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Abstract: This study presents an approach for patterning a polydimethylsiloxane (PDMS) 
phosphor film with a photonic crystal nano-honeycomb structure on a blue chip package. A 
phosphor film with a nano-honeycomb structure was patterned and transferred using a 
nanosphere and used for fabricating remote white light-emitting diodes (w-LEDs). The 
angular correlated color temperature deviation of the remote phosphor LED could be 
improved by varying nano-honeycomb structure pitches (450, 750, and 1150 nm). In 
particular, w-LED samples with excellent color uniformity (ΔCCT ranging from 940 to 440 
K) were fabricated from 750-nm w-LED samples with nano-honeycomb-patterned tops. 
©2016 Optical Society of America 
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1. Introduction 

Recently, white light-emitting diodes (w-LEDs), which are manufactured using green 
technology, have replaced conventional incandescent light bulbs [1–3]. In general, many 
types of phosphor package, such as phosphor-dispensing, conformal phosphor [4], and remote 
phosphor packages [5], are used for fabricating w-LEDs. A remote phosphor light-emitting 
diode (LED) is a type of high-performance, high-illumination-flux w-LED. However, this 
LED has disadvantages such as poor color uniformity [6]. Various studies have attempted to 
overcome this drawback. Many techniques such as using zirconia and TiO2 nanoparticles in 
the fabrication of w-LEDs can be employed to improve the color uniformity and optimize the 
properties of w-LEDs [6–8]. TiO2 and zirconia nanoparticles are used as scattering particles 
for improving the uniformity and luminous efficiency of w-LEDs. Other approaches include 
using a distributed Bragg reflector (DBR) structure, which serves as an optical mirror and 
offers an alternative ordering that achieves high reflectivity [9]. 

The design of the DBR structure can improve the w-LED’s color uniformity [10]. In 
addition to using nanoparticles and a DBR structure, many other approaches facilitate 
optimizing the uniformity and luminous efficiency of w-LEDs [11–14]. Among them, 
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patterned structures such as surface-textured structures and nanostructures are suitable for 
LED packages and improve light extraction [15]. A textured polydimethylsiloxane (PDMS) 
pattern was transferred using a patterned sapphire structure. To enhance the quantum 
efficiency of LEDs through epitaxial lateral overgrowth, a patterned sapphire substrate has 
been developed for the LED industry; this substrate also improves light extraction efficiency 
because of its high-scattering ability [16–19]. Many patterning techniques have been 
investigated, with one approach patterning sapphire by inserting voids in it, which increased 
light scattering at the substrate interface [20,21]. 

Many research groups have developed nano-honeycomb structures, introduced approaches 
for fabricating them, and determined applications for these structures [22,23]. How to apply 
the thermal stability of polymer nano-honeycomb films and their resistance to organic 
solvents under harsh conditions should be examined [24]. The transfer printing method is 
widely used for fabricating nano-honeycomb structures; for example, a nano-honeycomb film 
can be cast from a dilute benzene solution of a star polymer onto a glass surface [25]. The 
current study fabricated a patterned phosphor PDMS film with a nano-honeycomb structure 
by using PDMS and polystyrene (PS) nano-spheres. PS nano-spheres have been used as a 
mask in the lithography process for fabricating nano-honeycomb films or patterned ITO 
structures for use in organic LEDs [26,27]. These products are always with the characteristic 
of the photonic crystal by the use of the (PS) nano-spheres. Using a nano-honeycomb 
structure in w-LEDs reduces the large color temperature deviation of the remote phosphor 
LED. To optimize LED devices, this study selected a convenient method for patterning 
phosphor film, using simulation and experiment results to demonstrate the advantages of 
fabricating phosphor film with a nano-honeycomb structure. 

2. Experimental methods 

In an experiment, w-LEDs were fabricated by using nano-honeycomb -patterned phosphor 
films and the remote phosphor method. Figure 1(a) shows the flow of the nano-honeycomb 
structure of the phosphor film in the experiment. The following procedure was used: First, PS 
nano-spheres with dimensions of 1.5 µm, 1 µm, and 600 nm were prepared. Second, 12 wt% 
YAG phosphor with the particle size of 10 µm was blended in the silicone glue to form a 
phosphor suspension slurry. Third, the phosphor slurry was cast onto a glass substrate coated 
with the PS nanospheres. After the glass substrate was baked at 70 °C for 10 min, a PDMS 
film with a nano-honeycomb structure was obtained, and the film was transferred using the 
nano-spheres. Films with dimensions of 1150nm, 750nm, and 450nm and respective 
impression depths in the nano-honeycomb structures of approximately 180nm, 120nm, and 
100 nm, were fabricated using this procedure. 
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Fig. 1. (a) Flow of the honeycomb structure in the experiment and honeycomb structures 
patterned at the (a) top and (b) bottom covering a remote phosphor LED. 

Scanning electron microscopy (SEM) images of top views of the honeycomb -patterned 
PDMS films with the dimensions of 450nm, 750nm, and 1150nm are shown in Fig. 2, and the 
inset shows a cross-sectional image of the nano-honeycomb film. The depth of impression for 
the honeycomb structures are about approximately 180nm, 120nm, and 100 nm, respectively. 
Subsequently, LED 5070 packages were prepared, and silicone was dispensed on the 
packages. Finally, the LED 5070 packages were covered with the patterned phosphor PDMS 
films to obtain remote phosphor w-LED samples of two types: one with the phosphor 
patterned on the top and the other with the phosphor patterned on the bottom. 

 

Fig. 2. SEM images of the honeycomb-patterned PDMS films with the dimensions of (a) 
450nm, (b) 750nm, and (c) 1150 nm 3. Results and discussion. 

A ray-tracing simulation was designed to examine the effect of the different dimensions of 
the nano-honeycomb structure on the color uniformity of the w-LEDs. LightTools software 
was used to obtain the simulation spectrum of the angular correlated color temperature (CCT) 
deviations from the three dimensions and two sample types of nano-honeycomb -patterned w-
LEDs were as shown in Fig. 3(a)-3(b). The simulation results showed optimal color 
uniformity for nano-honeycomb -structured samples with a dimension of 750 nm and a 
patterned top. 
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Fig. 3. Simulation spectrum of angular CCT for w-LEDs with (a) a nano-honeycomb covering 
with a patterned top and (b) a nano-honeycomb covering with a patterned bottom. 

Figure 4(a) shows the experimental spectrum of the angular CCT deviations for the nano-
honeycomb -structured samples with dimensions of 1150nm, 750nm, and 450 nm at a current 
of 120 mA. The experimental and simulation results showed that samples with patterned tops 
had greater color uniformity than those with patterned bottoms and that those with a 
dimension of 750 nm showed superior results. The CCT deviations of the LEDs were caused 
by anisotropic diffraction at the various optical layers in the structure. In this study, color 
uniformity was optimized by introducing extra nano-honeycomb layers, which diffused 
omnidirectional photons and showed excellent diffusion ability as shown in Fig. 4(b). The 
haze value represents light scattering capability and is defined as the ratio of nonspecular 
photons to all-diffracted photons, was calculated by using the following eq [28,29]. 

 ( ) 1Haze % 100%.diffrac totalT T −= × ×  (1) 

where Tdiffraction is the diffractive transmittance (the deviation of total transmittance and 
specular diffraction), and Ttotal is the total transmittance. As shown in Fig. 4(b), the nano-
honeycomb -structured PDMS layers in the samples with dimensions of 450nm and 1150 nm 
had a higher haze value than a flat layer and scattered over 85% of the incident light. 

 

Fig. 4. (a) Spectrum of angular CCT at 120 mA obtained in the experiment. (b) The haze 
intensity of the nano-honeycomb structured PDMS films with dimensions of 450nm, 750nm, 
and 1150 nm. 

To investigate the effect of the nano-honeycomb structure on luminous efficiency, a 
simulation was performed that entailed w-LEDs with nano-honeycomb -structured PDMS 
films having dimensions from 350 to 1150 nm. Figure 5(a) and 5(b) show a comparison of 
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simulation spectra for a reference sample of flat phosphor film and samples with nano-
honeycomb structures of various sizes and patterned tops or bottoms used as coverings for 
remote phosphor w-LEDs. The intensities of the w-LEDs with the flat and nano-honeycomb -
structured phosphor films at a wavelength of 560 nm (yellow light peaks) were plotted in Fig. 
6. The results showed that the nano-honeycomb structure could improve the luminous 
efficiency of w-LEDs and that the 750-nm samples with patterned tops showed the highest 
luminous efficiency. 

 

Fig. 5. Simulation spectrum of w-LEDs covered with nano-honeycomb structures patterned at 
the (a) top and (b) bottom. 

 

Fig. 6. Flow plot of the spectra (obtained from Figs. 5(a) and 5(b)) for a wavelength of 550nm. 

Figure 7(a) shows the emission spectra at a current of 120 mA. The measured spectra 
show the suppression of blue rays and enhancement of yellow rays; these effects are strongest 
for the 750-nm samples with patterned tops. The current-dependent luminous flux of w-LEDs 
with different PDMS films and patterned tops or bottoms was measured for currents from 100 
to 800 mA as shown in Fig. 7(b). The luminous efficiency values of the samples were 
compared with that of a sample without a nano-honeycomb pattern and of the samples with 
different dimension patterns as shown in Table 1. The experimental and simulation results 
showed that w-LED samples possessing a 750-nm phosphor film with a patterned top showed 
excellent luminous efficiency, with values that were respectively 6.4% and 9.5% greater than 
that of the sample with a flat phosphor film. This result was expected because the nano-
honeycomb structure improves phosphor excitation, thus increasing the number of yellow 
photons and leading to lumen enhancement. 
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Fig. 7. (a) Emission spectra at a current of 120 mA and (b) luminous flux for the 450nm, 
750nm, and 1150nm PDMS films with patterned tops or bottoms that covered the w-LEDs. 

Table 1. Luminous Efficiency Values of Samples with Flat Phosphor Layer and Patterned 
Layers 

Luminous 
efficiency(lm/W) 

Flat 450nm 
down

450nm 
Up

750nm 
Down

750nm 
Up

1150nm 
Down 

1150nm 
Up 

Simulation 90.8 93.6 94.4 95.5 96.6 92.7 93.3 
Experiment 101.4 104.4 105.8 110 111.1 103.2 105.2 

Figure 8 shows the CCT deviation and the figure of merit (FOM) from the result of the 
simulation and experiment, which was defined as the following Eq [7]. 

 1
patterned non patternedFOM (Lumen Lumen ) CC .T−

−= − Δ  (2) 

where Lumenpattern−Lumennon-pattern is defined as the luminous efficiency deviation between the 
flat and nano-honeycomb pattened samples. According to the result of the FOM, increasing 
size of the honeycomb pattern can optimize the color uniformity and luminous. However, if 
the size improvement of the honeycomb structure trend to larger than the suitable dimension, 
it also caused to luminous efficiency reduction and color non-uniform. In this study, from the 
result of FOM, the suitable design is the remote LED with 750nm patterned tops phosphor 
film covered. 

 

Fig. 8. The CCT deviation and the figure of merit of different size of honeycomb phosphor 
layer with patterned bottom or top covered for remote LEDs by the result of (a) simulation and 
(b) experiment. 

In this study, the main focus is on the variation of honeycomb structure and its effect on 
the CCT and luminous efficiency enhancement. Therefore, the concentration of the phosphors 
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in the film and the main thickness of the film were controlled at the same level to have similar 
yellow photons output. The different experimental results shows clearly what different 
honeycomb layouts can provide. The important factors in the wLED such as the control on the 
CCT and overall luminous flux can be further optimized by varying the thickness and 
phosphor concentration, which will not be covered in the scope of this study. 

4. Conclusion 

In conclusion, using a nano-honeycomb -structured phosphor covering on a chip used for 
fabricating remote w-LEDs can improve the color uniformity and luminous efficiency of the 
LEDs. Experimental and simulation results showed that the 750-nm w-LED samples with 
patterned tops exhibited excellent luminous efficiency (9.5% higher than that of flat samples) 
and color uniformity (ΔCCT ranging from 940 to 440 K). This study demonstrates a 
convenient approach for designing nano-honeycomb structures of various dimensions, which 
is a potentially convenient design for optimizing w-LEDs. 
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