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Color Uniformity Enhancement for WLEDs Using
Inverted Dispensing Method
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Abstract— The inverted dispensing (ID) method is proposed to
fabricate remote phosphor layers (RPLs) with cone-like shapes
for white light-emitting diodes (WLEDs) to improve their color
uniformity. We introduce surface evolver packages and optical
simulations to study the effect of the surface tension on the optical
performance of these WLEDs during the ID process. The results
show that a decreasing surface tension contributes to a sharpened
geometry of the RPL. This sharpened surface geometry is respon-
sible for the optimization of the color uniformity by deflecting
blue light towards central angles. The proposed ID method is
simple and efficient. The color uniformity performance can be
tuned by selecting silicone with a proper surface tension without
affecting the total correlated color temperature and sacrificing
the WLED’s optical power.

Index Terms— Color uniformity, inverted dispensing (ID),
remote phosphor layer (RPL), white light-emitting diodes
(WLEDs).

I. INTRODUCTION

WHITE light-emitting diodes (WLEDs) attract great
attention owing to their durability and high effi-

ciency [1]. It is promising to use blue LED chips to excite
remote phosphor layers (RPLs) in order to achieve WLEDs
with an excellent thermal stability [2] and luminous effi-
ciency [3]. Nevertheless, the mismatch between the spatial
distributions of blue light from LED chips and converted light
from phosphor layers leads to a poor color uniformity [4], [5].
Great efforts have been made to solve this problem. We have
combined micro-cone patterned films [6], [7] with RPLs
to increase the color uniformity by enhancing the scat-
tering ability. However, inevitable interface and absorption
losses arise, leading to a decrease in the radiant efficiency.
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Fig. 1. WLEDs fabricated with the ID method.

Peng et al. [8] introduced a crater-type lens for WLEDs,
simultaneously achieving high luminous efficacy and color
uniformity. It is more practical to optimize the RPL structures,
avoiding additional assemble processes, to improve the color
uniformity while maintaining high luminous power. This can
be achieved with the combined pulsed spray and feedback
method [9] and color-thickness feedback method [10], as pro-
posed in our previous papers, as well as the electrohydrody-
namics (EHD) method proposed by Sun et al. [11]. These
methods change the thickness distributions of RPLs. The blue
and yellow light distributions can be balanced by changing the
blue light path in RPLs. However, complex molds or devices
are necessary to obtain specific RPL structures. Based on
the same principle, Cheng et al. [12] proposed the phosphor
coating method by lens wetting to fabricate RPLs with a
nonuniform thickness on the inner surface of a discrete lens.
The researchers have optimized the geometry of RPLs by
increasing the dispensing volume in order to achieve a high
color uniformity. Though complex molds or devices are not
needed to fabricate RPLs on the inner surface of the discrete
lens, an assembly process has been introduced. A more simple
and efficient fabrication method of RPLs for WLEDs with a
high color uniformity is necessary to promote their commercial
applications.

In this letter, the inverted dispensing (ID) method is pro-
posed to fabricate cone-like shaped RPLs for WLEDs with
an improved color uniformity. Further, Surface Evolver (SE)
packages and optical simulations are introduced to study
the effect of the surface tension on the WLEDs’ optical
performance during the ID process.

II. METHODS, ANALYSIS, AND DISCUSSION

The detailed process of the ID method is shown in Fig. 1.
Firstly, we use the compression molding method to fabricate
the isolated layer (IL) with a semi-spherical shape on the base
that is bonded with an LED chip. The phosphor slurry is
then dispensed onto the IL. To constrain the RPL geometry
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within the base boundaries, it is necessary to fully wet
the base with the phosphor slurry. Afterwards, the base is
inverted to make the phosphor slurry flow downwards until
the surface curvature almost no longer changes. This process
takes 1–30 s depending on the slurry’s viscosity. Finally,
the phosphor slurry is cured at a temperature of 150°C in
the inverted position. In this study, the blue LED chip has a
flip-chip structure and its size is 1.1 mm × 1.1 mm, where
as the base measures 3.6 mm × 3.6 mm. The IL is made
of silicone and its radius measures 1.2 mm. The phosphor
slurry is prepared by mixing YAG phosphor and silicone.
To maintain the same phosphor amount for each LED device,
the phosphor concentration and the mass of the ID phosphor
slurry are kept at 30 wt% and 9 mg, respectively. We have
examined two kinds of silicone: OE6650 and OE6450 from
Dow Corning. Their refractive index is 1.54, whereas their
viscosity is 6 and 1.7 Pa · s, respectively. And the viscosity
of phosphor slurry mixing with OE6650 and OE6450 is
8.5 and 2.2 Pa · s, respectively, which is measured by a digital
viscometer from Shanghai Yueping Scientific Instrument. The
WLEDs are driven by a Keithley source and measured by an
integrating sphere system from Instrument Systems.

The geometric parameters of the base, LED chip, and IL
used for the simulations are the same as those mentioned
above. The equilibrium shape of the phosphor slurry is
defined by the Surface Evolver (SE) package developed by
Brakke [13]. It is a proven universal and effective numerical
tool to solve wetting problems [14]. The final geometry of the
phosphor slurry with a certain volume can be determined by
minimizing the total free energy E , given based on the surface
free energy and the gravitational energy:

E = γPG APG + (γSP − γSG) ASP +
∫ ∫ ∫

V
ρgz dV (1)

where γPG is the surface tension of the phosphor slurry (N/m);
γSP and γSG are the interfacial tension coefficients of solid-
phosphor slurry interface and of the solid-gas interface (N/m),
respectively. The variables APG and ASP represent the areas
of the phosphor slurry-gas interface and the solid-phosphor
slurry interface (m2), respectively; ρ is the phosphor slurry
density (kg/m3); z measures the phosphor slurry height (m);
g is the gravitational acceleration (m/s2); V is the volume of
the phosphor slurry (m3). According to the Young equation,
the interfacial tension coefficient is related to the contact
angle θ . Therefore, (1) can be written in this simplified form

E = γPG(APG − cos θ ASP) +
∫ ∫ ∫

V
ρgz dV . (2)

The phosphor slurry fully wets the base, causing the surface
of phosphor slurry-solid interface to be constrained within
the base boundaries. Therefore, ASP remains constant during
the evolving process and θ can be obtained by restricting the
contact line between the slurry and the base top surface to
the base boundaries [15]. When γPG, ρ, g, and V are defined,
APG of the phosphor slurry and z of each surface element
can be determined by evolving the surface element down
the energy gradient obtained by the SE simulation. In this
way, the equilibrium shape of the surface can be achieved.

Fig. 2. (a) Correlated color temperature (CCT) distributions. (b) Luminous
flux and radiant power of WLEDs based on the ID method.

In this study, ρ is 1.1×103 kg/m3, V is 8.18×10−9 m3 (the
mass is approximately 9 mg), and g is 9.8 m/s2 (the minus
sign represents an inverted LED). The optical simulation is car-
ried out by combining the finite- difference time-domain and
ray-tracing methods. Further details can be found in [16], [17].
We choose a wavelength of 455 nm for blue light emitted by an
LED chip and a wavelength of 565 nm for yellow light emitted
by phosphor. The silicone has a refractive index of 1.54 and
does not absorb light. The blue light is emitted uniformly by
the LED’s MQW with a absorption coefficient of 5 mm−1 [18].

Fig. 2 shows the correlated color temperature (CCT) distri-
bution (at a driving current of 350 mA), total CCT, luminous
flux, and radiant power of the WLEDs. Considering the
symmetry of WLEDs, we present CCT distributions at azimuth
angles of 0° and 45°. Fig. 2(a) shows similar CCT distributions
when measured at two different azimuth angles. However,
the RPL geometry is slightly different at large viewing angles
for the two different azimuth angles, as shown in the lower
inset of Fig. 2(a). The similarity between the CCT distributions
is due to the Lambert distribution of blue light emitted by
the LED chip. The RPL geometry has no obvious influence
on the blue light at large emission angles [10]. Although we
use the same ID method setup to fabricate WLEDs with two
different types of silicone, their CCT distributions appear quite
different. The WLED device with OE6450 has a better color
uniformity than the device with OE6650. The CCT standard
deviation of the WLED with OE6450 (calculated by CCT
distributions at azimuth angles of 0° and 45°) measures 274 K,
which is only 39.2% of the CCT standard deviation of the
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Fig. 3. WLEDs with silicone of different surface tensions fabricated with
the ID method and simulated with the Surface Evolver (SE) package.

WLED device with OE6650. However, their total CCT, shown
in the upper inset of Fig. 2(a), is almost the same (with
approximately 5200 K) at different driving currents. This
demonstrates that the numbers of down-conversion events
occurring in the different RPLs are almost the same. This
conclusion can be further verified by their similar luminous
flux and radiant power values, as shown in Fig. 2(b). Moreover,
the WLED device with OE6450 has higher CCT values at
central angles. In previous studies, it has generally been
considered that a thicker RPL at central angles is more helpful
for increasing the blue light path at small emission angles,
thus for decreasing the CCT [10], [12]. However, as shown
in the inset of Fig. 2(b), we find that the RPL height of
the WLED device with OE6450 is even 0.1 mm larger than
that of the device with OE6650. (The layers are measured
with the LEICA DM2500 M microscope.) Here are some
explanations. The blue light with small emission angles from
LED chips has higher probability to be absorbed by phosphor
with the increasing RPL thickness, which benefits to decrease
the amount of blue light at central angles; simultaneously,
the increasing RPL thickness at central causes a sharpened
shape for RPLs, which can further influence the escaping blue
light distributions through refraction. According to experiment
results, we conduct that the changes in phosphor amount (RPL
thickness) is too small to influence the blue light distributions;
therefore, the difference in geometry, caused by different
surface tensions, plays an important role in the CCT deviation.

The SE simulation, as shown in Fig. 3, is introduced to
study the effect of the surface tension on the geometry of RPLs
fabricated by the ID method. It shows that the RPL sharpens
whilst the surface tension decreases. This is supported by the
Young-Laplace equation. The smaller surface tension leads to
a sharpened shape of the curved surface. It provides a larger
excess pressure in order to balance gravity. Evidently, the RPL
with a small surface tension has a larger height, which con-
firms our observations in Fig. 2(b). Therefore, the ID method
suggests to decrease the surface tension to achieve RPLs with
sharpened shapes and larger heights. It is convenient to adjust
the layer’s geometry by selecting different types of silicone.

Since a certain wavelength (not the full spectra) is chosen
to obtain the desired optical performance of these WLEDs,
it is more suitable to compare their color uniformity by the
ratio of yellow to blue light (Y B R) [4], [19], as shown
in Fig. 4. As the surface tension decreases, the Y B R decreases
at central angles and increases at large angles. This means
that these WLEDs become more and more yellowish at
large angles and bluish at central angles. The Y B R standard
deviation (calculated by Y B R distributions at azimuth angles

Fig. 4. The ratio of yellow to blue light (YBR) distributions of WLEDs
fabricated with the ID method. (a) Measured at an azimuth angle of 0°.
(b) Measured at an azimuth angle of 45°. The inset in Fig. 4(b) shows the
radiant efficacy (RE) with different surface tension coefficient γPG.

Fig. 5. The radiant power distributions of WLEDs fabricated with the
ID method. (a) Measured at an azimuth angle of 0°. (b) Measured at an
azimuth angle of 45°.

of 0° and 45°) can be as low as 0.026 with a surface tension
of 15 mN/m, whereas it measures 0.031 and 0.033 when the
surface tension is 20 mN/m and 12.5 mN/m, respectively.
Therefore, a good balance between the Y B R at large and
central angles can be obtained when the surface tension ranges
from 20 mN/m to 12.5 mN/m, leading to a uniform color
distribution. Moreover, the radiant efficacy (the ratio of radiant
power to electrical power) of these WLEDs with different
surface tensions remains almost the same. The total radiant
efficacy measures approximately 33%. This indicates that the
surface tension has nearly no influence on the absorption
loss including that caused by down-conversion events. This
conclusion resembles the experimental results.

To have a better understanding of the color uniformity
performance of these WLEDs, the radiant power distributions
of blue light emitted by the LED chip and yellow light emitted
by the RPL are shown in Fig. 5. It is evident that there is an
extremely slight increase in the yellow light’s radiant power
with increasing surface tension, which can be also observed
in the inset of Fig. 4(b), whereas its distribution remains
almost the same. This is due to the isotropic emission of
yellow light emitted by phosphor. Consequently, the geom-
etry has an ignorable influence on the yellow light’s radiant
distribution [19]. However, as the surface tension decreases,
the blue light’s radiant power obviously increases at central
angles and decreases at large angles. Therefore, its behavior
is contrary to that of the Y B R distributions. This clearly
demonstrates that the Y B R distribution (color uniformity) of
these WLEDs is mainly dependent on the blue light’s radiant
distribution. Though the thickness of the RPL units at central
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Fig. 6. Schematic diagram of blue light escaping from RPLs.

angles increases with decreasing surface tension, leading to
a larger blue light path, the blue light’s radiant power at
central angles increases. In previous studies [9], [10], [12],
the thickness distributions have been adjusted to optimize the
blue light’s radiant power distributions. However, we consider
that the sharpened shape of RPLs (adjusted by the surface
tension) can more easily deflect blue light towards central
angles, resulted from the fact that its central point locations of
surface normal can be significantly higher than the blue light
source (LED chip) as shown in Fig. 6. The latter is the main
mechanism to increase the color uniformity of these WLEDs.

III. CONCLUSION

The ID method has been proposed to fabricate RPLs with
cone-like shapes for WLEDs with improved color uniformity.
A CCT standard deviation of 274 K can be obtained at a total
CCT of approximately 5200 K by using OE6450 silicone. The
SE and optical simulations are combined to study this problem.
The data show that the geometry of RPLs can be optimized
by varying their surface tension (20 mN/m to 12.5 mN/m)
during the ID process, leading to a further improvement of
the color uniformity without influencing the total CCT and
optical power. This is due to the fact that RPLs with cone-
like shapes deflect blue light towards central angles. The ID
method is a simple and efficient way to obtain WLEDs with
high color uniformity.
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