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Abstract—This letter examines a hybrid phosphor structure
for white light-emitting diodes. The hybrid phosphor structure
produces more efficient luminosity and more uniform angular
correlated color temperature (CCT) than the conventional dis-
pensing method. The experimental results show that the CCT
deviation improved from 453 to 280 K between —70° and 70°.
This was likely caused by the large blue light divergent angle.
The lumen output produced was higher than that produced
by dispense and conformal phosphor structures. Therefore, the
results show that the hybrid phosphor structure can be used in
solid-state lighting.

Index Terms— Color distribution, light-emitting diodes (LEDs),
packaging, phosphor.

I. INTRODUCTION

HITE light-emitting diodes (LEDs) have been devel-

oped and improved to the extent that they may replace
traditional light sources, such as mercury lights and halo-
gen lamps, in solid-state lighting (SSL) [1]. Usually, blue
chip and yellow phosphor are combined to produce white-
light LEDs for SSL [2]. To increase the adoption of LEDs,
high-power white LEDs have been developed to enhance
quantum or lumen efficiency [3]. Researches have shown
that large electron-hole wavefunction overlap quantum wells
and the surface plasmon approach increase internal quan-
tum efficiency [4], [S]. Enhanced light extraction by internal
reflection (ELiXIR) has been proposed to increase extraction
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efficiency. ELiXIR uses internal reflection to extract light from
reflectors and enhance light extraction [6]. Luo er al. [7]
used a hemisphere-shaped encapsulation to increase luminous
efficiency and reduce the total internal reflection losses.

The phosphor-dispensing method is used to fabricate white
LEDs because it is low cost and easy to control. This method,
however, focuses on a convex surface, resulting in a het-
erogeneous angular correlated color temperature (CCT) [8].
A nonuniform angular CCT causes the yellow ring phenom-
enon and generates harmful effects when using white LEDs
for general lighting applications. This phenomenon may be
attributed to different blue and yellow light extracted from
the package and causes ineffective color mixing in white
LEDs [9]. To solve this problem, a patterned remote phosphor
structure is used to maintain a phosphor coating-free perimeter,
extracting more blue light, especially at a larger angle [10].
A conformal phosphor structure was fabricated by stacking
phosphor layers to obtain a uniform CCT [11]. Backscattering
light from the phosphor layer, however, contributes to 60% of
the luminous flux [12]. This backscattering light is reabsorbed
by the blue chip and reduces the luminous efficiency. Although
researches have reduced backscattering light, this did not
produce a uniform angular CCT. Therefore, maintaining a
balance between luminous efficiency and uniform angular
CCT is crucial for LED packages.

This letter develops a hybrid phosphor structure to maintain
luminous efficiency and a uniform angular CCT by combin-
ing dispensing and conformal phosphor structures. The CCT
deviation of the hybrid phosphor structure was more uniform
than that of dispensing phosphor structures, indicating that the
structure can be used in high-quality white LEDs.

II. EXPERIMENTAL PROCESS

The pulse spray coating (PSC) and dispensing methods
were used to fabricate the hybrid phosphor structure. For the
experiment, the phosphor slurry was sprayed onto a lead frame
using the PSC method. This slurry formed a uniform phosphor
layer for easily controlling the CCT. Phosphor powders were
then blended with silicone and dispensed onto the lead frame.
A schematic diagram of the three packaging methods is shown
in Fig. 1(a)—(c). The chip size of the blue chip was 600 um x
600 um and its emission wavelength was ~450 nm. Fig. 1(d)
shows a scanning electron microscope (SEM) image of
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Fig. 1. Schematic diagram of three type packaging methods. (a) Dispense.
(b) Conformal. (c) Hybrid phosphor structure. (d) SEM images of cross section
of hybrid phosphor structure. (e) EDS of the silicone and YAG compound.

the cross section of the hybrid phosphor structure, which
could distinguish the interface layer clearly by the PSC and
dispensing method. The PSC method phosphor layer was
~25-pum thick and the dispensing method phosphor layer
was randomly distributed. Y3AlsO12 (YAG) was used in
the experiment and was analyzed with an energy dispersive
spectrometer (EDS), as shown in Fig. 1(e). The CCTs of
the hybrid, dispense, and conformal phosphor structures were
maintained at 120 mA.

III. RESULTS AND DISCUSSION

To understand the LED CCT characteristics, the CCT devi-
ation must be calculated as follows:

ACCT = CCT(Max) — CCT(Min) (1)

where CCT(Max) and CCT(Min) represent the maximal CCT
at the 0° of viewing angle and minimal CCT at the 70°
of viewing angle, respectively. The angular-dependent CCTs
of the three package types are shown in Fig. 2. The CCT
deviations from —70° to 70° for the dispense, conformal,
and hybrid phosphor structures were 453, 212, and 280 K,
respectively. The yellow ring phenomenon was generated in
the dispense phosphor structure because of the differing large
and central degree blue and yellow light ratios [13]. The
hybrid phosphor structure produced higher uniformity than the
dispense phosphor structure did. Although the delta CCT in
the hybrid structure was slightly higher than in the conformal
structure, white LEDs produced more uniform angular CCTs.
The emission spectra and lumen output of the three structures
are shown in Fig. 3. The differently structured LEDs produced
the same CCT of ~5500 K. The blue and yellow emissions
from the hybrid structure produced the most radiation flux.
The phosphor enhanced the yellow band, producing higher
luminous efficiency. At a driving current of 120 mA, the lumen
output of the hybrid structure was 4.25% and 2.57% more
than that produced by the dispense and conformal phosphor
structures, respectively. Fig. 3(b) shows the lumen output of
the three types of structures as a function of a driving current
between 20 and 200 mA. As the driving current increased,
the lumen output differences between the three structures
increased.

Some backscattering light is lost inside the package of
the conformal phosphor structure, decreasing the lumen
flux [14], [15]. The hybrid structure has a thinner phosphor
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Fig. 2. Angular-dependent CCL of three type packages.
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Fig. 3. (a) Emission spectra. (b) Lumen output of dispense, conformal, and

hybrid phosphor structure from 20 to 200 mA.

layer than the conformal structure. This reduces the reflection
of the backscattering light, enhancing the lumen output. The
refractive indexes (RI) of silicone and phosphor are 1.4 and
1.8, which are obtained from [16]. Thus, the RI of the
phosphor layer with silicone is calculated as follows [15]:

RI = V|RI; + V7RI, 2)
where V| and V, are the concentrations of the materials, which
is calculated in the weight ratio of the materials. For the
hybrid structure, the mixing ratio of the phosphor to silicone
layer in the conformal and dispensing methods were 50 and
2.5 wt. %, respectively. Therefore, the Rls of the phosphor
layer in each layer were 1.6 and 1.41. The RI of the dispensing
method phosphor layer was 1.42. This indicates that the hybrid
structure performed better than the dispensing method because
of the RI variation between the chip and phosphor layers. The
hybrid structure has the gradual refractive index from the PSC
structure to the dispense structure, resulting in decreasing the
reflection loss in the interface. This indicates that the hybrid
structure is suitable for light output and provides better optical
characteristics.

To discuss the improvement of the uniform CCT for dis-
pense and hybrid phosphor structures, the relative blue intensi-
ties of two structures are shown in Fig. 4. The hybrid structure
produced a larger blue light divergent angle than the dispense
structure. As the large blue light angle increased, the difference
between the central and large angle decreased. Therefore, the
hybrid structure enhanced the blue light intensity in the large
angle, improving the light quality of white LEDs.

The chromaticity coordinate shift of the hybrid structure at a
current regulation from 20 to 200 mA is shown in Fig. 5. With
the increase in current from 20 to 200 mA, the chromaticity
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Fig. 4. Relative blue intensity of dispense and hybrid phosphor structure.
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Fig. 5. Chromaticity coordinate of dispense and hybrid phosphor structure
at the current from 20 to 200 mA.

coordinate shift varied steadily and the illumination character-
istics of the hybrid structure were nearly the same. Therefore,
the hybrid structure provides an appropriate solution for the
white LEDs.

IV. CONCLUSION

This letter develops a hybrid phosphor structure to produce
highly uniform white LEDs using the pulse spray and dispens-
ing methods. The CCT deviation from —70° to 70° produced
by the hybrid phosphor structure was 280 K that is better than
the 453 K produced by the conventional dispensing method
at 120 mA. This improvement occurred because the blue light
divergent angle in the hybrid structure was larger than in the
dispense structure. The lumen output of the hybrid structure at
a driving current of 120 mA was 4.25% and 2.57% more than
that produced by dispense and conformal phosphor structures,
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respectively. The hybrid phosphor structure produced a high
luminous efficiency and a uniform angular CCT, providing a
suitable SSL solution.
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