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(57) Abstract: A lightguide optical element (LO!

<) configured for pol

rization scrambling 1s provided. The LOE includes a transparent

substrate having a first refractive index, the substrate having a pair of parallel external surfaces configured to propagate light within
the LOE through total internal reflection (T!R), and a plurality of mutually parallel partially reflective internal surfaces, those being
non-parallel to the pair of parallel external surfaces and configured to couple out said light to a viewer. The LOE further includes a
first coating on at least one external surface of the substrate, the first coating being of a coating material having a second refractive
LOE further includes an antireflective (AR) coating on at least one external surface

index higher than the first refractive index; The
of the substrate over the first coating.
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LIGHTGUIDE OPTICAL ELEMENT FOR POLARIZATION SCRAMBLING

FRCHNICAL FIELD

the presently disclosed subject matter relates to a lightguide optical element, and, more

particularly, to a ightguide optical element contigured for polanization scrambling.

BACKGROUND

The present mvention relates to hight-guide compact collimating optical devices (1LCCDs)
and {o optical systerns which include one or more of these devices. The term “hght-guide” refers
to any hight-transmitting body, preferably light-transmitting, solid bodies, also known as optical
substrates. One of the important applications {or compact optical devices 15 1n the field of Head
Mounted Dispiays (HMD), wherein an optical module serves both as a reflecting optical element
and a combiner, in which a two-dimensional mmage 1 1maged to mbtinity and refiected nto the
eve of an observer. The image can be obtained directly from a spatial hight modulator (S1L.M),
such as a cathode ray tube (CRT), a hawnd crystal display (1LLCD), hguid crystal on sibicone
(LCOS) module, an organic hght emitting diode array (OLED), micro-LED a scanning source or
siratdar devices, or mdirectly, by means of a relay lens or an optical fiber bundie. The smage
comprises an array of elements (pixels) imaged (o mhinity by a collimating lens and transmutted
into the eve of the viewer by means of a retlecting or partially retlecting surface acting as a
combiner for non-see-through and see-through applications, respectively. Typically, a
conventional, free-space optical module 15 used for these purposes. This optical module will be

referred to heremn as a Lightguwide Optical BElement ("LOE").

Typically, the LOE is positioned in tront of the viewer's eye. A collimated beam of light
rays entering the LOE is reflected between the parallel surtaces by total mternal reflection

(“TIR”). Coated facets partially retlect the rays towards the viewer’s eye.

Typically, the hight entening the LOE 15 etther S-polarized or P-polarized. The coatings on
the tacets reflect light having the same polarization state. Since there 1s only one polarization
state mmvolved, the TIR reflection will maintain this polarization state. However, i applications

where the light entering the LOE 15 unpolanzed, every TIR reflection causes a phase shift which

-"L‘
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will change the polarization state of some of the rays. This in turn can lead to a corresponding

change in the amount of light retlected by the facets, which 1s undesirable.

GENERAL DESCRIPTION

According to one aspect of the presently disclosed subject matter there 15 provided a
lightguide optical element (LOR) contigured for polarization scrambling including: a transparent
substrate having a tirst refractive index, the substrate including a pair of parallel external
surfaces configured (o propagate hight within the LOE through total internal reflection (TIR), and
a plurality of mutually paraliel partially retlective internal surfaces, the plurality of mutually
paraliel partially reflective internal surfaces being non-paraliel to the pair of parallel external
surtaces and configured to couple out the hght to a viewer; a first coating having a thickness
between 100nm and 10 microns on at least one external surtace of the substrate, the first coating
including a coating material having a second refractive index higher than the fhirst refractive
index; and an antireflective (AR coating on at least one external surtace of the substrate over the

first coating.

in some embodiments the first coating s contigured o increase a phase shift between s-
polarized and p-polarized components of light incident at angles above a TIR cutott angle for the

substrate, the light having a wavelength between 400nm and [ 300nm.

in some emmbodiments the AR coafing 1s configured to reduce or ehmunate retlections of

light entering the LOE at angles of incidence between 0° and 50°.

In some embodirnents the AR coating 18 configured to reduce retlections of light entening

the LOE at predetermined angles to between 0.3% and 10% retlected light.

In some embodiments the first coating includes a high index dielectric maternal.

in some embodiments the first coating includes a matenial selected from the group

consisting of 110, S13Ny and ZnS.

in some embodiments the AR coating includes one or more layers of at least one coating

material selected from the group consisting of 510,, HiO,, T10,, Mgl, and Al,(Us.

&
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in some embodiments the AR coating mncludes one or more layers of at least one material

having a refractive index in the range of 1.35 to 2.5.

BRIE DESCURIPTION OF THE DRAWINGS

In order to understand the mvention and (0 see how it can be carried out in practice,
embodiments will be described, by way of non-limiting examples, with reference to the

accompanying drawings, in which:

Fig. 1 illustrates a generalized schematic diagram of a LOE according to the prior art;

Fig. 2 illustrates a generahized schematic diagram of an LOE according to certam

embodiments of the presently disclosed subject matter;

Fig., 3 illustrates a graph showing an example of a phase shifting performance of one

surface of the LOE without the polarization scrambling coating;
Kig. 4a 1llustrates a graph showing the high spectral peaks of RGEB hght;
Fig. 4b illustrates a graph showing the high spectral peaks of whate hight;

Fig. 3 illustrates a graph showing an example of a spectral differential phase shift

performance of a polarization scrambling coating applied to a substrate;

Fig. 6 illustrates a graph showing reflective properties of an exemplary polarization

scrambiling coating without an AR coating at normal incidence:

Fig. 7a illustrates a graph showing an example of a differential phase shift on retlection

of light refiected by an LOE surface for rays in TIR;

‘i1g. 7b illustrates a graph showing examples of differential phase shift on reflection for a

variety of different angles 1 the 'TIR region:

Fig. & tllustrates a graph showing an example of reflections at normal ncidence with the

polarization scrambling coating and AR coating;
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Fig. 9 illustrates a graph showing an example of reflections of the polarization

scrambling coating applied between the substrate and a metallic coating:
Fig. 16 1llustrates an embodiment of display system with two waveguides; and

Fig. 11 ilustrates another embodiment of an LOE according to the present invention.

DETALILED DESCURIPTION

in the following detalled description, numerous specitic details are set forth 1o order to
provide a thorough understanding of the mvention. However, it will be understood by those
skilled in the art that the presently disclosed subject matter way be practiced without these
spectiic detarls. In other mnstances, well-known methods, procedures, and components have not

been described 1n detail so as not to obscure the presently disclosed subject matter.

As used herein, the term "phase shift refers to the difterence between the phase of the 5-

polarized ravs and P-polarized rays.

Bearing this 1 mund, attention 1s drawn to ¥ig. 1 illustrating a generalized schematic
diagram of a LOE according to the prior art. The LOE comprises a substrate 34 that has a pair of
parallel external surfaces 26, 27, and a non-parallel set of mutually paraliel partially reflective
internal surfaces ("facets”) 22. The partially reflective property of facets 22 15 achieved via a
coating applied to the facets. Light rays 18 representing an 1mage 1s coupled 1nto the LOE and

propagates within the LOE via TIR between surfaces 26, 27, and are eventually retlected out by

facets 22 towards the eve 24 of a viewer.

g, 2 illustrates a generalized schematic diagram of an LOBE according to certamn
embodiments of the presently disclosed subject matter. In this case, the LOE 1s intended to
receive and couple out unpolarized light. As in the prior art LOE’s, the LOE of the present
invention 1s comprised of a transparent substrate 34 having a refractive index {denoted herein as
“n’y higher than air. The substrate comprises a pair of parallel extermal surfaces 26, 27
conhigured to propagate hight within the LOE through TIR. Suabstrate 34 further comprises a

plurality of mutually parallel partially reflective mnternal surfaces (Mlacets”) 22 configured (o
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couple out the light to a viewer. The facets are non-paraliel to the external surfaces 26, 27. For

exampie, they may be mclined relative (o the pair of external surfaces.

tThe LOE turther includes a polarization scrambling coating 42 applied to at least one of
surtaces 26, 27. Coating 42 1s comprised of a coating material having a refractive index, which
15 higher than the first refractive index of substrate 34. The polarization scrambling coating 42 1s
applied to at least one of the external surfaces 26, 27, or a portion thereot, in a thickness greater
than 100nm and up to about 10 microns. In some cases, the polanzation scrambling coating 42
can be applied to both paraliel external surfaces. The polarization scrambling coating 42 applied
to the external surfaces of the substrate increases the phase ditference slope between the S-
polarized and P-polarized hight rays entering the substrate and refiecting off the inside of the
external coated surtace. This is for angles of incidence above the Total Internal Retlection (TIR)
angle. The phase ditference slope 1s the amount of change of the phase shift difterence for a

small change of the wavelength.

Polarization scrambling coating 42 can be selected according to predetermined design
requirements based on the expected range of wavelengths of light entering the LOE and the
expected range of angles at which the light will enter, for instance angles in the TIR region above
42° tor BK7 glass. After a tew retlections, the S-polarized light and P-polarized light
propagating within the LOE will become greatly phase shifted with respect to one another,
essentially maintaining the hight rays’ unpolarized state. According to this tnvention, the facets
22 within the LOE are also coated with a partially retlective coating designed for unpolanzed

light. These coated facets retiect the unpolarized light towards the viewer as designed.

-

In exemplary embodiments, polanization scrarnbling coating 42 18 applied in a thickness
of between 300nm — 10000nm, and more preferably between 300nm — 30000m, and even more

preferably between 300nm — 1000nm.

Prefterably, polarization scrambling coating 42 is comprised of a high index dielectric
material such as 110, (n = 2.2-2.43), SusMNy, (n = 2.0}, Zns (n = 2.2-2.4} or suitable equivalents.
By “high index’” 1t 1s meant a refractive index higher than of the substrate and preferably at least

2. Preferably, coating 42 is configured to increase the phase shift slope of light having a

{37
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wavelength between 400nm and 1300nm, and more preferably between 40Unm and 7530nm, upon

retlection off of an external surface of the substrate.

the LOE turther includes an anti-reflective {(AR) coating 44 applied to at least one
external surface of the substrate on top of coating 42. The AR coating 44 applied on top of the
polarization scrambling coating 42 reduces or eliminates retlections of hight entering the LOE at
given angles, thus providing for high transmittance of these light rays and allowing the viewer o
see the outside world through the LOE. In an exemplary embodiment, the AR coating 1s
contigured to reduce or elimminate reflections of light rays hitting the surface at substantially
“normal’ incidence angles, e.g. angles i the range of ° 50°. Preferably the AR coating
reduces reflections of light entering the LOE at predeterrmined angles (o between 0.3% and 10%

reflected hght.

it should be noted that the polarization scrambling coating 42 mcreases the reflections of
the substrate at normal meidence from about 3% (for a substrate with n = 1.6) to about 18%
average in the visible spectrurn (430nm-66Unm). Thus, the AR coating 44 is required to reduce
the reflection and also to mamntain the depolanzation properties induced by the polarnzation

scrambling coating 42, These requirements increase the design complexity of the AR coating 44.

Preterably, AR coating 44 1s comprised of lavers of coating materials having a refractive
index in the range of 1.35 to 2.5, Preterably, the coating mncludes one or more hgh refractive
index materials, one or more low refractive ndex materials, and one or more medwum (1.e.
between the high and the low) refractive ndex materials. In exemplary embodiments, AR
coating 44 can be comprised of layers of one or more of $S1( (n = 1.45-1.47), HiQ, (n = 2.0-

2.1y, Ti0s (n = 2.2-2.43), Mgh» (n = 1.35-1.37) and/or Al,Os (= 1.63-1.68).

It should be noted that Fg. 2 1s not drawn to scale, and in reahity the thickness of

substrate 34 is typically several orders of magnitude greater than that of coatings 42, 44.

Fig. 3 illustrates a graph showing the phase shift performance of an LOE without the
polarization scrambling coating. In this case, the LOE is made from of 5-TIMS glass {(n = 1.596)
without coating 42 apphed to the external surfaces. As shown, the phase shift is nearly constant

for all wavelengths 1n the visible spectrum. This 15 undesirable, as will be described below.

&
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Yypically, the light entering the LOE is either from a RGB LED or white LED. Fig. 4a
illustrates a graph showing the high spectral peaks of RGEB light, where the phase shift siope
enhancements should preferably occur. Fig. 4b illustrates a graph showing the high spectral

peaks of white light, where the phase shift slope enhancements should preferably occur.

Fig. 5 illustrates a graph showing an exampile of the phase shift caused by polarization
scrambiing coating 42 applhied to a substrate 1n reference to the spectral peaks of a RGB LED
light. In this case, the coating 42 is comprised of 1T10,, and was applied to a substrate 34 made
of $-TIMZ glass. Fig. > shows the results of two different thicknesses of coating 42, 1.e. 300nm
and 1000nm, respectively. As shown in Fig. 5, as the thickness of the laver is increased, the
siope of the phase change in the visible wavelengths becomes larger. The spectral areas where
the highest depolarization and slope should take place are indicated by dashed sguares, and

correspond to the spectral peaks of RGE LELD.

As shown in Fig. >, a small change n the wavelength of the light entering the LOE
produces a large change in the phase shift. This i1s compared to the spectral range of the LED
ermission that tiuminates the system. 'The polarization scrambling coating 42 causes different
degrees of phase shift to parts of the narrow spectral peaks (at =42Unm, ~5380nm and ~640nm for
the RGB LED, and ~443nm for the white LED). Since the human eve integrates the intensity of
the light of close wavelengths, this effect i1s comparable to viewing unpolarized light. the
depolarization after the reflection 1s partial. Since the light s reflected by the external surfaces
multiple times before being retlected by the facets 22, the accumulated depolarization of the light

rays 1s relatively high.

Fig. & illustrates a graph showing retlective properties of an exemplary polarnization
scrambling coating 42 without an AR coating 44, In this case, coating 42 was applied at two
different layer thicknesses, 3U0nm and 1000nm, respectively. As shown, coating 42 tends to be
highly retlective {average of about 20% per side 1 the visible wavelengths), causing undesirable

attenuation of the view of the outside worid through the LOE.

Fig. 7a illustrates a graph showing an example of a differential phase shift on retlection

of light entering a LOE of the present mvention. in this case, the substrate is coated with a
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polarization scrambling coating 42 comprised of a thick Ti{(J; layer, and an AR coating 44 on top
of the polarization scrambhng coating. The graph shows differential phase shitt on retlection of
light entering the LOE at angles of incidence of 55 degrees, in the visible wavelengths, for two

different thicknesses of coating 42, 1.€. 30Unm and 1000nm, respectively.

Fig. 7o illustrates a graph showing the phase shift on reflection using the same coatings
as i Fig, 7a, with coating 42 applied in a thickness of 1000nm, for a variety of difterent angles

in the TIR region.

Fig. & tllustrates reflections at normal incidence of a coating of consisting of layers of
coating 42 (300nm and 1000nm Ti02 layer thicknesses) and coating 44 as in Fig. 7a at different
wavelengths in the visible spectrum. As shown in Fig. 8, this coating performs as an AR coating
at small angles, where it 1s apparent that the reflection is greatly reduced compared to ¥Fig. 6
{from about 18% average in the visible spectrum to about 4% ). Using different designs and layer

material this reflection can be reduced even lower.

it should be noted that the thickness of coating 42 need not be 1dentical for both external
surfaces. Rather, ditferent thicknesses of coating 42 could be applied to the ditferent surfaces in
in order to give each side of the LOE different siopes of phase change for any spectral region.
For example if on one side the LOE has a small slope of phase change for a certain wavelength,
the coating on the other side may randomly fall on a large slope of phase change, where the

accumuiated phase shift will be large.

Neediess to say, 1t an wcomang bearn of hght 1s polarized parallel or perpendicular to the

tacets 22, the coating 42 will have no etfect on the phase of the beam.

As stated above, the polarization scrambhing coating 42 can be applied to only a portion

of one or both external surfaces, mstead of the entire surtace.

In some cases, 1t may be desirable for the LOE to be coated on one external surface, or a
portion thereof, with a metallic coating. In that case, the polarization scrambling coating 42 can
be added between the substrate and the metallic laver, which will increase the phase shift change

over the spectral region.
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Fig. 9 illustrates a graph showing an example of reflections of the polarization
scrambling coating 42 applhied between the substrate and a metallic coating. The graph shows
reflections of hight at a 35° angle of mcidence, at different wavelengths in the visible spectrum.
The graph demonstrates the phase shift siopes without the polarization scrambling coating 42, as

well as with layer 42 at different thicknesses, 300nm and 1000nm.

it should be noted that 1 some cases, the rays entering the LOE may not be m the same
plane of the drawing, 1.e. entening the LOE at another three dimensional angle. In thas case even
if the bearn 1s polarized, 1t will not be polarized in reference (o the TIR planes. Therelore, 1t will

change the polarization state of the reflected bearn and can be treated as unpolarized light.

Fig. 19 illostrates a display systemn having two LOEs, in which the beam 18 reflected from
one LOE at an arbitrary angle to the second LOE. This retlection mitroduces a phase shatt that
will therefore change the polanzation state of the beam 50 1t will not be polarized upon refiection
from the tacets. Here again, the coating 42 applied to the LOE surtace will make sure that the

reflection from the facets will not be dependent on the polanzation state of the beam.

Fig. 11 illustrates another embodiment of an LOE according to the present invention. In
this ernbodiment, the LOE 18 designed for light beams to enter at the center of the waveguide and
propagate towards each opposite end. In thas case, the mcomung beam travels through a
converging lens 6. Rays 641 and 64K pass through the LOE. The beams to the eve will either be
transmutted through the center facets, or will be retlected by the central facets and travel to the
side and retlected towards the eye by the other facets. Traveling from the central {acets to the
side facets, the rays encounter TIR from surfaces | and 2. Theretore, surfaces 1 and 2 should
also be coated with the polanization scrambling coating 42 (and optionally one or more layvers of
AR coating 44) for depolarizing the bearus, since the next reflecting facets are designed for
unpolarized light. Here again, the addition of AR lavers will ncrease the transmuttance of

surfaces 1 and 2.

It should be appreciated that embodiments of the presently descmbed LOE can be
implemented in a large number of imaging applications, such as head-mounted displays (HMDs)

and head-up displays (HUDs), cellular phones, compact displays, 3-I displays, compact beam
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expanders, as well as non-imaging applications, such as flat-panel indicators, compact

itluminators and scanneys.

it 1s to be understood that the mvention is not himited in s application to the details set
forth in the description contained herein or ilustrated in the drawings. The invention is capable
of other embodiments and of being practiced and carried out in various ways. Hence, it 1s to be
understood that the phraseoclogy and terminology employed herein are for the purpose of
description and should not be regarded as humiting. As such, those skilled in the art will
appreciate that the conception upon which this disciosure is based may readily be utilized as a
basis for designing other structures, methods, and systems for carrving out the several purposes

of the presently disclosed subject matier.

10
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CLAIMS

1. A lightguide optical element (1L.OE} configured tor polarization scrambling comprising:

a transparent substrate having a first refractive index, the substrate comprising a pair of
paraliel external surfaces configured to propagate hght within said LOE through total internal
reflection {TIR), and a plurahty of mutually parallel partially refiective internal surfaces, said
plurality of mutually parailel partially retlective internal surfaces being non-parallel to the pair of

paraliel external surfaces and configured to couple out said light to a viewer:

a first coating having a thickness between 10Unm and 10 microns on at least one external
suriace of the substrate, the first coating comprising a coating material having a second refractive

index higher than said first refractive index; and

an antiretlective {AR) coating on af least one external surface of the substrate over said

{irst coating.

2. The LOE of claim 1, wherein the first coating 1s configured to increase a phase shift between
s-polarized and p-polanized components of light mmcident at angles of above TIR having a

wavelength between 400nm and 1300nm.

3. The LOE of clasm [, wherein said AR coating 1s configured to reduce or ehminate retlections

of light entering the LOE at angles of incidence between 07 and 50°.

4. The LOE of claim 1, wherein said AR coating 1s configured to reduce reflections of light

entering the LOE at predeternuined angles {o between (0.3% and 10% retlected hight.

3. The LOE of claim 1, wherein said first coating comprises a high index dielectric material.

6. The LOE of claim 5, wherein said first coating comprises a matenal selected from the group

consisting of 110, S13Ny and ZnS.

7. The LOE of claim |, wheremn said AR coating comprises one or more layers of at least one

coating matenial selected from the group consisting of S103,, HIO,, Ty, Mgk, and AlOs.

’“*
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8. The LOE of claim 1, wherein said AR coating comprises one or more layers of at least one

material having a refractive index in the range of 1.35 to 2.5.

12
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Fig. 7a
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Fig. 8
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