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Abstract: A conformal phosphor coating can realize a phosphor layer with
uniform thickness, which could enhance the angular color uniformity
(ACU) of light-emitting diode (LED) packaging. In this study, a novel
freeform lens was designed for simultaneous realization of LED uniform
illumination and conformal phosphor coating. The detailed algorithm of the
design method, which involves an extended light source and double
refractions, was presented. The packaging configuration of the LED
modules and the modeling of the light-conversion process were also
presented. Monte Carlo ray-tracing simulations were conducted to validate
the design method by comparisons with a conventional freeform lens. It is
demonstrated that for the LED module with the present freeform lens, the
illumination uniformity and ACU was 0.89 and 0.9283, respectively. The
present freeform lens can realize equivalent illumination uniformity, but the
angular color uniformity can be enhanced by 282.3% when compared with
the conventional freeform lens.
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1. Introduction

Compared with traditional light sources, a white light-emitting diode (LED) has many
advantages, such as high luminous efficiency, low power consumption, high reliability, and
long life. Thus, LEDs are considered as a strong candidate for the next-generation light source
and gradually are becoming widely used in our daily lives [1-5]. However, the direct output
of an LED is usually a circle spot with non-uniform illuminance distribution, which makes it
hard to meet the illumination requirement. Therefore, LED luminaries are generally required
to re-distribute the spatial distribution of the LED's light energy through appropriate primary
or secondary optics so that the light pattern and uniformity can be controlled for high-quality
LED illumination [6,7]. A freeform lens is a type of newly emerging, non-imaging optics and
has become a trend in LED optics design due to its advantages in abundant design freedom,
compact size, and accurate light control. There exist many methods to deal with freeform lens
design: the simultaneous multiple surface (SMS) method [7,8], the tailored freeform surface
method [9], partial differential equations [10], the discontinuous freeform lens method [11-
13], and the continuous freeform lens method [7,14-18]. These design methods, except for the
SMS method, usually deal with the outer surface, and the inner surface is considered as a
hemispherical shape for simplicity, which would abandon important design freedom in the



inner surface of a freeform lens. Although the SMS method could deal with multiple freeform
surfaces simultaneously by controlling the light directions, it is too complicated and could not
guarantee the uniformity of the light—energy distribution.

On the other hand, uniform illumination is not the only requirement for high light quality
of LED packaging; high angular color uniformity (ACU) is also required in many applications
[19,20]. In the conventional phosphor-dispensing method, the geometry of the phosphor layer
is usually convex, which leads to low ACU in the whole radiation angle. To overcome the
poor ACU of the conventional phosphor-dispensing method, the conformal coating method
was proposed in which the thickness of the phosphor layer is uniform. Currently, there are
many methods to realize conformal coating: electrophoresis [21], slurry [22], settling [23],
evaporating solvent [24], wafer-level coating [25], and capillary-assisted coating [26], for
example. All of these methods have pros and cons—basically, they all need extra-process
sequences or extra-process requirements to coat the phosphor layer onto the chip uniformly,
and some of process sequences are difficult and some of the requirements are rigorous.
Therefore, people both in industry and in academia still spend a lot of effort on the
development of conformal phosphor-coating technology.

High-quality LED illumination, which requires high illumination uniformity, high ACU,
and precise light pattern control, is in great demand by consumers and markets. Therefore, an
optic design that can realize these requirements simultaneously has become a development
trend. In this study, we designed a novel freeform lens for LED uniform illumination as well
as realization of a conformal phosphor coating. The algorithm of the method involving the
extended light source is presented in detail. The lighting performance of the present freeform
lens is validated. Both the illumination uniformity and ACU were examined by Monte Carlo
ray-tracing simulations.

2. Problem statement

As shown in Fig. 1(a), regardless of whether in the conventional freeform lens or in the
hemispherical lens, the inner surface is hemispherical, which can make the lens design
convenient and effective for a point light source. In order to coordinate the laying of
conventional lenses in existing LED packaging processes, after the phosphor silicone matrix is
dispersed onto the chip, silicone is put in the interspace between the substrate and the lens to
expel the air and to protect the chips and the bonding wires. In these packaging processes, the
non-uniform phosphor layer may lead to poor ACU in the whole radiation angle. On the other
hand, the main advantage of the conformal phosphor coating lies in the uniform thickness of
the phosphor layer.

Inspired by the existing packaging processes and the advantage of a conformal phosphor
coating, one possible idea comes up: why not design a freeform lens in which the height of the
inner surface is uniform? If so, we can realize a conformal phosphor coating by filling the
interspace between the lens and the LED chip with a phosphor-silicone matrix. As shown in
Fig. 1(b), if the inner surface of the freeform lens is flat, the thickness of the phosphor layer is
uniform; thus, a conformal phosphor coating is realized.

With such a novel freeform lens, the packaging processes in the industry may even be
facilitated and simplified. As shown in Fig. 1, the silicone-filling process can be integrated
with the phosphor-coating process. After the novel lens is mounted, a phosphor-silicone
matrix is filled into the interspace, which not only can realize a conformal phosphor coating,
but also can play the role of silicone to protect the chip and bonding wires. If such a freeform
lens is feasible, we can save packaging time and cost and improve manufacturing efficiency.

To design such a freeform lens with a uniform-height inner surface, we are faced with two
inevitable problems. One is light control when the rays are refracted by the inner and outer
surfaces through the lens; the other is the extended light source. The double refractions on the
two surfaces make light control difficult, which should be designed well by considering the
full light path from the light source to the target plane simultaneously. Since the thickness of
the conformal phosphor coating layer is usually small, the LED chip could not be considered



as a point light source any longer. The detailed design method is presented in the following
sections.

Conventional Silicone
Freeform Lens

()

Present Freeform Lens Phosphor Silicone Matrix

LED Chip Substrate

/
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Fig. 1. (a) LED packaging module with conventional freeform lens, and (b) LED packaging
module with novel freeform lens applied to conformal phosphor coating.

3. Design method for freeform lens for conformal coating
The design method consists of two main steps:

1. Establishing the light—energy mapping relationship between the light source and the
target plane.

2. Constructing the freeform lens. A circular target plane is adopted as the example in the
following design, but the design method can also be extended to other target planes,
such as a rectangular plane.

3.1 Establishing the light-energy mapping relationship

As shown in Fig. 2, the energy distribution of the light source is divided into M x N grids with
equal luminous flux, where the latitude is divided into N parts and the longitude is divided
into M parts. Due to the central symmetry of the energy distribution of the light source, the
light energy of each grid at the same latitude is the same. Then we can integrate the N grids
along the latitude together and just consider the M parts along the longitude. According to the
principle of photometry, the luminous flux of the unit area of the M parts () and the total
light source a Can be calculated as Eq. (1) and Eq. (2), respectively.
2
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o I
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where I( ) is the light intensity, and and are the notions shown in Fig. 2. The edge angle ;
(i =1,2,...,M) of each part, which defines the direction of edge light of each source grid, can
be calculated by Eq. (3). Thus the light source is divided into M parts with equal luminous
flux.
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To overcome the problem of lighting-performance deterioration caused by an extended
light source and the scattering of phosphor particles, we divide the target plane into M
concentric rings with unequal areas by inserting optimization coefficient C;. For an arbitrary
circle area with a radius of r;, it is the summation of i concentric rings and we can obtain

2

r’ iCiWL,(i 12,...M). (4)
Thus the radius r; of each concentric ring on the target plane can be calculated as
iC.
r. L —. 5
By (5)

The purpose of introducing optimization coefficients is to optimize the light—-energy
distribution on the target plane to compensate for the illumination deterioration caused by the
extended light source and the scattering of phosphor particles. The optimization coefficients
must be equal to 1 when dealing with point light-source problems. During the design for the
extended light source, we adjust C; to make the trend of illumination distribution on the target
plane to be the inverse of the trend of light-performance deterioration caused by the rays
emanating from the edge area of the LED chip. However, it should be noted that the
assignment of C; is not arbitrary. Since the radius of the arbitrary circle area r; is incremental,
according to Eq. (5), the series {iC;} must be an ascending series. The last term of the series
MCy must be the largest, and at this situation, ry must equal to L; thus, Cy must be 1.
Therefore, each term of {iC;} must be less than M. According to the edge ray principle, rays
from the edge of the light source should strike the edge of the target [14]. With the above
gridding method, we can establish the light-energy mapping relationship between the
extended light source and the target plane. As a result, we can obtain the edge angle ; and the
corresponding radius r; of each ray.

Light Energy Mapping
between Two Grids

Meshing of Light Source Meshing of Target Plane

Fig. 2. Schematic of light—energy mapping between the light source and the target plane.

3.2 Constructing the freeform lens

Since both the target plane and the light intensity distribution of the light source are central
symmetrical, the lens could also be designed as centrally symmetrical Figure 3 shows the
typical light path from the light source to the target plane through the present freeform lens.
As shown in Fig. 3, the incident ray oa is refracted to as by the inner surface, then as is
refracted by the outer surface, and the output ray sr irradiates at the corresponding point R on



the target plane. According to Snell's law, the ray oa, as, and sr must satisfy the following
equations: [6]

AN, n, A2 N, ®)
OAl AB

n, N, s N, @)
AB BR

where n, and n, are the unit normal vectors of the inner surface and outer surface,

respectively; n;, n,, and ns are the refractive indices of each area, respectively; n; is the
refractive index of the phosphor silicone matrix; n, is the refractive index of the lens material;
and n; equals 1.00 because the area is air.
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Target Plane
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o = x

Fig. 3. Schematic of typical light path from the light source to the target plane through the
present freeform lens. The inner surface is a cylinder and the outer surface is freeform.

To be more specific, in this design the inner surface is a cylinder with a radius of a and a
height of b. Therefore, as shown in Fig. 4, there exists a turning point A; on the inner surface.
The edge angle of the incident ray corresponding to Ay is denoted as 1, which can be
determined by = arctan(a/b). According to relationship between the edge angle of the
incident angle ;and 1, the inner surface can be divided into two cases:

Case I: when the edge angle ;is less than 1, the light path is illustrated as the light
path of “O-A-Bi-R;”.

Case II: when the edge angle ; is larger than 1, the light path is illustrated as the light
path of “O-Aj-Bj-Rj”.
In both cases, the refractions happening on the inner and outer surfaces are controlled by
Snell's law, and Eq. (6) and Eq. (7) could be rewritten as Eq. (8) and Eq. (9) with the notions
in Fig. 4.



nsin , nsin ,, x i,j, (8)

n,sin , nysin ,,(x i,j). (9)

Fig. 4. Specific light paths from the light soutoethe target plane through the present freeform
lens. Phosphor silicone matrix is filled in theeirgpace between the light source and inner
surface of the lens. Blue lines are the typicditligaths. Red dashed lines are the normal plane
and green dashed lines are the tangent plane. Roisithe turning point of the inner surface.

«X =1ij) and «(x =ij) are the incident angle and refraction angle am ittner surface,
respectively. x(x =1i,j) and «(x =i,j) are the incident angle and refraction angle enditer
surface, respectively.

Fig. 5. Schematic of point generation on the osteface of the present freeform lens. Red
dashed lines are the normal plane and green borethe tangent plane of the points on the
outer surface.



