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We demonstrate two types of light field displays based on waveguide grating coupler arrays: a line 
beam type and a point source type. Ultra violet imprinting of an array of diffractive nanograting cells on 
the top surface of a 50-μm-thin slab waveguide can deliver a line beam or a point beam to a multidirec-
tional light field out of the waveguide slab. By controlling the grating vectors of the nanograting cells, 
the waveguide modes are externally coupled to specific viewing angles to create a multidirectional light 
field display. Nanograting cells with periods of 300 nm–518 nm and slanted angles of −8.5°~+8.5° are 
fabricated by two-beam interference lithography on a 40 mm × 40 mm slab waveguide for seven differ-
ent viewpoints. It is expected that it will be possible to realize a very thin and flexible panel that shows 
multidirectional light field images through the waveguide-type diffraction display.
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I. INTRODUCTION

There are several techniques to provide different infor-
mation to each eye by forming binocular disparity using 
eyeglasses, lenticular lenses, or parallax barriers [1]. AR 
glasses technology, which uses transparent displays to en-
able interaction between the information projected on a 
screen and the visible outside world, is also making great 
strides [2]. The development of a display system with thin-
ner, transparent, and flexible characteristics has recently 
opened up the possibility of next-generation displays in the 
form of head mounts [3], glasses [4], and contact lenses [5]. 
It can be said that one of optical key elements required for 
next-generation 3D display depends on how a multidirec-
tional display system can be implemented in a compact and 
integrated format with low cross-talk. To accomplish this 
requirement, very thin and multifunctional optical elements 
such as binary optics [6, 7], computer-generated holograms 
[8], diffractive waveguides [9–11], embedded beam split-
ters [12], and meta-surface optics [13] are being developed. 
In particular, the diffractive waveguide-type display based 

on nanograting cell arrays is attracting considerable atten-
tion as a technology suitable for a light field display method 
that allows a 3D image to be viewed by dispersing an input 
pattern to various viewing directions [14–18].

In this paper, we demonstrate two types of light field 
displays using a diffractive waveguide approach. One is 
designed to focus line-shaped incident light on one edge 
of the diffractive waveguide, and the other is a waveguide 
branching structure that transmits a point-shaped light 
source incident on the diffractive waveguide as a line 
beam. Both form various viewing angles by transmitting 
an incident beam in waveguide mode to a diffraction grat-
ing cell by a nanograting cell array formed on a multimode 
waveguide. The nanograting cells are designed to diffract a 
guided mode at a specific altitude and azimuth angle with 
period range from 300 nm to 518 nm. The waveguide is 
fabricated to a thickness of 50 μm on a Si wafer by spin-
coating and curing the cladding and core materials, and the 
diffractive nanograting cells are fabricated using two-beam 
interference lithography and the ultra violet (UV) imprint-
ing process. The measurement results of seven viewpoint 
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images obtained from the two-types of diffractive wave-
guides reveal a possibility to implement a very thin and 
compact panel for multidirectional light field display.

II. DESIGN AND FABRICATION

The structure of the diffractive waveguide demonstrated 
here is shown in Fig. 1(a). A guiding mode coupled from a 
light source propagates through the waveguide core before 
out-coupling to multidirectional light fields from an array 
of diffraction grating cells. The core and cladding layers 
are made using a bottom-up process as shown in Fig. 1(b). 
A 20-μm-thick cladding material [n = 1.47, tetra (ethylene 
glycol) diacrylate; Sigma Aldrich, MO, USA] is spin-coat-
ed on a clean silicon substrate, and cured with a UV lamp 
(365 nm in wavelength, 20 mW/cm2). A core (15-μm-thick) 
material (n = 1.5, Bisophenol A ethoxylate diacrylate; Sig-
ma Aldrich) is then spin-coated on the cladding layer and 
cured with the same UV lamp. A photoresist layer (AZ5206; 
MicroChemicals, Ulm, Germany) on a different substrate 
is used for the lithography material of a two-beam interfer-
ence system (351 nm in wavelength) as shown in Fig. 1(c) 
to form 10-μm-square grating cells, with periods of 300 

nm–1,000 nm and slanted angles of 0°–180° as shown in 
Fig. 1(d). Finally, the photoresist grating layer is transferred 
to the core layer by UV imprinting.

After a numerical calculation, the number of modes 
coupled in the diffractive waveguide was found to be about 
19 for a 532 nm incident beam (COMSOL Multi Physics; 
COMSOL, MA, USA). The effective indices of the coupled 
modes give us the incidence angles to the grating cells, 
distributed between 75° and 89° from normal direction. 
An average angle of 82° is used for demonstrating the two 
types of multi-view display system. The modulation depth 
of the gratings imprinted on the waveguide core is 120 nm, 
resulting in an overall out-coupling efficiency of 22.9% af-
ter propagating a 40-mm-long diffractive waveguide. 

III. RESULTS

3.1. Line Beam Type Diffractive Waveguide Display 
Figures 2(a) and 2(b) show schematics of the line beam 

type diffractive waveguide. An incident beam from an opti-
cal fiber is converted to a line beam focused to the wave-
guide core after transmitting an engineered diffuser (ED 
1-L4100; Thorlabs, NJ, USA) and a pair of cylindrical lens-

(a)
(c)

(b) (d)

FIG. 1. Structure of a diffractive waveguide-type panel. (a) Schematic diagram of diffractive waveguides for a light field display. A 
coupled guiding mode propagates along the waveguide core before out-coupling to multiple directions from an array of diffraction 
grating cells. (b) Fabrication process of the diffractive waveguide-type panel by ultra violet (UV) imprinting via two-beam 
interference in (c). Two square-aperture beams interfere with various vertical (green arrows) and azimuthal (red) angles, resulting 
in a grating cell array with different periods and grating directions. (d) Scanning electronic microscope (SEM) images of a typical 
fabricated grating array of 10-µm-square cells.
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es (CL-1, LJ1895L1-A; Thorlabs, NJ, USA) and half-dome 
lenses made by a fused silica rod. The photos in Fig. 2(c) 
and 2(d) a show top view and side view of the experimental 
setup, where an XYZ stage is used for aligning the focused 
line beam to the core of waveguide. The grating layer of 10 
μm-square grating cells are formed on a 40 mm × 40 mm 
area, composed of (4,000 × 4,000) grating cells in total. If 
the number of multidirectional light fields is N, the image 
resolution of each light field is defined by (4,000 × 4,000) 
/ N. For a case when N = 9 in the experiment, the grating 
layer in Fig. 2(e) is composed by an array of unit blocks, 
and each unit block has (3 × 3) 10 μm-square grating cells 
as shown in Fig. 2(f). The out-coupling angles from the 
grating cells are addressed from θ  = −15° to +30° in the 
horizontal direction while Φ = ±10° fixed in the vertical 
direction. The periods and slanted angles from y-axis of the 
seven grating cells in the unit block are ① 382 nm, +7.5°; 
② 300 nm, +5.4°; ③ 350 nm, −6.5°; ④ 300 nm, −5.4°; ⑤ 

518 nm, +8.5°; ⑥ 518 nm, −8.5°; and ⑦ 420 nm, −7.6°, 
and two blank cells at the off-diagonal corners.

Figures 3(a)–3(g) show the seven different images with 
a resolution of approximately (1,000 × 1,000) pixels mea-
sured in each (θ , Φ) direction by using the line beam type 
diffractive waveguide setup in Fig. 2. The measured images 
are fairly clear and distinguished. Differences between the 
designed and measured ones are discussed as follows: First, 
the tilted images in the experiment are mainly caused by the 
viewing angle of camera while taking the images. Second, 
the not-uniform intensity of the experimental images is pos-
sibly caused by a rough edge of the cleaved waveguide core 
layer and not constant out-coupling efficiency of the grating 
cells. The cleaved edge of the polymeric core and cladding 
materials are stretched into a rough edge. This could be 
improved by polishing the coupling edge to make a clean 
surface. Lastly, the blurred background of the measured 
images is mainly due to the multiple guiding modes. Each 

FIG. 2. Line beam type setup for diffractive waveguide display. (a, b) Schematic diagrams of the line beam type diffractive 
waveguide system. ED, engineered diffuser; CL-1, cylindrical lenses; CL-2, half-dome rod lenses. (c) Top view and (d) side view of 
the experiment setup. An optical fiber is used for incident light and an XYZ stage for alignment between the focused line beam and 
the waveguide core. (e) and (f) Photographs of the fabricated grating layer imprinted on the waveguide core. The periods and slanted 
angles of the seven grating cells, denoted by ①–⑦ in (f), are the range of 300 nm–518 nm and −8.5°~+8.5°, respectively, and two 
blank cells at the off-diagonal corners. The scale bar in (e) is 10 mm and those in (f) are 10 µm.

(a)

(b)

(c)

(d)

(e) (f)
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guiding mode causes a different image to be overlapped in 
blurring. This could be reduced if the thickness of the core 
layer is reduced to a single mode condition of less than 5 μm.

3.2. Point Source Type Diffractive Waveguide Display
The line beam type showed potential for use in a mul-

tidirectional diffractive waveguide display, but the system 
used to form a line beam was bulky, as a cylindrical lens 
and rod lens were used to produce a focused line beam 
coupled to the waveguide. To make it compact, a point 
source type diffractive waveguide setup was designed and 
demonstrated as shown in Fig. 4. The schematic in Fig. 
4(a) shows the design of a planar structure [19], which is 
composed of a tapered slab waveguide coupled to an opti-

cal fiber, curved waveguide branches, and a grating layer 
on top of the (40 mm × 40 mm) planar waveguide area. The 
input cross-section of the tapered slab waveguide is 2 mm 
in width and 18 μm in thickness. The 50 curved waveguide 
branches connected to the 40-mm-long tapered slab wave-
guide in Fig. 4(b) uniformly distribute the point input beam 
to the grating layer. The width of each curved waveguide 
branch is 50 μm, the bending radius 0.5 mm and the spac-
ing between the branches 0.8 mm as shown in the SEM im-
age in Fig. 4(c). The dimensions of the grating cells and the 
image resolution are almost the same as those of the line 
beam type diffractive waveguide system.

When a single-mode fiber is connected to the sample as 
shown in Fig. 4(d), the seven designed images in Fig. 4(e) 

(a)

(b)

(c)

(d)

(e)

(f)

(g)

FIG. 3. Designed and measured images of seven viewing angles from the normal direction of the waveguide panel. Each measured 
image is shown most brightly at the specific viewing angles (θ, ϕ) denoted in (a)–(g) with background noises of weak cross-talk 
ghost images.
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are out-coupled from the grating layer and measured with 
distinguished viewing angles from −25° to +25° as shown 
in Fig. 4(f). The seven letters are clearly recognizable, but 
the image contrast and cross-talk noise might be slightly 
worse than those of the line beam type in Fig. 3. Larger 
negative viewing angles result in lower contrast due to the 
lower coupling efficiency of grating cells with smaller grat-
ing periods.

IV. CONCLUSION

We have demonstrated two types of light field displays 
based on diffractive waveguide configurations with a line 
beam incidence and a point source incidence, respectively. 
A 10 μm-square nanograting cell array, with periods of 
300 nm–518 nm and slanted angles of −8.5°~+8.5°, were 
uniformly UV imprinted on the 40 mm × 40 mm surface 
of the slab waveguide to extract a set of seven images at 
different viewing angles. The integrated form of a point 
source type diffractive waveguide setup can also produce a 
set of images with well-distinguished light fields, similar to 
the case of a line beam type diffractive waveguide display. 
Even though the throughput efficiency from light source to 
camera detector could not be measured in the experiment, 
we expect that an out-coupling efficiency of 22.9% from 

the grating cells after propagating a 40-mm-long diffractive 
waveguide can be achieved when the modulation depth of 
grating cells imprinted on the waveguide core is 120 nm. 
Further optimization of the thickness of the waveguide core 
and the grating fill factor will be helpful to improve the im-
age uniformity and contrast visibility of very thin and flex-
ible panels for multidirectional light field displays.
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FIG. 4. Point source type setup for diffractive waveguide display. (a) Schematic diagram composed of a point source of optical 
fiber, tapered slab waveguide, curved waveguide branches, and grating layer on top of the planar waveguide. (b) and (c) are curved 
waveguide branches. (d) Measurement setup. (e) and (f) are designed images measured at seven multiple viewing angles in θ = −25° 
to +25° from the normal direction of the grating layer.
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