Received: 17 February 2019 Accepted: 2 March 2019

DOI: 10.1002/jsid.764

DISTINGUISHED PAPERS, BEST OF DISPLAY WEEK 2019

WILEY

High performance color-converted micro-LED displays

Fangwang Gou SID Student Member' | En-Lin Hsiang SID Student Member' |
Guanjun Tan SID Student Member' | Yi-Fen Lan® | Cheng-Yeh Tsai” |

Shin-Tson Wu SID Fellow!

L College of Optics and Photonics,
University of Central Florida, Orlando,
Florida

Abstract

2 Advanced Technology Research Center,
AU Optronics Corp., Hsinchu, Taiwan

Correspondence

Shin-Tson Wu, College of Optics and
Photonics, University of Central Florida,
Orlando, FL.

Email: swu@ucf.edu

Funding information
a.u.Vista, Inc.

KEYWORDS

1 | INTRODUCTION

Micro-LED display is expanding rapidly in recent years
because of its outstanding features such as low power
consumption, nanosecond response time, long lifetime,
high dynamic range, and wide color gamut.'™* However,
the high-yield mass transfer process of micro-LEDs from
semiconductor wafer to glass substrate remains a chal-
lenge.>® To achieve full-color micro-LED displays, the
most commonly used method is to grow red, green, and
blue (RGB) micro-LEDs on different wafers, and then
assemble them into matrices on the same thin-film tran-
sistor (TFT)-based glass substrates through mass-transfer,
which requires precise alignment for each pixel. More-
over, the light emission efficiency and degradation rate
of RGB micro-LEDs are different; as a result, it may need
complicated driving circuit to maintain the color render-
ing index during operation.

One approach to avoid mass-transfer process is mono-
lithic integration of RGB micro-LEDs via adhesive bond-
ing.” However, the fabrication process is complicated
since different semiconductor substrates are required for

A full-color micro-LED display can be achieved by red, green, and blue (RGB) chips
or by a blue/ultraviolet (UV) micro-LED array to pump downconverters. The latter
helps relieve the burden of epitaxial growth of tri-color micro-LED chips. However,
such a color-converted micro-LED system usually suffers from color crosstalk and
low efficiency due to limited optical density of color converters. With funnel-tube
array and reflective coating on its inner surface, the crosstalk is eliminated, and
the optical efficiency can be improved by more than two times. In addition, the
ambient contrast ratio is also improved because of higher light intensity. The color
gamut of this device is approximately 92% of DCI-P3 standard.

ambient contrast ratio, color conversion, color crosstalk, color gamut, micro-LEDs

growing blue/green micro-LEDs and red micro-LED.
Another simpler method utilizes single-color micro-LEDs
to excite the color converters, such as phosphors or quan-
tum dots (QDs).*'° For example, UV LED array with
pixelated RGB QDs can achieve high efficiency and wide
color gamut because no color filter is needed. However,
for complete color down-conversion, QDs with a high opti-
cal density and a relatively thick layer are required. There-
fore, light-recycling components such as distributed Bragg
reflector are usually employed to improve the light conver-
sion efficiency, which would degrade the ambient contrast
ratio (ACR). To overcome this problem, another solution is
to employ blue micro-LEDs to excite color converters in
order to obtain white light first, and then utilize color fil-
ters to achieve RGB subpixels. In this device configuration,
the color down-conversion layer does not need to be
pixelated, which is more feasible for manufacturing. How-
ever, the color filters would absorb two-thirds of the outgo-
ing light. In addition, color crosstalk would occur due to
scattering of the color conversion layer.

In this paper, we propose a funnel-tube array for two-
color phosphor-based micro-LED displays in order to
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reduce color crosstalk and improve light conversion effi-
ciency simultaneously. Besides, the issue of ambient light
reflection from the device is addressed.

2 | DEVICE STRUCTURE

Figure 1A illustrates the device structure of color-
converted micro-LED displays (Device 1). It consists of a
bottom blue micro-LED array, a layer of two-color (green
and red) phosphors as color conversion film, and a top
color filter array to form RGB subpixels. The pitch length
of the display panel is set to be 150 um, and the color fil-
ter size is Ly = 30 um and L, = 130 um (Figure 1B). The
chip size of blue micro-LED is Wy = 15 pum and
W, = 30 um. The system is simulated using ray-tracing
software LightTools. For simplicity, we assumed that all
the micro-LEDs having the same central wavelength of
448 nm with Lambertian angular emission distribution.
For simulation of the phosphor photoluminescence, their
absorption spectrum, color conversion efficiency, and
emission spectrum are all taken into account during cal-
culations.'™** The phosphor particle size in the simula-
tion is set to vary from 0.25 um to 5 pm because of the
small pixel size.!® And, the thickness of funnel tube was
set to be h = 30 um according to the optical density of
the phosphor. The concentrations of green and red phos-
phors are adjusted to obtain a white balance for the dis-
play system. Compared with QDs, phosphors have the
advantages of high thermal stability and resistance to
moisture.

In Device 1, when only one pixel emits light and all
other pixels are turned off, light leakage may come from
the surrounding pixels due to light scattering of the phos-
phor film, which is referred to as color crosstalk. Figure 2
shows the simulated color image. Although only the RGB
subpixels inside the white dashed lines are turned on,
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FIGURE 2 Simulated color image of Device 1 when only one
pixel inside the white dashed lines is turned on

light leakage outside this region is clearly observed. This
problem becomes more severe as the phosphor film gets
thicker.'*!

To eliminate color crosstalk, we propose a funnel tube
array with taper angles a and 3 (Device 2) as illustrated in
Figure 3A and 3B. It is formed above micro-LED layer
while the tube region aligned with each subpixel. The
inner surface of the funnel tube can be either absorptive
or reflective. The two-color phosphors are filled inside
the funnel tube to obtain white light. On top of the
funnel-tube array, the color filters with RGB subpixels
are aligned with each tube region. In the system, the
phosphors for each subpixel region are designed to be
totally isolated. Thus, the color crosstalk will be elimi-
nated. Figure 4 shows the simulated color image of

(B)

FIGURE 1 A, Schematic diagram for configuration of full color micro-LED display (Device 1). B, Top view of one pixel. Ly = 30 pm,

Ly = 130 pm
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FIGURE 3 A, Schematic diagram for configuration of full color micro-LED display with funnel-tube array (Device 2). B, Cross-sectional

views of Device 2. Ly = 30 um, Ly = 130 um, Wy = 15 um, Wy, = 30 pm, and h = 30 um. The taper angles in x-z plane and y-z plane are c and

{3, respectively
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FIGURE 4 Simulated color image of Device 2 when only one
pixel that inside the white dashed line is turned on

Device 2. As can be seen, there is no light leakage outside
the turned-on pixel region.

3 | SIMULATED RESULTS AND
DISCUSSIONS

3.1 | Color gamut

Vivid color is a key metric for display devices, as it
enables a more realistic viewing experience. Generally,
light sources with a narrower full width at half maximum
(FWHM) would lead to a wider color gamut.'® In our
modeling, we use a combination of green phosphor
(B-sialon: Eu2+, FWHM ~50 nm) and red phosphor

(CaAlSiN;:Eu®")'” to improve the color performance.
Figure 5 depicts the spectrum of blue micro-LED pumped
the two-color phosphors and the simulated color gamut
in CIE 1931 color space is shown in Figure 6. This system
covers 92% of DCI-P3 standard'® and 67% of Rec. 2020
standard.'®*° Alternative color converters such as CdSe
red/green QDs with FWHM approximately 25-30 nm
can also be used to obtain wider color gamut.*** How-
ever, the device structure, especially the thickness of the
funnel-tube array, needs to be optimized according to
the optical density of the color converters.

3.2 | Light efficiency
In order to eliminate the color crosstalk, the phosphors for

each subpixel should be optically isolated by depositing
absorptive or reflective coatings on the inner side surface
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FIGURE 5 Simulated spectrum of Device 2 when all of the pixels
are turned on
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FIGURE 6 Simulated color gamut for Device 2 with red/green
phosphor in CIE 1931 color space

of funnel tube. Furthermore, the taper angles (a and §3) of
the funnel tube need to be optimized for improvement of
the light efficiency. The simulated relative light intensities
of Device 2 with absorptive and reflective coatings normal-
ized to that of Device 1 are plotted in Figure 7A and 7B.
Specifically, in Figure 7A, the taper angle o varied from
76° to 108°, while a was fixed at 80°; in Figure 7B, the taper
angle (3 varied from 31° to 108° when a was set to be 80°.
For absorptive coating, the light intensity slightly
increased as taper angle increased because more forward
emission was absorbed. The relative intensity is as low as
0.62 even for a = 108° and = 80°. As a comparison, the
light intensity for reflective coating is more than three
times higher than that of absorptive one since the inner
reflector could recycle light and elongate the effective opti-
cal path inside the phosphors. The light intensity decreased
as the taper angle increased. When the taper angle was
larger than 90°, more light was reflected downwards by
the inner reflector and then absorbed or scattered by the
backplane. On the other hand, when the taper angle was
less than 90°, more light was reflected upwards, which
then escaped from the device to the air. Therefore, a taper
angle less than 90° was preferred to obtain higher light
efficiency.

3.3 | Luminous ambient light reflectance

In addition to light emission intensity, luminous ambient
light reflectance also needs to be investigated because it
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FIGURE 7 Relative light intensity of Device 2 with absorptive
coating and reflective coating as a function of taper angle A, a
when 3 = 80°, and B, § when o = 80°. The light intensity is
normalized to that of Device 1

determines a display's performance in the presence of
ambient light, which is referred as ACR. Luminous ambi-
ent light reflectance can be defined as®

A2
R - ] 5 VWSWRA)A W
lov)s@yda

In Equation 1, V(A) is the photopic human eye sensi-
tivity function, R(A) is the spectral reflectance of the dis-
play device, and S(A) is the spectrum of ambient light.
In our modeling, we used CIE standard D65 as light
source.

Figure 8A and 8B show the calculated luminous ambi-
ent light reflectance of Device 2 with absorptive coating
and reflective coating as a function of taper angle. The
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FIGURE 8 Luminous ambient light reflectance of Device 2 with
absorptive coating and reflective coating as a function of taper angle
A, o when 8 = 80°, and B, § when a = 80°

trend is similar to that of light intensity, indicating that
higher intensity associated with higher ambient light
reflectance. For funnel-tube absorptive coating, the ambi-
ent reflectance is approximately 0.8, which is much
smaller than that of reflective coating (1.2~2.6).

In order to further understand the ambient light reflec-
tion, we plot the reflectance for RGB subpixels of struc-
ture with reflective coating and o = 80° and § = 80° as
well as transmittance of color filters in Figure 9. The
reflectance spectral profiles are very similar to the trans-
mittance of color filters except for the lower intensity of
the blue light. For the blue subpixel, the blue component
of the ambient light transmitted through the color filter
and entered the funnel tube, some of the light were
absorbed and then converted by the phosphor, and other
light was scattered and reflected inside the funnel tube. A
part of the unconverted blue light could escape from the

3.4 | Ambient contrast ratio

The ACR of these three structures was calculated using
the following equation®~2°:

Lon + Lambienz 'RL

- ()
Loﬂ + Lambient 'RL

ACR =

In Equation 2, L, (L) is the on-state (off-state) lumi-
nance value of a display, L,mpient represents the ambient
luminance, and Ry, is the luminous reflectance of the dis-
play panel. To calculate ACR, we assumed L, of Device 1
(without funnel tube) to be 1000 nits, while L, of Device
2 with absorptive and reflective coating and taper angle of
a = 80° and = 80° cane be calculated according to the
relative intensity, the results are 405 nits and 2123 nits,

TABLE 1 Luminous ambient reflectance for RGB subpixels of
Device 2 with reflective coating and taper angle o = 80° and 3 = 80°

Pixels RGB Blue Green Red

Luminous reflectance 1.61% 0.05% 1.02% 0.54%

Abbreviation: RGB, red, green, and blue.
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FIGURE 10 Simulated ambient contrast ratio of Device 1 and
Device 2 with absorptive coating and reflective coating on the side
inner surface of funnel tube. Taper angle o = 80° and 8 = 80°. The
top surface reflectance is 4% without antireflection (AR) coating

respectively. As an emissive-type display, Log of micro-
LED is 0. The surface reflectance was assumed to be 4%.
The calculated ACR is depicted in Figure 10. As ambient
illumination got stronger, the ACR decreased dramati-
cally first and gradually saturated. Although funnel tube
with reflective coating had the most severe ambient
reflection, it achieved the largest ACR under different
ambient light conditions because of its highest brightness.
Under strong ambient light conditions such as full day-
light (~20 000 lux), the ACR of Device 1 and Device 2
with absorptive coating were all less than 5:1 (inset of
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Figure 10), which is barely readable under sunlight.*
This relatively low ACR originates from both light
scattering by the phosphor particles and surface reflec-
tion. To improve ACR, antireflection (AR) coating with
a surface reflectance of about 0.2% could be employed®’;
results are shown in Figure 11. When L,ypiens = 20 000
lux, the ACR of Device 2 with absorptive coating could
be improved to approximately 7:1, which is adequately
readable in sunlight. While for Device 2 with reflective
coating, the ACR is approximately 20:1, indicating an
excellent readability.

4 | CONCLUSION

In this work, we proposed a funnel-tube array to elimi-
nate the color crosstalk of the color-converted micro-
LED displays. With reflective coating on the inner side
surface of the funnel-tube and taper angle of 80°, the light
efficiency of the device could be increased by more than
approximately two times. Moreover, the ACR was also
improved due to higher light intensity, despite the
increased ambient reflectance. By utilizing two-color
phosphors, which have high thermal stability and resis-
tance to moisture, the color gamut of this device covers
92% of DCI-P3 standard.
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