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DIFFRACTIVE OPTICAL ELEMENTS WITH GRADED EDGES

BACKGROUND
[0001] Diffractive optical elements (DOEs) are optical elements with a periodic
structure which are commonly utilized in applications ranging from bio-technology,
material processing, sensing, and testing to technical optics and optical metrology. By
incorporating DOEs in an optical field of a laser or emissive display, for example, the
light’s “shape” can be controlled and changed flexibly according to application needs.
SUMMARY
[0002] In an optical system that includes a waveguide with multiple diffractive optical
elements (DOEs) incorporating diffraction gratings, light exiting a trailing edge of an
upstream DOE enters a leading edge of a downstream DOE in the waveguide. One or
more of the DOEs may include a leading and/or a trailing edge that have a graded profile.
At a graded trailing edge of an upstream DOE, grating height smoothly decreases from full
height to shallow height as a function of the proximity to the trailing edge. At a graded
leading edge of the downstream DOE, grating height smoothly increases from shallow
height to full height as a function of distance away from the leading edge. By reducing a
sharp boundary at the interface between the upstream and downstream DOEs, the graded
profiles applied to the DOE edges enable optical resolution to be maintained in the
waveguide while decreasing sensitivity to misalignment between the DOEs that may occur
during manufacturing.
[0003] This Summary is provided to introduce a selection of concepts in a simplified
form that are further described below in the Detailed Description. This Summary is not
intended to identify key features or essential features of the claimed subject matter, nor is
it intended to be used as an aid in determining the scope of the claimed subject matter.
Furthermore, the claimed subject matter is not limited to implementations that solve any or
all disadvantages noted in any part of this disclosure.
DESCRIPTION OF THE DRAWINGS
[0004] FIG 1 shows a block diagram of an illustrative near eye display system which
may incorporate the present diffractive optical elements (DOEs) with graded edges;
[0005] FIG 2 shows propagation of light in a waveguide by total internal reflection;
[0006] FIG 3 shows a view of an illustrative exit pupil expander;
[0007] FIG 4 shows a view of the illustrative exit pupil expander in which the exit

pupil is expanded along two directions;
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[0008] FIG 5 shows an illustrative arrangement of three DOEs;
[0009] FIG 6 shows a portion of an illustrative diffraction grating that has straight
gratings;
[0010] FIG 7 shows a portion of an illustrative diffraction grating that has slanted
gratings;
[0011] FIG 8 shows an illustrative gap height at an interface between two DOEs
disposed in a waveguide in an optical system;
[0012] FIG 9 shows an illustrative interface between leading and trailing edges of
respective DOEs in a waveguide and associated graded profiles;
[0013] FIG 10 shows illustrative dimensions of gratings having a graded profile at a
trailing edge of a DOE;
[0014] FIG 11 shows illustrative dimensions of gratings having a graded profile at a
leading edge of a DOE,;
[0015] FIG 12 shows an illustrative arrangement for DOE fabrication using a mask
that moves relative to a substrate;
[0016] FIG 13 shows an illustrative method;
[0017] FIG 14 is a pictorial view of an illustrative example of a virtual reality or
mixed reality head mounted display (HMD) device;
[0018] FIG 15 shows a block diagram of an illustrative example of a virtual reality or
mixed reality HMD device; and
[0019] FIG 16 shows a block diagram of an illustrative electronic device that
incorporates an exit pupil expander.
[0020] Like reference numerals indicate like elements in the drawings. Elements are
not drawn to scale unless otherwise indicated.

DETAILED DESCRIPTION
[0021] FIG 1 shows a block diagram of an illustrative near eye display system 100
which may incorporate the present diffractive optical elements (DOEs) with graded edges.
Near eye display systems are frequently used, for example, in head mounted display
(HMD) devices in industrial, commercial, and consumer applications. Other devices and
systems may also use DOEs having graded edges, as described below, and it is
emphasized that the near eye display system 100 is intended to be an example that is used
to illustrate various features and aspects, and the present DOEs are not necessarily limited

to near eye display systems.
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[0022] System 100 may include an imager 105 that works with an optical system 110
to deliver images as a virtual display to a user’s eye 115. The imager 105 may include, for
example, RGB (red, green, blue) light emitting diodes (LEDs), LCOS (liquid crystal on
silicon) devices, OLED (organic light emitting diode) arrays, MEMS (micro-electro
mechanical system) devices, or any other suitable displays or micro-displays operating in
transmission, reflection, or emission. The imager 105 may also include mirrors and other
components that enable a virtual display to be composed and provide one or more input
optical beams to the optical system. The optical system 110 can typically include
magnifying optics 120, pupil forming optics 125, and one or more waveguides 130.

[0023] In a near eye display system the imager does not actually shine the images on a
surface such as glass lenses to create the visual display for the user. This is not feasible
because the human eye cannot focus on something that is that close. Indeed, rather than
create a visible image on a surface, the near eye display system 100 uses the pupil forming
optics 125 to form a pupil and the eye 115 acts as the last element in the optical chain and
converts the light from the pupil into an image on the eye’s retina as a virtual display.
[0024] The waveguide 130 facilitates light transmission between the imager and the
eye. One or more waveguides can be utilized in the near eye display system because they
are transparent and because they are generally small and lightweight (which is desirable in
applications such as HMD devices where size and weight is generally sought to be
minimized for reasons of performance and user comfort). For example, the waveguide 130
can enable the imager 105 to be located out the way, for example, on the side of the head,
leaving only a relatively small, light, and transparent waveguide optical element in front of
the eyes. In one implementation, the waveguide 130 operates using a principle of total
internal reflection, as shown in FIG 2, so that light can be coupled among the various
optical elements in the system 100.

[0025] FIG 3 shows a view of an illustrative exit pupil expander (EPE) 305. EPE 305
receives an input optical beam from the imager 105 through magnifying optics 120 to
produce one or more output optical beams with expanded exit pupil in one or two
dimensions relative to the exit pupil of the imager (in general, the input may include more
than one optical beam which may be produced by separate sources). While the EPE 305 is
depicted as having a planar configuration, other shapes may also be utilized including, for
example, partially spherical shapes. The expanded exit pupil typically facilitates a virtual

display to be sufficiently sized to meet the various design requirements of a given optical
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system, such as image resolution, field of view, and the like, while enabling the imager
and associated components to be relatively light and compact.

[0026] The EPE 305 is configured, in this illustrative example, to support binocular
operation for both the left and right eyes (components which may be utilized for
stereoscopic operation such as scanning mirrors, lenses, filters, beam splitters, MEMS
devices, or the like are not shown in FIG 3 for sake of clarity in exposition). Accordingly,
the EPE 305 utilizes two out-coupling gratings, 310L and 310r that are supported on a
waveguide 330 and a central in-coupling grating 340. The in-coupling and out-coupling
gratings may be configured using multiple DOEs, as described in the illustrative example
below.

[0027] As shown in FIG 4, the EPE 305 may be configured to provide an expanded
exit pupil in two directions (i.e., along each of a first and second coordinate axis). As
shown, the exit pupil is expanded in both the vertical and horizontal directions. It may be
understood that the terms “direction,” “horizontal,” and “vertical” are used primarily to
establish relative orientations in the illustrative examples shown and described herein for
ease of description. These terms may be intuitive for a usage scenario in which the user of
the near eye display device is upright and forward facing, but less intuitive for other usage
scenarios. Accordingly, the listed terms are not to be construed to limit the scope of the
configurations (and usage scenarios therein) of the present DOEs with graded edges.
[0028] FIG 5 shows an illustrative arrangement of three DOEs that may be used as
part of a waveguide to provide in-coupling and expansion of the exit pupil in two
directions. Each DOE is an optical element comprising a periodic structure that can
modulate various properties of light in a periodic pattern such as the direction of optical
axis, optical path length, and the like. The first DOE, DOE 1 (indicated by reference
numeral 505), is configured to couple the beam from the imager into the waveguide. The
second DOE, DOE 2 (510), expands the exit pupil in a first direction along a first
coordinate axis, and the third DOE, DOE 3 (515), expands the exit pupil in a second
direction along a second coordinate axis and couples light out of the waveguide. The angle
p is a rotation angle between the periodic lines of DOE 2 and DOE 3 as shown. DOE 1
thus functions as an in-coupling grating and DOE 3 functions as an out-coupling grating
while expanding the pupil in one direction. DOE 2 may be viewed as an intermediate
grating that functions to couple light between the in-coupling and out-coupling gratings

while performing exit pupil expansion in the other direction. Using such intermediate
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grating may eliminate a need for conventional functionalities for exit pupil expansion in an
EPE such as collimating lenses.

[0029] As shown in FIGs 6 and 7, respectively, the DOEs 505, 510, and 515 can be
configured using straight (i.e., non-slanted) grating features 600 (typically referred to as
grating bars or simply “gratings”), that are formed in a substrate 605, or using slanted
grating features 700 formed in a substrate 705. The grating period is represented by d, the
grating height by h, bar width by c, and the filling factor by f. The slanted grating features
may be described by slant angles o and ow. In one exemplary embodiment, for the non-
graded portions of DOE 1, d=390 nm, ¢ = d/2, h =300 nm, ou = o2 = 250 degrees, f =
0.5c, and the refractive index of the substrate material is approximately 1.71. In other
implementations, ranges of suitable values may include d =250 nm - 450 nm, h =200 nm
-400 nm, f=0.3 - 0, and o1 =30 - 50 degrees, with refractive indices of 1.7to 1.9.

[0030] As discussed above, the DOE structures contain submicron features and the
optical wavelength in the waveguide is relatively small, for example, on the order of 250 -
400 nm. As a result, discontinuities between the surfaces of the DOEs can have a large
impact on optical resolution, for example, as measured by MTF (modulation transfer
function). As shown in FIG 8, a small gap height 805 at the interface between the DOEs
(as indicated by reference numeral 810) relative to the grating height can negatively impair
optical resolution. Such impairment may reduce the functionality of a near eye display
system in which the DOEs are used and/or result in vestibular discomfort for a near eye
system user in some cases. For example, a gap height of 5 nm can decrease optical
resolution by as much 50% in some cases. The grating features in a DOE can also behave
as aperture features which may introduce undesirable phase changes in the light as it
propagates between DOEs.

[0031] Accordingly, the manufacturing processes used for conventional DOEs
typically needs to be highly accurate so that nanometer level variations in grating height
do not occur. Such level of accuracy may imply that the measurement accuracy used for
characterization and quality control, for example, may need to be on the order of 0.5 nm.
Tools having such accuracy are generally unavailable in manufacturing environments,
particularly for volume production.

[0032] The DOEs 505, 510, and 515 with graded edges facilitate increased tolerance
for gap height mismatch in manufacturing while still maintaining a desired optical

resolution. For example, as shown in FIG 9, a graded profile 905 which maps grating
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height as a function of distance D may be applied to a trailing edge of a DOE (e.g., DOE
1). The trailing edge is at the end of the DOE at which propagating light exits the grating
and is indicated by reference numeral 910. The edge 910 may typically encompass some
portion of the DOE that is adjacent to the interface between the DOEs as shown in FIG 9.
At some transition point 912 upstream from the trailing edge, the grating height h is
decreased from a full height so that the grating becomes increasingly shallow (i.e., grating
height is reduced) as distance to the trailing edge decreases.

[0033] A representative portion of the DOE to which the graded profile 905 is applied
is shown in FIG 10. While slanted gratings are shown in FIG 10, it is emphasized that the
illustrated concepts are equally applicable to straight gratings. As shown, the height of
respective grating bars in the DOE is reduced to become more shallow in the direction of
propagation so that the m™ grating bar 1010 has a greater height than that of the n' grating
bar 1015. In some implementations, the height is reduced to zero or near zero at or near
the point of interface with the next DOE (e.g., DOE 2). That is, the gratings may become
so small that they transition into a smooth surface. However, non-zero values at or near
such interface may also be utilized in some implementations. While “near” is a relative
term, it will be appreciated that various values for the smallest grating height and its
location relative to the trailing edge may be utilized for a given implementation while still
achieving a target optical resolution and increased tolerance for height mismatch in
manufacturing. In addition, given that the heights discussed herein are in the submicron
range, terms such as “near zero” are used in recognition, as discussed above, that
characterization of very small grating heights is not generally possible using tools
available in a manufacturing environment.

[0034] The illustrative graded profile 905 applies an approximately linear curve to a
portion of a DOE at its trailing edge in which grating bars are smoothly reduced in height
in order to avoid any abrupt or sudden transition to the downstream DOE. However, non-
linear curves may also be used for the graded profile 905 in some implementations. For
example, the graded profile may be stepped so that groups of grating bars share the same
height, and a downstream group of grating bars have decreased height relative to an
upstream group. The particular upstream point of transition 912 in the DOE from full
height gratings to the decreasing height gratings (and accordingly, the slope of the graded
curve) can vary by implementation and may depend on target optical characteristics and

the configuration of the DOE including size and shape, and grating attributes such as
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height, refractive index, fill ratio, and configuration (i.e., whether straight or slanted
grating bars), for example.

[0035] Returning to FIG 9, a graded profile 915 may be applied to a leading edge of a
DOE (e.g., DOE 2) as indicated by reference numeral 920. The leading edge is located at
the end of the DOE at which propagating light enters the grating. At or near the leading
edge, or at some point upstream from the leading edge, the grating height h is increased
from shallow height to full height so that the grating becomes increasingly deep as the
distance away from the leading edge increases.

[0036] As with the graded profile 905, the graded profile 915 may be approximately
linear in typical implementations, but non-linear profiles may also by utilized in other
implementations. The particular downstream point of transition 922 in the DOE from
shallow to full height grating bars (and accordingly the slope of the graded curve) can vary
by implementation.

[0037] A representative portion of the DOE to which the graded profile 915 applied is
shown in FIG 11. While straight gratings are shown in FIG 11, it is emphasized that the
illustrated concepts are equally applicable to slanted gratings. As shown, the height of
respective gratings in the DOE is increased in the direction of propagation so that the n't
grating bar 1115 has a greater height than that of the m™ grating bar 1110. Typically, the
height is increased from zero or near zero at or near the point of interface with the
upstream DOE (e.g., DOE 1). However, non-zero starting values for grating height at or
near such interface may also be utilized in some implementations. For example, the
leading edge may include a smooth surface adjacent to the interface between the DOEs
that transitions to full height gratings, while in other implementations, the leading edge
can start with shallow gratings.

[0038] The graded profiles for respective leading and trailing edges of the DOEs may
be applied to both the transition between DOE 1 and DOE 2 (i.e., the in-coupling grating
and the intermediate grating that expands the exit pupil in the first direction) as well as the
transition between DOE 2 and DOE 3 (in which DOE 3 expands the exit pupil in the
second direction). However, in some implementations in which DOE 3 is configured as an
apodized grating (i.e., a grating in which the grating’s modulation index gradually
increases and then decreases along the length of the grating), portions or all of the grating
may already be sufficiently shallow to ensure a smooth transition from DOE 2 without

application of the graded profile.



10

15

20

25

30

WO 2017/003674 PCT/US2016/037460

[0039] FIG 12 shows an illustrative arrangement for DOE fabrication using a mask
1205 that moves relative to a photosensitive grating substrate 1210 within an enclosure
1215. A reactive ion etching plasma 1220 is used to adjust the thickness of the etching on
the grating substrate at various positions by moving the substrate relative to mask using,
for example, a computer-controller stepper functionality or other suitable control system.
In an illustrative example, the etching may be performed using a reactive ion beam etching
(RIBE). However, other variations of ion beam etching may be utilized in various
implementations including, for example, such as magnetron reactive ion etching (MRIE),
high density plasma etching (HDP), transformer coupled plasma etching (TCP),
inductively coupled plasma etching (ICP), and electron resonance plasma etching (ECR).
[0040] By controlling the exposure of the substrate to the plasma through the mask
aperture, grating depth can be varied as a function of position over the extent of the
substrate to thereby enable the above-described graded profiles to be incorporated on the
substrate. The resulting microstructure on the substrate may be replicated for mass
production in a lightweight polymer material using one of cast-and-cure, embossing,
compression molding, or compression injection molding, for example.

[0041] FIG 13 is a flowchart 13 of an illustrative method 1300. Unless specifically
stated, the methods or steps shown in the flowchart and described in the accompanying
text are not constrained to a particular order or sequence. In addition, some of the methods
or steps thereof can occur or be performed concurrently and not all the methods or steps
have to be performed in a given implementation depending on the requirements of such
implementation and some methods or steps may be optionally utilized.

[0042] In step 1305, light is received at an in-coupling DOE. The in-coupling grating
is disposed in an EPE and is configured with a graded trailing edge, as described above, on
which full height gratings smoothly transition to a smooth surface near the interface with
the downstream intermediate DOE that is disposed in the EPE. In step 1310, the exit pupil
of the received light is expanded along a first coordinate axis in the intermediate DOE.
The intermediate DOE is configured with a graded leading edge on which a smooth
surface near the interface smoothly transitions to full height gratings.

[0043] In step 1315, the exit pupil is expanded in an out-coupling DOE which outputs
light with an expanded exit pupil relative to the received light at the in-coupling DOE
along the first and second coordinate axes in step 1320. The intermediate DOE is
configured with a graded trailing edge on which full height gratings smoothly transition to

a smooth surface near the interface with the downstream out-coupling DOE. In some
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implementations, the out-coupling DOE may also be configured with a graded leading
edge that receives light coupled from the intermediate DOE. In other implementations, the
out-coupling may be apodized and have sufficiently shallow gratings that application of a
graded profile to its leading edge may be unnecessary.

[0044] DOEs with graded edges may be incorporated into a display system that is
utilized in a virtual or mixed reality display device. Such device may take any suitable
form, including but not limited to near-eye devices such as an HMD device. A see-through
display may be used in some implementations while an opaque (i.e., non-see-through)
display using a camera-based pass-through or outward facing sensor, for example, may be
used in other implementations. FIG 14 shows one particular illustrative example of a see-
through, mixed reality or virtual reality display system 1400, and FIG 15 shows a
functional block diagram of the system 1400. Display system 1400 comprises one or more
lenses 1402 that form a part of a see-through display subsystem 1404, such that images
may be displayed using lenses 1402 (e.g. using projection onto lenses 1402, one or more
waveguide systems incorporated into the lenses 1402, and/or in any other suitable
manner). Display system 1400 further comprises one or more outward-facing image
sensors 1406 configured to acquire images of a background scene and/or physical
environment being viewed by a user, and may include one or more microphones 1408
configured to detect sounds, such as voice commands from a user. Outward-facing image
sensors 1406 may include one or more depth sensors and/or one or more two-dimensional
image sensors. In alternative arrangements, as noted above, a mixed reality or virtual
reality display system, instead of incorporating a see-through display subsystem, may
display mixed reality or virtual reality images through a viewfinder mode for an outward-
facing image sensor.

[0045] The display system 1400 may further include a gaze detection subsystem 1410
configured for detecting a direction of gaze of each eye of a user or a direction or location
of focus, as described above. Gaze detection subsystem 1410 may be configured to
determine gaze directions of each of a user’s eyes in any suitable manner. For example, in
the illustrative example shown, a gaze detection subsystem 1410 includes one or more
glint sources 1412, such as infrared light sources, that are configured to cause a glint of
light to reflect from each eyeball of a user, and one or more image sensors 1414, such as
inward-facing sensors, that are configured to capture an image of each eyeball of the user.

Changes in the glints from the user’s eyeballs and/or a location of a user’s pupil, as
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determined from image data gathered using the image sensor(s) 1414, may be used to
determine a direction of gaze.

[0046] In addition, a location at which gaze lines projected from the user’s eyes
intersect the external display may be used to determine an object at which the user is
gazing (e.g. a displayed virtual object and/or real background object). Gaze detection
subsystem 1410 may have any suitable number and arrangement of light sources and
image sensors. In some implementations, the gaze detection subsystem 1410 may be
omitted.

[0047] The display system 1400 may also include additional sensors. For example,
display system 1400 may comprise a global positioning system (GPS) subsystem 1416 to
allow a location of the display system 1400 to be determined. This may help to identify
real world objects, such as buildings, etc. that may be located in the user’s adjoining
physical environment.

[0048] The display system 1400 may further include one or more motion sensors 1418
(e.g., inertial, multi-axis gyroscopic, or acceleration sensors) to detect movement and
position/orientation/pose of a user’s head when the user is wearing the system as part of a
mixed reality or virtual reality HMD device. Motion data may be used, potentially along
with eye-tracking glint data and outward-facing image data, for gaze detection, as well as
for image stabilization to help correct for blur in images from the outward-facing image
sensor(s) 1406. The use of motion data may allow changes in gaze location to be tracked
even if image data from outward-facing image sensor(s) 1406 cannot be resolved.

[0049] In addition, motion sensors 1418, as well as microphone(s) 1408 and gaze
detection subsystem 1410, also may be employed as user input devices, such that a user
may interact with the display system 1400 via gestures of the eye, neck and/or head, as
well as via verbal commands in some cases. It may be understood that sensors illustrated
in FIGs 14 and 15 and described in the accompanying text are included for the purpose of
example and are not intended to be limiting in any manner, as any other suitable sensors
and/or combination of sensors may be utilized to meet the needs of a particular
implementation. For example, biometric sensors (e.g., for detecting heart and respiration
rates, blood pressure, brain activity, body temperature, etc.) or environmental sensors (e.g.,
for detecting temperature, humidity, elevation, UV (ultraviolet) light levels, etc.) may be
utilized in some implementations.

[0050] The display system 1400 can further include a controller 1420 having a logic

subsystem 1422 and a data storage subsystem 1424 in communication with the sensors,
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gaze detection subsystem 1410, display subsystem 1404, and/or other components through
a communications subsystem 1426. The communications subsystem 1426 can also
facilitate the display system being operated in conjunction with remotely located
resources, such as processing, storage, power, data, and services. That is, in some
implementations, an HMD device can be operated as part of a system that can distribute
resources and capabilities among different components and subsystems.

[0051] The storage subsystem 1424 may include instructions stored thereon that are
executable by logic subsystem 1422, for example, to receive and interpret inputs from the
sensors, to identify location and movements of a user, to identify real objects using surface
reconstruction and other techniques, and dim/fade the display based on distance to objects
so as to enable the objects to be seen by the user, among other tasks.

[0052] The display system 1400 is configured with one or more audio transducers
1428 (e.g., speakers, earphones, etc.) so that audio can be utilized as part of a mixed
reality or virtual reality experience. A power management subsystem 1430 may include
one or more batteries 1432 and/or protection circuit modules (PCMs) and an associated
charger interface 1434 and/or remote power interface for supplying power to components
in the display system 1400.

[0053] It may be appreciated that the display system 1400 is described for the purpose
of example, and thus is not meant to be limiting. It is to be further understood that the
display device may include additional and/or alternative sensors, cameras, microphones,
input devices, output devices, etc. than those shown without departing from the scope of
the present arrangement. Additionally, the physical configuration of a display device and
its various sensors and subcomponents may take a variety of different forms without
departing from the scope of the present arrangement.

[0054] As shown in FIG 16, an EPE incorporating the present DOEs with graded
edges can be used in a mobile or portable electronic device 1600, such as a mobile phone,
smartphone, personal digital assistant (PDA), communicator, portable Internet appliance,
hand-held computer, digital video or still camera, wearable computer, computer game
device, specialized bring-to-the-eye product for viewing, or other portable electronic
device. As shown, the portable device 1600 includes a housing 1605 to house a
communication module 1610 for receiving and transmitting information from and to an
external device, or a remote system or service (not shown).

[0055] The portable device 1600 may also include an image processing module 1615

for handling the received and transmitted information, and a virtual display system 1620 to
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support viewing of images. The virtual display system 1620 can include a micro-display or
an imager 1625 and an optical engine 1630. The image processing module 1615 may be
operatively connected to the optical engine 1630 to provide image data, such as video
data, to the imager 1625 to display an image thereon. An EPE 1635 using one or more
DOEs with graded edges can be optically linked to an optical engine 1630.

[0056] An EPE using one or more DOEs with graded edges may also be utilized in
non-portable devices, such as a gaming devices, multimedia consoles, personal computers,
vending machines, smart appliances, Internet-connected devices, and home appliances,
such as an oven, microwave oven and other appliances, and other non-portable devices.
[0057] Various exemplary embodiments of the present diffractive optical elements
with graded edges are now presented by way of illustration and not as an exhaustive list of
all embodiments. An example includes an optical system, comprising: a substrate of
optical material; a first diffractive optical element (DOE) disposed on the substrate and
configured as an in-coupling grating to receive, as an input, one or more optical beams that
propagate in the first DOE and exit at a trailing edge of the first DOE; and a second DOE
disposed on the substrate and configured for pupil expansion of the one or more optical
beams along a first direction, in which the trailing edge of the first DOE is located on the
substrate at an interface with the second DOE, wherein the one or more optical beams
exiting at the trailing edge, enter a leading edge of the second DOE, and wherein the
trailing edge and leading edge are graded so that a grating height of each of the first DOE
and the second DOE increases as a function of distance from the interface.

[0058] In another example, the optical system further includes a third DOE disposed
on the substrate and configured for pupil expansion of the optical beams along a second
direction, and further configured as an out-coupling grating to couple, as an output from
the substrate, one or more optical beams with expanded pupil relative to the input. In
another example, the grating height in the first DOE decreases approximately linearly
from a full height upstream from the trailing edge to a shallow height at the trailing edge
of the first DOE. In another example, the grating height in the first DOE decreases
approximately linearly from a full height upstream from the trailing edge to zero height at
the trailing edge of the first DOE. In another example, the grating height in the second
DOE increases approximately linearly from a shallow height at the leading edge to a full
height downstream from the leading edge. In another example, either the first DOE or

second DOE is a straight diffraction grating or a slanted diffraction grating. In another
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example, the one or more optical beams received as the input emanate as a virtual image
produced by a micro-display or imager.

[0059] A further example includes an electronic device, comprising: a data processing
unit; an optical engine operatively connected to the data processing unit for receiving
image data from the data processing unit; an imager operatively connected to the optical
engine to form images based on the image data and to generate one or more input optical
beams incorporating the images; and an exit pupil expander, responsive to the one or more
input optical beams, comprising a structure on which multiple diffractive optical elements
(DOESs) are disposed, in which the exit pupil expander is configured to provide one or
more output optical beams, using one or more of the DOEs, as one or more near eye
virtual displays with an expanded exit pupil, and in which light enters at a leading edge of
a DOE and exits at a trailing edge of a DOE and at least one of the DOEs has a portion
with a graded profile so that grating height linearly increases as a function of distance
from the leading edge or the trailing edge over the portion.

[0060] In another example, the exit pupil expander provides pupil expansion in two
directions. In another example, the structure comprises a waveguide. In another example,
the imager includes one of light emitting diode, liquid crystal on silicon device, organic
light emitting diode array, or micro-electro mechanical system device. In another example,
the imager comprises a micro-display operating in one of transmission, reflection, or
emission. In another example, the electronic device is implemented in a head mounted
display device or portable electronic device. In another example, each of the one or more
input optical beams is produced by a corresponding one or more sources.

[0061] A further example includes a method, comprising: receiving light at an input-
coupling diffractive optical element (DOE) disposed in an exit pupil expander; expanding
an exit pupil of the received light along a first coordinate axis in an intermediate DOE
disposed in the exit pupil expander; expanding the exit pupil along a second coordinate
axis in an output-coupling DOE disposed in the exit pupil expander; and outputting light
with an expanded exit pupil relative to the received light at the input-coupling DOE along
the first and second coordinate axes using the output-coupling DOE, in which light exits
the input-coupling DOE at a first graded trailing edge on which full height gratings
transition to a smooth surface on the input-coupling DOE adjacent to a first interface
between the in-coupling DOE and the intermediate DOE, and in which light exiting the
input-coupling DOE enters the intermediate DOE at a graded leading edge on which a

smooth surface on the intermediate DOE adjacent to the first interface transitions to full
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height gratings, and in which light exits the intermediate DOE at a second graded trailing
edge on which full height gratings transition to a smooth surface on the intermediate DOE
adjacent to a second interface between the intermediate DOE and the out-coupling DOE.
[0062] In another example, the transitions are gradual to minimize discontinuity at the
interface so as to reduce impairment of optical resolution or reduce phase change in light
coupled between the in-coupling DOE and intermediate DOE or between the intermediate
DOE and the out-coupling DOE. In another example, the input-coupling DOE, the
intermediate DOE, or the output-coupling DOE is formed with a polymer that is molded
from a substrate that is etched using ion beam etching with a moving mask. In another
example, at least a portion of the out-coupling DOE is an apodized diffraction grating
having shallow grooves relative to the input-coupling DOE or the intermediate DOE. In
another example, the method is performed in a near eye optical system. In another
example, the output light provides a virtual display to a user of the near eye optical
system.

[0063] Although the subject matter has been described in language specific to
structural features and/or methodological acts, it is to be understood that the subject matter
defined in the appended claims is not necessarily limited to the specific features or acts
described above. Rather, the specific features and acts described above are disclosed as

example forms of implementing the claims.
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CLAIMS
1. An optical system, comprising:

a substrate of optical material;

a first diffractive optical element (DOE) disposed on the substrate and
configured as an in-coupling grating to receive, as an input, one or more optical beams that
propagate in the first DOE and exit at a trailing edge of the first DOE; and

a second DOE disposed on the substrate and configured for pupil expansion of
the one or more optical beams along a first direction,

in which the trailing edge of the first DOE is located on the substrate at
an interface with the second DOE, wherein the one or more optical beams
exiting at the trailing edge, enter a leading edge of the second DOE, and
wherein the trailing edge and leading edge are graded so that a grating
height of each of the first DOE and the second DOE increases as a function of
distance from the interface.
2. The optical system of claim 1 further including a third DOE disposed on the
substrate and configured for pupil expansion of the optical beams along a second
direction, and further configured as an out-coupling grating to couple, as an output from
the substrate, one or more optical beams with expanded pupil relative to the input.
3. The optical system of claim 1 in which the grating height in the first DOE
decreases approximately linearly from a full height upstream from the trailing edge to a
shallow height at the trailing edge of the first DOE.
4. The optical system of claim 1 in which the grating height in the first DOE
decreases approximately linearly from a full height upstream from the trailing edge to zero
height at the trailing edge of the first DOE.
5. The optical system of claim 1 in which the grating height in the second DOE
increases approximately linearly from a shallow height at the leading edge to a full height
downstream from the leading edge.
6. The optical system of claim 1 in which either the first DOE or second DOE is a
straight diffraction grating or a slanted diffraction grating.
7. The optical system of claim 1 in which the one or more optical beams received
as the input emanate as a virtual image produced by a micro-display or imager.
8. An electronic device, comprising:

a data processing unit;
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an optical engine operatively connected to the data processing unit for
receiving image data from the data processing unit;

an imager operatively connected to the optical engine to form images based on
the image data and to generate one or more input optical beams incorporating the images;
and

an exit pupil expander, responsive to the one or more input optical beams,
comprising a structure on which multiple diffractive optical elements (DOEs) are
disposed,

in which the exit pupil expander is configured to provide one or more
output optical beams, using one or more of the DOEs, as one or more near eye
virtual displays with an expanded exit pupil, and
in which light enters at a leading edge of a DOE and exits at a trailing

edge of a DOE and at least one of the DOEs has a portion with a graded profile

so that grating height linearly increases as a function of distance from the

leading edge or the trailing edge over the portion.
9. The electronic device of claim 8 in which the exit pupil expander provides
pupil expansion in two directions.
10. The electronic device of claim 8 in which the structure comprises a waveguide.
11. The electronic device of claim 8 in which the imager includes one of light
emitting diode, liquid crystal on silicon device, organic light emitting diode array, or
micro-electro mechanical system device.
12. The electronic device of claim 8 in which the imager comprises a micro-
display operating in one of transmission, reflection, or emission.
13. The electronic device of claim 8 as implemented in a head mounted display
device or portable electronic device.
14. The electronic device of claim 8 in which each of the one or more input optical

beams is produced by a corresponding one or more sources.
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