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ABSTRACT

In a waveguide-type display for augmented reality, the image is injected in the waveguide and extracted in front
of the eye appearing superimposed on the real world scene. An elegant and compact way of coupling these
images in and out is by using blazed gratings, which can achieve high diffraction efficiencies, thereby reducing
stray light and decreasing the required power levels. This study investigates the fabrication of blazed gratings
with grayscale electron beam lithography and the subsequent replication of the realized 3D grating structures
in a polymer material with ultraviolet nanoimprint lithography. As such, diffractive elements are realized on
a waveguide sheet, with very good control over the dimensions and the profile of the printed features. Blazed
gratings are designed for green light (A = 543 nm) and a diffraction angle of 43°. Making use of a PMMA resist
and by carefully optimizing the electron-beam parameters, electron dose distributions and development step,
blazed gratings with a pitch of 508 nm and a fill factor of 0.66 are achieved. Finally, a master is realized with two
blazed gratings, 3 cm apart, which are replicated using ultraviolet nanoimprint lithography onto a waveguide
sheet. The in- and outcoupling of an image through these two blazed gratings is shown, appearing sharp and
non-distorted in the environment, and a throughput efficiency of 17.4% is confirmed.

Keywords: Waveguide-type head mounted display, blazed gratings, grayscale electron-beam lithography, ultra-
violet nanoimprint lithography

1. INTRODUCTION

With the virtual reality (VR) and augmented reality (AR) application’s boom, head-mounted displays (HMDs)
are gaining a lot of attention. See-through HMDs have the capability of superimposing a virtual image on the real
world scene without impairing the view of the user. The waveguide approach is of particular interest because the
HMD can be made small and light-weighted.!™* The general principle of a waveguide-type HMD is schematically
displayed in figure 1. Light is coupled in a waveguide and coupled out in front of the eye after propagating in the
waveguide by total internal reflection (TIR). As such, a virtual image or information is displayed in the field of
view of the user. Some first commercial product appeared in the past few years, such as Google Glass,> Epson
BT-350° and Microsoft Hololens.”

Here, the main targeted application is the integration of a see-through HMD in a motorcycle helmet. This will
enhance the motorcyclists road safety and experience. A display integrated in the helmet is safer and more
ergonomic than a traditional screen on the dashboard where the motorcyclist has to look down. Furthermore,
for safety reasons, the amount of (dangerous) components mounted inside the helmet or especially in front of the
eye should be limited. This waveguide based HMD solution allows to project virtual information in the field of

Further author information: (Send correspondence to Marie-Aline Mattelin)
E-mail: mariealine.mattelin@ugent.be, Telephone: 003292645370



Virtual image appears
here in the field of «~— O
view of the user Eye

Image ——
Waveguide
sheet

Figure 1: Schematic representation of a waveguide-type HMD.

view of the user, such as safety, performance and mobility data, while the optical engine, generating the image
information, can be mounted further away, for example at the outside of the helmet. The only component in
front of the eye is the transparent waveguide sheet. Using blazed gratings as diffractive elements, a high optical
efficiency can be achieved and the power consumption can be reduced.

In this paper, we investigate the possibilities of fabricating and replicating high efficient blazed gratings. Using
grayscale electron-beam lithography (EBL) multilevel structures can be fabricated which can be reflowed into
continuous slopes by thermally activated selective topography equilibration (TASTE)® !° to achieve rounded
and blazed structures. We examine the feasibility of a fabrication process without thermal reflow!! as we want
to limit the process steps to achieve a well-controlled fabrication flow. To integrate the blazed gratings in a
waveguide-type HMD, a suitable replication process is needed to copy the grating structures from a master mold
to a waveguide sheet. Polymers offer the possibility of replicating gratings by imprinting with a potentially high
cost efficiency. A stamp-based imprinting process allows the definition of nanostructures with very good control
over the dimensions and the profile of the printed features.!?13 The use of ultraviolet nanoimprint lithography
(UV-NIL) is already reported for replicating a 3D pyramid-shaped array.'* This process is also chosen here
because it can be scaled to roll-to-roll or roll-to-plate high-throughput manufacturing.®: 16

We design blazed gratings for green light (A = 543 nm) and a diffraction angle of 43°. We completely describe
the fabrication with grayscale electron-beam lithography and the subsequent replication in a polymer waveguide
using ultraviolet nanoimprint lithography. We evaluate the achieved structures by investigating the cross sections
with FIB SEM and by measuring the diffraction efficiencies to optimize the process flow. The final gratings can
be implemented directly in the intended application. We show that an image injected in the waveguide and
extracted in front of the eye appears sharp and non-distorted superimposed on the real world scene and confirm
a throughput efficiency of 17.4%.

2. BLAZED GRATING DESIGN

Figure 2 shows the optical design layout of an HMD consisting of a waveguide for image transmission, surface
relief gratings for in- and outcoupling of an image to the waveguide and an optical engine used to generate the
image which is transmitted through the waveguide. A lens is added to collimate the image before incoupling.
The waveguide material is PMMA (poly methyl methylacrelate) with a 30 pm-thick OrmoCore layer (Microresist
Technology, Berlin, Germany) on top of which the gratings are imprinted.

Both gratings are imprinted on the same side of the waveguide sheet for easier fabrication. For practical reasons,
the light engine is also on this side. Hence, the incoupling grating should work as a transmission grating, while
the outcoupling grating should be a reflection grating. Light propagates between the in- and outcoupling gratings
in the waveguide due to TIR at the polymer/air interfaces. The transmission incoupling grating should diffract
most of the energy of the normally incident light from the light source to the first diffraction order m = —1.
This first diffraction order must be larger than the critical angle for TIR, as is shown in figure 3(a). At the
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Figure 2: Optical design layout of a waveguide-type HMD with gratings.

outcoupling grating, most of the energy of the light coming under an angle should be reflected towards the eye
to the zeroth order, this is illustrated in figure 3(b).
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Figure 3: Schematic representation of the (a) input transmission and (b) output reflection blazed gratings. The
green arrows show the light path.

Under normal light conditions, human eyes are most sensitive to a yellowish-green color.!” Therefore, green
light (A = 543 nm) is used for projecting the images. At this wavelength, the refractive indices of PMMA and
OrmoCore are, respectively, 1.49 and 1.565 and the minimal angle for TIR at the PMMA /air interface is 42.2°.
To avoid backcoupling of incoupled light, the maximal length of the incoupling grating is Wi, = 2d tanf,
where d is the waveguide thickness and 6 is the diffraction angle. For a diffraction angle of 43° and a waveguide
thickness of 5 mm, images of maximum 9.3 mm broad can be launched (W0, = 9.3 mm).

The diffraction angle depends both on the wavelength of the incoupled light and on the grating period and
is defined by the grating equation. The efficiency of the gratings with a fixed period depends on the profile
of the grating and can be calculated numerically. Therefor we use the finite difference time domain (FDTD)
method, implemented in the commercially available FDTD software (Lumerical Inc., Vancouver, BC, Canada).
The grating length of 5 mm is impractical to be directly applied in simulation. Hence, only one grating period
is simulated and periodic boundary conditions are applied. These boundary conditions imply that the grating
length is infinite. We can state that this is a valid assumption in our case as the number of periods in a 5 mm
long grating is very large. In the vertical direction the simulation window is 4 pum high, so the simulation only
runs in the 30 pm-thick OrmoCore layer and does not take the substrate into account. In figure 4 the grating
period and the number of periods in a 5 mm long first order diffraction grating in OrmoCore are shown as a func-
tion of the diffraction angle for a wavelength of 543 nm. For a diffraction angle of 43° the grating period is 508 nm.

Since we do not reflow the e-beam structures, the grating profile can deviate from a smooth triangular shape
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Figure 4: The grating period and the number of periods in a 5 mm long first order diffraction grating in OrmoCore
as a function of the diffraction angle for a wavelength of 543 nm.

although the EBL parameters are carefully optimized to suppress deviations as much as possible. During the
fabrication it was noticed that the gratings tend to have a triangular shape with an extra top. This shape is
shown in figure 5. A is the pitch, H is the total height and D is the total width, defined as D = F'F « A. The
top is characterized by Hi: the height of the grating without the top, and Dy,,: the width of the grating top

which is defined in ¢ = %.
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Figure 5: Schematic representation of the (a) input transmission and (b) output reflection blazed gratings with
top.

The efficiencies of such in- and outcoupling gratings in OrmoCore as a function of the two parameters H; and v
are simulated for a grating pitch A, grating height H and width D of 508 nm, 480 nm and 300 nm, respectively,
and are shown in figure 6. For the incoupling grating there is a broad range of parameters leading to a grating
with an efficiency of more than 55%. The parameters corresponding to the maximal achievable efficiency are
H; = 300 nm and v = 0.7. For the outcoupling grating the parameters for the maximal achievable efficiency
are H;y = 380 nm and ¢ = 1.

3. FABRICATION METHODS

To realize a waveguide-type HMD with blazed gratings, first a master mold with two blazed gratings is realized
using grayscale EBL which is then replicated onto a waveguide sheet using UV-NIL. EBL allows 3D patterning by
using dose-modulated exposure and wet development. To realize the triangular grating profile different grating
lines are exposed with a different dose in a sensitive and high-contrast EBL resist. For the replication of the
master mold two replication steps are involved, as is shown in figure 8. In the first imprint step the inverse shape
of the master mold is replicated into a soft mold. In the second step the soft mold is rolled over the polymer
material to realize the grating structures on the waveguide substrate.
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Figure 6: Efficiency of blazed gratings with top: (a) Input transmission grating: efficiency of power transmission
to the first diffraction order. (b) Output reflection grating: efficiency of power reflection to the zeroth diffraction
order.

3.1 Master fabrication using grayscale electron-beam lithography

950 PMMA A7 (MicroChem, Westborough, MA, USA) is used as EBL resist. A 4” Si wafer is treated with
plasma (Diener Pico, 190 W 40 kHz generator, 24 s, 0.8 mbar, gas used: air) and spin coated with 950 PMMA
A7 (1500 rpm, 45 s, coating thickness = 850 nm). A soft baking step is applied (150°C, 90 s) before AR-PC
5090 (Allresist, Strausberg, Germany), a conductive protective coating, is spin coated (2000 rpm, 60 s, coating
thickness = 60 nm) and soft baked (90°C, 120 s). The resist is exposed in a Raith Voyager EBL system with
a voltage acceleration of 50 keV. A small beam current of 0.41-0.5 nA is selected to improve the resolution. A
grating of several mm? is exposed by stitching multiple writefields of 200x500 pm?. Within one writefield it is
the electron-beam which scans the area to be exposed, ensuring a very good control over the patterning. Between
different writefields it is the stage which moves, eventually leading to stitching errors. Several accurate alignment
procedures before the exposure can minimize these errors. One writefield is scanned in multiple passes; in each
pass a grating is exposed with the same pitch but with a different fill factor and dose. This is schematically
shown in figure 7. A different dose results in a different resist thickness after development. After the exposure,
the wafer is rinsed with DI water to remove the conductive coating, developed in MIBK:IPA 1:3 for 20-40 s,
rinsed in IPA and blown dry with a nitrogen gun. Cross section inspection of the grating profile is done with a
focused ion beam (FIB) scanning electron microscope (SEM) (Nova 600 NanoLab, FEI Company, Hillsboro, OR,
USA) and reveals the desired relief structure. Multiple cycles of EBL and cross section inspection were needed to
optimize the e-beam writing parameters, electron-dose distributions and fill factors of the different grating layers.

3.2 Replication of the gratings on waveguides using UV-NIL

The transfer of the blazed gratings on the master mold to the final waveguide sheet is done using two UV-NIL
steps and is schematically shown in figure 8. First, a soft stamp is fabricated by replicating the master mold into
a UV-curable transparent perfluoropolyether (PFPE) polymer. This polymer is prepared by adding 3% pho-
toinitiator to working stamp material EVGNIL UV/AF1 (EV Group, St. Florian am Inn, Austria) by weight.
After manually mixing thoroughly, the viscous mixture is let to rest for 60 min for degassing. Subsequently,
the mixture is spin coated at a slow speed (500 rpm, 60 s) to achieve a relatively thick but homogeneous layer
on the master mold. The material is covered with a PET foil and the stack is UV exposed (30 ZZZ, 60 s).
Afterwards, the stack is peeled off and the structures are reverse copied in the PFPE material. This soft stamp
is now used for imprinting the structures in the final polymer material on the waveguide substrate. OrmoCore
(Microresist Technology, Berlin, Germany) is spin coated on a clean and plasma treated (Diener Pico, 190 W 40
kHz generator, 24 s, 0.8 mbar, gas used: air) PMMA substrate (3000 rpm, 30 s, coating thickness = 30 pm).
The soft stamp is brought in contact with the OrmoCore coating in a rolling motion to avoid air being trapped.
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Figure 7: Schematic overview of the e-beam exposure strategy with multiple grating layers. Each grating layer
is exposed with a different dose: D; being the highest and D, being the lowest, between D4 from one grating
period and D; from the next grating period there is an unexposed region. (a) Shows the top view of a grating
with different layers, (b) shows the side view: 1) dose-modulated exposure 2) estimation of the remaining resist
thickness according to the contrast curve 3) actual grating profile.

This stack is UV exposed (30 m"ZZ, 60 s) after which the soft stamp is manually peeled off.
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Figure 8: Schematic overview of the two-step imprinting process.

Using the Roll-to-Plate imprint technology developed by Morphotonics, micro- and nanostructures can be ap-
plied onto discrete substrates on a large scale. Also in this process the required optical structures are replicated
by the use of a flexible stamp. This flexible stamp has the inverse shape of the desired structures on its surface.
The imprint process is depicted in figure 9.

The actual imprint process starts by dispensing a liquid UV-curable lacquer on the substrate. Next, the flexible
stamp is laminated on the lacquer-coated substrate. By using a specific roller and pressure control, air inclusions
are prevented and a uniform layer is created. After lamination, the lacquer is cured with UV light applied



through the flexible stamp. In this stage, the lacquer is formed into its final shape and the flexible stamp will be
delaminated smoothly by again using a specific roller and pressure control. After delamination, the flexible stamp
is indexed to the start position, after which the imprint process can start again. The Morphotonics technology
can process a wide range of structure shapes and sizes and is ideally suited to imprint structures ranging from
hundreds of micrometers down to 50 nanometer.

Printing I

Flexible stamp M uv
UV-curable lacquer '
Substrate
Figure 9: Schematic overview and a picture of the Morphotonics Roll-to-Plate imprint process.

The benefit of the Morphotonics Roll-to-Plate imprint technology is twofold. The imprint technology is cost-
effective because of the re-usable flexible stamp and the Roll-to-Plate imprint method is scalable, enabling the
imprinting of extreme large areas of more than 0.5x0.5 m?. The ability to imprint large areas gives the opportu-
nity to add light management structures to large products (i.e. large displays or solar panels) or it can be used
to increase the throughput: multiple small products (i.e. for helmets) can be imprinted in one replication cycle.
Volumes of above 1M products per year can be achieved by this Roll-to-Plate imprint technology, making it an
interesting mass production method.

4. RESULTS AND DISCUSSION
4.1 The blazed grating profile

The grayscale EBL and UV-NIL processes are optimized until a blazed grating profile is realized that could
achieve a diffraction efficiency of 50%, according to simulations. The cross section made with FIB SEM of this
imprinted grating profile is shown in figure 10. For this grating it takes 7 min to write one writefield of 200x500
pm?. Hence, a grating area of 3x2 mm? is chosen to have an acceptable e-beam writing time for fabricating two
blazed gratings, 3 cm apart, on one master.

5 um

Figure 10: FIB SEM image of the imprinted blazed grating with a simulated incoupling efficiency of 50%.

4.2 Optical measurements and demonstration

To quantify the diffraction efficiency, the master with two blazed gratings of 3x2 mm? is imprinted in OrmoCore
on 5-mm-thick PMMA. A picture of the master and the imprinted grating can be found in figure 11. As a first
experiment, the amount of light that is coupled in by one grating is measured. Therefor, two 45° facets are
polished at the PMMA waveguide sheet. Figure 12 shows the measurement setup: the grating is illuminated



with green laser light (543.5 nm, Helium-Neon Laser 1652, JDS Uniphase, Milpitas, CA, USA), polarized parallel
to the grating lines, and the power is measured with a detector (Newport Model 818-SL) connected to a power
meter (Newport 1930C optical power meter, Newport Corporation, Irvine, CA, USA). The TIR is visible in the
PMMA sample on the picture of the setup in figure 12.

Figure 11: (a) The master with blazed gratings in PMMA on Si and (b) the imprint of the blazed gratings in
OrmoCore on 5-mm-thick PMMA.
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Figure 12: A picture and a schematic of the optical setup for diffraction efficiency measurements.

Parallel polarized green laser light illuminates the grating perpendicularly and the power is measured at both
facets and in the zeroth diffraction order. Simulations showed that most of the light is diffracted in the direction
where the slope is oriented to, which is 50% for this grating profile. This is confirmed with the measurements:
48.4% of the incident parallel polarized light is coupled out at the facet where the slope is oriented to, while only
16.1% is coupled out at the other facet and 26.8% is recorded at the zeroth diffraction order. As a comparison,
the same measurement is done for a symmetric binary grating. In this case 28.1% and 26.4% are coupled to the
facets while 45.2% is transmitted to the zeroth diffraction order. The diffraction efficiency to the first order is sig-
nificantly lower for the binary grating while the amount of light coupled to the zeroth order is almost twice as high.

For the second experiment, green laser light illuminates the first grating perpendicularly and the light is cou-
pled in the slab waveguide where it propagates due to TIR until it is coupled out by the second grating. The
throughput is measured. This is the ratio between the intensity of the outcoupled light and the intensity of
the light incident on the input grating. In figure 14 a throughput of 17.4% is measured for blazed gratings
when parallel polarized light is following the green path in figure 14, while only 3.23% is measured when the
light follows the red path. In both cases also the light coupled to the zeroth diffraction order is measured,
the values for the green and red light path are 30.3% and 43.6%, respectively. Again, a comparison with binary
gratings is made. In one direction a throughput of 2.74% and a zeroth order diffraction efficiency of 50.0% is mea-
sured. In the other direction a throughput of 4.19% and a zeroth order diffraction efficiency of 45.8% is measured.
Also this experiment proves that the blazed gratings are more efficient structures for perpendicular incident light.
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Figure 13: The measured power at both 45° polished facets and in the zeroth order when the blazed grating is
illuminated by parallel polarized green laser light.
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Figure 14: The measured throughput and diffraction efficiencies to the zeroth diffraction order for two blazed
gratings for parallel polarized green laser light.

A modified picoprojector (UO smart beam laser portable mini projector, SK Telecom, Seoul, South Korea) was
used to demonstrate the HMD principle. For this demo, the lens in the picoprojector was replaced by a combi-
nation of 2 other lenses, i.e. a plano concave lens with a focal length of -50 mm and a plano convex lens with a
focal length of 40 mm, to enhance the collimation of the light beam. The power coming out of the picoprojector
was attenuated 1000 times. A 5x6 chess pattern of green and black squares was projected on the PMMA sample
and perceived as a virtual image behind the waveguide. The perceived AR image, coupled in- and out by blazed
gratings in figure 15, appeared clear and sharp on the environment and the stitching errors were not visible in
the pattern. The image appeared in focus at 4 m in front of the waveguide. This distance can be tuned by
varying the distance between the two lenses in front of the picoprojector. The fact that the image is quite small
and not sharp at the edges is a result of the limited grating area and can be improved by writing larger gratings.

Figure 15: The chess pattern projected by blazed gratings on the environment.



5. CONCLUSION

In this paper we demonstrated a waveguide-type HMD with blazed gratings, which are 4 times more efficient
than binary gratings. First, a blazed grating profile was designed to achieve an in- and outcoupling efficiency
of 55%. EBL was used to fabricate these structures by modulating the electron-dose over the grating pitch.
After several optimization cycles, a grating profile was achieved that could achieve an incoupling efficiency of
50%, according to simulations. Two of such gratings were fabricated, 3 cm apart, on one master with EBL and
afterwards imprinted with UV-NIL on a waveguide sheet. These blazed gratings proved to be very efficient: an
incoupling efficiency of 48.4% and a throughput efficiency of 17.4% were recorded. Finally, it could be shown
that an image injected in the waveguide and extracted in front of the eye appeared sharp and non-distorted
superimposed on the real world scene. By using these efficient blazed grating structures the required power
levels can be limited when the whole system is integrated in a helmet.
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