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Abstract— The chip-on-board light-emitting diodes
(COB-LEDs) present low light efficiency due to the total
internal reflection (TIR) at the flat encapsulant–air interface.
In this study, a simple method based on complementary
printing was proposed to realize the millilens array on
the flat encapsulant layer to diminish the TIR effect, and
thereby improve the light efficiency of the COB-LEDs.
Experiments and optical simulation based on the Monte
Carlo ray-tracing method were conducted to investigate
the effect of the lens curvature θ , lens radius R, and lens
spacing D on the light efficiency of the COB-LEDs. The
results show that the light efficiency of the COB-LEDs
increases with R and decreases with D, and COB-LEDs
with hemispherical lens arrays (θ = 90◦) have the highest
light efficiency when R and D are fixed. Compared with the
conventional COB-LEDs with a flat encapsulant, closely
arranged hemispherical lens arrays with an R of 0.5, 1, and
1.5 mm enhance the light efficiency of the blue COB-LEDs
by 87.56%, 90.62%, and 95.73% and enhance the light
efficiency of ∼6000-K white COB-LEDs by 17.24%, 18.86%,
and 20.33%, respectively.

Index Terms— Chip-on-board light-emitting diodes
(COB-LEDs), light efficiency, millilens array, total internal
reflection (TIR).

I. INTRODUCTION

NOWADAYS, white light-emitting diodes (LEDs) are the
mainstream lighting source due to its outstanding per-

formance of high light efficiency, long lifetime, and compact
size [1]. In LED packaging, the phosphor/silicone encapsulant
layer is necessary for light conversion, color mixing, and
oxygen/moisture protection [2]–[4]. As shown in Fig. 1, due to
the refractive index difference of the LED chip (∼2.5), encap-
sulant (1.4∼1.7), and air (=1), serious total internal reflection
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Fig. 1. TIR phenomenon at (a) chip–encapsulant interface and
(b) encapsulant–air interface.

(TIR) happens at the chip–encapsulant and encapsulant–air
interfaces with the critical incident angles of θchip−encap < 43◦
and θencap−air < 46◦, which induces a significant light effi-
ciency drop.

To diminish the TIR phenomenon at the chip–encapsulant
interface, microlens arrays with spherical cap [5]–[11], spher-
ical [12]–[15], cone [16], and domed [17] geometries were
fabricated on the LED chips by photolithography [5]–[8]
and nanomicrosphere deposition [13], [14]. The results show
that the light-extraction efficiency of the LED chips can be
improved by 20% to 4.5 times depending on the lens radius,
curvature, and spacing of the lens array. In addition, the lens
array with a hemispherical geometry was confirmed to have
better optical performance than most of the other geometries.

Compared with the chip–encapsulant interface, the TIR
phenomenon at the encapsulant–air interface did not receive
extensive attention in the past decades, because the single-chip
LEDs with an overall lens shown in Fig. 2(a) are the main-
stream commercial LEDs. The overall lens guides the light
to emit out from the encapsulant–air interface directly, and
therefore improves the light efficiency of the LEDs. However,
with the increasing packaging requirement of high power and
compact size, chip-on-board LEDs (COB-LEDs) with dozens
to hundreds of LED chips mounted on a large area flat sub-
strate shown in Fig. 2(b) are becoming more and more popular.
The substrate area of the COB-LEDs is dozens to hundreds
of times of that of the single-chip LEDs. Therefore, it is
impossible to use the overall lens to diminish the TIR, because
it consumes too much silicone to fill the lens-encapsulant
gap and increases the module’s size significantly. As a result,
the commercial COB-LEDs present a flat encapsulant–air
interface shown in Fig. 2(b), which induces serious TIR at
the encapsulant–air interface and decreases the light efficiency
significantly.
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Fig. 2. Schematic of light propagation in (a) single-chip LEDs with
overall hemispherical lens, (b) COB-LEDs without lens, (c) COB-LEDs
with the patterned substrate, and (d) COB-LEDs with the dome-shaped
encapsulant layer.

Few methods were proposed to diminish the TIR at
the encapsulant–air interface of the COB-LEDs, includ-
ing patterned substrate [18], scattering materials [19], and
dome-shaped encapsulant layer [20]–[22]. The patterned sub-
strate shown in Fig. 2(c) and the scattering materials redirect
the reflected light to the critical angle, while the dome-shaped
encapsulant layer shown in Fig. 2(d) guides the light to emit
out from the encapsulant–air interface directly, which was
proved to have higher light efficiency enhancement (LEE)
than other methods [20]–[22]. Compared with the reported
dome-shaped encapsulant layers, the encapsulant layer with
an optimized lens array is expected to improve further the
light efficiency of the COB-LEDs. However, the encapsulant
layer is made of flexible resin, so the photolithography and
nanomicrosphere-deposition methods are not suitable for real-
izing the lens array on the encapsulant layer due to the com-
plicated wetting and curing behaviors of the encapsulant [23].
Instead, printing was confirmed to be an effective method
to realize the texture structure on the encapsulant, because
the mold regulates the wetting and curing behaviors of the
encapsulant [24]. However, it is expensive to make molds with
subtle and complex texture.

In this study, a simple method based on complemen-
tary printing was proposed to fabricate the millilens array
on the flat encapsulant layer for improving the light efficiency
of the COB-LEDs with 100 LED chips in a 10×10 array. First,
the influence of lens curvature, radius, and spacing on the light
efficiency of the COB-LEDs was investigated by the Monte
Carlo ray-tracing method. Then, the lens arrays with various
lens radii and curvature were fabricated on the encapsulant
layer by the proposed method and the light efficiency of the
COB-LEDs with lens arrays was measured and analyzed.

II. METHODOLOGY

A. Experiment

Fig. 3 shows the fabricating process of the millilens array,
and it consists of the following steps.

1) Coating a thin binder (Deli, 7148AB) layer on a flat
substrate with a coating machine (Weida, AFA-V) and
depositing steel balls on the binder layer.

2) Printing ethylene-vinyl acetate (EVA) resin on the steel
ball array with a hot melt glue gun (Deli, DL5041)
and removing the EVA resin after 10 min. Due to the
existence of the steel balls, the EVA resin has concave

Fig. 3. Fabrication process of the milli-lens array. (a) Fabrication of steel
ball array. (b) Fabrication of EVA mold. (c) Realization of millilens array.

Fig. 4. Schematic of the COB-LEDs used in this study. (a) Without
encapsulant. (b) With phosphor/silicone encapsulant. (c) With lens array.

spherical cap pits on one side, which could be used as
mold for making the lens array.

3) Coating silicone (Dow Corning, DC-184) on a flat
surface, putting the EVA mold on the silicone layer,
and heating the silicone to 55 ◦C for 60 min to cure
it. Removing the EVA mold and silicone film with a
lens array is obtained.

In this process, the geometry of the steel ball array, EVA
mold, and lens array is complementary, so the geometry of
the lens array is the same as that of the steel ball array. The
geometry of the steel ball array is determined by the thickness
of the binder, the radius, and the arrangement of the steel balls.
Therefore, lens arrays with various lens curvatures, radii, and
spacings can be realized by manipulating the thickness of the
binder, the radius, and the arrangement of the steel balls.

Fig. 4(a) shows the COB-LED module used in this study.
Hundred conventional chips with a size of 1 mm × 1 mm
are mounted on a flat substrate of 20 mm × 20 mm in a
10 × 10 array. After coating phosphor/silicone encapsulant
on the LED chips shown as Fig. 4(b), attach the lens array on
the encapsulant shown as Fig. 4(c) and heat the encapsulant
to 100 ◦C for 30 min to cure the encapsulant.

In the experiments, blue and ∼6000-K white COB-LEDs
without and with lens arrays were fabricated. For the blue
COB-LEDs, silicone (Dow Corning, DC-184) with a refrac-
tive index of ∼1.41 was used as the encapsulant. For the
white COB-LEDs, the silicone/phosphor (YAG-O4, Intematix)
mixture with a mass concentration of 0.03:1 g was used
as the encapsulant. The thickness of the encapsulant layer
was set as ∼1 mm. The light efficiency of the COB-LEDs
with and without lens arrays was measured by an integrating
sphere (ATA-1000, Everfine). During the optical measurement,
the COB-LED modules were placed on a cold plate with a
constant temperature of 25 ◦C to keep them cooled.

B. Optical Simulation

The effect of lens curvature θ , lens radius R, and lens
spacing D shown in Fig. 5(b) on the light efficiency of the
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Fig. 5. Optical simulation. (a) Simulation model. (b) Schematic of the lens
curvature θ, radius R, and spacing D. (c) Structure of the conventional
chip.

TABLE I
OPTICAL PROPERTIES OF THE CHIP LAYERS

COB-LEDs was investigated by the Monte Carlo ray-tracing
method. Fig. 5(a) shows the simulation model. The structure
of the COB-LED is the same as the experimental COB-LED,
including the chip size, distribution, and thickness of the
encapsulant. The structure of the conventional chip is shown
in Fig. 3(b), and the optical properties of the chip layers
are shown in Table I [22]. The input optical power of each
chip was set as 1 W. The refractive index of the silicone
was set as 1.41. The reflectance and absorptance of the LED
substrate were set as 0.92 and 0.08, respectively. For the white
COB-LEDs, the phosphor was assumed to be spherical with
a diameter of 13-μm, and its mass concentration with the
silicone was set as 0.03:1 g. To simulate the light-conversion
process, specific wavelengths of 454 and 570 nm were used to
characterize the emission light of the LED chips and phosphor.
In the simulations, θ varies from 0◦ to 120◦, R varies from
0.25 to 1.5 mm, and D varies from 1 to 3 mm.

III. RESULTS AND DISCUSSION

Fig. 6 shows the simulated LEE of the blue and ∼6000-K
white COB-LEDs by a lens array with various values of θ , R,
and D. The LEE is defined as (ηlens − ηflat)/ηflat × 100%,
where ηflat is the light efficiency of the COB-LEDs with
a flat encapsulant layer and ηlens is the light efficiency of
the COB-LEDs with a lens array. Fig. 6(a) shows that the
LEE of the COB-LEDs increases with θ when θ < 90◦
and decreases with θ afterward, when R and D are fixed as
0.5 and 1 mm. If θ is smaller or larger than 90◦, the light
at the side emitting angle would be reflected, as shown in
the inset of Fig. 6(a), which decreases the light efficiency of
the COB-LEDs. Therefore, θ of 90◦ (lens with hemispherical
geometry) is optimal [20]–[22]. Fig. 6(b) shows that the LEE

Fig. 6. Simulated LEE of the blue and ∼6000-K white COB-LEDs by
lens arrays with various (a) lens curvatures, (b) lens radii, and (c) lens
spacings.

of the COB-LEDs increases with R, when θ and D are fixed
as 90◦ and 2R. Larger R means the LED chip is closer
to the point light source, so more light emits out from the
encapsulant–air interface directly, as shown in the inset of
Fig. 6(b). Fig. 6(c) shows that the LEE of the COB-LEDs
decreases with D, when θ and R are fixed as 90◦ and 0.5 mm.
The area proportion of the flat surface to the entire surface
increases with D, so more light would be reflected, as shown
in the inset of Fig. 6(c). As a result, the light efficiency of the
COB-LEDs decreases.

The above results indicate that the lens array enhances the
light efficiency of the COB-LEDs significantly. Moreover, it
shows that the LEE of the white COB-LEDs is smaller than
that of the blue COB-LEDs. This is caused by the scattering
effect of phosphors [19], [22]. As shown in the inset of
Fig. 7(b), the phosphors redirect part of the light to the critical
angle, which increases the light efficiency of the COB-LEDs.
As a result, the LEE of the white COB-LEDs by the lens
arrays is weakened.

Fig. 7 shows the simulated blue and yellow light radiant
powers of the white COB-LEDs with various lens arrays. The
blue and yellow light powers follow the same change rule with
the lens curvature, radius, and spacing. In addition, Fig. 7(a)
shows that the radiant power of the blue COB-LEDs with a flat
encapsulant is 11.16 W, while the radiant power of ∼6000-K
white COB-LEDs with a flat encapsulant is 15.98 W (sum of
the blue and yellow light radiant powers), which proves that
the scattering effect of phosphor increases the light efficiency
of the COB-LEDs.

The simulated results show that lens arrays with θ = 90◦ and
D = 2R have the highest light efficiency. In the experiments,
it is hard to control the lens spacing, because the steel balls
are deposited on the binder layer randomly. Therefore, D
was controlled as ∼2R by depositing the steel balls closely.
Moreover, lens arrays with various values of θ and R were
obtained by changing the thickness of the binder and the radius
of the steel balls.
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Fig. 7. Simulated blue and yellow light radiant powers of the white
COB-LEDs with various (a) lens curvatures, (b) lens radii, and (c) lens
spacings.

Fig. 8. Photographs of (a) blue COB-LEDs with a flat silicone encap-
sulant, (b) ∼6000-K white COB-LEDs with a flat phosphor/silicone
encapsulant, (c) lens array with R = 1 mm, θ = ∼90◦, and D = ∼2 mm,
and (d) white COB-LEDs with lens array.

Fig. 8(a) and (b) shows the blue and white COB-LEDs with
a flat encapsulant layer used in the experiments. Fig. 8(c)
shows the lens array with R = 1 mm, θ = ∼90◦, and
D = ∼2 mm, and Fig. 8(d) shows the white COB-LEDs with
the lens array shown in Fig. 8(c).

Fig. 9 shows the photographs of the lens arrays with R =
1.5 mm, D = ∼3 mm, and θ = ∼30◦, ∼60◦, and ∼90◦.
It is very difficult to realize the lens array with θ > 90◦ due
to the difficulties in the EVA mold and lens array removing
processes. Fig. 10(a) shows the light efficiency of blue and
∼6000-K white COB-LEDs with lens arrays shown in Fig. 9.
Compared with the COB-LEDs with a flat encapsulant, the
LEE of the COB-LEDs by the lens arrays is shown in
Fig. 10(b). It shows that when θ is ∼30◦, ∼60◦, and ∼90◦,
the LEEs of the blue COB-LEDs are 36.21%, 83.31%, and
95.73%, and the LEEs of the white COB-LEDs are 6.39%,
16.93%, and 20.33%.

Fig. 11 shows the photographs of the lens arrays with
D = ∼2R, θ = ∼90◦, and R = 0.5, 1, and 1.5 mm. Fig. 12(a)
shows the light efficiency of blue and ∼6000-K white
COB-LEDs with lens arrays shown in Fig. 11. Compared

Fig. 9. Photographs of the lens arrays with R = 1.5 mm, D =∼ 3 mm,
and θ = (a) ∼30◦, (b) ∼60◦, and (c) ∼90◦.

Fig. 10. (a) Light efficiency of the blue and ∼6000-K white COB-LEDs
without and with the lens arrays shown in Fig. 9. (b) LEE of the blue and
∼6000-K white COB-LEDs by the lens arrays shown in Fig. 9.

Fig. 11. Photograph of lens arrays with D = ∼2R, θ = ∼90◦, and R =
(a) 0.5, (b) 1, and (c) 1.5 mm.

with the COB-LEDs with a flat encapsulant, the LEE of
the COB-LEDs by the lens arrays is shown in Fig. 12(b).
It shows that when R is 0.5, 1, and 1.5 mm, the LEEs
of the blue COB-LEDs are 87.56%, 90.62%, and 95.73%,
and the LEEs of the white COB-LEDs are 17.24%, 18.86%,
and 20.33%.

The experimental results show that the light efficiency of the
COB-LEDs increases with θ and R, which is consistent with
the simulated results. In addition, the deviation of the LEE
obtained from simulations and the maximum LEE obtained
from experiments is <10%. Although the light efficiency of
the COB-LEDs increases with R, it is inadvisable to use large
R, because it consumes too much silicone and increases the
module’s size.

Fig. 13 summarizes the LEE of the COB-LEDs by the lens
array and previous methods, and the parameters of the lens
array used for comparison are R = 1.5 mm, D =∼ 3 mm,
and θ =∼90◦. It shows that the LEE of the COB-LEDs by the
lens array is much higher than other methods, which indicates
the superiority of the lens array.
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Fig. 12. (a) Light efficiency of the blue and ∼6000-K white COB-LEDs
with the lens arrays shown in Fig. 11. (b) LEE of the blue and ∼6000-K
white COB-LEDs by the lens arrays shown in Fig. 11.

Fig. 13. Comparison of the LEE of the COB-LEDs by the lens array and
previous works.

IV. CONCLUSION

In this study, a simple method based on complementary
printing was proposed to realize the millilens array on the
encapsulant layer for enhancing the light efficiency of the
COB-LEDs. Optical simulations based on the Monte Carlo
ray-tracing method were applied to investigate the influence of
lens curvature θ , lens radius R, and lens spacing D on the light
efficiency of the COB-LEDs. Experiments were conducted
to fabricate the lens arrays with various values of θ and R.
The results show that the light efficiency of the COB-LEDs
increases with R and decreases with D, and the COB-LEDs
with hemispherical lens arrays (θ = 90◦) have the highest
light efficiency. The experimental results show that compared
with the conventional COB-LEDs with a flat encapsulant, the
LEEs of blue and ∼6000-K white COB-LEDs by the lens array
with D = ∼3 mm, θ = ∼90◦, and R = 1.5 mm are 95.73%
and 20.33%, which is much higher than that reported in the
previous studies. This study is helpful for promoting the future
application of the lens array in the COB-LED packaging.
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