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Abstract: By modifying traditional remote phosphor-diffuser-packaged light-emitting diode
systems, we have managed to increase the luminous efficacy from 145.7 to 162.3 Im/W.
One mechanism responsible for this achievement is associated with randomizing the
directions of light beams transmitting through an interior diffuser, whose position is optimized
based on an overall merit. The other mechanism is identified as the gradual attenuation of
the undesirable blue-ring image along the distance from the diffuser toward the phosphor
base. The identification of these two mechanisms is verified by luminous efficacy measure-
ments, 3-D image plots, and combined Monte Carlo algorithm ray tracing simulation results.
In addition, merits related to correlated color temperatures and issues pertaining to costs are
briefly discussed.

Index Terms: Light-emitting diodes (LED), phosphor, luminous efficacy (LE), correlated
color temperature (CCT).

1. Introduction

In recent years, phosphor-conversion LEDs (pc-LEDs) have played a leading role in the area of
solid-state white lighting, which has attracted considerable attention as the next-generation lighting
source to replace traditional ones, due to prominent advantages, such as high brightness, high
efficiency, long lifetime, and environmental harmlessness [1]-[5]. In general, IlI-Nitride blue LED
sources is utilized to stimulate down-conversion phosphor, which is directly coated on LED chips, to
transform a mixture of blue and yellow light into white light [6]-[12]. In the late 1990s, the concept of
remote phosphor-packaged LEDs started to emerge [13]. It was proposed primarily for the purpose
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Fig. 1. Experimental configurations, apparatus, and samples. (a) The traditional system consists of the
reflector, LED light source, phosphor, and diffuser. (b) The proposed system also consists of the same
four components, but with the phosphor as the base and the diffuser as the interior piece. (c)The
apparatus consists of heat sink, integrating sphere, instrument system, DC source meter, temperature-
controlled device, and samples.

of reducing (a) the thermal energy generated from LED chips [14]-[16], and (b) the absorption of the
light backscattered from the phosphor into chips [17]-{19]. After this proposal, immense research
followed in related areas. Most of these studies have focused on phosphor characteristics without
diffusers being installed, including LED’s efficiencies [20]-[26], luminous fluxes [27], [28], chro-
maticity stability [29]-[33], and correlated color temperature (CCT) distributions [34]-[36], depending
on varying phosphor shapes, thicknesses, concentrations, and positions. Later, the need of high-
quality lighting conditions spontaneously prompted the insertion of additional diffusers [37]-{39].
These traditional systems, which are widely used today in the LED industry, share a common
characteristic that the light first transmits through the phosphor, and then arrives at the diffuser base,
as shown in Fig. 1(a). Within such a configuration, the emerging light from the phosphor is
insufficiently diffusive, thus leading to non-uniformity in the white light at the diffuser base. In this
letter, we have deviated from the tradition by allowing the light to transmit through the diffuser ahead
of the phosphor base, as schematically depicted in Fig. 1(b). The blue-light beams have become
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TABLE 1

Comparison of 7 for various positions of the interior phosphor or diffuser for two systems. Here, D
denotes the diameter of the interior phosphor or diffuser, with its value proportional to the normal
distance measured from the apex

Overall merit (1)

D=13 D=18 D=22 D=28 D=32

Traditional 0.415 0.436 0.476 0.492 0.465

Proposed 0.431 0.483 0.524 0.519 0.513

diffusive even prior to the impingement on the phosphor base, effectively increasing the luminous
efficacy (LE).

2. Experimental Details

The proposed LED system consists of four major components: (a) a cone-shaped reflector
(manufactured by CREE Co.), with a white-painted outer surface for having low absorptivities, (b) a
one watt blue LED light source mounted at the apex of the reflector, (c) a 2 mm-thick polycarbonate
diffuser with a highly diffusive index, and (d) a YAG:Ce®" phosphor-spread polycarbonate base,
with the coated surface facing inward for protection purposes. The height of the reflector equals
27 mm; the diameter of the base 33 mm; the diameter of the apex 4 mm. In Fig. 1(c), this system
is situated on a temperature-controlled heat sink maintained at 25 °C 4+ 0.5 °C. The light source is
driven with a DC current ranging from 100 mA to 700 mA, supplied by a Keithley-2400 Source
Meter. Finally, the optical output is collected by a 500 mm-diameter integrating sphere (ISP-500),
which is connected to Instrument System (Spectro-320) that provides measurements of the
optical power, CCT, and luminance.

To describe the section of results and discussion clearly, we are obligated to introduce an overall
merit, defined as

_ GLE* + LU + & CCT
§1+ 83+ &3

where LE*=(LE — LE,)/(LEm — LEy), U'=(U — Un)/(Uy — Upm), and CCT*=(CCTy — CCT)/
(CCTy — CCTpy).

Subscripts “M” and “m” stand for “maximum” and “minimum”. It is worth noting that CCT" = 1
when CCT reaches the maximum. The term, LE known as luminous efficacy, denotes the ratio of
the emitting optical power of the spectra perceived by human eyes ¢, to the total emitting optical
power P;, defined as

(1)

780
LE v _ Km Jsgo POV(Y) dA o

X 80
P; 799 P(X)) dA

where P()) is the spectral power distribution of the white light; V(\) the CIE (Commission Inter-
nationale L’Eclairage) photonic eye sensitivity function, and K, = 683 Im/W; U denotes

Luminance,,

= x1 .
Luminancey x 100% ©)

In Eq. (1), &1, & and &3, are weighting coefficients estimated by users at their discretion in terms of
the degree of significance. Here, we select {4 =1.2, & =1.0 and & = 0.8, along with LEy =
254 Im/W [40], LE;, =0 Im/W, Uy =1, Uy, = 0, CCTy = 25000 K [41], and CCT,, = 1000 K [42].
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Fig. 2. (a) Luminous efficacy as a function of driving current for both traditional and proposed systems.
(b) Normalized intensity as a function of wavelength for both systems.

According to the literature survey, LE has been found at least 20% more prominent than U, which is
subsequently 25% more prominent than CCT. Maximums and minimums are based on reasonable
values known in the LED industry. In our study, the optimal locations of the phosphor and the
diffuser are determined by maximizing respective n values. Table 1 lists values of n for both
systems at various locations of the interior phosphor or diffuser. All results presented in this Letter
are based on n = 0.492 for the traditional system and n = 0.524 for the proposed counterpart.

3. Results and Discussion

Fig. 2(a) depicts the LE value versus the driving current for both traditional and proposed systems.
It is observed that LE of the proposed system is higher for all currents within the range of [100 mA,
700 mA]. For reliability confirmation, we used several LED light sources that are manufactured by
different companies, and obtained similar results, which were thus omitted for clarity. In particular,
we further retrieve the data at the driving current of 350 mA and plot normalized intensities versus A
within [380 nm, 780 nm] for both systems in Fig. 2(b). As expected, a conspicuous hump exhibited
in the red curve appears in the yellow region for the proposed system. The pronounced elevation
from 0.29 to 0.47 at peaks convincingly explains the increase of LE shown in Fig. 2(a). Mechanisms
for this increase are identified and described in detail below.

Fig. 3 presents photos, 3-D images, and simulation results related to the undesirable presence of
the ring. In Fig. 3(a) and (b), ring images on the interior phosphor and the interior diffuser are shown,
respectively, for traditional and proposed systems. The color of the image in Fig. 3(a) is white
because the blue light has been down converted. Although the presence of ring-like images can
readily be observed, and can imply undesirable non-uniformity in the luminance, this phenomenon
seems to have rarely been studied for unknown reasons. In the present study, however, we believe
that it closely and inevitably affects the LE values. To quantify Fig. 3(a) and (b), we depict a 3-D plot
with RGB conversion in Fig. 3(c) and (d).

Fig. 3(e) shows the spatial distribution of the light beams emerging from the reflector in the
absence of an interior piece, using the combination of the Monte Carlo algorithm and the ray tracing
Method [43], [44]. This combination approximates the solution to the integral equation, given as

Bo(X,wo) = Be(X,wo) —|—/ fr (X, wi, wo) Bi(X, wj) (wi - N) dw 4)
Q

where subscripts “e” and “j” denote “emitting” and “incoming”. The subscript “0” denotes
“outgoing”, which is the sum of incoming beams and reflected incoming beams. The symbol, X, is
the location in the space where the outgoing light beam is perceived; w the directional solid
angle; Q2 the hemispherical solid angle; f. the bidirectional reflectance distribution function; B the
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Fig. 3. (a) Photo image of the interior phosphor for the traditional system, taken under 50 mA Currents
stronger than 100 mA render the clarity of images to drastically decrease, and hence are not used.
(b) The counterpart of (a) for the proposed system. (c) A 3-D image of luminance corresponding to (a).
(d) A 3-D image of luminance corresponding to (b). (e) The graphical result of the combination of
Monte Carlo algorithm and Ray Tracing Method. (f) Angular-dependent optical power for both uniform
and Lambert distributions of light beams emitted by the light source.

radiance; n, the normal direction to the hemispherical surface. The simulation results can be
validated by

ﬂoutgoing = 2ﬂtangent - /Bincoming (5)

where 3 denotes the slope of a straight line. Equation (5) dictated by the fact that the sum of the
slope of the incoming ray, which impinges on the inner circumferential mirror-like surface of the
reflector, and the slope of the outgoing ray must equal twice that of the tangent to the surface at the
ray incident position. The simulation input data, including a Lambert-distribution light source, are
taken to be the same as those used in the experiment.

Via simulations, we discovered that the formation of the ring was caused by both mechanisms of
(a) Lambert distribution and (b) light reflections from the reflector surface. In Fig. 3(f), two curves of
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Fig. 4. Spatial CCT distributions and uniformities of (a) traditional and (b) proposed systems ranging
from —35° to 35°.

light luminance versus the spanned angle are shown. The lower curve represents the hypothetical
uniform angular distribution of the optical power, whereas the upper one indicates the realistic
output with Lambert distribution. The deviation between the two curves clearly suggests that the
undesirable ring can be formed merely by light reflections of the reflector, and that mechanism (b)
constitutes the primary cause. Here, let us mention in passing that it is difficult for such a deviation
to be detected by experiments.

In the traditional model, the conversion efficiency varies along the radial direction on the interior
phosphor due to the presence of the ring. Namely, in the zone where the blue light intensifies (inside
the concentric area of the ring), only a portion of the light is down converted to yellow, whereas in
the zone where the light under-shines, part of the phosphor particles miss the bombardment by the
incoming photons, and lose chances to interact with them. The existence of both excessive photons
and insufficient photons results in non-uniform magnitudes of emerging white light. Such non-
uniformity persists as light beams leave the phosphor and arrive at the diffuser base, even though
the magnitude of the optical flux decreases. Eventually, the overall conversion efficiency of the
phosphor is lowered.

In the proposed model, the ring also appears on the diffuser. Fortunately, its presence does not
reduce LE values as much. Due to the mechanism that the blue light beams diffuse downward and
transmit through the diffuser, the emerging rays tend to diffuse. Afterwards, they continue to travel
toward the phosphor base in random directions, with their magnitudes being inversely proportional
to the square of the traveling distance D, because the total emitting optical power (in watts),
E ~ AJ, is conserved, where A ~ 47D? and J is the optical flux (in W/m?. Therefore, attenuation
combined with diffusion-induced interferences results in the disappearance of the ring and the
uniformity of the optical fluxes. Finally, ring-less blue light beams impinge upon the phosphor base,
naturally elevating the conversion efficiency and thus LE values. In essence, it is to delay the blue-
to-yellow conversion for photons until they arrive at the base, where the ring-less uniformity
prevails.

In the LED industry, products of lower CCT values are generally deemed desirable in indoor
lighting conditions. Fig. 4(a) and (b) show spatial CCT distributions for both systems. For the
proposed system, we observe that CCT is lower by 694 K at zero-degree angle under 350 mA. In
addition to CCT distributions, the uniformity, U = (CCT,,/CCTy) x 100%, is another criterion for
evaluating LED performances. In comparison of this criterion, the proposed system also enjoys
higher values under various currents.

Finally, the issue pertaining to the cost of the phosphor deserves mentioning. The volume of the
phosphor is the product of the area and the thickness. For the traditional systems, the thickness
tends to become large if maintaining low CCT values is desired. For proposed systems, the area of
the base is clearly larger than that of an interior counterpart. As a result, nonetheless, quantities of
phosphor for both cases turn out to be similar.
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4. Conclusion

Our findings indicate that placing the diffuser instead of the phosphor inside the reflector plays a
promising role in elevating LE values from 145 Im/W to 162.3 Im/W under 350 mA driving current,
and in decreasing CCT values by 694 K at zero-degree angle. The rough surfaces of the diffuser
randomize directions of Lambert-distributed LED rays, allowing these rays to emerge from the
diffuser in a diffusive manner. Furthermore, the position of the diffuser is optimized based on the
maximum value of the overall merit introduced in the proposed study. Thereafter, these randomly-
directional rays are attenuated along traveling distances and reflected by the reflector surface, such
that interferences and overlapping of light waves occur on the phosphor base, rendering the ring
image nearly disappearing. Contrarily, placing the phosphor inside the reflector, as done in
traditional systems, may not allow the diffuser to fully realize its utility.
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