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Video Holography

Introduction

Today, despite many efforts by researchers world-wide, there are no holographic projectors that allow video-rate
electronically controlled projection of complex holograms. Optically re-write-able holograms exist, but they are too
slow; Acoustically-formed holograms can be switched fast but the image complexity is very limited. We identify
the essential roadblock as one that we intend to clear by a breakthrough innovation coming from a combination of
electronics, optics and material science. We propose a radically novel way to make and control holograms, that will
be based on the direct, analog, nanometer-resolution and nanosecond-speed control over the local refractive index of
a slab waveguide core over several square centimetres. Holograms will be formed by leaky waves evanescent from
the waveguide, and controlled by the refractive-index modulation profile in the core. That profile will be controlled
and modulated by electrical fields applied with nano-precision through one of the cladding layers of the waveguide.
To that end, a novel metamaterial is proposed for this cladding. Also novel driving schemes will be needed to control
the new holographic projecting method. With this combined radical innovation in architecture, materials and driving
schemes, it is the goal of this project to fully prove the concept of video-rate electrically-controlled holographic
projection. This will be the basis for many future innovations and applications, in domains such as augmented reality,
automotive, optical metrology (LIDAR, microscopy, …), mobile communication, education, safety, etc…, and result
in a high economic and social impact.

Short history of Holography

The concepts of holography have been first elaborated by Dennis Gabor around 1947. He received the Nobel Prize
for this work. However, at the time Dennis Gabor elaborated holography, neither (1) the coherent light sources nor
(2) the technologies to pattern the hologram at sufficient high resolution were available. Good coherent laser sources
in the visible came available around 1960, first for red and green and more recent also for the blue.
For static holograms, progress on the photographic film resolution was the first to move the resolution towards the
quarter wavelength. Further improvement on the resolution of static holograms was obtained from the progress
in photoresist resolution that was driven by the progress in the semiconductor industry. The advent of nano-imprint
technologies further enabled upscaling of static holograms at large scale. Static holograms can be found in banknotes,
credit cards, …
The next step is to make the hologram dynamic. This has been a challenging journey, as a hologram comprises a
huge amount of information, which makes it a challenge to create, transfer and store this information. Fig. 1 shows
the evolution of dynamic hologram demonstrators, both in resolution and speed.

Fig. 1: Scaling Roadmap
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Selected implementation in the Video holography ERC project

Fig. 2 shows the selected implementation that has been elaborated in this project. A 500 nm thick metamaterial
separates the metal electrodes where the requested hologram is applied from the BTO waveguide. As a consequence,
no metal is in the presence of the BTO waveguide, which allows light to propagate in the waveguide without scat-
tering losses. The metamaterial is fabricated using SiN wherein vertical trenches are etched at 100 nm pitch in both
directions. These trenches have been filled with InGaZnO that has been engineered such that the dielectric constant
carefully matches the dielectric constant of SiN. This lead to a metamaterial that is completely uniform and has no
losses, when it is considered as the optical material that forms the cladding of the waveguide. However, when the
same metamaterial is looked at from the electrical perspective, we have conductive channels at a 100 nm pitch that
guides the electrical signal from the electrical contacts below to the waveguide above. As the waveguide material,
BTO has been selected. BTO is known to have the highest Pockels effect. This enables us to alter the effective
dielectric constant of the waveguide locally at a pitch of 100 nm using relative small electric fields. This dielectric
variation forms the hologram that is applied.

Fig. 2: Selected implementation

Changing the hologram using the hardware in Fig. 2 can be obtained by changing the voltages at the bottom electrodes,
which can be done reasonably fast, e.g. at 100 Hz rate. This allows also to swap the hologram between 3 subsequent
holograms, one for red, one for green and one for blue at video rates. This yields full color video holography.

Main project results

The project has focused on two major scientific challenges, i.e. the development of the metamaterial and the realiza-
tion of a high-quality BTO waveguide.

Metamaterial development

We have been able to fabricate the required metamaterial in a standard 300mm cleanroom [1]. We have also modeled
the obtained electrical fields in the BTO waveguides, both along the vertical axis and in the horizontal plane [2, 3].
The knowledge of the Pockels coefficients both along the a-axis and the c-axis enables subsequently to describe a
detailed algorithm for the hologram generation [1].

High-quality BTO waveguide
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We have realized high-quality BTO layers [4] on Silicon wafers by both Molecular Beam Epitaxy (MBE) and Pulsed
Laser Deposition (PLD) [5, 6]. Both technologies required an SrTiO3 interface layer for lattice matching (see [7,
8]).
The work on the BTO waveguides is been summarized in the PhD thesis of Tsang-Hsuan Wang [9].

Remaining challenges en further work

The control of the BTO waveguide at 100 nm resolution requires close interaction with the metamaterial. Our sim-
ulations (see [3]) indicate that when the separation between the BTO and the metamaterial goes beyond 5 nm, the
effective control is too low for an efficient demonstrator. Therefor, we targeted an oxide-oxide bonding process
yielding an separation below 2 nm. Although other demonstrators of oxide-oxide bonding, also in our lab, have indi-
cated that this should be in reach, the practical between the BTO wafer and the metamaterial wafer has not yet been
possible.

Main funding info

• Programme Funding: Horizon 2020
• Sub Programme Area: ERC-2016-ADG
• Project Reference: 742299
• From October 1, 2017 to March 31, 2023
• Budget: EUR 2 499 074
• Contract type: ERC-ADG
• DOI: 10.3030/742299
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CHAPTER

ONE

STATE-OF-THE-ART OVERVIEW: MODULATION MECHANISMS
FOR DYNAMIC HOLOGRAPHY

Note

This chapter is reproduced with permission from Section 2.3.2 of the PhD of Guillaume Croes.

In this section we compare the results obtained in the Video Holography ERC project with the state-of-the-art for
dynamic holograms. The results reported in the different subsections can be summarized in Fig. 1.1. The most
relevant metrics are the hologram pixel resolution and the refresh rate. The target for the hologram pixel resolution
is defined by the 180 degree blue diffraction angle. The target for the refresh rate is 360 Hz, as this allows to swap
sufficiently fast the RGB colours of the 3 lasers without causing artifacts that are can be noticed.

1.1 Doped Lithium Niobate

Various doped Lithium Niobate (LN) crystals show a photorefractive effect, i.e. when locally exposed to light, they
change in refractive index.[10] Originally, this effect was thought to be optical damage to the LN, but Iron impurities
were quickly found to be the root cause.[11, 12] Afterwards, a wide range of dopants were employed, each offering
different results in spectral response and writability.[13]
The effect originates due to redistribution of charges, which causes electric fields to form inside the crystal. Said fields,
through the Pockels effect change the refractive index. Homogeneous illumination can be used to probe the modulated
refractive index but has a tendency to erase the stored data depending on intensity and wavelength. Similarly, the
stored data can be reset by a thermal anneal. More advanced crystals employ two separate dopants to create a
photochromic behaviour in which the absorption changes when illuminated with a certain wavelength. One notable
example is the combined use of Iron and Manganese, which form shallow and deep traps respectively.[14] Here, the
shallow traps initially tend to be empty and can become populated after the deep traps are excited by ultraviolet (UV)
light. The crystal then gains an absorption shoulder at longer wavelengths corresponding to the population of the
shallow traps. This proofs useful for nonvolatile holographic storage as recordings can be made using a combination
of short and long wavelengths, after which reading can be done using just the long wavelength for which the deep
traps do not respond. This re-writability made this set of materials very interesting for holographic storage.[15]
Unfortunately, the write-rewrite speed remains too low for any practical holographic display.
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Fig. 1.1: State-of-the-art overview of dynamic holographic projectors presented in terms of pixel resolution versus
maximal hologram refresh rate. The maximum diffraction angle that corresponds to the pixel pitch for each of
the RGB colors is indicated on the right hand axis. We classify the reported results in terms of technology and
hologram construction methodology. The domain allowing video-rate holography applications is enclosed by the
dashed rectangle. Only rewritable holography results have been included. When no actual refresh rate was reported,
we included the result as Not Disclosed.

1.1. Doped Lithium Niobate 5
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1.2 Liquid Crystals

Liquid crystals (LC) form a special phase of matter situated between crystalline and liquid phases. They form a
collection of long molecules, often polymers, that can have a permanent electric dipole with a positive and negative
charge on either side of the molecule. This enables them to be reoriented under influence of electric and magnetic
fields. They are most known from their use in liquid crystal displays (LCD), which was one of the earliest flat panel
displays. In the context of beam shaping and holography, they are mostly used in liquid crystal on silicon (LCOS)
phase modulators. This is a rather mature platform, for which many commercial versions are available. That said,
they are now also being considered as active component in metamaterials.
LCOS modulators were first introduced in the 1970’s by the Hughes aircraft company.[16] These initial devices
employed an electric current instead of the now commonly used electric field, as driving force. Consequently, they
weren’t suitable for phase modulation. That said, the prospect of a silicon backplane combined with the tunability of
liquid crystals remained promising. Further research lead to more practical implementations capable of phase mod-
ulation around the early 1990’s.[17, 18] From then onward, the technology gradually found its footing in industry but
always stayed in the shadow of the much better known LCDs. LCOS was quickly used for beam steering applications
and eventually for holography as well.[19, 20] For a good overview on the types of LCOS, their applications and an
industry perspective, the reader is referred to [21, 22]. Fig. 1.1 contains several state of the art LCOS modulators
that are currently commercially available.

Fig. 1.2: a) Schematic of a tunable liquid crystal metamaterial. Themetamaterial is patterned on the bottom electrode,
whereas a brushed PVA layer ensures liquid crystal alignement at the top electrode. b) - c) Transmission behaviour
for various wavelengths and bias of the LC cell shown in a). Supplying sufficient bias switches the transmission.
The insets show the orientation of the liquid crystals. d) Photograph of holographic reconstruction projected by a
LC spatial light modulator (SLM). e) Schematic of a LC cell employing electrodes to create tunable gratings. f)
Outcoupling intensity for a grating with 6𝜇𝑚 period as shown in e). Images adapted from [20, 23, 24].

More recently, liquid crystals are being considered as active component in tunable metasurfaces. Indeed, metasurfaces
have shown excellent control over incident light in the context of lenses, plasmonics and beam shaping. On top of
that, they have shown properties that are unachievable with normal materials such as perfect absorption and negative
refractive indices.[25, 26, 27] However, their use cases remain limited due to their static nature. Hence, recent
works aim to create tunable metasurfaces. Numerous, excellent reviews cover the field of dynamic metasurfaces.[28,
29, 30, 31, 32, 33, 34, 35, 36]. The groundwork for LC metasurfaces was laid when they were considered in split
ring resonators (SRR) and core-shell nanosphere metamaterials.[37, 38] Through the years, their tuning architecture
and feature size was improved and downscaled respectively, pushing these devices gradually into the visible optical

1.2. Liquid Crystals 6
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regime. However, rapid switching and individual pixel addressing remains absent. Multiple approaches attempt to
tackle this challenge including SRR’s, embedded fishnet metamaterials, meta-atoms and LC enabled plasmonics.[23,
24, 39, 40, 41, 42, 43, 44] A selected set of these is shown in Fig. 1.1 .

1.3 Thermo-Optics

Thermo-optics employ heat to tune the optical properties of a material. This can be achieved through the thermo-optic
coefficient i.e. the link between the refractive index and the temperature of a material but also through a phase change
or transition. First phase change materials will be covered, after which devices using the thermo-optic coefficient will
be highlighted.
Phase change materials form a collection of materials that have two or more crystalline phases with distinct optical
properties. Through the years, they have become a staple material whenever a tunable meta-atom is desired. Com-
monly used materials include 𝐺𝑒2𝑆𝑏2𝑇 𝑒5 often abbreviated as GST, Vanadium Dioxide (𝑉 𝑂2), PbTe and liquid
crystals. The desired phase change is thermally activated by raising the material’s temperature above the phase tran-
sitions temperature. For some materials such as 𝑉 𝑂2 and liquid crystals, the phase transition back to the original
state occurs automatically. For others such as GST, an amorphous highly resistive phase is typically encountered
after deposition. Heating up to about 150∘C leads to crystallization into a stable more metallic phase having lower
resistivity. To return to the initial amorphous state, GST needs to be heated above is melting point (600∘C) and
quickly cooled such that it cannot form a metallic lattice. Heating can either be done optically, by a focused laser or
through the inclusion of heating elements enabling current generated Joule heating.

Fig. 1.3: a)Optical behaviour of commonly employed phase change material GST, which can be switched between
amorphous and crystalline phases. b) The effect of the different phases of a thin GST layer have on the reflectivity
of an optical stack. c) Holographic projected of a GST patterned metasurface made tunable by laser scribing. d)
Artists impression of the operation of a Magnesium based metasurface, which can undergo a phase change due to
hydrogenation of the meta-atoms. e) SEM image of Magnesium meta-atoms and their scattering behaviour versus
time. f) Holographic projection fo the device shown in d) and e). The optical is shown for various states of the phase
change material to showcase its tunability. g) Artists impression of a GST metasurface, showing both write and read
lasers. h) Optical behaviour of a GST metalens, ecoded in to the laser by laser writing. Images adapted from [45,
46, 47].

Metasurfaces employing phase change materials have shown excellent results in a multitude of applications ranging
from transmission and reflection tuning [48, 49, 50, 51, 52] to beam steering [53, 54].

1.3. Thermo-Optics 7
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For example, modulation depths of up to 90% have been achieved for absorption tuning [55], relative transmission
changes of 500% have been reported [56] and beam steering angles up to 40∘ have been shown.[57]
Additionally, slightly more advanced metasurfaces have been used to create tunable metalenses.[47, 58]
Several approaches have even been able to go even one step further and have shown beam shaping and holography.
Indeed, holographic metasurfaces have been made by hydrogenation-dehydrogenation of Mgmeta-atoms [46], tuning
of a resonance [45, 47, 59, 60, 61], and tunable split ring resonators.[62] Pixel sizes down to 600𝑛𝑚 have been
achieved for devices operating in On-Off state (50s switch time). On the other hand, faster switching (500𝑛𝑠 rise
time - 100𝜇𝑠 fall time) is possible at slightly larger pixel size (4𝜇𝑚).
It should be noted that these approaches mostly employ longer wavelengths starting from the near IR to THz frequen-
cies. On top of that, the meta-atom switching rate remains limited at the moment given that integrated heaters are
only included in a minority of works such that others either rely on a laser pulse or hot plate for write-rewrite. The
most impressive result currently has been achieved by SWAVE Photonics which managed to incorporate a modu-
lated phase change material into a complete display stack, reaching pixel sizes down to 300nm and video-rate capable
refresh rates. This display almost reaches the requirements for a true videoholographic display.[63]

Fig. 1.4: a)- b) Schematic and microscope image of a waveguide fed beam steerer that employs thermo-optics phase
shifters and outcoupling gratings. c) Schematic of an advanced 8 by 8 optical phased array that has independent control
over each outcoupling element. d) Simulation and measured results from c), by applying various bias conditions. e)
Schematic of a 2D beam steerer employing a lattice-shifted photonic crystal waveguide in combination with a prism
lens. f) Measured farfield outcoupling from the device in patterns from the device in e). Images adapted from [64,
65, 66].

Alternatively, the thermo-optic coefficient can be used to tune the refractive index more directly. Here, at low tem-
peratures, any variation leads to a linear change in refractive index. The effect is typically very small with coefficients
ranging from 10−6 to 10−3/∘𝐶.[67] Nevertheless, the effect is often used in waveguide or resonator structures given
that it enables extremely fine control or that the resonance leads to amplification of the effect. Thermo-optically
tuned waveguide modulators form an active topic in the field of light detection and ranging (LIDAR), since they can
be used to create on chip beam steering platforms. Both one-dimensional (1D) [64, 68, 69] and 2D beam steering
based on thermo-optical modulation has been shown.[65, 66, 70, 71, 72, 73, 74] One noteworthy example was the
creation of a 64 by 64 optical phased array with individual phase shifters for each emitter, which theoretically could
be used to create a holographic display.

1.3. Thermo-Optics 8
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1.4 Acousto-Optics

Acousto-optics offer a straightforward method to dynamically control incident light. Standard acousto-optic modula-
tors only require three components, namely a grating or prism coupler, an acoustic-optic waveguide and an ultrasound
transducer. Here, the grating or prism ensures efficient coupling to a guided mode and the transducer creates a surface
acoustic wave. In doing so, the refractive index of the waveguide can be tuned dynamically by the compression and
expansion linked to the travelling acoustic wave. The effect is a specific type of photo-elasticity for which is known
that mechanical strain leads to changes in permittivity. Similar to the electro-optical effect, a tensor calculation is
required to understand the full scope of the modulation. When the applied surface acoustic wave meets the Bragg
condition, light can be coupled out of the waveguide. Nowadays, LN is commonly used as acousto-optic material
given that it has a strong response combined with low optical waveguide losses.

Fig. 1.5: a)Schematics of the side and top view of a waveguide based acousto-optic spatial light modulator. b)
Schematic of a free space acousto-optic holographic projector. c) Measured holographic projections at various
detector integration time employing the device from b). d) Observed holographic projection employing a device
structure similar to a). Multicolors were achieved through wavelength superpositioning. Images adapted from [75,
76, 77].

Acousto-optic beam deflectors on LN have been around since the 1970’s.[78] Initially, these devices contained a
single modulated channel capable of 1D beam steering.[79, 80] Devices were limited in frequency and thus could
only supply acoustic waves capable of creating gratings coupling between guided and cladding or substrate modes.
As such, steered light exited the device at the end of the LN wafer. The addition of a second transducer eventually
lead to 2D beam steering.[81] In more recent years, a larger degree of control was attained by using the device in a
leaky mode state instead.[82] Here, by modulating the device at higher frequencies, guided mode to radiation mode
coupling is enabled such that light can be coupled out along its entire surface. This concept has been applied to both
beam steering for LIDAR and visible holography.[75, 76, 77, 83] More specifically, a holographic display reaching
about 5Hz in refresh rate and a pixel size of 12𝜇𝑚, calculated from the applied frequency, was achieved. The device
excelled in its resolution as it was capable of creating compositional images having up to 355200 pixels by 156 pixels.
Consequently, it is one of the best implementations of holographic display technology yet.

1.4. Acousto-Optics 9
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1.5 Carrier Injection

TCOs have emerged since the beginning of 21st century as a crucial component in solar cells and flat panel dis-
plays.[84, 85, 86] They excel, for example, as transparent electrodes or thin film transistors. This is due to their
unique optical and electrical properties that combine good conductivity with low absorption. TCO conductivity
can vary widely between values typically attributed to dielectrics and semiconductors depending on the amount of
present carriers. Stoichiometric TCOs are in general more dielectric. Conversely, larger conductivities comparable
to semiconductors, require more free carriers to be present which for most TCOs can be solved by creating oxygen
vacancies.[87, 88] Tuning of TCO properties is easily achieved through deposition parameters and post deposition
anneals.[89, 90, 91] Next to that, a wide variety of TCOs such as Indium Tin Oxide (ITO), Zinc Oxide (ZnO), Indium
Gallium Zinc Oxide (IGZO), … have been investigated. Interestingly, due to their oxide behaviour they tend to have
remarkably low absorption accompanying their electrical behaviour. TCOs thus occupy a rather rare position in the
semiconductor realm and are now considered as backbone for the next generation of plasmonics and in epsilon near
zero and near zero index materials.[92, 93, 94]
Their uniqueness however, does not end there. About a decade ago, it was found that the permittivity of TCOs can
be actively modulated through the injection or extraction of carriers.[95] By employing indium tin oxide (ITO) as
active layer in a a metal-oxide-semiconductor heterostructure, a thin charge accumulation layer could be formed at
the interface. Here, the carrier density could be altered between 1018cm−1 and 1023cm−1 resulting in a 5𝑛𝑚 layer
in which a refractive index change (Δ𝑛) of 1.39 was recorded at 800𝑛𝑚. Optically, this behaviour can be described
by a Drude model which links the carrier concentration to the permittivity. The modulation is primarily prevalent
in the infrared as free electrons influence optical properties here, but a tail of the effect stretches up to the visible
regime. Even though the effect only occurs at the interface, its exceptional size makes it a viable candidate for optical
modulators, ideally through the use of ultra-thin layers (< 10𝑛𝑚) to limit optical losses and maximize modulation.
Lastly, it should be mentioned that the modulation is fast when compared to other techniques since it is only limited
by its 𝑅𝐶 time constant.

Fig. 1.6: a) Variation of refractive index of transparent conductive oxides through carrier accumulation. Measured
by ellipsometry in a thin accumulation layer. b) Schematic of a grating structure, covered with ITO. Through accu-
mulation of charges the behaviour of the grating can be tuned. c) Observed reflectivity change from the device in
b). The inset shows the percieved change in permittivity. d) Artists impression of a plasmonic metasurface grating,
tuned though carrier injection. Incident light is steerd by the applied bias. A single nano-resonator is highlighted,
indicating where the accumulation layer resides. e) - f) Reflectivity and phase change under positive and negative
bias, observed for the device shown in d). Images adapted from [95, 96, 97].

1.5. Carrier Injection 10
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To date, the effect has been applied in tunable epsilon near zero materials [98, 99], plasmonic modulators [100, 101,
102, 103] and a variety of beam steering applications. This last topic was pioneered by a gate tunable metasurface
constructed from a Gold - ITO - Aluminium Oxide back plane on which a Gold grating electrode was patterned
to enable MIM plasmonic modulation. Here, the grating serves as reflection antenna which can be modulated by
applying electrical bias to both gold electrodes, in doing so changing reflection characteristics.[104] At an incident
wavelength of 1550𝑛𝑚 and 2.5𝑉 bias a normalized reflectance change of 28.9% and phase shift of 180∘𝐶 was found.
Beam steering was enabled by biasing periodically with varying voltage, which allowed switching between 0 order and
−1 and +1 order reflection. Changing the periodicity of the applied bias tunes the steering angle. Afterwards, both
amplitude and phase modulation metasurfaces implementing TCOs were investigated. Amplitude modulation proved
especially interesting in tunable absorbers which often utilize a similar MIM structure that acts as a tunable resonant
cavity showing a reflectance change of up to 82% at 1550𝑛𝑚.[96, 99, 105, 106] On the other hand, TCO based phase
modulators have steadily been improved towards full 2𝜋 phase modulation.[107] Currently, phase modulation up to
300∘C has been shown in the infrared.[108] Next to that, phase modulation devices using carrier injection have shown
beam steering, LIDAR and beam focusing.[97, 109, 110] To my knowledge, no TCOs based modulators have been
implemented into a holographic display even though this could be achieved by a 2D array of individually addressed
elements.

1.6 Micro-electromechanical Systems

Micro-electromechanical systems (MEMS) are a well established technology that form a bridge between typical silicon
based electronic driving andmechanical movement. In doing so, MEMS create a unique set of capabilities that proved
relevant in sensors (inertial and pressure), optical scanning and surface probes. Commonly used device actuation
schemes are based on electrostatics, thermoelectric, piezoelectrics and electromagnetic effects. Of these, electrostatics
and thermoelectrics are most used. Electrostatic based MEMS offer a fast response, lower power consumption and
ease of fabrication.[111] Thermoelectric MEMS, on the other hand, provide slower modulation and higher power
consumption but are often used in out-of-plane actuation. Manufacturing-wise these MEMS types are compatible
with complementary metal oxide semiconductor (CMOS) technologies as they leverage many of the same principles.
Both piezoelectric and electromagnetic approaches requiremore uncommonmaterials, and thus are not as prominently
used.[112, 113]
Due to their unique tuning capabilities MEMS are now also considered as tunable element in metamaterials. Here
they can serve two roles, either they add tunability to a metasurface as a whole or they provide tunability to each
individual meta-atom. The first scenario has for example, been applied to metalenses which by positioning them on a
MEMS actuator can be used for dynamically steering the focusing point.[115, 117, 118, 119] Other approaches have
achieved beam steering at visible frequencies by tuning a cavity grating and transmission tuning of up to 80%.[114,
120, 121] These devices are relatively easy to manufacture and might prove useful in sensing in LIDAR applications.
They do however not offer complete reprogrammable phase profiles. Indeed, more advanced tunability requires
individually addressed pixels, which quickly drives up device complexity. Device arrays up to 160 by 160 pixels have
been reported and have achieved beam steering at THz and infrared frequencies.[116, 122]
Limited efforts have attempted to create a MEMS driven holographic display. That said, MEMS holographic projec-
tion was achieved by creating phased arrays and metal insulator metal cavities. Phase differences between individual
pixels were created by lateral displacement of reflection gratings (Lohmann) and by cantilever based tuning of a
plasmonic resonance respectively.[116, 123, 124] In general, these attempts have been hindered by the pixel size of
MEMS which currently still around the micrometer to tens of micrometer range. As such, the examples mentioned
above also operate at infrared wavelengths to retain adequate control. More advanced beam steering, shaping and
holography require modulation at a subwavelength scale. Further downscaling of MEMS leads to, so called, nano-
electromechanical systems.[125] These devices do attain the desired modulator scale, but again bring about complex
design.

1.6. Micro-electromechanical Systems 11
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Fig. 1.7: a) Artists impression of a split ring resonator actuated by electrostatic MEMS. b) SEM image of a single
unit cell of the device in a). c) Schematic o a doublet metalens built on a MEMS actuator to provide tunability.
d)Microscope and SEM images of the doublet metalens constituents shown in c) e) Simulated and measured holo-
graphic projection from a grating metasurface actuated by MEMS. f) SEM image of MEMS actuated gratings used
in e). Images adapted from [114, 115, 116].

1.6. Micro-electromechanical Systems 12



CHAPTER

TWO

ERC TEAM

The ERC project Video Holography has been executed at imec as the host institute. It has been conceived and xx
by Prof. Jan Genoe, as the principal investigator. He has been supported a strong team of senior academic staff (see
Table 2.1) and two PhD students diving deep into the subject of the project (see Table 2.2). The project would also
not have been possible without the strong support from several other technology experts from the different research
units in the host institute imec.

2.1 Core Team

2.1.1 Principal Investigator

Prof. Jan Genoe is scientific director at the Host institution imec and has received all
support from the Host institution to build the research team and execute the research. Prof.
Jan Genoe also takes the scientific leadership of the Video Holography ERC research.
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2.1.2 Senior academic staff in the team

Table 2.1: Senior academic staff

Dr. Robert Gehlhaar provides scientific input on the optical stack design and characteri-
zation.

Dr. Zsolt Tokei provides technology input on the realisation of devices in the 300mm
cleanroom.

Prof. Clement Merckling provides scientific input on the material growth conditions for
the BTO and STO waveguide materials.

Prof. Paul Heremans provides scientific input on the device performance.

2.1. Core Team 14
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2.1.3 PhD students

Table 2.2: PhD students

Guillaume Croes is the PhD student elaborating the metamaterial stack and optical model
for the optimization for driving the hologram. He was awarded a Strategic Basic Research
Fellowship from FWO for his PhD

Tsang-HsuanWang is the PhD student elaborating the optimized growth conditions for the
BTO and STO waveguide materials.

2.2 Other contributors

• Diana Tsvetanova provides input on the CMP processes in the 300 mm line.
• Yunlong Li provides input on the process sequence in the 300 mm line.
• Renauld Puybaret is in charge of the daily supervision of the process in the 300 mm line.
• Thomas Raes is in charge of the Mask preparation for the process in the 300 mm line.
• Deniz Sabuncuoglu Tezcan is in charge of the supervision of the process in the 300 mm line.
• Jeremy Segers is in charge of the oxide-oxide bonding process between the BTO wafer and the optical trans-
parent metamaterial.

2.2. Other contributors 15
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ERC PUBLICATIONS

The work performed in the ERC project Video Holography has been published in journal papers and presented at
conferences. A more elaborated description of the results can be found in the PhDs that have been supported by this
ERC.

3.1 Journal papers

• Tsang-Hsuan Wang, Po-Chun Hsu, Maxim Korytov, Jan Genoe, Clement Merckling, Polarization control
of epitaxial barium titanate (BaTiO3) grown by pulsed-laser deposition on a MBE-SrTiO3/Si(001)
pseudo-substrate, Journal of Applied Physics 128, 104104 (September 2020), DOI: 10.1063/5.0019980

• Tsang-Hsuan Wang, Robert Gehlhaar, Thierry Conard, Paola Favia, Jan Genoe, Clement Merckling, Inter-
facial control of SrTiO3/Si(001) epitaxy and its effect on physical and optical properties, Journal of
Crystal Growth 582, 126524 (March 2022), DOI: 10.1016/j.jcrysgro.2022.126524

• Guillaume Croes, Renaud Puybaret, Janusz Bogdanowicz, Umberto Celano, Robert Gehlhaar, Jan Genoe,
Photonic Metamaterial with a Subwavelength Electrode Pattern, Applied Optics 62,F14 (March 2023),
DOI: 10.1364/AO.481396

• Guillaume Croes, Tsang-Hsuan Wang, Robert Gehlhaar, Jan Genoe, Sub-Wavelength Custom Wavefront
Shaping by a Non-Linear Electro-Optic Spatial Light Modulator, ACS Photonics 11, pp. 529–536, Feb.
2024, DOI: 10.1021/acsphotonics.3c01401

• Guillaume Croes, V. Krasnov, Robert Gehlhaar, Jan Genoe, Computer Generated Holography for Waveg-
uide based Holographic Displays, Manuscript in preparation

3.2 Conferences

• Artur Hermans, Robby Janneck, Cedric Rolin, S. Clemmen, Paul Heremans, Jan Genoe, Roel Baets, Growth
of Thin Film Organic Crystals with Strong Nonlinearity for On-Chip Second-Order Nonlinear Optics,
Proc. IEEE Photonics Benelux Symposium, Brussels, Belgium, November 15-16, 2018.

• Guillaume Croes, Nikolay Smolentsev, Tsang-HsuanWang, Robert Gehlhaar, Jan Genoe,Non-linear electro-
optic modelling of a Barium Titanate grating coupler, Proc. SPIE 11484, 114840D: Optical Modeling and
Performance Predictions XI (August 2020), DOI: 10.1117/12.2568032

• Guillaume Croes, Robert Gehlhaar, Jan Genoe, Hologram Wavefront Shaping by a Non-Linear Electro-
Optic Spatial LightModulator, Holography: Advances andModern Trends VIII, April 2023, Prague, Czech
Republic

• Guillaume Croes, Robert Gehlhaar, Jan Genoe, Sub-Wavelength Custom Reprogrammable Active Pho-
tonic Platform for High-Resolution Beam Shaping and Holography, Proc. SPIE PC12196, PC1219619:
Active Photonic Platforms, San Diego, California, United States (October 2022)

• Clement Merckling, Islam Ahmed, Tsang-Hsuan Wang, Moloud Kaviani, Jan Genoe, Stefan De Gendt, Inte-
grated Perovskites Oxides on Silicon: From Optical to Quantum Applications, ECS Meeting Abstracts
MA2022-01, 1060 , July 2022, DOI: 10.1149/MA2022-01191060mtgabs
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• Tsang-Hsuan Wang, Robert Gehlhaar, Thierry Conard, Jan Genoe, Clement Merckling, Interface Control
and Characterization of SrTiO3/Si(001), Proc. E-MRS-fall, 20th to 23rd September 2021

• Tsang-Hsuan Wang, M. Korytov, P. C. Hsu, Jan Genoe, and Clement Merckling, Single Crystalline BaTiO3
Grown by Pulsed-laser deposition (PLD) on SrTiO3 / Si Pseudo-substrate, in Proc. E-MRS spring, in
Advanced functional films grown by pulsed deposition methods. Strasbourg, France, May 2020. Online

3.3 PhD thesis

• Tsang-HsuanWang, Study of BariumTitanate Epitaxy on Silicon toward Its Application inVideoHolog-
raphy, PhD Thesis, KULeuven, Leuven, Belgium, Monday, February 13, 2023.

• Guillaume Croes, Subwavelength Barium Titanate Pockels modulation through transparent conductive
oxide nanopillars, Exploring models for hologram construction from evanescent fields, PhD Thesis,
KULeuven, Leuven, Belgium, Expected December 2024

3.3. PhD thesis 17
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