
Optimization of nano-honeycomb structures 
for flexible w-LEDs 

HUANG-YU LIN,1 YUNG-MIN PAI,1 JING-XING SHI,2 XIN-YIN CHEN,1 CHUNG-
HSIANG LIN,1 CHIH-MING WENG,1 TZU-YU CHEN,1 CHIEN-CHUNG LIN,3 
MARTIN DAVID BRIAN CHARLTON,2 YI-PAI HUANG,1 CHYONG-HUA CHEN,1 
HUANG-MING PHILIP CHEN,1 AND HAO-CHUNG KUO

1,* 
1Department of Photonics and Institute of Electro-Optical Engineering, National Chiao Tung 
University, Hsinchu 30010, Taiwan 
2School of Electronics and Computer Science, University of Southampton, Southampton SO171BJ, UK 
3Institute of Photonic System, National Chiao Tung University, Tainan 711, Taiwan 
*hckuo@faculty.nctu.edu.tw 

Abstract: This study presents the low cost fabrication of flexible white-light-emitting diodes 
(w-LEDs) with nano-honeycomb-structured phosphor films. Extending the dimensions of the 
nano-honeycomb structures improved the color uniformity of the flexible samples, and the 
950-nm pattern sample demonstrated optimal color uniformity because this nano-pattern 
exhibited an excellent diffusion ability owing to its pitch size. In addition to color uniformity, 
the use of this nano-pattern improved the luminous efficiency. The 750-nm pattern exhibited 
the highest luminous efficiency (235.8 lm/W), which was approximately 7% higher than that 
exhibited by a non-patterned phosphor film sample. Thus, flexible w-LEDs with nano-
honeycomb structure optimization have great potential to be used as next-generation lighting 
sources. 
©2017 Optical Society of America 
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1. Introduction 

White-emitting diodes (w-LEDs) have become more common and indispensable in recent 
years. LEDs are manufactured using green technology and expected to replace conventional 
incandescent light bulbs [1–3]. The main approach for manufacturing white-light packages is 
based on yttrium aluminum garnet (YAG) phosphor and gallium nitride–based blue chips, 
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and the most common phosphor packages for fabricating w-LEDS are as follows: phosphor 
dispensing, conformal phosphor [4], and remote phosphor packages [5]. Solid-state lighting 
devices such as LEDs were previously used for lighting, signal, and display applications; 
however, their use is limited nowadays. To further extend their application, flexible LEDs 
have been developed for wearable displays, lighting, and biomedicine [6–8]. 

Organic LEDs (OLEDs) are among the excellent candidates for flexible devices. OLEDs 
are more widely used because of the excellent color quality and surface thinness, which 
makes them flexible and thus suitable for flexible lighting and displays. However, OLEDs 
cannot be used for common flexible lighting because of challenges such as low reliability and 
efficiency, short lifespan, and high cost [9,10]. Therefore, inorganic flexible LEDs with 
higher efficiency than that of OLEDs should be developed. 

Rogers et al. extensively investigated flexible devices as the prospective technology for 
flexible lighting. Specialized semiconductor layer epitaxy, micro-scale LED chips, transfer 
printing technology, and systematic analysis in nanoscale for related systems have been used 
for fabricating flexible devices [11–15]. However, these technologies are complicated, thus 
making the manufacturing of flexible devices difficult. The most common approach is to 
develop bending lighting by combining solid-state lighting and the curved light guide [16,17]. 
However, the light guide plate is too hard and could not be freely bent many times, thus 
making it unsuitable for most flexible applications. In our study, we developed a considerably 
easier approach for fabricating flexible lighting by using a flip chip, silicone-based 
anisotropic conductive adhesive, and phosphor film [18]. 

To optimize w-LEDs, a textured polydimethylsiloxane (PDMS) pattern was transferred 
using a patterned sapphire structure. The textured phosphor film was used to improve the 
color uniformity of w-LEDs in [19]. However, the textured film does not enhance luminous 
efficiency. Therefore, a nano-honeycomb-structured phosphor film was investigated to not 
only improve the luminous efficiency but also optimize the color uniformity of w-LEDs [20]. 
In the present study, a patterned phosphor was employed to optimize flexible w-LEDs by 
using nano-honeycomb patterned phosphor films and improve the efficiency and uniformity. 
The nano-honeycomb structure has been fabricated by several research groups by using any 
approaches which were determined for any applications [21,22]. The transfer printing method 
is widely used for fabricating nano-honeycomb structures, in which a nano-honeycomb film 
is developed by pouring dilute benzene solution of a star polymer onto a glass surface [23]. 

2. Experimental methods 

The experiment in this study involved two steps: fabrication of the blue-flip-chip–based 
flexible substrate and the manufacture of the nano-honeycomb phosphor film combined with 
the flexible substrate to produce flexible w-LEDs. Figure 1(a) presents the layout of the 
flexible substrate with the electrode, with the area of the electrode defined by wet etching and 
photolithography and coated with 30-µm bonding adhesive to facilitate adhesion of the metal 
electrode on the substrate. Subsequently, the substrate was coated with a 30-µm-thick copper 
stripe by using an e-gun machine. As shown in the inset, the gap between the bonded anode 
and cathode pads was set as approximately 100 µm. Figure 1(b) presents the bonding of the 
flexible substrate with the 3x3 blue flip chips by using a silicon based anisotropic conductive 
adhesive (Dexerials Corporation) at a temperature of 230 °C and pressure of 22.5 kg for 180 
s. The flip chip bonded on the flexible substrate process was referred from our past research 
[18]. Fig. 1 (d)-1(e) illustrates the nano honeycomb-structured phosphor film fabrication. 
First, nano-spheres with diameters of 1.2 µm, 1 µm, 600 nm, and 400 nm were prepared and 
coated onto the glass. Before the nano-sphere coated process, we mixed the PS nano-sphere 
with the DI-water and alcohol to produce the suspension solution, and then added to the 
aqueous solution with sodium dodecyl sulfate (SDS) as surfactant in order to produce the 
uniformity arrangement. Next, let the suspension solution floating on the DI-water and then 
coated onto the glass. Figure 2 (a) and 2(b) show that the SEM top view images of the PS 
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nano-sphere coated glass without the SDS treated, it seems to be un-uniformity. The more 
uniformity PS nano-sphere arrangement after the SDS treated was as shown in Fig. 2(c) and 
2(d), it was suitable for the large area flexible white LED. Second, the PDMS suspension 
slurry was blended with 15 wt% YAG phosphor in silicone glue and then cast onto the nano-
sphere coated glass substrate. After the glass substrate was baked at 70 °C for 10 min, the 
nano-honeycomb-structured phosphor film was combined with the blue-chip-based flexible 
substrate. Subsequently, the area of 5x5 cm flexible w-LEDs were covered with nano-
honeycomb-structured patterned-up and patterned-down phosphor films. 

 

Fig. 1. Experiment flowchart. (a, b) Fabrication of the blue flip-chip-based flexible substrate 
by using an anisotropic conductive adhesive, and (d, e) honeycomb structure phosphor film 
fabrication. Flexible white-LEDs covered with (c) patterned-up and (f) patterned-down nano-
honeycomb structure phosphor film. 

 

Fig. 2. (a)(b) The SEM top view images of the PS nano-sphere coated glass without the SDS 
treated and (c)(d) after the SDS treatment. 

Figure 3 presents the top view and cross-sectional scanning electron microscopy images 
of nano-honeycomb-structured phosphor films of several dimensions. The phosphor films 
with 350- and 450-nm patterns were transferred by using polystyrene (PS) nano-spheres of 
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400 and 600 nm, respectively, and the depths of impression of these films were approximately 
76 and 105 nm, respectively. PS nano-spheres of 1 and 1.2 µm could produce 750- and 950-
nm patterns with impression depths of approximately 150 and 240 nm, respectively. 

 

Fig. 3. SEM images of the honeycomb-patterned PDMS films with a dimension of (a) 350 nm, 
(b) 450 nm, (c) 750 nm, and (d) 950 nm. 

3. Result and discussion 

The diffusion ability of the nano-honeycomb structured phosphor film was investigated 
through haze measurement. Figure 4(a) and 4(b) presents the approaches of measuring total 
transmittance (total direct light transmission) and diffusion transmittance (excluding the 
normal direct light transmission) by using the U4100 system. The laser beam was passed 
through the phosphor film, which diffused in the integrating sphere, and the omnidirectional 
total transmittance (Ttotal) was determined using the detector. However, diffusion 
transmittance (Tdiffuse) was determined by opening the hole of the sphere facing the sample, 
which allowed the dissipation of most normal rays. 

 

Fig. 4. Measurement of the (a) total transparence (total direct light transmission) and (b) 
diffusion transparence (excluding the normal direct light transmission) of the phosphor films. 
(c) The haze spectrum depends on the wavelength of the nano-honeycomb structured PDMS 
films with dimensions of 350, 450, 750, and 950 nm. 

Figure 4(c) shows that the haze spectrum depends on the wavelength of the patterned 
phosphor film and is calculated as Eqs. (1) [24,25]: 
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Haze intensity is defined as the light scattering capability and is calculated as the ratio of 
diffracted photons and nonspecular photons when the rays pass through the patterned 
phosphor films. The haze value was improved by increasing the pitch size of the honeycomb 
structure, which contributed to the color uniformity optimization of the flexible w-LEDs. The 
950-nm pattern yielded an excellent haze value, thus improving the diffusion ability. 

This study investigated the influence of the dimension of the nano-honeycomb on color 
uniformity by using an SR-UL1R spectro-radiometer (TOPCON Corporation), as shown in 
Fig. 5(a). The color uniformities of the nano-honeycomb top pattern flexible samples with 
various pitch sizes are presented in Fig. 5. The area lighting samples with different 
dimensions of the nano-honeycomb structure were scanned to determine the maximum and 
minimum correlated color temperature (CCT), and the correlated chromaticity coordinates 
(u’, v’) of the maximum and minimum CCT were plotted [Fig. 5(b)–5(f)]. In these figures, 
the maximum CCTs always occurred in the middle of the blue chip because of the 
Lambertian pattern of blue rays [26]. The color uniformity of the area lighting source can be 
defined as the distance in color space (u’v’), which was based on chromaticity coordinates 
(u’, v’) of the maximum and minimum CCT. The distance in color space (u’v’) can be 
calculated as Eqs. (2) [27–29]: 

 ( ) ( ) ( )' ' ' ' 2 ' ' 2
1 2 1 2, [ , ( , )] [ , ( , )] .u v x y u x y u x y v x y v x y+ −Δ = −  (2) 

By calculation, the u’v’ of the flat, 350-nm, 450-nm, 750-nm, and 950-nm honeycomb 
patterns for flexible LEDs was approximately 0.22758, 0.12295, 0.11447, 0.10721, and 
0.10719, respectively. The lower distance in color space denoted the lower color separation, 
indicating that this property caused higher color uniformity [28]. 

 

Fig. 5. (a) Chromaticity uniformity measurement system to investigate the uniformity of 
flexible samples by using an SR-UL1R spectro-radiometer. (b)–(f) Spots in the areas of the 
flexible LEDs depicting maximum and minimum correlated color temperature (CCT) and the 
correlated chromaticity coordinates have been analyzed to verify the color uniformity. 

Figure 6 shows that the simulation mapping images to verify the influence for color 
uniformity of nano honeycomb by LightTools software, which was based on Mie scattering 
theory. We also calculated the distance in color space (u’v’) of the simulation result and the 
950 nm was with the lower u’v’, which was similar to the experimental result. As the 
experimental and simulation results, indicated that increasing the pitch size of the nano-
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Fig. 7. Simulation emission spectra of the nano-honeycomb (a) patterned-up and (b) patterned-
down phosphor films with dimensions of 350, 450, 750, 950, and 1150 nm for flexible LEDs. 
(c) Emission spectra of the flexible w-LEDs at a current of 120 mA and (d) luminous flux for 
the 360, 450, 750, and 950-nm nano-honeycomb patterned films covered with patterned top or 
bottom for the flexible w-LEDs. 

Table 1. Simulation efficiency of flexible w-leds with various dimension patterns. 

Type Flat 350nm top 
350nm 
bottom 

450nm top 
450nm 
bottom 

750nm top 

Efficiency(lm/w) 228.1 240 240 242.4 242.2 244 

Type 
750nm 
bottom 

950nm top 
950nm 
bottom 

1150nm top 
1150nm 
bottom 

 

Efficiency(lm/w) 243.9 238.2 237.6 236.7 236.1  

Table 2. experimental efficiency of flexible w-LEDs with various dimension patterns. 

Type Flat 350nm top 350nm bottom 450nm top 450nm bottom 

Efficiency(lm/w) 218 229.6 229.4 231.7 231.5 

Type 750nm top 750nm bottom 950nm top 950nm bottm  

Efficiency(lm/w) 233.1 233.1 226.4 226  

The measurement system detected reflection as a function of wavelength with various 
incident angles, as illustrated in Fig. 8(a) [31,32]. The reflections of the Lambertian blue ray 
from blue chips with different angles were analyzed using this system to verify the 
experiment results. The reflectance mapping image depended on different wavelengths and 
incident angles for the non-patterned phosphor films and various dimensions of nano-
honeycomb patterned phosphor films, as shown in Fig. 8(b)–8(j). The mapping image of the 
flat sample indicates stronger reflectivity as a function of wavelength and incident angles, 
which indicates that most yellow photons will be reflected from the phosphor film, thus 
reducing light extraction. These figures illustrate that the yellow band had lower reflection for 
the patterned-top samples than for the non-patterned sample when the incident angle 
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extended, indicating that the nano-honeycomb pattern attributed to the photonic crystal 
property. The lowest reflectivity was observed in the 750-nm patterned-top phosphor film. 
The average reflection of blue rays for the 750 nm patterned sample is stronger than the flat, 
350 nm, 450 nm patterned sample, which could induce the phosphor re-excited and improve 
the yellow band photons. On the other hand, the average reflection of yellow rays were lower 
than other patterned samples, it is the main reason to cause the 750-nm pattern exhibiting the 
best luminous efficiency. This result indicated that this dimension was induced the optimal 
light extraction, which was consistent with the experimentally obtained luminous efficiency 
results. The patterned phosphor films were as the antireflection (AR) layer to luminous 
efficiency of flexible white LEDs. The reason was that periodic nanostructures with gradient 
refractive indices become a sub-wavelength structure, the destructive interference have been 
occurred of the normal incident light at the particular wavelength and let abundant selected 
rays pass through the phosphor films [32]. K.W. Sun’s group has investigated the nano-scale 
honeycomb structure to as the AR layer to improve the efficiency of the solar cell [33,34]. As 
the result, the patterned phosphor films is as the AR layer in this study and the luminous 
efficiency has been improved of our flexible w-LED. 

In this study, the optimization of our flexible LEDs was contributed by the used of the 
nano honeycomb structure phosphor film. To analyze the effect of honeycomb structure 
phosphor film for the flexible LEDs, the ray tracing analysis of the individual blue LED 
element slitting simulation mode has been set up. The output photons comparison between the 
difference pitches of the honeycomb structures is shown in Fig. 9. From these simulation 
charts, the photons can be reflected back to re-pump the phosphors. The scattering can lead 
the resulting photons to the side and thus the color uniformity can be achieved. Meanwhile, 
when the yellow photons are generated more, the better luminous efficiency can be reached 
and the 750nm structure is better than other structures with different pitches. 

 

Fig. 8. (a) Angular dependence reflection measurement system for the patterned phosphor film. 
(b)–(i) Mapping images of normalized reflection as a function of wavelength with the incident 
angle for different dimensions of nano-honeycomb phosphor films. 
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Fig. 9. The ray tracing simulation of the effect of the nano-honeycomb patterned for the 
flexible LEDs. 

We demonstrated the nano-honeycomb structure phosphor film by the oversimplified 
approach to transfer the pattern by the PS nano-sphere. The Bending test system has been 
developed to verify the bending reliability of the flexible white LEDs as shown in Fig. 10. In 
the bending test, the flexible samples were bonded on the cylinder surface with difference 
diameters (D), the bending diameter was defined as shown in Fig. 10(a). Figure 10(b)-10(f) 
show that the performance of the patterned and non-patterned flexible LED under the bending 
condition. The best bending diameter of has been achieved about 10 mm for these flexible 
LED samples. The result indicated that the size variation of patterned phosphor films can’t 
influence the bending ability of the flexible LEDs. We selected the best parameter of 
honeycomb patterned sample: 750 nm for the bending times test and compared to the 
reference sample (without pattern) as shown in Fig. 11. Figure 11(b) and 11(c) show that the 
bending times test with more times of bending circle of the non-patterned and 750 nm 
honeycomb patterned white flexible LED, respectively. The bending circles of these flexible 
LED samples were both below to 500 times. As the result, the nano-honeycomb patterned is 
located at the surface of the phosphor film and which does not affect the bending ability of 
the flexible LED. 

 

Fig. 10. (a) The bending diameter defined of bending test for flexible LEDs was illustrated in 
the picture. (b)-(f) The luminous flux and voltage of the flexible white LED of the non-
patterned and difference size of honeycomb pattern flexible LEDs with the diameter of 10 mm 
bending test. 
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Fig. 11. (a) The image of the bending test measurement system for the difference size of 
patterned structure flexible LEDs. The bending test of (b) non-patterned and (c) 750 nm 
patterned samples are with more times of bending circle. 

4. Conclusion 

Nano honeycomb-structured phosphor films could improve the color uniformity and luminous 
efficiency of flexible w-LEDs. According to the angular dependence reflection measurement, 
the luminous efficiency improved because of the excellent light extraction. The 750-nm 
pattern exhibited the highest luminous efficiency, which was approximately 7% higher than 
that exhibited by the non-patterned phosphor film sample. In addition to luminous efficiency, 
nano-honeycomb structures could improve color uniformity to yield a higher haze value, 
which led to more efficient diffusion ability. This paper presents an easy approach to optimize 
flexible w-LEDs by using nanostructures of various dimensions. We believe that the 
incorporation of the nano-honeycomb structure into the flexible w-LEDs can be beneficial for 
the performance of the device. 
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