presented on the
display by switching on the primary colours red, green and blue one after another using a
time multiplexing method. The colour mixture may be achieved by way of pulse width
modulation, which is realised either in the light source, on the way to the display pixel

according to this implementation, or directly in the electrowetting cell. The latter is achieved
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by varying the hold tme of the cell in the ON or OFF state. However, individual cells tor

the display of primary colours are also possible.

A further example according to this implementation relates to a variable light source of to a
vatiable light source array. The light source has therein preterably the form of a point or line
light source. The term ‘variable’ is used here to describe a variable intensity of the respective
source. An arrangement as sketched exemplarily in Fig. 4 can be used to generate spherical
or cylindrical secondary waves with variable amplitude. Variable or switchable light sources
are of interest for example for applications such as in holographic displays, amplitade

modulation displays, or in optical measuring equipment.

An advantage of electrowetting cells is that the moving parts are liquid. The absence of
moving solid parts reduces device wear compared to devices in which moving solid parts are
in mechanical contact with other solid parts, where device wear reduces device lifetime and

consistency of performance over time.

One skilled 1n the art will appreciate that amplitude modulation may be implemented on a
pixel by pixel basis, and that a display may contain up to several million pixels, or more. The
amplitude spatial modulator described may be used in a 3D display, such as a holographic
display, espectally in a holographic display in which the viewer views the holographic
reconstruction through virtual observer windows. One or two virtual observer windows for
the eyes of each of one or more observers are used. The amplitude spatial modulator
described may also be used in a two dimensional amplitude modulating display, ot in other
applications in which amplitude modulating spatial light modulators ate employed. The
amplitude spatial modulator described may be used in transmission, or in a reflective

geometry.

B. Amplitude modulating device for imaging means and holographic displays
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The aim is to realize fast amplitude modulating devices which can be used in 2D or 3D
displays. 3D displays include holographic displays, especially holographic displays which use
the applicant’s preferred approach to holography, as described for example in
US2006/055994, US2006/139711, and in US2006/139710, which are incorporated by
reference. A fast modulation of the pixels gives the opportunity to implement techniques like
temporally multiplexed viewing windows or cross talk reduction by sparse object
reconstruction. Sparse object reconstruction means that only a part of the grid of all object
points is reconstructed in a given frame. Thus, the amount of cross talk between
neighbouring object points can be reduced. For example, if only each second object point in
the x and the y direction is reconstructed in one frame then four frames are needed to
reconstruct all object points. This is one reason why faster SLM pixels are desirable. For
example, if only the fourth object point is reconstructed, in x and y direction respectively,

then sixteen frames of this sparse reconstruction will reconstruct all object points.

The response time of the light modulating devices should be fast and the number of realized
intensity values of reconstructed (or displayed) object points should be high enough to
provide a viewer with an acceptable quality image. However, the spatial light modulator may
also be operable at more conventional switching frequencies. The SLM may have amplitude

modulating pixels, phase modulating pixels or complex value generating pixels.

One opportanity is to use a surface relief grating which acts as a diffractive lens, where a
liquid crystal is used to till the grooves of the surtace grating structute. In an index matched
situation where e = N » the device will act as a plane plate i.e. a plane wave will
propagate through this device without any propagation direction change. In other words, the

plane wave sees no grating-like structure in this case.

It a voltage U is applied, the refractive index of the liquid crystal n,. experienced by the
input light wave is changed. The electrodes can be made transparent, e.g. by using ITO. Ina
refractive setup, a continuous change of the voltage will cause a continuous shift of the focus
point. In a diffractive setup, a continuous change of the voltage will cause a continuous
change of the ditfraction etticiency of the grating. Thus, the binary surtace relief grating can

realize a tixed focal point with ditterent intensity values from zero to one hundred percent of
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the initial intensity. The part which is not diftracted will pass through the element as a plane
wave. This non-ditfracted wave is shown in Figure 6 by the dotted lines propagating straight

ahead for light exiting the device.

In Figure 6, a controllable refractive index n; ¢ of a liquid crystal inside a sutface relief grating
leads to a controllable intensity at a tixed focal point. The part of the diftracted light (dashed
lines for light exiting the device in Figure 6) depends on the diffraction efficiency 1 of the
diffractive structure. The diffraction efficiency is changed by the change of the modulation
given by An(U) = n;c(U) - 0 In Figure 6, gradient discontinuities ate present at the

boundaries between the liquid crystal domains and the host material.

It an aperture stop (AS) is placed behind a vatiable lens, then the intensity which propagates
behind the apertute stop is controlled by the voltage being applied. In the case of a
diftractive lens the aperture stop is placed in the fixed tocal plane with a distance of the focal
length f to the lens, or light modulation element. This is shown in Figure 7A. To obtain a
collimated plane wave, a second lens is added to the arrangement of Figure 7A, leading to
the setup shown in Figure 7B. It the inner area of the apertare stop is too latge, then a
signiticant part of the non-dittracted light will still propagate behind the aperture stop. Thus
the contrast which can be realized might be too low in respect to the specific application of
the modulator. This problem can be reduced by placing a spherical lens or ball lens inside
the aperture stop, as shown in Figure 7C. As shown in Figure 7C, the light being focused by
the vartiable lens will pass through the small sphere without a change. A plane wave entering
the sphere will leave the sphere with a strong divergence, as shown by the strongly diverging
rays for light exiting the spherical lens in Figure 7C. That means that the part of the plane
wave which enters the transmitting area of the aperture stop will spread out. Thus the

proportion of this unwanted light is reduced significantly.

The benefit of using a device consisting of a surface relief grating being filled with a liquid
crystal is the opportunity to realize a fast switching time of less than 5 ms, and in a preferred
case less than 2 ms, but still typically greater than 100 microseconds if liquid crystals are
used. For a small numerical apertute of NA < 0.4 it can be assumed that the trealized

tunctionality is independent of the polarisation of the light used. It is also possible to use
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electro-optical materials. Such matetials are used tor instance in Kerr cells or Pockels cells.
Low-voltage crystalline materials need at least 100 V and high-voltage materials need several

thousand volts in order to switch, but the switching time may be less than 100 microseconds.

It is also possible to use a multi order Fresnel lens instead of a binary surface relief structure.

Thus the modulator can be optimized to work for several wavelengths in the same way.

It is also possible to fill a continuously shaped (ie. no absupt edges are present, or
equivalently, no gradient discontinuities are present) surface relief pattern with a liquid
crystal. Thus, a continuous shift of the focal point can be achieved by applying a voltage U.
It the tocal length t(U) is chosen to be equivalent to the distance ot the apertute stop (AS),
then approximately all the intensity is transmitted through the modulator. Only a small part
of the propagating light will pass the aperture stop if the focal length is set to infinity. The
part which propagates behind a second lens which is used to recollimate the light,
analogously to Fig. 7B, can be reduced significantly. This can be done by implementing a
small spherical lens inside the centre of the aperture stop. With such a spherical lens, the

setup is analogous to Figure 7C.

One opportunity to achieve a variable focal length used for an amplitude modulating
element is to use an electro wetting cell. In this case possible setups are equivalent to the
setups shown in Figure 7. The diftractive lens is replaced by an electro wetting Jens which
realizes a variable focal length f(U). Electrowetting cells may be as discussed elsewhere in

this document.

It a phase shitt is realized by a variable focal length and in addition to that an aperture stop is
used which s made of a light absorbing electro wetting fluid, then an element realizing
complex values of the propagating field is obtained. If one looks at the part of the light
which is on axis then the change of the focal length of an electro wetting lens is equivalent to
a change of the optical path length. Thus the phase is changed if the central thickness ot a
lens is changed. It is known that light absorbing oil may be used to form optical valves in tlat

panel displays using electro wetting, The same oil can be used for different wavelengths.
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There are ditferent opportunities to enhance the contrast which can be obtained by the
modulating element. One opportunity is to generate a circular focus. For instance this can be
done by combining a lens function with a circular aperture, a Fabry-Perot interferometer or
with an axicon. An axicon is a specialized type of lens which has a conical surface. It is also
sometimes called a cone lens. An axicon transforms a collimated laser beam into Bessel
beam. It, in addition to that a convex lens is used, then a ring is tormed. The focal distance
t(U) can be chosen in a way that the complete circular spot will pass the aperture stop. This
is shown in Figure 8. By changing the focal length, the focal spot can be enlarged in a way
that no propagating light will pass the aperture stop. Thus a continuous intensity range from
zero to one hundred percent of the initial value can be chosen by applying the appropriate

voltage.

For the case of a Fabry-Perot interferometer, if a Fabry-Perot interferometer is illuminated
with a converging spherical wave then a set of circular rings can be seen at the exit plane of
the Fabry-Perot etalon. This behaviour of an etalon is well known. A change of the focal
length of the lens which is placed in front of the Fabry-Perot etalon can be used to change

the diameter of a circular ring,

In Figure 8, a circular focus can be used to obtain an amplitude modulating device with a
high contrast. By changing the focal length ot a lens the intensity value being transmitted can
be chosen. A circular spot is realized by a combination of an axicon and a lens. Also a
circular phase function in front of a lens can be used to obtain a circular focus. An enlarged
circular focus will be stopped by the aperture stop AS in a way that no light will pass the
central clear area of the aperture stop AS. Thus a high contrast can be obtained. A small
enough ring will be fully transmitted whereas a large ring will be fully blocked. It inside the
inner area of the aperture stop, shown in Figure 8, a diffuser is placed, then a second lens
will collimate the propagating light in the required way without a change of the z position of

this second lens or without a change of the focal length of this second lens.

Figure 9 shows the generation of a circular focus by combining a lens with an axicon. The
diameter of the circular focus can be changed continuously by changing the focal length of

the lens.



10

15

20

25

30

As a moditication of the setup discussed so far, the diameter of the circular spot also can be
changed by implementing a variable axicon. A liquid crystal combined with a cone can act as

a variable axicon.

Figure 10 shows a side view of a combination ot a lens and an axicon which forms a circular
tocus. Figure 11 shows a circular tocus behind a combination of a lens and an axicon. The
image analysis is performed using Zemax software supplied by ZEMAX Development
Corporation, 3001 112th Avenue NE, Suite 202, Bellevue, WA 98004-8017 USA.

A reduction of elements needed to obtain a ring focus can be obtained by using one surface
of the lens to create the axicon. This is shown in Figure 12, which was created using Zemax
sottware. Figure 12 shows a side view and beam path through a combination of a lens and
an axicon which forms a circular focus. The diameter of the circular focus can be changed
continuously by changing the focal length of the Jens. The axicon also can be realized as a
diffractive circular structure. But as long as the numerical aperture is low (e.g. NA < 0.4), the
functionality of the setups discussed here is independent ot the polarization state ot the light

used.

Figure 13 shows the generation of a circular focus by combining a lens with an axicon in a
single element. In Figure 13 a 3D layout of the setup shown in Figure 12 is shown. The light
enters the setup from the lett-hand side and the plane where the aperture stop is placed is

the plane at the right-hand side of Figure 13.

Fagare 14 shows a realized circular focus in the image plane of the setup shown in Figure 13,
obtained using Zemax image analysis software. Figure 14 shows a two dimensional intensity
distribution in the plane where an aperture stop is placed. By changing the focal length £(U)
of the Jens or the prism apex angle k(U) of the cone forming the axicon, the diameter of the
circular spot can be changed. The propagating light can be stopped by using an aperture stop

AS if the diameter of the circular focus d(U) is chosen to be large enough.
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Figure 15 shows a realized focus in the image plane of the setup shown in Figure 13 in the
case of an increased focal length £, obtained using Zemax image analysis software. Compared

to Figure 14, the focal length is enlarged by thirty percent.

Another approach is to use cylindrical grooves of a substrate filled with birefringent material.
PP Y 8 2

This can be done in a way that one polarization sees an index matched situation and the
perpendicular polarization sees a cylindrical lens. At the focal distance of this lens a slit is
placed. Thus the amplitude can be changed by changing the polarization state. If a slit is used
to form the aperture, then the transmission can be changed by changing the polarization

state of the light entering the configuration described.

One skilled in the art will appreciate that amplitude modulation may be implemented on a
pixel by pixel basis, and that a display may contain up to several million pixels, or more. The
amphtude spatial modulator described may be used in a holographic display, especially in a
holographic display in which the viewer views the holographic reconstruction through virtual
observer windows. The amplitude spatial modulator described may also be used in a two
dimensional amplitude modulating display, or in other applications in which amplitude

modulating spatial light modulators are employed.

C. Spattal light modulator for modulating light tield phase based on electrowetting cells and

display device

This implementation relates to a spatial light modulator which comprises an array of liquid-
filled cells which can be discretely controlled with the help of the electrowetting principle
such that they modulate the phase of an incident light field. The phase is modulated
independently in each individual pixel of the liquid cell array. A cell (pixel) comprises at least
three non-mixable liquid layers with at least two variably adjustable optical interfaces, where

at least two liquids exhibit ditferent optical properties. In general, the two vartably adjustable
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optical interfaces may be parallel, or they may be non-parallel, such that a prism shape
results. Taking advantage of the electrowetting principle, the contact angle of the liquids can
be modified, thus causing a variable refraction at the variable optical interfaces. The variable
interfaces are adjusted in a targeted manner such that the wave emitted by the pixel (i.e. the
parallel bundle of rays) runs parallel to the waves emitted by the other pixels. Due to
difterent optical path lengths within individual cells of a pixel atray, a relative phase lag can

be created among the waves which are transmitted or controlled by individual pixels.

The present implementation relates to a spatial light modulator for phase modulation of a

light field, and to the manutacture of such a spatial light modulatot.

Various designs of spatal light modulators (SLM) ate known from the prior art under
vatious names, and some of them are discussed elsewhete in this document. The best known
example is a liquid crystal (LC) based modulator, where a voltage-induced birefringence is
used for either phase or amplitude modulation of a light field. Spatial light modulators are
used 1n a wide range of applications which are based on optical technologies and where
vatiable or adaptive elements ate required. The ficlds of application ot spatial Light
modulators range from display and projection systems for the consumer goods sector to
microscopy (optical tweezers, phase filter, digital holographic microscopy, in-vivo imaging),
beam and wave front forming using dynamic diffractive elements (laser material processing,
measaring equipment, focus control) optical measuting equipment (digital holography, fringe
projection, Shack-Hartmann sensor) and applications in maskless lithography, ultra-tast laser
pulse modulation (dispersion compensation) or in terrestrial telescopes (dynamic aberration

correction).

Most ot the liquid-crystal-based spatial light modulators which ate commertcially available
today exhibit switching speeds which allow retresh rates of 60-120 Hz to be achieved i.e the
switching time is greater than 8 ms. These switching speeds are sufficient for many

applications. However, there are many applications which require lower switching times or
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higher refresh rates. This includes in particular applications which tnvolve time multiplexing

methods.

An object of the present implementation is to spatially modulate the phase of a light field,
whete the desited phase values are altered quickly or very quickly in contrast to LC-based
SLMs. The phase ¢ should be adjustable in a range of 0 =< ¢ < 2, and the refresh rates
which are aimed at lie in a range of between some hundred Hertz and some kHz ie. the
response time should be less than or equal to 5 ms, but typically greater than or equal to 100
microseconds. However, the spatial light modulator may also be operable at mote
conventional swirching frequencies. A further object is to cover the entire range of phase
values by a relative modification of the phase values among the individual pixels of an areal

matrix.

The physical functional principle of the spatal light modulator according to this
implementation is based on the phase lag as a result of variable optical path lengths within an
electrowetting cell. An electrowetting cell comprises at Jeast three transparent optical liquids
through which the light is transmitted one after another, seen in the direction of light
propagation. The optical path length within a cell is changed with the help of variably

adjustable interfaces between the immiscible liquids.

The modulator according to this implementation is not limited to the spectral range of the
visible light, but includes the near infra red and near ultraviolet. For example, military

applications in the near infra red are possible, such as in laser radar systems.

Examples of this implementation are explained in detail below and are illustrated by the

accompanying drawings.

A first and preferred example (shown in Fig. 16) is based on the functional principle of a

variable, pivoting plate with parallel sides. 1t is known from eg. Malacara, D., Servin, M., and
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Malacara, 7., Interferogram Analysis for Optical Testing, 2™ Ed. (Taylor & Francis, New
York, 2005) pages 360 to 363, that a solid plate with parallel sides which is inclined out of its
vertical position causes both a phase lag and a parallel offset of the transmitted wave. Here it
is disclosed that this principle can be made use of in an electrowetting-actuated liquid cell if

it is configured appropriately.

A electrowetting liquid cell may comprise three non-mixable liquids disposed one after
another: oil- and water-based solutions can for example be used. The centrally disposed
liquid exhibits optical properties (in particular a refractive index n) which differs from those
of the two outer liquids. The two outer liquids may have an identical refractive index. It is
known trom the literature that plane interfaces can be achieved between two liquids it
particular voltage differences are applied between two opposing electrodes, as shown for
example by Smith, N. R., Abeysinghe, D. C., Haus, ]. W., and Heikenfeld, ]. Optics Express
14 (2006) 6557-6563. This principle is employed here. However, in a preferred example,
three liquids are used and controlled such that the two interfaces between the three liquids
are parallel. In the tnitial state, the two intertaces are parallel to the outer, fixed substrate
interfaces (inclination angle y = 0). By applying detined voltage differences, the optical
interfaces can be inclined while maintaining their planarity. The inclination angle is denoted
by the letter y. Further, it is provided that the inclination angles y,; ¥, of the two variable
intertaces are identical, Le. both interfaces preferably are parallel: v, = v, (see Fig. 16). This
way, the optical functionality of a pivoting coplanar plate is realised, which, however, differs
from its solid counterpart known from classic optics in that the thickness of the liquid plate
here changes (it reduces) as the liquid plate is inclined. This is due to the liquid volume
constancy within a cell. The phase lag A can be derived trom the geometrical conditions

and is given by
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where 1, is the refractive index of liquid number i (i=1, 2, or 3), y is the inclination angle, d is

the plate thickness, A is the optical wavelength in the vacuum, and v is the lateral offset, as
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shown in Fig. 16. The ettective plate thickness of the embedded liquid is defined as

¥ 4
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The lateral offset v is defined as
s d sy KJ.
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Fig. 16 is a cross-sectional view of a tirst example of an electrowetting cell of the spatial light
modulator of this implementation. Three transparent optical liquids are disposed in layers in
a cell, which is hermetically sealed by side walls and by transparent cover substrates. In the
exemplary case, an electrically insulating or non-polar liquid (e.g. oil-based solution) is
sandwiched between two polar, clectrically conductive hiquids (e.g. water-based solutions).
Four electrodes are disposed on the side walls and can be addressed discretely. The optical
liquids have the refractive indices n,; n,; ns, where according to a preferred example n;, = n,,.
Fig. 16(a) shows the initial state of the electrowetting cell, where the voltages Uyj; Ugy; Uy
Uy, which ate applied to the electrodes, and are chosen such that the water contact
angles 0;,; B, By,; B, are all 90° in the initial state. The side walls are coated with a thin, for
example approx. 1 um thick, hydrophobic insulation layer. The initial thickness of the central
liquid Jayer is denoted by h,. Fig. 16(b) shows the cell in an actuated state. The voltage
pattern applied to the electrodes is here chosen such that the central liquid layer is inclined
by an angley. The water contact angles ate 8y = 8Oy, and 8, = 05, This reduces the
thickness d of the central liquid layer, where the thickness is here measured on the surface
normal to the optical interface. The optical path Jength of the light which passes through the
electrowetting cell changes as a result of the refraction at the optical interfaces. This leads to

a phase lag ot A¢ and to a parallel otfset v.

For phase modulation, each electrowetting cell comprises at least three transparent optical
liquids which are disposed in layers in a cell, which is hermetically sealed by side walls and by

transparent caver substrates, whete an clectrically insulating or non-polar liquid is
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sandwiched between two polar, electrically conductive liquids, the optical liquids having the
refractive indices 1,5 ny; n,, where four electrodes are disposed on the side walls and can be
addressed discretely, and where the side walls are coated with a hydrophobic insulation layer.
The optical path length of the ight which passes through the electrowetting cell changes as a
result of the refraction at the optical interfaces. Alternatively, the cell may comprise a layer of
polar, electrically conductive liquid which s sandwiched between two electrically insulating

or non-polar liquids.

Fig. 17 is a cross-sectional view of a second example of an electrowetting cell of the
spatial light modulator according to this implementation, which permits a controllable phase
change tor negligible change in the beam propagation direction. The general arrangement is
similar to that of the first example shown in Fig. 16; however, the electrical addressing and
thus the optical functionality of the cell are different. The optical functionality of a prism is
achieved with the help of three liquids which have the refractive indices n,; n,; 0, It is not
necessary that n, = 1y} it is also possible to use difterent liquids for liquids 1 and 3. Difterent
liquids 1 and 3 may be able to correct to some extent tor each other’s dispersion properties,
and correct to some extent for the dispersion properties of Jiquid 2, for example. The general
idea is that the same deflection angles 8 can be realised with different combinations of prism
angles y,; ¥,. As a result of the tefraction at the optical intetface, the light passes through the
clectrowetting cell on different paths and is thus given a difterent phase lag than an adjacent
cell with differendy set prism angles y,; v,, while the deflection angle B remains the same. Fig.
17(a) shows the cell in its initial state and Fig. 17(b) shows the cell in its actuated state.
Generally, any state can be referred to as the inittal state: this term is only used to denote a

reference state to which the phase values of other states are related.

Fig, 18 is a cross-sectional view of a preferred example of an electrowetting cell with the
objective of reducing the volume of the liquid to be moved when switching occurs, and
reducing the distance the liquid has to move when switching occurs. A reduced volume of
liquid to be moved, and a reduced distance to be moved, will reduce the switching time. This
idea can be realised in both types of cells above, ie. those according to the first example
(Fig. 16) and those according to the second example (Fig. 17). Two sub-cells are disposed

one after another, thus representing a phase-lagging pixel of a spatial light modulator. An



10

15

20

25

30

29

optically transparent separating substrate is sandwiched between the two sub-cells in the
centre of the cell. The separating substrate can preterably be index-matched to the refractive
index of the surrounding liquid, so that there will be no loss of light caused by reflections. In
the example according to Fig. 16, two liquids which differ in their optical properties are used,
and in the example according to Fig. 17, at least two different liquids are used. The optical
axes of the two sub-cells do not have to coincide, and preferably they exhibit a constant
lateral oftset. This constant lateral offset is preferred in order to reduce the dynamic part of
the lateral shift, which would occur in the solution according to Fig. 16, in particular if the
inclined plane plate is operated in a higher order for phase modulation. An example of a
higher order for phase modulation is shown in Fig. 21C, where a phase shift between 0 and
21 can be achieved for values of ¥ between about 25 degrees and 34 degrees. What this
means is that (referring to Fig 21A), when the apex angle ¥ varies from 0° to 25°, a lateral
shift from 0 to 10 microns will occur. On the other hand, if the apex angle varies trom 25°
to 34°, the lateral shift is tn between 10 and 14 microns. In this case, it is preterred to choose
a constant lateral offset (due to laterally shifted assembly of both cells, like a decentering) of
say 12 microns. Then, the variable part of the lateral shift is reduced to plus/minus 2

microns.

In Fig. 18, and indeed more generally, what s desired is the ability to produce a phase
shift between zero and 2m radians, and to achieve this by introducing a change to the tlt of
the interface between two liquid layers which is relatively small, because the smaller the
change in the tilt angle requred to achieve a given phase shift, the faster the phase
modulator should be. If the liquid intertace, or a plane patallel plate, is tilted to start with (i.c.
if there is a shifted lateral offset), then the additional tilt which has to be introduced to
obtain the needed phase shift of up to 27 is smaller or much smaller than in the case of a
non tilted initial state. That is why a pre tilted liquid cell is preferred. But if we have this large
tilt in the initial state, we also have a large lateral shitt in the beam propagation direction for a
normally incident beam in the initial state of the device, because plane waves propagating
normal to the cell will be propagating off-normal to the interfaces between the liquids and
hence will experience refraction. For instance this lateral offset (i.e. the lateral deflection of a
beam propagating normal to the cell, when traversing the cell), defining the zero position or

initial state of the cell, may be 20 percent of the width of a cell, it is calculated. To correct for
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this, we arrange the second atray of cells (of which the cell on the right hand side of Fig. 18
is an example) to compensate for the lateral oftset of 20 percent of the width ot a single cell.
There is still a lateral offset v(y) in dependence on the introduced phase shift, and vice versa,

but the dynamic range of the variable lateral shift is greatly reduced.

Fig. 19 shows an example where the tixed prism angle f, which occurs when realising the
example shown in Fig. 17, 1s compensated for with the help of a fixed prism on the beam
exit side of the device. Alternatively, the fixed prism may be on the beam entrance side of

the device, as would be appreciated by one skilled in the art.

Fig. 20 shows an example which may be used to counteract the parallel oftset of the
beam, which occurs when realising the example shown in Fig. 17. In Figure 20, Light
propagates from left to right. An aperture is disposed in a central position on the exit surface
of the pixel, where said apertare is designed such that it is always completely illuminated. A
part of the parallel-offset light wave is absorbed by the aperture. The exit surface of a pixel
thus remains localised at the position of the aperture and is independent of the liquid

interface inclination angle.

Fig. 21 A, B and C show the lateral beatn offset or lateral shitt of the beam, the optical
path length difference and the phase lag, respectively, as a fonction of ¥, calculated for the
example shown in Fig. 16. Patameters used are: n, = n, = 1.33; n, = 1.6, hy, =130 um. In
order to achieve a phase lag of 27, several inclination regimes are possible. For example, a 2
phase lag is achieved by an inclination within the range of 0° <y < 25° or within the range of
25° =y < 34°. Because of the more favoutable linearity and a smaller vatiable parallel offset,
it 1s preferred to use a higher order, i.e. to detine the initial state at a value ot y which is
different from zero, such as in the range 25° < y < 34°. The initial offset of the plane parallel
shitt can be compensated for by an equivalent but opposite plane parallel shift of the second
sub-cell in respect to the tirst sub-cell, or by using an inclined cylindrical cavity which is filled

with the liquids.

One skilled in the art will appreciate that phase modulation may be implemented on a pixel

by pixel basis, and that a display may contain up to several million pixels, or mote. The phase
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spatial modulator described may be used in a holographic display, especially in a holographic
display in which the viewer views the holographic reconstruction through virtual observer
windows. The phase spatial modulator described may also be used in a two dimensional
phase modulating display, or in other applications in which phase modulating spatial light

modulators are employed.

D. Complex spatial light modulator and display device using electrowetting cells and display

device

The spatial light modulators of parts A and C above may be combined to provide a complex
spatial light modulator using electrowetting cells, which may be used in a display device. For
complex modulation ot a light wave, it is necessary to be able to modulate the amplitude and
phase of a light wave independently. By using the spatial light modulators of parts A and C
above in series, which respectively modulate the amplitude and the phase of a light wave,
complex modulation of the light wave is enabled. The spatial light modulators of parts A and
C above must be placed in suatficient proximity that cross-talk between pixels is zeto ot is
kept to acceptable levels te. display artitacts which result are acceptably small for the viewer
or viewers. The refresh rates which are aimed at lie in a range of between some hundred
Hertz and some kHz i.e. the response time should be less than or equal to 5 ms, but typically
greater than ot equal to 100 microseconds. Howevet, the spatial light modulator may also be

operable at more conventional switching trequencies.

The modulator according to this implementation is thus not limited to the spectral range of
the visible light, but includes the near infra red and near ultraviolet. For example, military

applications in the near intra red are possible, such as in laset radar systems.

One skilled in the art will appreciate that complex modulation may be implemented on a
pixel by pixel basis, and that a display may contain up to several million pixels, or mote. The

complex spatial modulator described may be used in a holographic display, especially in a
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holographic display in which the viewer views the holographic reconstruction through one
or two virtual observer windows. The complex spatial modulator described may also be used

in other applications, as would be obvious to one skilled in the art.

NOTES

While the implementations bave been illustrated and described in detail by the foregoing
description in conjunction with the accompanying drawings, such illustration and description
shall be considered illustrative and exemplary and not restrictive. The implementations shall
not be limited to the disclosed examples. Other variations in the disclosed examples can be
understood and etfected by those skilled in the art in practicing the implementations, from a

study of the drawings and the disclosure.

In the Figures herein, the relative dimensions shown are not necessarily to scale.

Vatious modifications and alterations of this invention will become appatent to those skilled
in the art without departing from the scope of this invention, and it should be understood
that this invention (s not to be unduly lmited to the lustrative examples and

implementations set forth herein.
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Appendix I

Technical Primer

The following section is meant as a primer to several key techniques used in some of the

systems that implement the present invention.

In conventional holography, the observer can see a holographic reconstruction of an object
(which could be a changing scene); his distance from the hologram is not however relevant.
The reconstruction is, in one typical optical arrangement, at or near the image plane of the
light source tlluminating the hologram and hence is at the Fourier plane of the hologram.
Therefore, the reconstruction has the same far-field light distribution of the real world object

that is reconstructed.

One eatly system (described in WO 2004/044659 and US 2006/0055994) defines a very
difterent arrangement in which the reconstructed object is not at or near the Fourier plane of
the hologram at all. Instead, a virtual observer window zone is at the Fourier plane of the
hologram; the observer positions his eyes at this location and only then can a correct
reconstruction be seen. The hologram is encoded on a I.CD (or other kind of spatial light
modulator) and illuminated so that the virtual observer window becomes the Foutier
transform of the hologram (hence it i1s a Fourier transform that s imaged directly onto the
eyes); the reconstructed object is then the Fresnel transform of the hologram since it is not
in the focus plane of the lens. It is instead defined by a near-field light distribution (modelled
using spherical wavefronts, as opposed to the planar wavefronts of a far field distribution).
This reconstruction can appear anywhere between the virtual observer window (which is, as
noted above, in the Fourter plane ot the hologram) and the LCD or even behind the LCD as

a virtual object.

There are several consequences to this approach. First, the fundamental limitation facing
designers of holographic video systems is the pixel pitch of the LCD (or other kind of light
modulator). The goal is to enable large holographic reconstructions using LCDs with pixel

pitches that are commercially available at reasonable cost. But in the past this has been
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impossible for the following reason. The periodicity interval between adjacent diftraction
orders in the Foutier plane is given by AD/p, where A is the wavelength of the illuminating
light, D is the distance from the hologram to the Fourier plane and p is the pixel pitch of the
LCD. But in conventional holographic displays, the reconstructed object is in the Fourier
plane. Hence, a reconstructed object has to be kept smaller than the petiodicity interval; it it
wete larger, then its edges would blur into a reconstruction from an adjacent diffraction
order. This leads to very small reconstructed objects — typically just a few cm across, even
with costly, specialised small pitch displays. But with the present approach, the virtual
observer window (which is, as noted above, positioned to be in the Fourier plane of the
hologram) need only be as large as the eve pupil. As a consequence, even LCDs with a
moderate pitch size can be used. And because the reconstructed object can entirely fill the
trustum between the virtual observer window and the hoJogram, it can be very large indeed,
i.e. much larger than the periodicity interval. Further, where an OASLM is used, then there
is no pixelation, and hence no periodicity, so that the constraint of keeping the virtual

observer window smaller than a periodicity interval no longer applies.

There is another advantage as well, deployed in one variant. When computing a hologram,
one starts with one’s knowledge of the reconstructed object — e.g. you might have a 3D
image file of a racing car. That file will describe how the object should be seen from a
number of ditterent viewing positions. In conventional holography, the hologram needed to
generate a reconstruction of the racing car is derived directly from the 3D image file in a
computationally intensive process. But the virtual observer window approach enables a
different and more computationally efficient technique. Starting with one plane of the
reconstructed object, we can compute the virtual observer window as this is the Fresnel
transform of the object. We then pertorm this for all object planes, summing the results to
produce a cumulative Fresnel transform; this defines the wave field across the virtual
observer window. We then compute the hologram as the Fourier transform of this virtual
observer window. As the virtual observer window contains all the information of the object,
only the single-plane virtual observer window has to be transformed to the hologram and
not the multi-plane object. This is particularly advantageous if there is not a single
transformation step from the virtual observer window to the hologram but an iterative

transformation like the Iterative Fourier Transformation Algorithm. Each iteration step
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comprises only a single Foutier transtormation of the virtual observer window instead of

one for each object plane, resulting in significantly reduced computation eftort.

Another interesting consequence of the virtual observer window approach is that all the
information needed to reconstruct a given object point is contained within a telatively small
section of the hologram; this contrasts with conventional holograms tn which information to
reconstruct a given object point is distributed across the entire hologram. Because we need
encode information into a substantially smaller section of the hologram, that means that the
amount of information we need to process and encode is far lower than for a conventional
hologram. That in turn means that conventional computational devices (e.g. a conventional
digital signal processor (DSP) with cost and pertormance suitable for a mass market device)

can be used even for real time video holography.

There are some less than desirable consequences however. First, the viewing distance from
the hologram is important — the hologram ts encoded and iltuminated in such a way that only
when the eyes are positioned at the Fourier plane of the hologram is the optimal
reconstruction seen; whereas in normal holograms, the viewing distance is not important.
There are however various techniques for reducing this Z sensitivity or designing around it,

and in practice the Z sensitivity of the holographic reconstruction is usually not extreme.

Also, because the hologram is encoded and illuminated in such a way that optimal
holographic reconstructions can only be seen from a precise and small viewing position (i.e.
precisely defined Z, as noted above, but also X and Y co-ordinates), eye tracking may be
needed. As with 7 sensitivity, vartous techniques for reducing the X, Y sensitivity ot
designing around it exist. For example, as pixel pitch decreases (as it will with LCD
manufacturing advances), the virtual observer window size will increase. Furthermore, more
efficient encoding techniques (like Kinoform encoding) facilitate the use of a larger part of
the periodicity interval as virtual observer window and bhence the increase of the virtual

obsetver window.,

The above description has assumed that we are dealing with Fourier holograms. The virtual

observer window is in the Fourier plane of the hologram, i.e. in the image plane of the light
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source. As an advantage, the undiffracted light is focused in the so-called DC-spot. The
technique can also be used for Fresnel holograms where the virtual observer window is not
in the image plane of the light source. However, care must be taken that the undiftracted
light is not visible as a disturbing background. Another point to note is that the term
transform should be construed to include any mathematical or computational technigue that
is equivalent to or approximates to a transform that describes the propagation of light.
Transforms are merely approximations to physical processes more accurately detined by
Maxwellian wave propagation equations; Fresnel and Fourier transforms are second order
approximations, but have the advantages that (a) because they are algebraic as opposed to
diffetential, they can be handled in a computationally efticient manner and (1) can be

accurately implemented in optical systems.

Further details are given in US patent applicaton 2006-0138711, US 2006-0139710 and US

2006-0250671, the contents of which are incorporated by reference.
Appendix IT

GLOSSARY OF TERMS USED IN THE DESCRIPTION

Computer Generated Hologram

A computer generated video hologram CGH is a hologram that is calculated trom a scene.
The CGH may comprise complex-valued numbers representing the amplitude and phase of
light waves that are needed to reconstruct the scene. The CGH may be calculated e.g. by
coherent ray tracing, by simulating the interference between the scene and a reference wave,

or by Foutiet or Fresnel transtorm.

Encoding

Encoding is the procedure in which a spatial light modulator (e.g. its constituent cells, or
contiguous regions for a continuous SLM like an OASLM) are supplied with control values
of the video bologram. In general, a hologram comprises of complex-valued numbers

representing amplitude and phase.
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Encoded Area

The encoded area is typically a spatially limited area of the video hologram where the
hologram intormation of a single scene point is encoded. The spatial limitation may either be
realized by an abrupt truncation or by a smooth transition achieved by Fourler transform of

a virtual observer window to the video hologram.

Fourier Transform

The Fourier transtorm 1s used to calculate the propagation of light in the far field of the

spatial light modulator. The wave tront is described by plane waves.

Fourier Plane

The Fourier plane contains the Fousier transform of the light distribution at the spatial hght
modulator. Without any focusing Jens the Fourier plane is at infinity. The Fourier plane is
equal to the plane containing the image of the light source if a focusing lens is in the light

path close to the spatial light modulator.

Fresnel Transform

The Presnel transform is used to calculate the propagation of light in the near field of the
spatial light modulator. The wave front is described by spherical waves. The phase factor of

the light wave comprises a term that depends guadratically on the lateral coordinate.

Frustum

A virtual frustum is constructed between a virtual ohsetrver window and the SLM and is
extended behind the SLM. The scene is reconstructed inside this frustum. The size of the

reconstructed scene is limited by this frustum and not by the periodicity interval of the SLM.

Imaging Optics

Imaging optics are one or more optical components such as a lens, a lenticular array, or a
mictolens atray used to form an image of a light source (ot light sources). Reterences herein
to an absence of imaging optics imply that no imaging optics are used to form an image of
the one or two SLMs as described herein at a plane situated between the Fourier plane and

the one or two SLMs, in constructing the holographic reconstruction.
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Light System

The light system may include either of a coherent light source like a laser or a partially
coherent light source ke a LED. The temporal and spatial coherence of the partially
coherent light source has to be sufficient to facilitate a good scene reconstruction, i.e. the
spectral Jine width and the lateral extension of the emitting surface have to be sufficiently

small.

Virtual observer window (VOW)

The virtual observer window is a virtual window in the observer plane through which the
reconstructed 3D object can be seen. The VOW is the Fourier transtorm of the hologram
and is positioned within one periodicity interval in order to avoid multiple reconstructions of
the object being visible. The size of the VOW has to be at least the size of an eye pupil. The
VOW may be much smaller than the lateral range of observer movement if at least one
VOW is positioned at the observer’s eyes with an observer tracking system. This facilitates
the use of a SLM with moderate resolution and hence small periodicity interval. The VOW
can be imagined as a keyhole through which the reconstructed 3D object can be seen, either

one VOW for each eye or one VOW for both eyes togethet.

Periodicity Interval

The CGH 1s sampled if it is displayed on a SLM composed of individually addressable cells.
This sampling leads to a periodic repetition of the diffraction pattern. The pedodicity
interval is AD/p, where A is the wavelength, D the distance from the hologram to the
Foutier plane, and p the pitch of the SEM cells. OASLMs however have no sampling and
hence there is no periodic repetition of the diffraction pattern; the repetitions are in effect

suppressed.

Reconstruction

The illuminated spatial bght modulator encoded with the hologram reconstructs the original
light distribution. This light distribution was used to calculate the hologram. Ideally, the
observer would not be able to distinguish the reconstructed light distribution from the

original light distribution. In most holographic displays the light distribution of the scene is
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reconstructed. In our display, rather the light distribution in the virtual observer window is

reconstructed.

Scene

The scene that is to be reconstructed is a real or computer generated three-dimensional hight
distribution. As a special case, it may also be a two-dimensional light distribution. A scene

can constitute different fixed or moving objects arranged in a space.

Spatial Light Modulator (SLM)

A SLM is used to modulate the wave front of the incoming light. An ideal SLM would be
capable of representing arbitrary complex-valued numbers, i.e. of separately controlling the
amplitude and the phase of a light wave. However, a typical conventional SLM controls only
one property, either amplitude ot phase, with the undesirable side etfect of also affecting the

other property.
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CLAIMS

1. A spatial light modulator comprising pixels, where for each pixel, the light tield is
modulated on a complex number basis using two electrowetting cells in series for each pixel,
the two electrowetting cells permitting independent modulation of amplitade and phase of

the complex number.

2. The spatial light modulator of Claim 1 in which the two cells are in sufficient

proximity that cross-talk between pixels is zero or is kept to acceptable levels.

3. The spatial light modulator ot Claims 1 or 2, in which the light modulation switching

time is less than or equal to 5 ms.

4. The spatial light modulator of Claims 1 ot 2, in which the light modulation switching

time {s greater than ot equal to 100 microseconds.

5. The spatial light modulator of Claims 1 or 2, in which the spatial light modulator is

operable at conventional switching frequencies.

0. The spatial light modulator of any previous Claim, in which the light is visible light.
7. The spatial light modulator of any of Claims 1 to 5, in which the light is near infra
red light.

8. The spatial light modulator of any of Claims 1 to 5, in which the light is near
ultraviolet light.

9. The spatial light modulator of Claim 7, in which the spaual light modulator is used

for military applications.
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10.  The spatial light modulator of Claim 9, in which the spatal light modulator is used

tor laser radar systems military applications.

11, Device including the spatial light modulator of any previous Claim, in which the

device is a2 complex light wave modulating device.

12, Display device including the spatial light modulator of any of Claims 1 to 10.

13, Display device of Claim 12 in which the display device is a holographic display

device.

14, Holographic display device of Claim 13 in which the holographic display device uses

virtual observer windows for the eyes of the observer or observers.

15, Device of any of Claims 11 to 14, in which the device has up to several million pixels.

16.  Method of using a device of any of Claims 11 to 15, the device including a light

source and an optical system to iluminate the spatial light modulator; comprising the step of:
for each pixel, modulating the light field amplitude and phase transmitted by each pixel using

two electrowetting cells in series.
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