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Abstract

We dvmaonstrate o polavizatipn-indeponcdent, diflraciive, Hyaid
crvstal microdispay o a0 reflective 2365230 pisel silicon
buckplane wsing nemaric lepid crystal polarization grotings,
Steiking resudts urc observed in o singlo-puncl profecior with

remarkably simple optics, where the techuology supports up ta

=73 throughput treflcctancer of wnpolarized  fight, contrast
ratios upproaching 100011, and < SO0 g3 total switching time.

1. Introduction

Our objective is 10 develop a viable liguid crystal (L)
microdisplay inherently capable of moduliting unpolarized light
sith strong contrast. for the purposcs of highly effieient projection
displays. Primary application contexts include ullra-portable and
frant-projeetion systems, and we gime W implement o ficd-
sequentizl-coor approsch that would be particularly well suited w
work will: ¢teudoe-Hnited light engines (ineluding bt not limited
e light-cmitting-diodes). Here woe specifieally report on our
suceess in building a 2565236 prototype LC microdisplay with a
refleciive silivon buckplane based on switchable  polarization
gratings [ 1-4]. which are eapable of up o ~75% wae throughput
of unpolarized light, comrast ratios approaching 1000:1, and <
RO ps wtad swiching ume.
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Modidation ol wnpolarized  light overcomes the unfortunai
dependency of almost all LU displays ou polarizers for high
contrast. Most polarizer-free approaches suffer from poor contras
ratio and fabrication difficultics {31, A lamily of’ binary LC
gratings {6-8] aud a class of holographically-forwied polarization
pratings (PGs) [9-11) were previously studicd for ihis purpose but
were plagued by severc seattering, were limited w0 small
diffraction angles, and  did not achieve  ligh  differction
ellicicneies (limiing contrast and brightnessh.

We [irst demonstrated expeiinentally transmissive liquid erysul
polarization gratings {(LUPGs) ut SID 2006 with searly --100%
diftection efficiency and Tow seattering [, 3] We have sinee
extended this approach w reflective subsieates, and achieved good
hologranis on both ahwminua (Al mirrors and pixilated sificon
(Si) hackplanes. The advanmages of the reflective mode (over
trapsmissive modey are many: half the required L Iayer thickness
enables [aster swiching speed (4], smaller grating periods. and
larger difiraction angles.

Beeause of the above-mentioned advantages. we implemented 3
projection system using a siugle LUPG microdisplay and fickd-
sequential-color, as illusirated in Fig. le. In this configuration,
diffracting pixcls (wao voltaged send light around the fold-mirror
w e sereen. while non-diffracting pixels (w/ high voliagey
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(diffracting)  {non-diffracting)

Figure 1 = The polarization-indcpendent LOCPG micrudisplay: (2) Sub-pixel configuration (0¥} of the uemutic LC cstablished by
the photo-alignnient layers, where only first-order diffraction uccurs; (b) High voltage confignration, where out-of-planc alignment
cffectively erases the grating and fight is reflected speeularly: (v) Telecentric reflective projector system: (d) Photo of microdisplay.
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‘Table [~ A high-level eornparison of clficicnt projecter designs for LCPG mierodisplayvs (assinnptians Jeseribed in test).

! Deslgn projection fens projection Tens projection ens projeclion fens
| P — S —
| aperture aperiure aperture
\\ b= \Nfrirn | O Ffmm sop | | e sop
f fight &
| engine light Transmissive Transmissive
engine [===-=1] LCPG [——---=] LCPG
AN === [E) Microdispla Microdispla
Cat Reflective Reflective m I Py m ey
=2iegony LCPG Microdisplay LCPG Microdisplay £ F N
Mode Reflective Transmissive
Configuration Telecentsic. Dark-Field Non-Telecentric, Bright-Field Telecentric, Dark-Field Telecentric. Bright-Field
Raw Confrast Ratio High (= 1000:1) Low (~100:1) High {= 1000:1) Modes {~ 2001)
Projection Lens Fi# Low (s 1) Slandard (~ 2) Low (s 1) Standard {~ 2)
Pixel Voltage Range Modest (= 15V) Low (< 10V) High {> 30V} Low (< 10V}
Pixel Flil-Factor High (~ 93%) Modest (- 60%)
Switching Time Faster {(~ 600 ys} Fasi{< 1 ms)
Optimum Application Froni-Projectors L Compact and Embedded Projectors
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reffect light direety back fmuo the Tight source or toward i
aperture stop.

It is imporiant to nate that LOPG microdispliay technology (in
general) presents multiple configuration choives at the prajector
level. including: reflective or fransmissive. telocentric or non-
welecentric, and bright-ficld or durk={ield [2]. In Table [ we
illustrate and compare the confignration stidied here {see also Fig,
Lte)). along with three additional options in a bust-cuse seemario
(with first-order diffesction angie o £24% gnd our currentiy-
known  materiali).  Reaching  Tor  an order-of-magniude
compparison, we estimate the trends of several key parameters. and
assume that the illumination is unpolarized {from LEDs). operated
with field=sequentizl-galur, nd has 2 2125 divergepee mgle at (he
microdisplay (roughly 0.5 diagonal). '

If the priority is high contrast and 3 larger projection lens is
aceeptable,  as  in front-projectors.  then the  reflective
leleeentric/dark-field option is Jikely best, 11 the priority is a smal}
package size and contrast requirements are relaxed. as in wltra.
portable  embedded  projectors.  then the  transmissived
telecenmrie/right-ficld option s likely best. While we employ
reflective LCPGs in this work, many of the hasic results would
arise similarly in the transpissive-muoede.

2. Reflective LCPG Propertics

LCPCy vomprise an in-plane. wniaxial birefringence 9. 11] that
varigs with position (le. ngx) = [sintav/A) cos(avA). O as
shown in Fig, 1), The most compelling feattures incluade - 100%
diffeaction into the first-orders regardless of polarization. and the
preseace of only the zern- and first-orders (the conventiona
grating equation applics). Using the Extended Jones Matrix
method [12], we derive the ideal first-order diffraction cificiency
in the reflective-node itluminated by unpolarized light as

C . 2xAnd
=, = -;,—sm“{r m;m—-uus f} (9

¢ = (i/16)cos’ (3 + 3sin’ @ g~ cox’ (4 4 3sin* 7)) (D)
For small angles of incidenee (« 20°). O~ 1 and 2,y ~ 30%. akin
to (ransmissive operation [1]. Note, 4 is the vacuun wavelength,
An is the birefringence. d is the prating thickness (Fig. 1), and &

A R

is the incident angle of light within the LC. Nearly il ineident
light is diffraeted inte the first-orders at e quarterwave condition
o = A4dAn). regardless of incident polarization, Note that an
applied voltage above the thieshold I, (ftvp. ~2 VY reduces An,
redirecting ingident light imto the zero-order. Both the tirst- and
zero-orders can thetefore be modulated between ~0% to ~100%
for wupelurized fight over a range of incident angles and 2,

i Reflective LCPG Fabrication

Prior work an LCPGs has been sofely focused (o onr knowledye)
on trgnsmissive substrates 1109, 10), Here we report anr suecess
in producing execllent quality LCPGs en Al mirrors and good
guality gratings on reflective Sihackplanes. Reflective fbricaion
is far more diffientt than on transmissive substrates becanse the
reflection of the holographic recording beams  corrupts the
interference throughoant the recording volume {e.g. the intensity
within the polarization hologram no longer remains constant).
Theretore, our approach involves removing the rellection of the
nitravioler (UV) recording benms frem the subsimte using a UV
absorbing Taver, while otherwise following standard fabrication
proveduere {1, 9]

Fabrication invelves the foilowing basic steps: (1) The reflective
subsirne and 1TO-glass (Defta Technologivs) are eleaned with
methanol: {2) The reflective substrate is spin-costed with a UV
absorbing material (Le. W1 wirwt mix ol Wide 158 (Brewer
Seivnee) und 2-2°-dibydroxyhenzophenone (Sigma-Aldnich)) at
6000 rpm for 60 s, followed by posi-buke on a hotplate at
LLO®Cy (3 Both substrates are coated with 2 photo-aligmmem
maerial f13]7 ROP-103-2CP (Rolic). ot 3000 spm for 43«
followed by the standard post-bake: (4) Snbstrates e joined
wgether. where the eell gap is maintined with 1.1 pm silica
spacers (Dana Enterpriscs) dispersed  within the  glue seal
(Morkand): {5} The assembly is then exposed ot UV pokarization
hotogram frem a He(d faser (323 nim). with orthogonal cirentardy
polarized beams (dose ~ 0.5 Jrem™) at grating perind A - 2.6 pm
{i.c. 14° diffinetion angle @ 2 = 632 mpy: (6} Finally, the nematic
liquid crystal MDA-06-177 (Muerek. An = 0,143, Ty 100°C ) was
filied 2t roum temperature, and anneated 2 120°C for 5 min. The
reflective substrate consisted of either an Al nuirror (Edmund
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Optics)., or a 236x256 pixcl 8i backplane (24 pm pixed
width/height, Boulder Nonlinear Systems). In alf cases, exeellent
quality prativgs were formed with low seartering (< 1%).

4, Results

We will first consider results from LOCPGs formed an Al mirrors,
wherein we expeet our best resulis sinee the refleetive substrate is
uniform (i.¢. no wpography ar structure to influence the hologram
formation or degrade diffiaetive behavior). Several definitions
will be helpful as we characterize the inberent properties of
LCPGs: (1) graving efficioney i =L/ (o Ly + v Fy ) isa
pormalized term that deseribes the inherent diftraction behavior of
the LCPG layer alone. and is directly comparable 10 Lq. (15 (7D
wital first-arder reflectance R = (I + 10} ¢ Ty is a true (un-
narmatized) measure inchuding al substrate, interface. and grating
clfeets: and (i) full-on-full-ofT contrast ratio. defined as fyy ¢
Lose. In each of these. £, is the measured intensity of the a™
reflected diffraction order. A is the incident intensity, and fogam
is the maximum/ninimom tatal first-order incident iensity,
Electro-optic measurcinents on mirrar-substrates involved a4 kHz
square wave {with zero DC bias), while these for the microdisplay
emptoyed a 120 Hz sub-frame (field) rate.

4.1 Reflective LCPGs On Mirrors

The veltage response of a reflective LCPG (A=2.510n. =1, 4m)
farmed on an Al mirror is shown in Fig. 2a. The grating cfficiency
and reflectance (of the first-orders) was measured with a HelNe laser
(633 nm) and with unpolarized LEDs (callimated for this
muasurement fo ahout 4%, We observe that the LCPG diffracied
the laser with g, =94%. appreciably near the 100% theoretical
value. Perhaps more prominently. the red LED produced a high
pesk cfficicney £4,,=85% and reflectance R=T5% a1t 2.4V (with
slightly lower values for green and blue LEDs). These losses arc
predominantly duc (o air-glss interface and clectrade-absorption
losses. Crucially. this refleetance is significantdy higher than any
reflective  LC microdisplay (e, VAN-mede) that comploys
pakirizers. As expeeted, the applicd voltage reduced the diffraction,

The dynumic response was also measured, where 2 sub-ms tatal

switching times are typical [4). clearly caabling ficld-sequential- 1000
color operation. Fig, 2b shows the rise and fall times (10%-90% {c)
trensitions) of the LCPG switching from OV to the indicated 800}

spplicd voltage, While the overall speed (< 800 psh) of this
nematic 1.C eonfiguration is cumparably Fasi. the general trend is
similar 10 other LC modes: rise-time is swrongly dependent en
voltage, while {fll-time is roughly constunt.

As ean he dedueed from Fig 2u, (he dark stae resulis from a high
voltage (L. a drive-to-black configuration), and is crucially
dependent on the interaction between the applicd voltage and the
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surface anchoring strength. The contrast measnred an tweo of our 200
best samples {A=4.0pm. =1.6pam, MLC-12100-000} {5 shown in Jng;_ b
Fig. 2¢. slong with the typical range valnes, We observed that for 0"

at least some of our samples. contrasts approaciing 1000:1 are
possible at medest operating valtages of ~22 V. Note thal we are
currently focusing our toaterials optimization cfirt oo higher
contrast at lower voliages with small grating periods (£2.5pum).

4,2 Reflective LCPG Microdisplay

The voliage response of a reflective LEPG (A=2.6pm, d=1.dpm)
formed on a 256x256 pixet Si backplane is shown in g, 3. The
graging cificicncy behavior is substantially similar to Fig. 2
{<80%). with maxima that arc only slightly lower, implying that a

5 10 15 20
Voltage (Vrms)
Figure 2 - Electro-optic behavior of Reflective LCPGs
formed on Al mirrors: Voltage response (a) of grating
cfficicney and reficctance (inset); (b} Sub-ms witching times;
and () Contrast ratio of the first-order diffraction of & HeNe
lascr (633 nm). (For parts {a) & (h), A= 2.5 un and o = 1.4
num, and in part {c), A=40 pmand d= 1.6 pm)
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Figure 3 ~ Electro-optic hehavior of LCPG micrudisplay
(256x256): Voltage responsc of the fficiency and reflectance.
(A=20umand 4= 1.4 gn1)

goud guality grating was alsa created on the pixilated backplane.
We note. however, that the peak reflectanee in this ease overall is
lower (~50%). which we attribute 1o severl cffects: a lower
overalt reflectanee of the pixel mirror, e loss agsociated with the
pixel fili-facior, and any diffractive voupling between the pixel.
array and the LOPG iself, While we do nat Tully onderstand this
currently. we continue to inveatigate this. It is impuartant w0 nowe
that tee switching times are cssentially identical W Fig, 2b.

4.3 Prototype Projector

Sinee the LCPG mivradisplay reflects the wera- and Arst-order
with ~14% separtion. we can implement a pokrizer-free prajector
{Fig. Tc and Tabie 1) as a proot-uf-principle, We cimpluy (Fig, 4a)
an LED light source (~90 1m at ~8.3 W, Goldeneve Inc) with
simple opties and nse ficld-sequential-color. Nute the extreme
simplicity of the optical “guis® uf the prajector. with anly a few
lenses and a fold-mirrar (serving alsa as the aperture stap). An
actual iimage i+ also shown in Fig. 4h. This admitied!y sub-uptiina!
prajector platform neverthebess suppurts video (120 Hz feld-rate),
presents good color satration (bhy eye), sends ~15 tm to the
gereen, manifests 50;1 contrast for the red LED (within the 13V
capahility), and has an overatl efficacy ul' - 1.8 VW, 1t is clear
that wnost of the losses and the poor cuntrast are due ta unguitahle
lens chuices and alignment, and we actively cuntinue ta improve
b this toward a goal of > 8 ho/W aud muoch higher contrast,

s, Conclusion

We have developed a polurization-independent, diffractive. LC
wicrodisplay on a retlective silicun backplane. and implemented o
prototype projection system with an LED light souree nsing ficld-
sequentisl-calor. The appraach vambines the law cast of o single
ECu8 panet and the high cfficiency of DLP™, and the weehnulogy
enahles wlira-portable, low-power, cwinpaet projection displays,
While several competing “Pucket Projector™ approaches are
enterging. our wicredisplay technolugy represents a dramatic
potential advantage with respect ta cost, gimplicity, and powet
savingg., Furthermore, heeasuse the technalogy s wealable in
resolution, front-projecturs are lso ae attractive applicatiun,
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Figure 4 - Polarizer-frec projector prototype hased on
LCPGs: (3) Photo of the simple projector system, with three
lenses, a fold-mirror. LEDs, and projection lens: and (h) A
projected image (from “lec Age 2 movie, 20th Century Fox).
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