
IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 64, NO. 10, OCTOBER 2017 4149

A Facile Approach to Fabricate Patterned
Surfaces for Enhancing Light

Efficiency of COB-LEDs
Xingjian Yu, Bin Xie, Bofeng Shang, Weicheng Shu, and Xiaobing Luo, Senior Member, IEEE

Abstract— Light efficiency of chip-on-board light-
emitting diodes (COB-LEDs) is much lower than the
single-chip packaging LEDs due to its flat phosphor layer,
and hemispherical phosphor layer realization is a great
challenge in COB-LEDs packaging due to the low surface
tension of the phosphor gel. In this paper, we demonstrated
a facile method to fabricate patterned surfaces to deal
with this challenge. First, nanosilica (NS) particles with
average diameter of 70 nm were fabricated by hydrolyzing
the tetraethoxysilane and further modified by 1H,1H,2H,2H-
perfluorooctyl-trichlorosilane, then patterned surfaces
were fabricated by introducing a tailored template into the
NS coating process. The results show that the NS coated
surfaces display repellency to the water and phosphor gel
with porous lotus leaf-like hierarchical structure, when
the particle deposition density (PDD) of the NS particles
increases from 0 to 6 g/m2, the contact angle (CA) of water
increases from 34° to 161°, and the CA of phosphor gel
increases from 22° to 145°. Hemispherical phosphor layer
was achieved with the patterned surfaces when the PDD
is 1.5 g/m2. Compared to the conventional flat phosphor
layer, the hemispherical phosphor layer enhances the
light efficiency by 11.74% and 14.52% for 4000 and 5000 K
COB-LEDs.

Index Terms— Chip-on-board light-emitting diodes
(COB-LEDs), light efficiency, patterned surface.

I. INTRODUCTION

OVER the past decades, light-emitting diodes (LEDs)
have made remarkable progress in epitaxy growth, chip

design, packaging materials and packaging technology, and
have widely been applied in our daily lighting [1]. For
industrial application, LEDs are manufactured into single-chip
packaging module [2]–[4], as shown in Fig. 1(a) or integrated
into chip-on-board packaging module (COB-LEDs) [5], as
shown in Fig. 1(b), and the latter is becoming more and more

Manuscript received May 19, 2017; revised July 4, 2017; accepted
July 24, 2017. Date of publication August 14, 2017; date of current
version September 20, 2017. This work was supported in part by the
National Natural Science Foundation of China under Grant 51625601,
Grant 51576078, and Grant 51606074, and in part by the Fundamental
Research Funds for the Central Universities under Grant 2016JCTD112.
The review of this paper was arranged by Editor J. Huang. (Correspond-
ing author: Xiaobing Luo.)

The authors are with the School of Energy and Power Engineering,
Huazhong University of Science and Technology, Wuhan 430074, China
(e-mail: Luoxb@hust.edu.cn).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TED.2017.2734105

Fig. 1. (a) Single-chip packaging module. (b) TIR of COB packaging
module. (c) COB packaging module with scattering layer. (d) COB
packaging module with patterned leadframe substrate.

popular due to its advantages of high luminous flux, compact
size, and low cost [1]. However, compared to the single-
chip packaging module, the COB-LEDs) suffers from lower
light efficiency because of the total internal reflection (TIR)
which happens at the flat encapsulant-air interface with an
extremely small critical angle of 38°–45° [6]–[8], and the drop
of the light efficiency would worsen the thermal reliability of
LEDs [9]. Quite a few methods were proposed to eliminate
the TIR including scattering layer [Fig. 1(c)] [6], [7] and
patterned leadframe substrate [Fig. 1(d)] [8]. The principle of
these methods is to redirect the light that reflected from the
encapsulant-air interface to the angle within the critical angle,
however, quite part of the reflected light is absorbed by the
encapsulant due to the relatively long propagate path.

A more feasible method is to guide the light to emit
out directly through roughened LED chip [10] and rough-
ened [11], [12] or domed encapsulation layer [Fig. 1(a)] [5].
In general, the encapsulant would spread over flat surfaces
with a contact angle (CA) smaller than 30° due to the low
surface tension of encapsulant, therefore, to realize domed
encapsulation layer on flat surface is a great challenge in LED
packaging. In our previous study, we realized a cylindrical
encapsulation layer for COB-LEDs to eliminate the TIR, the
phosphor gel was coated onto the preheated LED substrate,
and it was cured before spread to its final geometry due
to the thermosetting property of the silicone [5]. However,
the CA of the phosphor gel is smaller than 70°, and the
theoretical optimized encapsulation layer is hemispherical with
CA of 90°, therefore, more works need to be done.

In recent years, patterned surfaces contain both liquid-
repellency surface and liquid-wetting surface were devel-
oped and proposed to have potential applications in liquid
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Fig. 2. Liquids self-assembly principle of patterned surfaces.

transport [13], [14], enhanced condensation [15], [16] boiling
heat transfer [17], [18], and the directed growth of thin
films [19]. Further, such surfaces can also serve as templates
for the wettability-driven self-assembly of low surface tension
liquids [20], which offer a solution to realize domed encapsu-
lation layer. Fig. 2 shows the liquids self-assembly principle
of patterned surfaces. Liquids on the patterned surfaces are
restrained within the liquid-wetting surface, and the CA can be
adapted to any value between θ1 and θ2. θ1 is the CA between
the liquids and the liquid-wetting surface, and θ2 is the CA
between the liquids and liquid-repellency surface. Compared
to the homogeneous liquid-repellency or liquid-wetting sur-
faces, there are two main advantages of the patterned surfaces,
one is the CA is adaptable, another is the wetting pattern of
liquids can be precisely controlled.

For applying the patterned surfaces in LED packaging,
the main challenge is to fabricate oleophobic surface with
low cost. Compared to the hydrophobic surfaces which only
display repellency to high surface tension liquids such as
water (0.072 N/m), the fabrication of oleophobic surfaces
display repellency to low surface tension liquids requires more
advanced technology. To achieve such a surface property,
surfaces should be modified with a combination of hierarchical
surface structure and low surface energy functionality [21].

Hierarchically structured surfaces possess more than one
scale roughness is an effective way to enlarge the apparent
CA between liquid droplets and solid substrates by supporting
the liquids in Cassie–Baxter state [22], and the low surface
energy functionality of the surfaces is important for enlarge
the intrinsic CA defined by Young’s equation [23]. Over
the past decades, various strategies have been proposed to
generate oleophobic surfaces [24]–[26]. First, hierarchically
structured surfaces are prepared by numerous methods includ-
ing lithography [27], etching [28], electrospinning [29], elec-
troless galvanic deposition [30], and anodization [31], then the
hierarchically structured surfaces are generally functionalized
with fluorinated alkylsilanes [32], [33]. However, most of
the proposed approaches are still not cost effective in many
applications due to the expensive and complex process of
fabricating hierarchically structured surfaces. The random dis-
tribution of nanoparticles on surfaces can be an alternative and
inexpensive method for the fabrication of hierarchical surface
structures, the nanoscale texture is formed by the intrinsic
size of nanoparticles, and the microscale texture is formed
by aggregation of nanoparticles [34]–[38].

In this paper, we proposed a simple and inexpensive
method to fabricate patterned surfaces. First, nanosilica (NS)

Fig. 3. FOTS-modified NS particles fabrication process. (a) NS particles
preparation. (b) NS particles modification.

particles with average diameter of 70 nm were fabricated by
hydrolyzing the tetraethoxysilane (TEOS) and modified by
1H,1H,2H,2H-perfluorooctyltrichlorosilane (FOTS), the FOTS
is chosen to modify the NS particles due to its low sur-
face energy functional groups (−CF2 and −CF3) [21], [38].
Second, the FOTS-NS particles were deposited on silicon
surface using spray coating method. By introducing a tailored
template into the NS particles deposition process, patterned
surfaces were achieved and applied in LED packaging to
realize hemispherical phosphor layer geometry. The chemi-
cal compositions and morphology of the FOTS-NS particles
were characterized. The wettability and morphology of the
FOTS-NS coated surfaces were characterized. The light effi-
ciency enhancement of the COB-LEDs with the patterned
surfaces was demonstrated.

II. METHODOLOGY

A. Materials

TEOS (98%) was obtained from Alladdin and its molec-
ular structure can be represented by the following formula:
Si(OC2H5)4. FOTS (99%) was purchased from Guidechem
and its molecular structure can be represented by the fol-
lowing formula: CF3(CF2)5CH2CH2SiCl3. Ethanol (99.7%),
ammonia (28%–30%), and acetone (99%) were used. Pure
water and phosphor gel were used to characterize the wetta-
bility of the prepared surface. The phosphor gel was also used
as the encapsulant material in LED packaging, it consists of
phosphor (0.1 g, diameter of 13 μm, YAG-04, Intematix) and
silicone (1 g, OE6550A/B, Dow corning), its surface tension
was measured as 0.034 N/m, and its viscosity was measured
as 4.2 Pa·s at 25 °C. The silicon substrates are provided by
Dalian University of Technology.

B. Synthesis of FOTS-NS Particles

Fig. 3 shows the FOTS-NS particles fabrication process,
it consists of two steps.

1) NS particles preparation. The NS particles were prepared
according to the Stöber method [39]. First, ethanol
(100 mL) and ammonia (7 mL) were mixed homoge-
nously via stirring at 700 rpm for 15 min at 25 °C, then
TEOS (8 mL) was added, after stirring for 48 h, pristine
NS particles were obtained in the suspension.

2) NS particles modification. The pristine NS particles
were separated by centrifugation and dispensed in ace-
tone (100 mL) after washing with acetone three times,
then the suspension was heated to 60 °C, adding the
FOTS (8 mL) into the suspension and stirring at 700 rpm
for 12 h. The resultant FOTS-NS particles were obtained
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Fig. 4. Fabrication process of the patterned surfaces and its application
in LED packaging. (a) Coating the FOTS-NS. (b) Bonding the LED chip.
(c) Coating the phosphor gel.

by residual FOTS removal through four cycles of cen-
trifugation/redispersion in acetone. Finally, the resultant
product was dispersed in ethanol for surface coating.

C. Patterned Surfaces Preparation and Application for
COB-LEDs Packaging

Fig. 4 shows the fabrication process of the patterned sur-
faces and its application in COB-LEDs packaging, it contains
three steps: 1) cleaning the silicon substrate in acetone by bath
sonication for 30 min and rinsed with deionized water for three
times, then covering a tailored template on the substrate and
spraying FOTS-NS on the uncovered surface at 20-cm distance
using spray gun (VL-SET, Paasche Airbrush Company) at
300 kPa air pressure; 2) bonding the LED chip on the LED
substrate; and 3) coating the phosphor gel onto the LED chip
and substrate and curing it.

D. Characterization

The chemical composition of FOTS-NS particles were stud-
ied by X-ray photoelectron spectroscopy (XPS, AXIS-ULTRA
DLD-600W, Kratos). The binding energies were referenced
to 285 eV as determined by the locations of the maximum
peaks on the C 1s spectra of the hydrocarbon associated with
adventitious contamination, while the F 1s peak maximum was
set at 689 eV. The morphology of the FOTS-NS particles was
characterized with transmission electron microscope (TEM,
Tecnai-G20, FEI).

The morphologies of the FOTS-NS coated surfaces were
observed by scanning electron microscope (SEM, JSM-7600F,
JEOL). The wettability of FOTS-NS coated surfaces for water
and phosphor gel was determined by measuring static CA
and CA hysteresis (CAH, difference between the advancing
CA and receding CA) using the drop shape analyzer (DSA25,
Kruss). The reported CA and CAH are the average of mea-
surements obtained at three different points on each sample
surface with liquid droplets (diameter of 2 mm). The water
droplets bouncing phenomenon on the prepared surfaces were
observed with high-speed camera (SA3 120K, Photron).

The light efficiency of LED modules was measured with an
integrating sphere of 1 m in diameter (ATA-1000, Everfine).

III. RESULTS AND DISCUSSION

A. Morphology and Chemical Characterization of the
FOTS-NS Particles

Fig. 5(a) shows the TEM image of the FOTS-NS particles,
it shows that the particles is closed to be a sphere with average
diameter of 70 nm. Fig. 5(b)–(d) shows the transmittance test

Fig. 5. FOTS-modified NS. (a) TEM imagine of the FOTS-NS particles.
(b) Pure glass substrate and FOTS-NS coated substrate with PDD of
0.6 g/m2. (c) Transmittance spectra of the two substrates shown in (b).
(d) Transmittance of glass substrate with PDD from 0 to 6 g/m2.

Fig. 6. XPS spectra of the FOTS-modified NS.

TABLE I
ATOM CONCENTRATIONS OF THE DETECTED CHEMICAL ELEMENTS

results of the FOTS-NS particles. To test the transmittance,
the particles were coated on a 0.5-mm-thick glass substrate
with particle deposition density (PDD) from 0 to 6 g/m2, the
PDD is defined as the ratio of the NS particles deposition
mass to the surface area. Fig. 5(b) shows the image of the
pure and FOTS-NS coated (PDD of 0.6 g/m2) glass substrates,
Fig. 5(c) shows the transmittance spectra of the two substrates,
it shows that the FOTS-NS coated glass substrate exhibits
superhydrophobicity while keeps high transparency. Fig. 5(d)
shows the transmittance of the FOTS-NS coated substrate with
PDD from 0 to 6 g/m2, it indicates that the transmittance
decreases with the PDD.

Fig. 6 shows the XPS spectra of the FOTS-NS particles.
Si 2p, C 1s, O 1s, F 1s peaks were detected at binding energy
around 104, 285, 535, and 690 eV, respectively. Table I shows
the atom concentrations of Si 2p, Cl 2p, C 1s, O 1s and F 1s.
The atomic concentration ratio of F/C is 1.59 which indicates
a strong surface enrichment of fluorine. Besides, the atomic
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Fig. 7. Surface morphology of the FOTS-modified NS coated surfaces with various PDD. (a) 0.6 g/m2. (b) 1.5 g/m2. (c) 3 g/m2. (d) 6 g/m2.

Fig. 8. Wettability characterization results of water and phosphor gel droplets on the FOTS-modified NS coated surfaces. (a) and (b) Bouncing
phenomenon of water droplets (diameter of 2 mm) on the surface with PDD of 1.5 g/m2. (c) CA and CAH of water droplets (diameter of 2 mm) on
the surfaces with various PDD. (d) CA of phosphor gel droplets (diameter of 2 mm) on the surfaces with various PDD.

concentration of Cl 2p is only 0.01% which indicates that
the FOTS were sufficient reacted with the hydroxy of the
NS particles.

B. Surface Morphology and Wettability Characterization
of the FOTS-NS Coated Surfaces

Fig. 7 provides the SEM images of the surfaces with PDD
of 0.6, 1.5, 3, and 6 g/m2, respectively. It can be found that the
NS particles naturally generate porous lotus leaf-like hierar-
chical structure on the surfaces. The microscale texture is
formed by the aggregation of the FOTS-NS particles, and
the nanoscale texture is structured by the intrinsic size of the
FOTS-NS particles. The main differences of the surfaces are
lie on the microscale texture as shown in the low-magnification
SEM images, while the nanoscale texture is similar as shown
in the medium-and high-magnification SEM images. The
average dimensions of microscale texture increases with PDD,
besides, at low PDD, only protuberant microtexture was

observed, while at high PDD, sunk microscale texture appears
and increases with PDD.

Water and phosphor gel repellency of the FOTS-NS coated
surfaces were characterized. The bouncing phenomenon of a
water droplet (diameter of 2 mm) on the surface with PDD of
1.5 g/m2 is shown in Fig. 8(a) and (b). Fig. 8(a) indicates that
the water droplet bounces off the surface spontaneously after it
impacts the surface. Fig. 8(b) shows the time evolution of the
height of the droplet’s barycenter to the surface, it shows that
the water droplets can easily bouncing from the surface for
many times, which indicates the surface is highly repellency
to the water. Fig. 8(c) shows the measured CA and CAH of
water droplets (diameter of 2 mm) on the surfaces with PDD
varies from 0 to 6 g/m2, it indicates that the surfaces display
superhydrophobicity when the PDD lager than 0.3 g/m2, the
CA of the water reaches to 160° and the CAH is less than 4°.
Fig. 8(d) shows the CA of phosphor gel droplet (diameter of
2 mm) on the surfaces with PDD varies from 0 to 6 g/m2,
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Fig. 9. Schematic of the Cassie–Baxter state.

Fig. 10. (a) Patterned surface. (b) Hemispherical phosphor gel geometry.

it implies that CA of the phosphor gel is strongly dependent
on the PDD, as the PDD increases from 0 to 6 g/m2, the
CA between the phosphor gel and surfaces increases from
22° to 145°. Besides, due to the high viscosity of the phosphor
gel (4.2 Pa·s), no bouncing phenomenon was observed for the
phosphor gel droplets.

The wetting of the water and phosphor gel droplets on the
coated surfaces can be described by the Cassie–Baxter state
shown as Fig. 9. Ascribe to the hierarchically texture formed
by the FOTS-NS particles, the liquid does not completely
wet the surface texture, and pockets of air remain trapped
underneath the liquid droplet, the apparent CA θ∗ of this state
can be determined by the Cassie–Baxter equation [19], given
as

cos θ∗ = fsl cos θY − flv (1)

fsl + flv = 1 (2)

where fsl represents the area fraction of the solid-liquid
interface, and flv represents the area fraction of the liquid-
vapor interface. θY is the intrinsic CA of the droplets on a flat
surface defined by Young’s equation [20]

cos θY = γsv − γsl

γlv
(3)

where γsv, γsl, and γlv refer to the surface tension of solid-
vapor, solid-liquid, and liquid-vapor interfaces, respectively.

The surface tension of water (0.072 N/m) is much higher
than that of the phosphor gel (0.034 N/m), so the intrinsic
CA of water on a surface is higher than that of the phosphor
gel according to the Young’s equation. As a consequence,
the water droplets display lager CA than the phosphor gel
droplets on the coated surface with same PDD. Besides, as the
PDD increase, the microscale texture becomes larger and more
compact. According to the studies [30], [40], the larger and
compact texture prevents the droplets from impregnating the
surface. Therefore, the CA of the phosphor gel increases
with PDD.

C. Patterned Surface for COB-LEDs Packaging

Fig. 10 shows the patterned substrate fabricated by
FOTS-NS coating and the hemispherical phosphor layer real-
ized by the patterned surface. The patterned surface consists
of pure silicon surface and FOTS-NS coated surface with PDD
of 1.5 g/m2, as shown in Fig. 8(d), the CA of phosphor gel

Fig. 11. Light efficiency comparison of LEDs with the flat and hemi-
spherical geometries under various drive current. (a) CCT of 4000 K.
(b) CCT of 5000 K.

Fig. 12. Light spectra and CCT distributions of LEDs with flat and
hemispherical phosphor geometries under CCT around 5000 K. (a) Light
spectra. (b) CCT distribution.

on pure silicon surface is 22°, the CA of phosphor gel on
FOTS-NS coated surface is 123°, so the CA of phosphor gel
on the patterned surfaces can be adapted to a value between
22° and 123°. By controlling the coating volume of phosphor
gel, it is very easy to realize hemispherical phosphor layer, as
shown in Fig. 10(b).

After the phosphor gel been cured, the light efficiency
of the LEDs was tested, LED modules with correlated
color temperature (CCT) of 4000 and 5000 K were fabri-
cated, and the conventional flat phosphor layer with same
correlative color temperature was used to make compar-
ison. Fig. 11 shows the light efficiency comparison of
LEDs with the two geometries under drive current from
150 to 1050 mA at CCT of 4000 and 5000 K, it is cal-
culated that a light efficiency enhancement of 11.74% and
14.5% was achieved. Such an enhancement is higher than the
results reported in previous studies, (11.7% at 5000 K) [5],
(12.24% at 5500 K) [6], and (9.7% at 3178 K) [12].

Fig. 12 shows the light spectra and CCT distributions of
LEDs with flat and hemispherical phosphor geometries under
CCT around 5000 K. Fig. 12(a) shows that the light spectra
of LEDs with the two phosphor geometries is similar, and
the peaks of the hemispherical geometry is higher than the
flat geometry due to its higher efficiency. Fig. 12(b) shows
that the hemispherical geometry have a more uniform CCT
distribution, the CCT deviations of the flat and hemispherical
geometry are 1200 and 572 K, respectively.

Reliability analysis of LEDs with the two phosphor geome-
tries was conducted by online testing method [41], [42].
In the reliability experiments, LED samples were placed in
an isothermal chamber with temperature of 120 °C. The light
output of LEDs were collected and recorded in real time.
Fig. 13 shows the normalized lumen maintenance of the two
kinds of LEDs during the aging time of 180 h. It can be seen
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Fig. 13. Normalized lumen maintenance of the LEDs with flat and
hemispherical geometry.

that both the two phosphor geometries exhibit high reliability
and they show little difference. The lumen degradations of the
flat and hemispherical geometries are calculated to be 4.59%
and 4.42%, respectively.

IV. CONCLUSION

In summary, we have demonstrated a facile approach to
fabricate patterned surfaces for enhancing light efficiency of
COB-LEDs. FOTS-NS particles were fabricated and coated
on silicon surface, by introducing a tailored template into
the NS deposition process, patterned surfaces were achieved.
The results show that the NS coated surfaces exhibit highly
repellency to water droplets, and can realize high CA for
phosphor gel with higher PDD. By setting the PDD of the
NS coated surfaces of 1.5 g/m2, hemispherical phosphor layer
can be easily achieved. Compared to the conventional flat
phosphor layer, the hemispherical phosphor layer enhances
the light efficiency of COB-LEDs by 11.74% and 14.52% for
4000 and 5000 K, respectively.
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