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We have been investigating directional light control methods of light-emitting diodes (LEDs). We propose a

method that makes it possible to control a principal axis in field intensity through fine-structures on the
LEDs. We also describe the concept of this method and essential points for obtaining a sharply defined
principal axis. The effectiveness of the method was verified through differences in angular distributions by

using the finite-different time-domain method.

1 INTRODUCTION

Light emitting diodes (LEDs) are expected to be a
next generation light source and have been applied
to many lighting applications, such as general
lighting (Krames, 2007), visible-light
communication (McKendry, 2012), and displays
(Day, 2011) due to advances in high-brightness
technology. Because of the Lambertian pattern in the
spatial intensity distribution of an LED, the direct-
view-type display, which consists of as many fine
LED chips as the number of pixels, has wider
viewing angles (Sony corp., 2012).

The Lambertian pattern is not suitable for certain
applications, and the directionality control of LEDs
has been studied for mainly narrowing the angular
distribution. In an automotive lighting area, for
example, the sharper angular distribution will enable
the lighting of a restricted region and reduce
blinding glare from oncoming vehicles (Krames,
2007). In projection display systems, light use
efficiency is improved by increasing the incident
light flux from a light source to projection optics
(Fournier, 2008). In addition to the modifying
angular distribution of LEDs, new applications will
be possible if off-axis directionality control becomes
possible.

Projection optics for modifying the far-field
pattern of an LED is also important to downsize
projection display systems (Tu, 2009). Recently,
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several directional light control methods have been
proposed for LEDs with photonic crystals
(McGroddy, 2008). For instance, the angular
distribution of the directional light at half intensity
near 66° from a 5-um aperture was demonstrated in
an experiment with a prototype of GaN-based LEDs
with photonic crystals (Lai, 2012). This result
indicates that increasing light emission in useful
directions eliminates the need for some optical
elements to concentrate the emission light from an
LED into projection optics. The directional light
control method enables a projector to be small, light
weight, and exhibit high definition. In addition, the
off-axis directionality control reduces the projection
optics and allows more compact projection systems.
However, more complex designed crystal lattice and
excessive lattice points are necessary to achieve
sharply defined off-axis directional light beam.
Off-axis directionality control allows high
picture quality technology for auto-stereoscopic
three-dimensional (3D) multi-view displays (Son,
2010). Several types of 3D displays produce 3D
images by using many directional lights using a
multi-projector, parallax barrier, and lens array. The
ideal 3D display requires a number of directional
lights across the entire viewing space. Therefore, a
high-density array of an off-axis directionality-
controlled light emitting device is useful for such 3D
displays. More recently, multi-directional backlight
technology has been proposed to provide high-
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resolution, full-parallax 3D images by using an
optical grating (Fattal, 2013). Fattal et al. introduced
the directional control method for an LED using a
number of 10-um optical gratings having various
directions. They then fabricated a 64-view backlight
and produced 3D images with a spatial resolution of
88 pixels per inch and full-motion parallax.
However, because of the reduction of undesirable
lights, the device size is un-diminishable and this
method is not suitable for high-density array
devices.

In this study, we propose a method for
controlling the off-axis directionality control of
LEDs, which is suitable for high-density array
devices. In the method, a control unit, which consists
of several sub-micron dielectric structures, is placed
on the light emitting surface and the tops of these
structures function as apertures. The control unit
provides a directional light, called a principal axis,
by the diffraction of light from the apertures. The
principal axis direction depends on the phase
difference at the apertures and is controlled by the
difference in the height of the sub-micron dielectric
structures /.

We also describe the design rules of the sub-
micron dielectric  structures’ dimensions and
arrangements for controlling directional light. We
also describe the essential points for obtaining a
sharply defined principal axis. The effects of the
proposed  method were  verified through
directionality control characteristics in one control
unit by using the finite-different time-domain
(FDTD) method.

2 BASIC STRUCTURE

2.1 Directionality Control Method

Multiple control units on an LED surface are shown
in Figure 1(a). A control unit manipulates a principal
axis toward a different direction. A single control
unit (Figure 1(b)) consists of cylinders of w in
diameter, where w is the length divided by the center
wavelength 4 of the LED. In this section, we
describe the dimensions in units of A, unless
otherwise stated. The cylindrical structures A, B,
and C on an LED surface and the LED are of the
same material of a refractive index n (n > 1). Heights
of structures A and B are denoted as b and that of
structure C is b - & in height. The structures are
placed on a vertex of a regular triangle p on a side,
which means their gaps are p - w. We use a system
of coordinates with their origin at the center of the
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control units on the plane containing the tops of
structures A and B. The z-axis is perpendicular to
the LED surface, then the principal axis contains the
z-axis when 4 = 0. The x-axis is parallel to the line
from the origin to the midpoint of the center points
of structures A and B. In addition, ¢ and & are the
horizontal and zenithal angle, as shown in Figure 2.

Directional lights

(a)
LED surface

(b) Control unit y
_——

Principal axis of
diffraction wave

—— .
_ELight emitting layer

Figure 1: Schematics of (a) device with proposed method
and (b) directionality control unit in device array. Control
unit consists of three cylindrical structures A, B and C.
Lights from light emitting layer enter from bottom of each
structure and exits from their tops. Optical path lengths via
each structure depend on height of structures. Principal
axis, defined as direction of optical path differences via all
structures equal to zero, is controlled by difference in
height of structures /.

Control unit

(2—35, %,0) Principal axis
Coordinate originO “i'g
h L ‘
" c| | |aB|fp

Light emitting layer

Figure 2: Top view and cross-sectional diagram on vertical
plane including x-axis of control unit. Cartesian coordinate
system is used with their origin at center of tops of
structures at 1 = 0. Z-axis is perpendicular to light emitting
surface and x-axis is parallel to line from origin to
midpoint of center points of structures A and B.

Multiple lights, which are emitted from the tops
of the structures in phase, form a diffraction pattern,
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like hexagonally arranged spots in an image plane.
For simplicity, we assume that incident light is in
phase at the bottoms of the structures. The center
spot in the diffraction pattern corresponds to a
principal axis, whose direction is determined as that
where all of the optical path lengths from the
bottoms of the structures to the image plane are
equal.

If h is not equal to 0, the optical path length from
the bottom to the top of structure C is nk shorter than
those of structures A and B. The distance from the
top of structure C to the image plane is longer than
those from the tops of structures A and B. Because
the structures’ arrangements are in symmetry with
the xz-plane, the principal axis direction is denoted
as 6,. We define a plane S, which is perpendicular to
the xz-plane and at a distance of / from the original
point, as the image plane, as shown in Figure 3.
Optical paths /,, /,, and /. from the bottoms of
structures A, B, and C to S by way of the tops of the
structures are expressed as

1
I(,:lg,:lfz\—ﬁpsinep#nb (1)
|
/(.:I+ﬁpsinep+/1c039,,+11(b711) )

Then the difference in optical path lengths between
I, Iy, and [, are expressed as

3
le—lap = gpsin 0, + hcos8, —nh = mh 3)

Here, m is the optical path difference between the
lengths of /,, /,, and /.. The 6, of an m-th order
diffraction wave on the vertical plane including the
x-axis can be obtained by solving Equation (3).
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When we assume that the principal axis direction is
given by Equation (1) at m = 0, 6, depends on
parameter g, and monotonically increases within the
following range.

0<g<1/vVn>—1 (6)

However, the maximum angle of the principal axis
6, is given by Equation (7), which depends only on
the index.

8, < tan~' V2 — 1 (7
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Figure 3: Principal axis direction on vertical plane
including x-axis. Image plane S is / in shortest distance
from origin point and ¢, in angle formed by / and z-axis.

Therefore the maximum value of @, is constrained
by the structures’ dimensions. A principal axis
should be made within the airly patterns of the
structures. The 6, is restricted to the following range.
12

B, < sin - ®)
Too small of structure gaps p - w confine the
working range of &,. The gap and % should satisfy
the following equation to prevent an obstruction in
the line of sight along the x-axis from the top of
structure C by another structure.
i p—w

8, <tan )
Regarding the y-direction, we use the following
condition to prevent light scattering by another
structure.

b
p>w/cos— (10)
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Figure 4: Principal axis angles as function s. Suffixes t
and ¢ correspond to analytically and numerically
calculated results.
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Equation (10) suggests that the orthogonally
projected profile of a structure on the xz-plane
prevents the overlap with other structures that have
different x-coordinate values of the central axis.
These are additional conditions of structure
dimensions.

2.2 Simulation Results

In this section, we describe the basic characteristics
for the proposed method by using numerical
analysis. With the proposed method, the distance
between a light emitting surface to a light emitting
layer is several wavelengths. The wave-optics
should be used instead of the geometric optics for
analysis in the LED medium. We applied the 3D
FDTD method with a perfectly matched layer (PML)
boundary condition to verify the control function of
the proposed method.

We used InGaN-GaN LEDs as an example. The
center wave-length and full width at half maximum
(FWHM) of the spectrum were assumed to be 465
and 20 nm, and we ignored the absorption of emitted
light in the LEDs. The spectral envelop of emitted
light from the LEDs is a Gaussian shape. Therefore,
the multiple-dipole sources polarized in the xy-plane
is arranged in the light emitting layer and excited
with a Gaussian profile in time. For simplicity, the
light emitting layer is at 465 nm from the bottom of
the structures. The LED and the structures on the
light emitting surface were of the same material with
index of 2.47 (http://refractiveindex.info/).

The coordinate origin shown in Figure 2
corresponds to the position at the center of the
calculation space. The calculation space was 6 pm
and accordingly discretized using 15-nm grids. The
light emitting layer was distributed inside a circle
930 nm in diameter. The dimensions of the structure
were w =750 nm, p =930 nm, and b = 750 nm.

First, we discuss the calculated results of the
principal axis direction angle &, depending on A.
Figure 4 shows the direction angles 6,. In Figure 4,
0., indicated with a solid line, was calculated from
Equation (4); 6, indicated with a dashed line, was
obtained from the simulation results. The calculated
direction angle 6, shows the same tendency as 6.
Below 90nm in 4, they are quantitatively the same;
above 90nm in h, the increasing tendency of &, falls
into a sluggish pace compared with 6. This is partly
because Equation (4) is derived without
consideration of aperture shapes. As viewed from 6,,
the shapes of the structure tops are ellipses in wcos 6,
which is a minor axis parallel to the x-axis, and the
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apparent position of structure C moves #4sin6, to the
coordinate origin. In this result, a spot of the
principal axis is expanded toward -6, and it limits 6},

-40deg. 0 +40deg.
(a) 6p=0.00 (h=0)

Principal axis

0.0 0.5 1.0
arb. unit

Figure 5: Field intensity distribution corresponding to 4 =
(a) 0, (b) 90 and (c) 180 nm, and cross-section diagram of
control unit. Images (a), (b) and (c) were calculated by
temporal integration of Poynting vector at 3000 nm from
tops of structures. Red and blue regions represent high-
and low-intensity parts of field intensity distribution.
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Figure 6: Top view and cross-sectional diagram on vertical
plane including x-axis of control unit at N=6.

Next, we discuss the clarity of the principal axis
for the proposed method. Figure 5 shows field
intensity distribution corresponding to 7 =0, 90 and
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180 nm. Each image is constructed by temporal
integration of a Poynting vector at 3000 nm from the
top of the structures. In Figure 5, the high- and low-
intensity parts are represented by red and blue
regions, respectively. We also show the cross-
sectional diagram in a vertical plane. The principal
axis direction increases in step with h in Figure 5.
The principal axis becomes less clear as h increases.
This is because diffraction wave without some kind
of stray light affects the field intensity distribution.
This is an undesirable characteristic in beaming
devices. We discuss a method for obtaining a
sharply defined principal axis.

3 IMPROVED STRUCTURE

3.1 Design Rules

In this section, we describe the design rules to
improve the clarity of the principal axis based on
light use efficiency.

The principal axis consists of lights from the
light emitting layer to S via the top of the structures.
Other lights, which directly come from the light
emitting surface to S, are not involved in forming
the principal axis. Thus, a ring-shaped distribution is
acceptable as a light emitting layer distribution
profile. The inside and outside diameters of the light
emitting layer distribution should be equal to those
of the inscribed and circumscribed circles of the
structures on the light emitting surface.

The light use efficiency of the proposed method
is also affected by the number of structures. We
estimate the ratio 77 of light intensity via the tops of
N structures to the total amount of light intensity
from the light emitting surface. Here, N structures
are w in diameter and equally spaced on a circle
with a radius 7 and pitch p. This ratio is expressed as

_ (w/2r)?
*N(l T+ (w/2r) 2= (1= (w/2r))? (11)

n

To calculate 7 according to Equation (11), we
should modify Equation (10) as follows.

pcosg ~w (N=3) (12)

p>w (N=4) (13)
pcos% >w (N=6) (14)
pcosg >w  (N=8) (15)

We then obtain 7= 0.325 (N=3), 0.707 (N=4), 0.866

(N=6), and 0.541 (N=8). By comparing these values,
we obtain the maximum 7 at N=6. We can then
diminish excess light by using the ring-shaped
distribution profile of the light emitting layer and
use six structures.

We now describe a modification of Equation (4)
for six structures. In this case, r and p are equal. We
use p instead of r. Figure 6 shows a single control
unit of six structures. For simplicity, structures that
have the same x-coordinate value of the central axis
are the same height. Then the principal axis direction
is described as @,. The height of structures 1, 2, 3, 4,
5-and 6 are shown in Figure 6. In this case, optical
paths [; (k=1 — 6) from the bottoms of structures &
to S by way of the tops of the structure are expressed
by the following equations.

h
I8 :/4:[+§coseh (16)
3
Lh=1h=1— vy sin®, a7
3
Is=lyg=1— \CP sin®, +hcos6, (18)

)

From Equations (16), (17), and (18), the differences
in optical path lengths are of three types. First, an
optical path length from a pair of structures that are
symmetric about the xz-plane is zero in the entire
area on the xz-plane. Next, if the x-coordinate value
of one of the structures is zero, the optical path
length is expressed by the following equation.

V3p
2

If the signs of the x-coordinate values of structures
are opposite, the optical path length is expressed by
the following equation

V3psin®, — h(n— cos 6,) = mh (20)

/
sin0j, — é(n —cos0y,) = mA (19)

Equations (19) and (20) are equivalent at m=0. We
then obtain €, by the following equation.

0, =sin” ' ———— —tan

V1+(q/2)?

3.2 Simulation Results

1 ng/2 14
> @1

We now explain the simulation results to diminish
excess light with the proposed method. To calculate
field intensity distribution, we used the 3D FDTD
method mentioned in Section 3. The differences
with that mentioned in Section 3 are the calculation
space size and device structure. The calculation
space was 9 pum. The light emitting surface was
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covered with a metal mask to obscure light other
than from the control unit. The light emitting surface
had a hole and the control unit was arranged at the
bottom of the hole. Other calculation conditions are
listed in Table 1.

Table 1: Calculation conditions.

Diameter of structure (w) 555 nm
Pitch of structures (p) 630 nm
Height of structure () 555 nm

Difference in height (/) 0, 90, 180 nm
Outside diameter of 1815 nm
light emitting layer

Inside diameter of 705 nm
light emitting layer
Depth of light emitting layer
from bottoms of structures 4gfom
Hole diameter 2325 nm
Metal mask thickness 135 nm

(a) 0r=0.00 (h=0 (b) On=>5 3deg]|

FAEAE]

w = 555nm

(c) 6r=7.3deg (d) 6r=10.0deg|

0.0 0.5 1.0

Figure 7: Field intensity distribution of control unit at N=6
corresponding to 2 = (a) 0, (b) 90, and (c) 180 nm. Images
(a), (b), and (c) were calculated by temporal integration of
Poynting vector at 5400 nm from tops of structures.

The field intensity distribution corresponded to 4
=0 90 and 180 nm. Each image was constructed in
the same manner as in Figure 5. However, these
images were constructed by the temporal integration
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of a Poynting vector at 5400 nm from the tops of the
structures. Excess light was greatly reduced, as
shown in Figure 7. We then obtained a sharply
defined principal axis by using the improved
proposed method.

4 CONCLUSIONS

We proposed a method for controlling the principal
axis direction of LEDs and to obtain a sharply
defined principal axis through fine-structures on the
light emitting surface. We also verified the
effectiveness of the method by using the FDTD
method. In this result, a sharply defined principal
axis from a 2.3-um aperture is obtained by using the
proposed method.

The proposed method is suitable for high-density
array devices because it uses several sub-micron
dielectric structures as a means for directional
control. By applying the proposed method, high-
density beaming array devices are possible. The
method is also suitable for ray-based displays or
other applications.

We are planning to fabricate a new device with
the proposed structure by means of focused ion
beam (FIB) technique, which is promising for the
fabrication of fine structures with precise control of
height as well as in-plane dimension. For the FIB
fabrication, the structure and dimension will be
designed with FIB's characteristics taking into
account. Then, the directional control properties of
the new device will be evaluated to verify the
effectiveness of the proposed method.
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