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POLARIZATION!GRATINGS!
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Polariza.on#Gra.ngs#Act#Differently#
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Polariza3on!Gra3ngs!
(narrowband)!

Features:##
• #Periodic#Op.cal#Axis#formed#in#LCs#
• #Affects#the#Geometric#Phase##
#########(not#conven.onal#phase#or#Bragg)#
• #Polarizing#Beam#SpliIer##
##########(with#excellent#LCP/RCP)#
#
Theory!Predicts,!Exp!Confirmed:!
• #100%#singleKorder#diffrac.on#
• #Polariza.onKsensi.ve#1st#orders#
• #~#1000#lines/mm#and#smaller#
• #Wide#wavelength#tuning#(UV#to#MIR)#
#
!#A#novel#diffrac.ve#element,#with#the#best#
of#“thick”#and#“thin”#gra.ngs.#
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Substrate 
LPP 

Holographic#Polariza.on#Gra.ngs#in#LPP#and#LCs#

Basic!Procedure!
•  Record#Linear#Polariza.on#Gra.ng##

onto#PhotoKAlignment#Layer#(e.g.#Rolic#LPP)#
•  Coat#with#liquid#crystal#monomer#mixture##

(e.g.##C3M#+#photoinits#+#surfactant#+#etc.)#
•  Polymerize#

opera3on!

Holographic 
Exposure 

Reactive Mesogen 
Mixture 

Eakin et al., Applied Physics Letters 85 (2004) 
Jones and Escuti, SID Digest 37, 1443 (2006) 
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(also)#Switchable#LC#PGs#
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Proper.es#of#PG#(narrowband)#

•  For#RCP/LCP:#

•  Calculated#using#C3M#as#
mesogen#

=>#First#maximum#occurs#at#
rela.vely#thin#layers##

Thickness = 1.7µm 
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Large#Area#PGs#

•  Ini.al#results,##
(ImagineOp.x#projects)#

•  13#cm#x#13#cm#aperture#

•  ~6#µm#period,#±0.01#µm#

•  Fabricated#both#VIS#&#NIR#
•  Wavefront#typically#beIer#
than#lambda/30#(RMS,#@#
633nm)#across#aperture#

•  Scales#to#20#cm#diameter#

Miskiewicz,#Escu.,#et#al.,#Proc%SPIE#8395#(2012)#
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CREATING!THE!PATTERN!
A#kind#of#holography…#
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Fabrica.on#Approach#1#(Interference)#

•  Many#holographic#methods#are#well#known#in#
prior#art,#some#beIer#than#others#

3/14, LC Polzn Wksp 10 



Fabrica.on#Approach#2#(scanning)#
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The%Howlographer%

•  LPP#can#be#exposed#mul.ple#.mes#
–  Different#polariza.ons#

–  Different#fluences#

•  LC#response#is#nonKtrivial#

•  Prior#modeling#is#inadequate#

#

•  System#for#CGH#recording#

•  325#nm#UV#laser#

•  Degrees#of#freedom#
–  XY#Transla.on#
–  Polariza.on#Angle#
–  Power#
–  Beam#size#

#

%
#

[1]%M.%N.%Miskiewicz%and%M.%J.%Escu@.%DirectCWri@ng%of%Complex%Liquid%Crystal%PaLerns.%Opt.%Express.%2014.%(in%press)%%
%



Scanning#Posi.on#

•  Constant#speed#
within#scan#

•  Vary#from#line#to#
line#

•  (here)#
Straight#lines,#
ver.cal#&#
horizontal#

4/13, ACS (Poly) 12 

Faster#=##
Lower#Fluence#

Slower#=##
Higher#Fluence#



Scanning#both#Posi.on#&#Polariza.on##

•  Steady#velocity#
•  Steady#rota.on#
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Scanning#both#Posi.on#&#Polariza.on##

•  Varied#ra.o#of#
speed#:#rota.on#

•  (here)#
Straight#lines#

•  Minimum#period#
before#defects#
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Slower#Rota.on#
=#Larger#Period#

Faster#Rota.on#
=#Smaller#Period#

(25#µm)#



System#Descrip.on#
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The%Howlographer%

•  LC#aligns#to#fluenceKweighted#average#polariza.on#angle#
•  LC#aligns#well#only#if#the#fluence#and#DOLP#are#high#enough#

Howlographer% LPP% LC%



Fluence#Dependence#
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Orienta.on#Averaging#(i.e.,#DOLP)#
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Smooth#Profiles,#SubKBeam#Features!##
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Ideal#Polariza.on#Gra.ng#Profile#
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Op.miza.on#for#qKplate#(q=4)#
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The%Howlographer%

Fluence# DOLP# |A|#
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Capabili.es#

•  Spa.al#resolu.on:#
– Accuracy:#10#nm#(?)#
across#200#mm#

•  Phase#slope:#
– ~0.5#wave/µm#

•  Discrete#boundaries:#
– Down#to#1#µm#
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The%Howlographer%

[1]%M.%N.%Miskiewicz%and%M.%J.%Escu@.%DirectCWri@ng%of%Complex%Liquid%Crystal%PaLerns.%Opt.%Express.%2014.%(in%press)%%
%

X#pol# ||#pol#



Coronagraph#Telescopes#

•  Instrument#to#block#
light#from#bright#star#
while#resolving#
objects#nearby#

•  Key#for#studying:#
– our#Sun’s#corona#
– comets#

– exoQplanets!

Images#from#wikipedia.com#and#nikon.com#
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More#generally:#Apodizing#Phase#Plate#
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Apodising Phase Plate (Map in Radians)
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For#Finding#ExoKPlanets#(U#Leiden)#
Snik,#et#al.,#SPIE%Proc#8450!(2012)#

Grayscale#=#Black#(–π#rad)#to#White#(+π#rad)#

Ideal!Phase!(target)! Measured!Experimental!Phase!
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For#Finding#ExoKPlanets#(U#Leiden)#
Snik,#et#al.,#SPIE%Proc#8450!(2012)#
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MULTIQTWIST!RETARDERS!
i.e.,!BETTER!“WAVEPLATES”!

BeIer#retarda.on#control#
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Prior#Achroma.c#Retarders#

•  (a)K(d)#mul.ple#homogenous#plates#

•  (e)K(f)#mul.ple#twisted#LC#plates,#but#each#discrete#

d1 d2
d1 d2

d1 d2 d3

d1 d2 d3 d4 d5

∆n 2
∆n 1

(a) (b) (c) (d)

(e) (f)

φ1 φ2
φ1 φ2 φ3

φ1 φ2 φ3 φ4 φ5
d1, φ1, φ2 d1, φ1, φ2 d2, φ3, φ4d3, φ4, φ5d2, φ3
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Mul.KTwist#Retarder#(MTR)#Concept#

•  Key#features:#
–  Single#substrate#and#alignment#layer#

–  Monolithic,#selfKaligning#

•  Degrees#of#freedom#
–  Tailorable#for#*any*#retarda.on#spectrum,#constant#or#not#

φ2 φMφ1φ0

d1 d2 dM

Si(λ) So(λ)su
bs

tra
te
M twisted

birefringent
layersali

gn
m
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r

alignment layer
processing

LCP coating
(m = 1)

repeat LCP coating,
curing (m ≥ 2)

final structure(UV) photo-
polymerization

Komanduri,#Escu.,#et#al.,#Opt.%Exp.%21,#404#(2013).#
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2TR#QuarterKWave#

•  E.g.,#covers#RGB#wavelengths#
•  Bandwidth#of#~37%#(=Δλ/λ0)#
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3TR#QuarterKWave#

•  E.g.,#covers#full#VIS#wavelengths#
•  Bandwidth#of#~75%#(=Δλ/λ0)#

(a)

φ2φ1φ0

d1 d2

φ3

d3

(b)

S1
S2

S3

m=2

m=3

m=1

(c)

Or
ien

ta
tio

n 
An

gle
 (°

)

Wavelength (nm)

(d)

Wavelength (nm)

Ou
tp

ut
 E

llip
tic

ity
 (−

)

400 500 600 700 8000.8

0.85

0.9

0.95

1

400 500 600 700 80041

43

45

47

49

(a) (b)

Ou
tp

ut
 S
3 (

−)

Re
ta

rd
at

ion
 ( °

)

400 500 600 700 8000.99

0.992

0.994

0.996

0.998

1

Wavelength (nm)
400 500 600 700 80080

85

90

95

100

Wavelength (nm)

Komanduri,#Escu.,#et#al.,#Opt.%Exp.%21,#404#(2013).#
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Achroma.c#Comparison#

•  VIS#&#IR#achroma.c#QW#and#HW#retarders,#
broader#and/or#precise#than#prior##
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Komanduri,#Escu.,#et#al.,#Opt.%Exp.%21,#404#(2013).#

3/14, LC Polzn Wksp 31 



Polariza.on#Gra.ngs#(broadband)#

•  Formed#w/#reac.ve#mesogens#(RMs),#forming#liquid#crystal#polymer#(LCP)#film#
•  Completely#dis.nct#alignment#mode#(not#Bragg#or#RamanKNath#gra.ng)#
•  Func.ons#as#an#extremely#efficient,#achroma.c#beam#spliIer#
•  56%#bandwidth#(vs#13%)#

Oh#and#Escu.,#Opt%LeL#33,#2287K2289#(2008).#
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PG#(Broadband)#
Oh#and#Escu.,#Opt%LeL#33,#2287K2289#(2008).#
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PG#(broadband)#
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Chroma.c#MTRs#

•  Opposite#of#
achroma.c#!##
Highly#chroma.c#
retarda.on#

•  Single#substrate#&#
alignment#step#

•  Mul.ple#layers#of#
liquid#crystals,#self#
aligning#
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3RD!“GOOD!IDEA”!
POLARIZATION!CONVERSION!SYSTEM!

Convert#unpolarized#light#to#polarized#w/#~90%#throughput#(single#pass)#
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PGKPCS#(90%#eff)#

•  ~#90%#(real)#conversion#from#unpolarized#
to#polarized#@#f/1.8#
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Kim,#Escu.,#et#al.,#Appl.%Opt.%51#(2012)#
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Gen3#PicoKProjector#(12 lm/W)#
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Summary#

•  Arbitrary#LPP,#LC#alignment#capability#(down#to#few#µm)!#

•  FollowKup#and#access#to#parts:#
–  North#Carolina#State#University#(me)#
–  And##

•  Key#Technology#Features:#
–  Arbitrary#wavefront#control#(phase)##
–  “Full”#spectral#control#
–  ~100%#efficiency#for#most#wavefronts#of#interest#
–  Large#area#op.cs#
–  Proximity#lithography#(copies#from#master)#
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Oct#2011#
Presiden.al#Early#
Career#Award#for#
Scien.sts#&#
Engineers##
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Cita.on:#Michael!J.!Escu3,#NC#State#University#
For#pioneering%research%in%innova@ve%liquidC
crystal%polariza@on%gra@ngs#and#strong#
dedica.on#to#the#educa.on#of#students#through#
collabora.ons#with#interna.onal#academic#
teams#and#industries,#and#for#ac.ve#outreach#in#
underserved#communi.es.#
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