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Abstract

A new hybrid optical film integrating several optical functions was adopted in a quantum-dot (QD) backlight for liquid crystal
display applications. The hybrid film included two prism sheets and one reflective polarizer between which index-matching
layers were inserted. The optical performances of the hybrid QD backlight were comparable to those of a conventional QD
backlight where optical films were separately adopted. The on-axis luminance decreased slightly while the viewing angle
became enhanced by adopting the hybrid film. The color gamut of the present hybrid QD backlight was more than 100%
according to the National Television Standards Committee standard. The hybrid film suggested in this study can be used to
reduce the number of optical films substantially and, thus, the fabrication process of backlights.
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1 Introduction

Liquid crystal displays (LCDs) are the most widely used flat
panel display in various applications [1]. Since LCD is a
non-emissive display, it needs an additional lighting device
called a backlight unit (abbreviated as BLU). The homoge-
neous, bright, white light supplied by BLU is modulated at
the LCD panel to generate full-color images. BLU deter-
mines many optical performances of LCD, such as bright-
ness, color gamut, and contrast ratio. Intensive efforts during
the past decades have led to major technological innovations
in LCD which became the major flat panel display dominat-
ing the market. One of these efforts has focused on the opti-
cal design of new backlight structures [2—-10].

Traditional light sources in BLU have been white light-
emitting diodes (LEDs) consisting of blue LED chips and
color conversion materials [11, 12]. Yellow phosphors, such
as YAG (Y;Al;0,,:Ce*) [13, 14], or the combination of red
and green phosphors are the most conventional color conver-
sion materials [15-22]. Recently, quantum dots (QDs) have
been applied to BLU as new conversion materials to increase
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the color gamut of LCDs [23-25]. QDs are nanometer-sized
semiconductor materials and are characterized by high color
purity, color tunability due to the quantum confinement
effect, and easy processibility [26-28]. The QD materials are
fabricated as remote films to secure long-term stability [29].

BLU consists of many optical components, such as a
reflection film, a light guide plate (LGP), a diffuser film, one
or two collimation films, a reflective polarizer. The inclusion
of QD films increases the number of optical films of BLU
and, thus, the assembly time and the cost. In this context,
the development of hybrid films or hybrid LGPs integrating
several optical functions has been an important technologi-
cal issue [30-35]. In our previous study, a new structure of
a hybrid LGP where several optical films were integrated on
the LGP was suggested [36]. Satisfactory optical properties
including high uniformity were achieved from this structure.
However, a low-index layer needs to be inserted between
the LGP and other optical films, which is difficult to realize
from the technological point of view. The purpose of this
simulation study is to suggest an optical design of hybrid
films which can be used to reduce the number of optical
films adopted in BLU. Detailed optical characteristics of
the hybrid films will be suggested and compared to the con-
ventional design.
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2 Simulation methods

A commercially available software LightTools (ver. 9.0.0,
Synopsis Co.) was used for the simulation. Figure la
shows a cross-sectional view of a conventional edge-lit
backlight adopted in the simulation where a QD film is
placed on the wedge-type LGP. The area of the LGP was
200 % 300 mm?, and its thickness was changed from 3
(thicker part) to 1.25 (thinner part) mm. Total 38 blue
LEDs were located on one of the side surfaces, the thicker
part, and the total luminous flux was 500 Im. The LED
showed a Gaussian spectrum at the center wavelength of
450 nm and a half-width of 20 nm. The side surfaces of
the LGP were surrounded by reflection films with a diffuse
Gaussian distribution of reflectance of 85% and angular
width of 15°. The reflection film below the LGP was a
simple mirror reflector having a reflectance of 95%. The
material of the LGP was set to be polymethyl methacrylate
(PMMA), and diffusing dots with a radius of 0.05 mm
were formed on the bottom surface of the LGP for light
homogenization.
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Fig. 1 Cross-sectional view of the backlight structure: a a conven-
tional QD backlight and b an integrated QD backlight. The details are
described in the text
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The QD film includes red and green QDs, the mean free
path (MFP) of which were 0.25 and 0.3 mm, respectively.
The dimensions of the QD film were 200 300x 0.1 mm?>.
The refractive index of the QD film was 1.5. The absorption
and the emission spectra in addition to the quantum yield
were adopted from reported values in a previous study [37].
The QD film plays the role of a diffuser film, thus no diffuser
film was included in the simulation model. Two prism sheets
(PSs) were put over the QD film. Each prism sheet consists
of a substrate with a thickness of 0.127 mm and a refractive
index of 1.59 and prism grooves with an apex angle of 90°,
a refractive index of 1.667, and a pitch of 24 pm. The DBEF
denotes the dual brightness enhancement film which is a
multi-layer reflective polarizer [38]. Reflective polarization
property was allocated to the upper and the lower surfaces of
the DBEF using the built-in function of LightTools. In this
case, the polarization component parallel to the transmission
axis of the DBEF passes while the orthogonal component
is reflected. The thickness of the DBEF was 0.1 mm and its
refractive index was 1.5. Since the LCD panel was not con-
sidered in the model, an absorptive polarizer mimicking the
bottom polarizer of the LCD panel was put over the BLU to
characterize the polarization properties of the BLU.

Figure 1b shows the cross-section of the BLU where the
hybrid film, which is suggested in this study, was adopted.
To integrate three optical films (two PSs and one DBEF),
two index-matching films (IMFs) with a thickness of 20 pm
were inserted as shown in Fig. 1b. The thickness of the PS
was slightly decreased to 0.105 mm to reduce the total thick-
ness of the hybrid film. The material properties of the IMF
were set to be those of PMMA. The prism grooves were
immersed in the IMF with a thickness of 7 pm. Therefore,
air remains between the prism grooves, which is important
for maintaining the collimation function of the PS. This
hybrid film will be denoted as “PSDBEF” which represents
the combination of the PS and the DBEF. A flat luminance
receiver with 21 X 21 meshes was used, and the typical num-
ber of rays used for the simulation was one million. Table 1
summarizes the physical parameters of the optical compo-
nents included in the BLU models.

3 Results and discussion

To investigate the reliability of the polarization simulation
for the DBEF, a conventional BLU without the QD film
was studied by simulation in the first place. The simulation
model was the same as that shown in Fig. 1a except for the
fact that the QD film was replaced with a polycarbonate
diffuser sheet (DS) having a thickness of 0.1 mm. The DS
was modeled as a Gaussian diffuser with a spreading angle
of 25°. Figure 2a shows the angular distribution of lumi-
nance on each film of the conventional backlight analyzed
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Table 1 Physical parameters of the optical components and BLUs included in the simulation models

Thickness or shape parameters

Refractive index

Light guide plate 200 mm x 300 mm X 3 mm 1.4936

Diffuser sheet 200 mm x 300 mm X 0.1 mm 1.5896

Quantum dot film 200 mm X 300 mm X 0.1 mm (red QD MFP 0.25 mm, green QD MFP 0.03 mm) 1.4936

Prism sheet (substrate) 200 mm X 300 mm X 0.127 mm 1.59

Prism sheet (prism groove) 200 mmx 300 mm x0.012 mm 1.667

DBEF 200 mm X 300 mm X 0.1 mm 1.5

PSDBEF (total) 200 mm X 300 mm X 0.35 mm (DBEF + index-matching film X 2 4+ prism sheet X 2)

Index matching film (in PSDBEF) 200 mm X300 mm x 0.02 mm 1.4936

Prism sheet (in PSDBEF) 200 mm X 300 mm X 0.105 mm (substrate 0.093 mm, prism groove 0.012 mm) Substrate 1.59
Prism groove 1.667

Polarizer 200 mm X 300 mm

LED 2 mmX 1.3 mm X 0.5 mm (each 13.16 Im, total 500 Im)

Reflector 200 mm X 300 mm X 0.1 mm 1.5

without the absorptive polarizer. The “None” case indicates
the luminance distribution on the LGP, which is close to the
Lambertian. The on-axis luminance on the DS is slightly
modified and increased, which is consistent with experimen-
tal results [39]. The two PSs on the DS enhance the on-axis
luminance significantly due to the refraction at the prism
grooves combined with the angle recycling process [40].
For the light to be refracted toward the normal direction, the
light should satisfy a certain angle range for its incidence.
Approximately half of the light incident on the prism film is
reflected via total internal reflections at the prism grooves
toward the bottom of the BLU on which the light direction is
changed significantly via diffuse reflection. This induces part
of the reflected light to meet the condition of collimation via
refraction at the prism grooves resulting in the luminance
gain. This process is called “angle recycling”. When the
DBEF is put over the PS, the luminance decreases because
part of the light is reflected due to the polarization selection
function of the DBEF. However, the luminance on the LCD
panel increases substantially when the DBEF is used thanks
to the polarization recycling process [40]. The mechanism
polarization recycling process is very similar to the angle
recycling process. The only difference is that the polariza-
tion state of the reflected light from the DBEF toward the
bottom of the BLU is partially changed due to the diffuse
reflection, thus, part of the reflected light can pass through
the DBEF resulting in the luminance gain. The overall lumi-
nance behaviors are consistent with previous simulation and
experimental results [39].

Figure 2b shows the angular distribution of luminance
on each film of the conventional backlight analyzed with
a polarizer. The transmission axis of the absorptive polar-
izer was orthogonal to that of the DBEF. The overall dis-
tributions are nearly the same as those shown in Fig. 2a
except for the fact that the luminance values decreased to

approximately half due to the absorption by the absorptive
polarizer and that the luminance on the DBEF is nearly zero
due to the orthogonal transmission axes of the two polar-
izers. Then, the transmission axis of the absorptive polar-
izer was rotated by 90°, where it was parallel to that of the
DBEF, and the same simulation was carried out. The result
is shown in Fig. 2c. The luminance on DBEF has been
increased due to the polarization recycling process consist-
ent with the experiment [41-45], which demonstrates that
the present simulation model is reliable. The difference in
the luminance on the PS between (b) and (c) is attributed to
the polarizing function of the prism grooves that is caused
by the different Fresnel reflections of the s and p polariza-
tions [41, 42].

As a next step, the QD BLU was investigated where the
DS was replaced with a QD film as shown in Fig. la. In
addition, the upper optical films (two PSs and the DBEF)
were replaced by the hybrid film as shown in Fig. 1b. The
former and the latter will be denoted as a conventional QD
BLU and a hybrid QD BLU, respectively. Figure 3a shows
the dependence of the luminance of each optical film of the
conventional QD BLU on the angle of the transmission axis
of the absorptive polarizer. The output light from the QD
films is unpolarized as expected because there is no opti-
cal mechanism that polarizes the light. The luminance on
each PS shows an oscillation behavior indicating that the
emitted light from the PS is slightly polarized, consistent
with experimental results [41, 42]. This is due to the Fresnel
reflection at the prism grooves, i.e., the average reflectance
of the s-polarization is higher than that of the orthogonal
p-polarization [41, 42]. Since the prism grooves of the two
PSs are orthogonal to each other, the oscillating luminance
patterns on the two PSs are out of phase.

Figure 3b shows the dependence of the luminance of each
optical film combined with the DBEF of the conventional
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QD backlight on the angle of the transmission axis of the
absorptive polarizer. Depending on the angle between the
transmission axes of the DBEF and the absorptive polarizer,

.....................

process of DBEF is facilitated when the downward rays are
diffusely reflected efficiently [40—45].

Figure 4a shows the dependence of the luminance on
the PSDBEEF of the hybrid backlight on the angle of the
transmission axis of the absorptive polarizer. Since the
PSDBEF includes the reflective polarizer (DBEF), the
luminance shows nearly the same oscillating behavior as
that shown in Fig. 3b. Figure 4b shows the emitting spec-
trum of the hybrid backlight. It consists of a blue peak
from the LEDs in addition to red and green peaks from
QDs. The emitting spectrum of the conventional QD BLU
is nearly the same as that shown in Fig. 4b. Relatively
sharp spectral features are favorable for achieving a high
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Fig.4 a The dependence of the luminance of the hybrid QD BLU on
the angle of the transmission axis of the absorptive polarizer. b The
emitting spectrum of the hybrid QD BLU

color gamut of LCD. Figure 5a shows typical transmission
spectra of color filters of LCD panels for TV applications.
Figure 5b shows the chromaticity diagram on which the
color gamut of the LCD combined with the hybrid QD
backlight is compared to that of the National Television
Standards Committee (NTSC) standard. The color gamut
of this system is 100.3% according to the NTSC stand-
ard, which demonstrates the outstanding performance
of the QD-based backlight from the viewpoint of color
properties.

Figure 6a shows the angular dependence of luminance of
the two backlights. The on-axis luminance of the conven-
tional QD BLU is higher than that of the hybrid QD BLU.
However, the luminance distribution of the hybrid QD BLU
is broader. In the case of the conventional QD BLU, the two
PSs contribute to the collimation in their full performances.
However, the apex part of the prism grooves of the PSs in
the hybrid film was immersed in the IMFs, which decreases
the collimating ability of the PS resulting in lower on-axis
luminance. However, the wider angular distribution of lumi-
nance is preferable in some applications due to the better
viewing-angle performances.

(a) T T T T T T T T
1.0+ Red b
Green
Blue
0.8+ 7
c
kel
6 0.6+ b
IS
204
go4t |
|_
0.2+ b
0.0+ — 1
4(|)0 ‘ 560 6(IJO 7(|)0 800
Wavelength (nm)
(b)
52\0
0.8 540
G (0.25,0.71) \‘/ SDBEF
560
0.6
500
o
S 041 0
© 620
R (0.67,0.31)
0.2
48
00 r 46 B (0.15, 0.05)

0.0 0.2 0.4 0.6 0.8
CIE x

Fig.5 a Transmission spectra of three color filters of a typical LCD
panel. b The color gamut of the NTSC standard (white) and the
hybrid QD BLU (black) on the CIE1931 chromaticity diagram. The
color coordinates of the primary colors are included

Figure 6b shows the change in the color coordinates (x, y)
of the QD backlights depending on the configuration of opti-
cal films. The color coordinates on the QD film are located
in the blue-shifted region indicating insufficient color con-
version via QDs. As other optical films are put on the QD
film in turn, the color coordinates shift to higher values
sequentially. In the case of a PS, approximately half of the
incident light is reflected due to the total internal reflection
at the prism grooves. In addition, the DBEF reflects the light
with the polarization direction perpendicular to its transmis-
sion axis, which comprises ~50% of the incident light. These
downward rays will undergo multiple passages through QD
films contributing to the color conversion. In the case of the
hybrid QD BLU, the color coordinates are close to those of
the conventional QD BLU. This suggests that enough color
conversion occurs via the PSs and DBEF integrated into the
hybrid film.

The present simulation study demonstrates that mul-
tiple optical functions played by several optical films
included in the conventional BLU can be integrated into
one hybrid film without any substantial degradation of
performances. The on-axis luminance decreased slightly,
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Fig.6 a Angular dependence of luminance of the conventional QD
BLU and the hybrid QD BLU. b The color coordinates of the conven-
tional QD BLU under different optical configurations and those of the
hybrid QD BLU

but the viewing-angle property was improved. In addition,
it was found that the integrated optical films could cause
enough color conversion via appropriate reflections. The
estimated color gamut of the LCD with the hybrid QD
BLU was larger than 100% compared to the NTSC stand-
ard. This approach of using the hybrid film in BLUs can
be adopted to make the fabrication process of BLU sim-
pler due to much smaller number of optical components.
Further optimization may be possible when the QD film
is incorporated into the hybrid film.

Finally, it should be indicated that the viewing angle
and the on-axis luminance form a trade-off relationship.
If the on-axis luminance increases, the viewing-angle
decreases, vice versa. One way to increase the on-axis
luminance is to adjust and optimize the refractive index
of the prism grooves, as well as the refractive index
of the index-matching layer. The on-axis luminance is
expected to increase as the refractive index of the grooves
increases. In this case, however, the viewing angle will
decrease due to the high collimation toward the normal
direction.
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4 Conclusion

Two prism sheets and one reflective polarizer (DBEF),
typically used in conventional backlights, were integrated
into one hybrid film, which was adopted in a QD BLU.
The on-axis luminance of the hybrid QD BLU was lower
compared to that of the conventional QD BLU, which is
attributed to the worse collimating performance of prism
sheets the apex of which was partly immersed in the index-
matching layer. However, the viewing-angle property
became better which is favorable for many applications
where several people watch the display screen from dif-
ferent viewing directions. The color gamut of the hybrid
QD BLU was more than 100% according to the NTSC
standard. The present approach can be used to innovate
the backlight fabrication process due to the much smaller
number of optical components assembled in the backlight.
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