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ABSTRACT

Digital Electro-optics Platform is the main conceptlasper Display Corp. (JDC) to develop varigusliaations. These
applications are based on our X-on-Silicon techgiele, for example, X-on-Silicon technologies coblel used on
Liquid Crystal on Silicon (LCoS), Micro Light-Emittg Diode on Silicon{LEDo0S), Organic Light-Emitting Diode on
Silicon (OLEDo0S), and Cell on Silicon (CELL0S), etaCoS technology is applied to Spatial Light Maator (SLM),
Dynamic Optics, Wavelength Selective Switch (W33pJographic Display, Microscopy, Bio-tech, 3D Ping and
Adaptive Optics, etc. In additionL. EDoS technology is applied to Augmented RealitiRjAHead Up Display (HUD),
Head-mounted Display (HMD), and Wearable Deviceguid Crystal on Silicon — Spatial Light Modulat@rCoS-
SLM) based on JDC's On-Silicon technology for batinplitude and phase modulation, have an expanditgyin
several optical areas where light control on a Idixepixel basis is critical for optimum system fmgmance.
Combination of the advantage of hardware and soéwae can establish a “dynamic optics” for theabapplications
or more. Moreover, through the software operatiea,can control the light more flexible and easi#ypogrammable
light processor.

Keywords. Digital Electro-optics Platform, On-Silicon, LiguiCrystal on Silicon (LCoS), Spatial Light Modulato
(SLM), Micro-LED on Silicon (LEDo0S), Dynamic Optics, Education Kit (EDK), OptiEglucation

1. INTRODUCTION

Taiwan has strong supply chain for silicon indusBgsed on the accumulation of strength on botttraeics and optics
in Taiwan, the Digital Electro-optics Platform weoposed could derive many application for manydielsuch as
wearable, home, automobile, entertainment, medieatment, and food. In semiconductor, there igraolus law to
describe the progress for semiconductor process.Mioore's law. Right now the barrier for massdurction is 10 nm.
We could continue walking on technical path to ceene 10 nm, 7 nm, even 5 nm. But there is a diffepath,
application path. On this path, we could choosebttamch for electronics, which continues to growywe could choose
the branch for electro-optics. | also call it as-6K silicon”. On this path, new elements, e.g. @p&nd material, are
added into silicon industry. | think this could nmakze the opportunities. Light technology wouldthe key to grasp the
opportunity. Just as the proclamation of the UNight-based technology is a major economic drivehwiotential to
revolutionize the 2% century [1]”. At this moment, it is necessary tadf out the self-position and confirm the
development direction quickly. With multi-party queration, the cornerstone of the industry couldrdised and the
time length of technology development could be édldip. Therefore, it would have a chance to graspatorld level
market. Besides, education and training must aissimultaneously. This can provide the industrgqudite engineering
and R&D people. SLM is a useful and powerful ogticestrument to modulate the optical wavefront drab been
widely used on various applications. LCoS-SLM igaisle of accepting a video signal and convertingntt a
holographic image. The video signal, also callethgoter generated holograms (CGH), is one methodetterate
holographic interference patterns digitally. Moregvthere are three steps to generate CGH, sudoraputing the
virtual scattered wavefront, encoding the intenfieee pattern, and reconstructing the holographicgan®ue to the
precision wavefront control, LCoS-SLM could be useddynamic optics technology [2]. The applicatiefilynamic
optics include beam shaping [3], beam steering diffractive optical element (DOE) [5], optical mipnlation [6],
orbital angular momentum (OAM) [7], etc.
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1.1 Digital Electronic-optics Platform (X-on Silicon)

The core technology of Digital Electro-optics Pdauh (X-on Silicon) includes the highest pixel dépsipproaching, the
smallest pixel pitch, and the digital driving teohgy. Our mission is to lead an Ecosystem forousiapplications
based on our X-on Silicon technologies, for exampleon-Silicon technologies could be used on LCaBEDOS,
OLEDoS, and CELL0S, etc. There are three princglaiments in our provided winning strategy, suchnasvation
domain know-how, and Digital Electro-optics Platforinnovation is the key to competitive advanteldemain know-
how is the core to go deep and to differentiateefaterprises. Regarding digital Electro-optics fétat, it would be a
powerful tool to develop technology and productdtartups and enterprises. Figure 1 (a) show tlsystem based on
digital-optics platform (X-on Silicon). Regardiniget support of technologies and services from JD&€¢can support the
hardware and software of backplane and LCoS-SLMnEtiis kind of support is included custom senénd MiniFAB.
The objective of us is to help our customers andpautners to develop their fantastic applicatiaassoon as possible.
The photo of digital Electro-optics Platform (X-@ilicon) is shown as Figure 1 (b). Three-dimensimographic
display based on LCoS-SLM technology and threeramicrodisplay based ol EDO0S is demonstrated as Figure 1 (c)
and Figure 1 (d), respectively.
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Figure 1. (a) Various application based on Didikdctro-optics Platform (X-on Silicon), (b) Digit&lectro-optics Platform,
(c) 3D holographic display based on LCoS-SLM, and(dolor microdisplay based @itEDoS.

1.2 Liquid Crystal on Silicon (L CoS)

LCoS technology is one example by using the Digikdctro-optics Platform. Regarding the LCoS tedbgy, the

liquid crystal molecules would be twisted by addatifferent voltage. Through the characteristic iqhild crystal, the
incident coherent light source has variation ofggheetardation when the coherent light source passeugh the liquid
crystal layer. LCoS could be regarded as spatiat Iimodulator (SLM) to implement the amplitude miadion and the
phase modulation. Figure 2 (a) shows the architecand photo of reflective type LCoS-SLM. MoreovieGoS-SLM

has the properties of smaller pixels, higher apertatio, and thinner cell gap. Based on these goti@s, LCoS-SLM
also has the advantages of higher diffraction grigtgher efficiency, ad faster response time. RégehCoS-SLM has
been widely used on various applications, such yammic optics, adaptive optics [8-9], holographispthy [10],

microscopy [11], Bio-tech, beam shaping, beam stgewavelength selective switch (WSS) [12], difian optical

element (DOE), semiconductor equipment [13], and BBtrology [14]. LCoS-SLMs, based on JDC’'s On-$ific
technology for both amplitude and phase modulatiawve an expanding role in several optical areasrevlight control
on a pixel-by-pixel basis is critical for optimunystem performance. We combine the advantage ofwaaed and
software, and we can establish a “dynamic opticstfie above applications or more. Moreover, thhotige software
operation, we can control the light more flexibledaeasily as programmable light processor. Thezevao diffraction
images at different focal plane as demonstratdeiqase 2 (b).
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Figure 2. (a) The architecture and product photefiéctive type LCoS-SLM, and (b) Two diffractiomages are
demonstrated at different focal plane.

1.3 Micro LED on Silicon (uL ED0S)

uLEDOS technology is another example by using thgitBli Electro-optics Platform (X-on-Silicon). Redarg the
uLEDoOS, our megapixel and digital electro-opticstfolan could provide the active matrix driving andgithl
modulation on each Micro-LED. Based on these acged,uLEDo0S technology [15-16] is applied to Augmented
Reality (AR), Virtual Reality (VR), Head Up DisplayHUD), Head-mounted Display (HMD), and WearableviDes.
One of our partner, g has been successfully demonstrated that threm coicro-LEDs could be driven and be
enhanced the performance by using JDC’s digitattedeoptics platform [17]. gfs nanowire LEDs enabling RGB
monolithic chip integration [18]. The actual nanoavLEDs include blue, green, and red as shown g &i3 (a). The
arrangement and switch method of nanowire LEDsh@mve as Figure 3 (b). SEM of actual nanowire chigl ¢he

efficiency vs. chip size are shown as Figure 3aa) Figure 3 (d), respectively.
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Figure 3. (a) Photo of actual nanowire LEDs, (b Birangement and switch method of nanowire LEE)SSEM of actual
nanowire chip, and (d) The efficiency vs. chip dizsed on gf's nanowire LEDs.

Efficiency

Planar LED

o 10 20 30 40

Chip size (um)

(d

1.4 MiniFAB Platform

Richly cultivating education, JDC also do our maximeffort to build a MiniFAB Platform as a bridge tooperate
with academia, research institutions, and industiégure 4 (a) shows a one example of liquid atyistdustry chain
that include MiniFAB concept. Regarding MiniFAB, i a way to satisfy a special market for smallunoés and for
very special requirement. We look for the possiiégtners who have expertise to develop the correlipg recipes
based on our Digital Electro-optics Platform (X-8iticon). The recipes could be any possible maltesizch as liquid
crystal, micro light-emitting diode, or organic tigemitting diode, cells, microfluidics, or otheraterial. Hence, we
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welcome all researcher and expert to join this kind of cooperation to turn the research and development intc
innovation and startup. By the complementary, a complete LCoS industry chain will be build up. We consider N
as the bridge which connects the supply side and the demand side. Not only to deepen the technologies,

expand the industry of light. In fact, there are many companies integrated LCoS-SLM or Digital Electro-optics |
(X-on Silicon) technology into their products already, especially bio-medical field. Recently, the topic is ac
integrate the light technology into more and more technologies. Indeed, many new products and technologies
this kind of combination, so we are confident that our LCoS-SLM or Digital Electro-optics Platform would be
bring more opportunities for light industry.

In Taiwan, one alliance named “Things On Silicon Alliance (TOSA)” was established to support X-on silicor
system. Its main functions include education, market development, infrastructure (MiniFAB), and promotion for
application. Figure 4 (b) shows a novel cooperation model between TOSA, JDC, academia, research institu
industries. JDC provide the Digital Electro-optics Platform (X-on Silicon) and digital driving method. The
encourage the academia, research institution, and industries to setup a MiniFAB and to cooperate with us. Ba
innovation and domain know-how from the possible experts, we can enable the new platform to support the inc
the near future. However, through this kind cooperation model, we look forward to create new concepts, new a|
new technologies, new materials, and new application with our partners.
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Figure 4. (a) Liquid crystal industry chain that include MiniFAB concept, and (b) Novel cooperation model between TOS
JDC, academia, research institutions, and industries.

2. SLM DEVELOPMENT KIT (SDK) AND EDUCATION KIT (EDK)

JDC’s SLM DevelopmentKits (SDK) targetsdiverse applications,ranging from consumerand mobile projectors,
professional projectors, fringe projectors for 3D digitizers, diffractive optical elements for “structured light” applic
etc. Our LCoS-SLM devicescould be usedwith an associatedcontroller ASIC and evaluationmodulationsoftware.
Regardingthe EducationKits (EDK), it providesa training platform for university studentso developskills and spur
innovationsfor future optoelectronicapplications.EDK canbe configuredto do different electro-opticaland photonic
experiments, such as the pixelated structure, amplitude modulation, phase modulation, wavefront modulation,
and interference the Michelsoninterferometerdispersion,signal processing;Talbot image,and phase-shiftingdigital

holography.We realizedone detail that optical technologymustbe rootedin educatiorto establisha solid foundation.
How to find a balancebetweentheory and practice in optics educationis our mission and target. Through the

experiments,studentsbecomemore familiar with the principles of optics, and they may find more details during

experiments. This would be a great help to technology and product development when they enter industries in-
We think that the traditional optical experimentequipmentis not enoughcurrently. In the generationof hardware-
software combination,an important conceptabout “dynamic optics” should be establishedlt meanswe could use
software to control the light. That is why we must develop “Education Kit (EDK)” for education field. We believe
solid optical education and training system can provide the industry adequate engineering and R & D people. Tl
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important to the whole eco-system of light indusfigure 5 (a) shows the comparison between ttbtitvaal optics
based on lenses and dynamic optics based on LC&B-EC0S-SLM could provide a program-controllablguid
crystal array for dynamic optics. It dynamicallyaciges the amplitude or phase of light and giveskvious advantage,
“Flexibility,” to the system. In addition, LCoS-SL#lso have several advantages such as simple igpertéine saving,
space saving, cost saving, and more function. Thapléc User Interface (GUI) of LCoS-SLM controlland
microdisplay are shown in Figure 5 (b). The dyna@@&H phase pattern and the dynamic diffraction iesagf grating
phase, vortex phase, and axicon phase are showigime 5 (c). These dynamic diffraction images geaerated by
different CGH phase pattern. The function of thégeamic phase patterns are similar as the diffraatptical element
(DOE).

[LCoS-SLM controller Ul] [Dynamic Diffractive Optical Element (DOE)]

- il ||||| ‘ -
(((O)) e Axicon Phase
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Figure 5. (a) Comparison between traditional optizsed on lenses and dynamic optics based on LCNE'(SD.GU' of

V:.':V_ = — Vortex Phase /
[LCoS-SLM microdisplay Ul] /
LCoS-SLM - K&&&
LCoS-SLM controller and microdisplay, and (c) Dynar@GH phase pattern and dynamic diffraction images.

3. EXPERIMENT SETUP AND MEASUREMENT RESULTS

Multi-function and easy-to-use modulation softwénat we have already developed was based on Lab\dgstem,
such as CGH modulation software [19] and EDK experit software [20-21]. There are mainly four fuoos in CGH
modulation software, such as CGH generation, CG¢dnstruction, image trimming, and special phaséridigion.

Regarding the EDK experiment software, there arslgahree topics in our EDK training program ancperiment
course. These basic experiments include the peelstructure of LCoS-SLM, amplitude modulation, sghanodulation,
wavefront modulation, diffraction and interferenddichelson interferometer, signal processing, Tallmage, and
phase-shift digital holography. However, we beli¢vat a robust LCoS-SLM, operation software, sirtiofasoftware,
training system, and training course can help sttgd® study the fundamental optics, wave optiosl, Bourier optics
more easily. Based on the above development of @@kdulation software and EDK experiment software, omald

enhance the performance of LCoS-SLM as similathasiOE and use it on various dynamic optics apfitina. The
GUI of LabVIEW based CGH modulation software and DK experiment software are shown in Figure 6afa)

Figure 6 (b), respectively.
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Figure 6. (a) GUI of CGH modulation software, anf@JI of EDK experiment software.
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3.1 Basic Characteristic of LCoS-SLM

In this basic characteristic of LCoS-SLM, we meastire light utilization, uniformity, response timend diffraction
efficiency. The model of LCoS-SLM we use in thiggerment is JD8554 from Jasper Display Corp. (JO®)s LCoS-
SLM is reflective type and the rubbing directionldfoS panel is O degree. The resolution, activa diagonal, pixel
pitch, and phase retardation is 1920 x 1080, 06%um, and z at 532 nm, respectively. In addition, the wavetbngf
the coherent light source we use in these expetBnisn532 nm. First, we measure the light utilizatiand light
utilization is defined as the following equation
Light Utilization = —2 . (1)
inpu
whereliny is the input power ant is the reflected ®order light power. The experiment setup of measuthe light
utilization is shown in Figure 7 (a). The coherdéight source whose polarization is aligned with thguid crystal
orientation hits the LCoS panel with incident anigles than 3 degree. The diameter of sensor is Sanunit is larger
than the diameter of laser beam. We need to ersusnergy is collected into this sensor. We alsechto keep the
same distance for measuriiygndlin,,. The light utilization is 75.9%.
Second, we measure the uniformity of phase retardalhe uniformity is measured by cross polarizsgdtem, the
reflectance curve is transferred to phase curvetthdédyollowing formula
R = sin? (g) 2
where R is the reflectanced is the phase retardation. Figure 7 (b) shows ttgerment setup of measuring the
uniformity. The collimating light illuminates the @oS-SLM. The input and output polarization are rietgd by
Polarization Beam Splitter (PBS) and the panebiated at 45 degree angles. Then, the entire LAd%-&ta image is
formed by imaging lens and is recorded by CCD. Uiérmity is 3.97% at 6.3.
Third, we measure the response time. The respanseis a summation of rise time and fall time ofuiid crystal. The
calculation range is from 10% phase variation t&69fhase variation. We define the low driving vg#iato the high
driving voltage as rise time and the high drivingitage to the low driving voltage as fall time. Tpbkase profile is
obtained by the reflectance in cross polarizedesysts equation (2). Black and white pattern swiggeatedly in 50 ms,
and the intensity response te ®oks like a spike since we set the reference dsplat the dark sate. The experiment
setup of measuring the response time is shownguor&i7 (c) and it works as similar as the unifoymmiteasurement
system. However, we use a photo detector inste@Cof for faster time resolution. The response tinodudes the rise
time and the fall time is 15.9 ms. The rise timd #re fall time is 4.7 ms and 11.2 ms, respectively
Finally, the diffraction efficiency is measured Bylevel blazed grating, and the theoreticdl drder diffraction
efficiency of blazed grating withniZmodulation is
D.E.= sinc? () ©)
where N is the step number for blazed grating.éxample, the binary blazed grating means that therenly two state
of phase modulation, 0 amd After the calculation, the theoretical arder diffraction efficiency at the step numberN
2 for blazed grating is 40.6%. Therefore, the th@oal value is 40.6%, 81.1%, 95.0%, and 98.7%atstep number for
blazed grating is 2, 4, 8, and 16, respectivelye €kperiment setup of measuring the diffractioicificy is shown in
Figure 7 (d). The beam splitter is used for nornflamination. The polarizer is used for controllinge input
polarization to align with liquid crystal orientati. The photo detector is used for measuring ther@er reflected light
without any grating on LCoS-SLM. This photo detedtoplaced at the focal plane of Fourier lens. Tensity of &
order reflected light is assumed as the total gneifgjich can be modulated. Then we measure thesityeof 1% order
diffraction light with grating pattern on LCoS-SLMhe diffraction efficiency is calculated by equaati(4). The
measurement value is 38.8%, 67.7%, 83.0%, and 9217&e step number for blazed grating (N) is 284and 16,
respectively.

D.E.= 1st order dif fraction light (with grating)

" Othorder reflected light (without grating)

(4)
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Figure 7. Experiment setup of (a) Light utilizatigh) Uniformity, (c) Response time, and (d) Difftan efficiency.

3.2 Wavefront M odulation on Dynamic Optics

LCoS-SLM can receive the electrical signals to deathe light signals, for example, to change thelaénde and the
phase of light waves. The capability of the propenbdulating light signals not only allows us teate various types of
object waves in order to form the images, but alsables LCoS-SLM to modulate various kinds of senpave forms,
such as plane waves, spherical waves, cylindricales, Bessel beam waves, and orbital angular mome(@AM)
waves, etc. These types of wave forms are generedigted by flat lenses, spherical lenses, cyluadilienses, axicon
diffractive optical element lenses, forked diffiactgrating lenses, etc. Thus, being able to criegtse wave forms also
means that LCoS-SLM can be used as adjustableabpticnponents. The experiment setup and the diifraémage
results by using CGH pattern generator and CGH hatida software are shown in Figure 8 (a). Firsaken sure that
the laser beam runs parallel to the surface ofable by calibrating its light path. Then, insw@iher optical components,
such as lens, beam splitter, LCoS-SLM, computer, Enter the CGH pattern that was generated byQGdd
modulation software, then the diffraction patterowd be changed immediately. The experiment setouptop of
measuring the special phase distribution is shawFigure 8 (b).
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Figure 8. (a) Experiment setup and diffraction lessioly using CGH pattern generator and CGH modulaiftware, and (b)
The experiment setup photo of measuring the diffraémage.

Regarding the function of special phase distribytithis software system could provide blank phasttem, axicon &
vortex phase pattern, binary grating phase pat&musoidal grating phase pattern, and aperturseplpattern, etc.
Figure 9 shows the homogeneous CGH phase patteliffexent greyscale. Figure 9 (a)-(c) show theygoale = 255,
128, and 0, respectively. We can also use the C@Hutation software to generate the special phasteitalition, for
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example, the deflected plane wave phase pattespeaific angle, mixture of spherical and deflegmhe wave phase
pattern, and cylindrical wave phase pattern arevaha Figure 10 (a)-(c), respectively. The varidyse of wavefronts

are shown on the screen, for example, not-modulatetl deflected plane wave, deflected phase wae sgecific

diffraction, focused convergent spherical wave ahifted angle, and convergent cylindrical wave sirewn in Figure

11(a)-(d), respectively. In addition, CGH modulatisoftware could easy to provide the special pllésteibution, such

as axicon phase pattern, vortex phase patternth@ncombination of axion and vortex phase pattersh@wn as Figure
12 (a)-(c), respectively. Figure 13 shows the diffion image results at different axicon and vodemdition.

| (b) ©)

Figure 9. Homogeneous CGH phase pattern at diffgmeyscale, (a) Greyscale = 255, (b) Greyscale8; 4ad (c) Greyscale = 0.

-
I E=2
- b)

(a)

(a)

(©)

Figure 10. Special phase distribution, such a®élected plane wave phase pattern at a specffradiion angle, (b)
Mixture of spherical and deflected plane wave phesteern, and (c) Cylindrical wave phase pattern.

(a) (b) () (d)

Figure 11. Various types of wavefronts on the stré&) Non-modulated and deflected plane waveD@)ected plane
wave at a specific diffraction angle, (c) Focusedwergent spherical wave at a shifted angle, ap&¢aivergent cylindrical
wave.
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Figure 12.Special phase distributipsuch as (a) Axicon phase pattern, (b) Vortexgpattand (c) Combination of axicon and
vortex phase pattern.

-

(d)

Figure 13. Diffraction image results at differericen and vortex condition, (a) Axicon phase patté€b) Vortex pattern, (c) Fork
pattern (vortex pattern + x & y shift pattern), @iffraction image of axicon, (e) Diffraction imagé fork pattern at vortex order 10,
and (f) Diffraction image of fork pattern at vorterder 1.

CONCLUSIONS

In this paper, we provide a novel cooperation madehe academia, research institutions, and imiggstThis kind of
novel cooperation model we call it as MiniFAB. Wik forward to developing various applications wétlr partners
based on our X-on Silicon technologies and thengast domain know-how. For example, X-on Silicoohwologies
could be LCoSuLED0S OLEDoS, CELL0S, etc. We can use this Digi#dctro-optics Platform as a training kit to
develop the innovation technology and to reduceadtheslopment period. Dynamic optics is one of agions by using
LCoS technology. In addition, we have already dgwetl multi-function and easy-to-use CGH modulatioftware and
EDK experiment software. We could enhance the perdoce of LCoS-SLM as similar as the DOE and usenit
various dynamic optics applications. Most importahall, we realized one detail that optical tedoigy must be rooted
in education to establish a solid foundation. Hoviind a balance between theory and practice irc®gducation is our
mission and target. Through experiments, studesterine more familiar with the principles of optiasd they may find
more details during experiments. This would be @aghelp to technology and product development whey enter
industries in the future.
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