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Abstract: A novel LED backlight unit implementing a light guide plate
(LGP) with a two-dimensional array of grating micro-dots is proposed. By
optimizing grating-vector orientations of local gratings and applying
suitable grating-depth modulation in the array, taking into consideration of
the radiation pattern of the LED source, uniform out-coupled light
distribution within a narrow luminance angle was achieved without
recognizable hot spots. Such a light guide plate was fabricated using a dot-
matrix holographic interferometer setup and a UV embossing replication.
Fabricated polycarbonate LGP showed ~62% intensity uniformity within
~8° and ~20° luminance angles in two main directions.
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1. Introduction

Liquid Crystal Display (LCD) is one of the most widely used flat-panel display in multimedia
devices such as mobile phones, PDAs, PMPs, car navigation systems, digital video cameras,
and computer monitors. Current LCD display requires cost effectiveness, low-power
consumption, light weight, slim size, and high image quality. In order to satisfy these, high
efficiency, slim, high uniformity, and low cost backlight unit (BLU) is required. Additionally,
light-emitting diodes (LEDs) are beginning to replace conventional cold cathode fluorescent
lamps (CCFLSs) as light sources for LCD backlight units due to their desirable characteristics
such as a large color gamut, color temperature adjustability, long lifetime, and environmental
safety (i.e. mercury free). Compared with CCFL (line source) BLUSs, LED-based BLUs suffer
from luminance non-uniformity problems such as propagating-light line patterns and hot-spots
as LEDs are point-like sources [1]. Various approaches to extract light from BLU have been
proposed [2-4]. However, these scattering approaches are suffered by low intensity uniformity
with undesirable hot spots due to limited controllability in out-coupling light. An approach
that provides controllable light extraction from the LGP isto utilize diffraction gratings[1, 5
7]. The diffractive LGP approach can provide a high efficiency, uniform light distribution
with a dim BLU size. Additionaly, backlight illumination can be confined in a narrow
luminance angle. This makes the diffractive LGP a cost effective solution as functional sheets
such as prism sheets can be eliminated from conventional BLU systems.

In this paper, anovel LED backlight unit implementing an LGP having a two-dimensional
array of grating micro-dots is presented. By optimizing grating-vector orientations of local
gratings and applying suitable grating-depth modulation in the array, taking into account of
the radiation pattern of the LED source, uniform out-coupled light distribution within a
narrow luminance angle was achieved without recognizable hot spots near the LED source or
light-propagation-line pattern. Parikka et al.[1] proposed a similar approach of controlling the
grating-vector orientation and a grating fill-factor modulation scheme using long-period (~2.5
um) gratings fabricated by e-beam lithography and hot embossing replication process. We
used submicron-period grating dots utilizing flexible and cost effective dot-matrix
holographic lithography [8] and UV embossing replication to achieve the uniformity and
directionality in the extracted radiation.

2. Devicedesign and smulation
The grating micro-dot patterned LGP under study is schematically illustrated in Fig. 1(a).
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Fig. 1. (8) A schematic diagram of a grating micro-dot patterned LGP under study. (b) Portion
of the non-overlapped propagating beam, covering the LGP, which mainly contributes the out-
coupling. The P, and P, are virtual LED sources responsible for two covered regions. Two
important directions D1 and D2 are illustrated.
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The LGP, which is made of a polymer material with its bottom and all side walls reflection
coated, has a standard 4:3 area aspect ratio. On top of the LGP, an array of grating (with a
sinusoidal grating shape) micro-dotsis inscribed such that the incident radiation from the LED
source can be coupled out as it propagates inside the LGP. Grating micro-dots were two-
dimensionally distributed as shown in Fig. 1(a) with their grating-vector orientations and
grating depths individually controlled to obtain uniform radiation from the LGP within a
narrow luminance angle. An LED source is located at one corner of the LGP and is aligned to
have an angle of 48.4° with respect to the long-sidewall direction such that the center of the
radiated beam propagates, reflected by three sidewalls and reaches to the other corner of the
LGP as shown by arrowsin Fig. 1(b).

The grating diffraction geometry encountered in the design of our LGP structure is
schematically illustrated in Fig. 2. A plane wave is incident on a grating from the LGP region
with arbitrary azimuth (3;, with respect to x axis) and inclination (o, with respect to z axis)
angles. The incident wave is, then, diffracted by the grating into forward (out-coupling into
air) and backward (diffracted back into the LGP) diffraction orders. Under the condition that
the azimuth angle §=0°, the directions of diffracted orders are located in a cone as shown in
the figure. Such a general diffraction case is referred to as “conical diffraction.” As a
diverging LED beam was used and local gratings have arbitrary grating-vector orientations
(K isalong the x direction in the figure, [K|=2r/A, and A is the grating period) with respect to
incoming angular plane wave components in our LGP configuration, conical diffraction is
generally occurred. Two important diffraction geometries, relevant to our LGP problem, can
be identified. Firstly, in the case 8;=90° (“perfect conical diffraction” case where diffracted
orders are located in a circular cone), all forward diffracted orders are evanescent if the
incident inclination angle o is larger than the critical angle [o.=sin™(ny/n,)] such that no light
is coupled into air. We will refer this grating geometry as the “type 1 diffraction” hereafter.
Secondly, when §;=0°, al diffracted orders are located in the x-0-z plane as shown in Fig. 2(b).
This grating diffraction geometry is referred to as classical “in-plane diffraction.” Under this
condition with a sufficiently large incident inclination angle (typicaly larger than the critical
angle), it is possible to make the forward diffracted zero-order evanescent and only the -1%
diffracted order to be vertically (in the z-axis direction) out-coupled into air by suitable choice
of the grating period. We will refer this grating geometry as the “type 2 diffraction” heresfter.
Using these two types of diffraction configurations, we designed the grating micro-dot pattern
to extract light from the LGP in a controlled manner.
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Fig. 2. Schematic diagrams of (@) conical grating diffraction and (b) classical in-plane grating
diffraction.
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For a given LGP configuration in Fig. 1, we designed an out-coupling grating micro-dot
pattern as follows. LED-based BLUs are generally suffered by hot spots and light-propagation
lines which occur near the LED source region, where incoming light intensity is high [1].
These are caused by imperfections in out-coupling grating pattern due to fabrication
limitations. That is, gradually varying low-coupling strength grating pattern is required near
the source region to obtain uniform out-coupling intensity distribution, which is difficult to
control in fabrication. In order to minimize these unwanted hot spots, orientations of grating
vectors inside grating dots are arranged paralel to the D2 direction [D2 direction is
graphically defined in Fig. 1(b)] such that propagating beam mainly encounters the type 1
diffraction. Under this condition, initial high-intensity propagating beam propagates inside the
LGP with negligible vertical out-coupling until it reaches the first sidewall. With these
grating-vector orientations in the grating micro-dot pattern, out-coupling occurs only when the
beam is propagating along the direction parallel to the D2 direction (i.e. beams propagating
after 1 and 3 sidewall reflections). These beams roughly encounter the type 2 diffraction.
Under this situation, portion of the non-overlapped propagating beam, covering the LGP,
which mainly contributes the grating out-coupling is identified by two regions as shown in Fig.
1(b). Those are, the upper-right region which is covered by the propagating beam from the
LED with a single reflection from the sidewall and the lower-left region which is covered by
the beam after three reflections. LED source is assumed as a point source having a Lambertian
radiation pattern in this work. In this case the azimuth beam profile in the upper-right and
lower-left region can be predicted by two virtual sources P1 and P2 as shown in Fig. 1(b). The
covered azimuth angle is in the range 37°~56° with respect to the long sidewall direction.
Taking into account of the azimuth profile of the propagating beam, grating-vector orientation
of each local grating is finely adjusted parallel to the wave front of the propagating beam such
that each azimuth angular ray component encounters the type 2 diffraction exactly. With this
grating-vector orientation arrangement of local gratings, we can obtain highly directional out-
coupled light within anarrow angular width in the D1 direction by minimizing diffraction into
that direction.

The grating period (A) is an important parameter that determines the direction and the
diffraction efficiency of the out-coupled beam. For an LGP BLU, it is desirable to have high-
efficiency light extraction in the vertical direction (direction normal to the LGP surface)
within a narrow luminance angle. Therefore, the grating period was chosen under the type 2
diffraction configuration to maximize the efficiency of the forward -1% diffracted order
coupling out in the direction normal to the LGP surface taking into account of the inclination
radiation pattern of the propagating beam. Inside the LGP (with a refractive index of 1.59),
the propagating beam from the LED has a Lambertian cosine radiation pattern with an
inclination angles of incidence in the range ;>52° due to the total internal reflection condition.
Within this incident angle range, we calculated the -1% order forward diffraction efficiencies
as functions of the grating period and the inclination incident angle for a sinusoidal grating
with a 200 nm grating depth under a green LED (A=540 nm) illumination. Calculated results
(averaged for a TE- and a TM-polarized waves) using a rigorous coupled-wave anaysis
(RCWA) [9, 10] is given in Fig. 3(a). As can be seen from the figure, forward the -1% order
diffraction efficiency is decreased rapidly as the incident inclination angle is increased. For
varying grating period, however, diffraction efficiency was negligibly varied in general. Two
discontinuous efficiency variation lines can be seen in the figure. These are due to classical
Rayleigh anomaly [11]. Within parameter ranges of analysis, two (0" and -1%) forward- and
four (0", +1%, and -2™) backward-diffracted orders were exist, in general. This diffraction
efficiency distribution was, then, weighted by the intensity pattern of the LED, which is given
in Fig. 3(b). The result shows that, for al grating periods considered, maximum diffraction
efficiencies occur near the inclination incident angle of ~60°. Weighted diffraction efficiencies
are shown to be O for waves with incident inclination angle smaller than ~52°, as only waves
with inclination angle larger than 52° can exist inside the LGP due to total internal reflection
condition.
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In order to obtain the grating period that maximizes the forward -1% order diffraction
efficiency in the vertical direction, we performed another calculation. The solid line in Fig. 4
represents an incident inclination angle that provides maximum forward -1% order diffraction
efficiency for a given grating period. The dotted line in the figure represents the required
incident inclination angle, calculated from phase-matching condition, for a given period that
directs the forward -1% diffracted order along the vertical direction. The crossing point of
these two curves corresponds to an optimal condition of an incident angle (0;=59.5°) and a
grating period (A=0.394 um) that maximize the diffraction efficiency of the forward -1% order,
which is coupled-out in the vertical direction.
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Fig. 3. (a) Calculated forward -1%diffraction order as functions of the grating period and the
inclination incident angle. (b) Diffraction efficiency weighted by the intensity pattern of the
LED.
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Fig. 4. A grating period that maximize the diffraction efficiency of the forward -1% order,
which is coupled-out in the vertical direction.

In order to obtain uniform illumination from the LGP, local gratings should couple out an
increasing amount of light as it propagates along the LGP. For controlling out-coupling
efficiency of each local grating, considering our fabrication apparatus, we choose to modulate
grating depth along the guided-beam path [12]. To optimize the grating-depth modulation
pattern in the LGP, we made a simulation tool that can calculate the intensity distribution of
the extracted light from the LGP by combining a ray tracing and a rigorous diffraction
analysis method. In this simulation tool, an LED source radiation was decomposed into
angular ray components in azimuth and inclination angles. Each ray component was, then,
traced from the point of an LED source. Upon incidence of a local grating, directions of the
forward diffracted and backward-diffracted rays were determined by the phase-matching
condition in a general conical grating diffraction configuration. Diffraction efficiency of each
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ray was, then, calculated by an RCWA. Directions and efficiencies of forward (out-coupling)
diffracted rays were memorized for that local grating and each backward diffracted ray was
traced again. Out-coupling intensity profile from the local grating was, then, obtained by
superposition of contributions from all incoming angular ray components on that local grating.
Similar calculations were repeated for each local grating all over the LGP.

Typically, 10000 angular ray components (100x100 in azimuth and elevation angles) were
initially used to model the angular radiation from an LED source inside the LGP considering
the computational resources (i.e. computational time and physical memory). Number of rays
to be traced becomes dramatically increases as the initial angular ray component from an LED
source experiences a local grating during the propagation aong the LGP by the grating
diffraction. For example, the azimuth central ray component (propagating along the D1
direction from the LED) with an inclination angle of 60° experiences 173 grating diffractions
as it propagate along the whole LGP. This ray, in general, generates 3 backward diffraction
orders (0", -1%, and -2™) inside the LGP upon a single grating diffraction, which must be
traced on the next step. Theoretically, maximum of 3* rays should be traced for this central
ray component during the propagation of the whole LGP. That is, a total of 10000x3'" rays
should be traced including all angular ray components from an LED. Tracing of thislargerays
is computationally too demanding. In order to make the ray tracing problem manageable, we
only traced local diffracted rays with relatively large cumulative diffraction efficiency (>1%
of the incident angular ray component intensity). This substantially reduces the total number
of traced rays. After experienci ng small number of gratings as the initial angular ray
component propagates, only the 0" and -1¥ orders have significant cumulative diffraction
efficiencies and survived, in general. With this implementation, it took about 40 minutes to
obtain the intensity pattern of the whole LGP using a personal computer (2GHz AMD CPU
with a 2GB memory). The detailed descriptions of the implementation and computational
performance of the simulation model will be presented in a separate paper.

This simulation tool was used to check the luminance uniformity of the LGP in the design
stage of grating-depth modulation in the grating micro-dot pattern. Optimized grating-
modulation pattern for uniform intensity distribution in out-coupled light was obtained as
follows. We started with the same grating depth of 100 nm for every local grating micro-dots
and calculated the extracted light distribution from the LGP. After analyzing the resulting
intensity distribution, depth of each local grating was adjusted from the current value by

I -1
7m,g(d_dmin)’l < Iavg

Ad = lmeu_lavg

| —
%(dmm =d),I > 1,
avg ~ 'min (1)

where | is the current intensity at a local grating under consideration, Ima, lmin, @nd laq are
maximum, minimum, and average intensity in the whole LGP. The dn and dm, are
maximum and minimum grating depths controllable in the fabrication stage and were given by
70nm and 200nm, respectively. Iterative radiation profile simulations were performed for
adjusted grating-depth modulation patterns until desired intensity uniformity from the LGP
was achieved. Typically 8 iterations were enough to ensure luminance uniformity better than
85%. For an LGP with a dimension of 30mm x 40mm x 0.6mm illuminated by a green LED
(A=540nm), obtained grating-depth modulation profile and corresponding output intensity
distribution is given in Figs. 5(a) and (b), respectively. In these figures, an LED is located at
(O, 0). The resulting intensity pattern of extracted light shows no noticeable hot spots and
intensity uniformity was better than ~85% for this LGP design. In the simulation of obtaining
intensity distribution in Fig. 5 (b), whole LGP area was divided by 12x16 grid cells (cell
resolution of 2.5mmx2.5mm) and average intensity within these grid cells were calculated and
compared.
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Fig. 5. (a) Optimized grating-depth distribution and (b) corresponding normalized out-coupling
intensity distribution from the LGP.

Figure 6(a) shows calculated luminance angular distribution of the extracted light. The
luminance angles (FWHM) were found to be ~2° and ~10° aong the D1 (solid line) and D2
(dotted line) direction, respectively. Luminance angles along the D1 and D2 direction [shown
at the bottom of Fig. 6 (a)] refers to a cross-sectional angular distribution (passing the LGP
surface normal) along the D1 and D2 directions. The luminance angle in the D1 direction
mainly depends on the LED’ s azimuth radiation angle range (A8.,,=19°), where out-coupling is
controlled by grating-vector orientation arrangement of the LGP as shown in Fig. 1 (b), and
corresponding azimuth intensity pattern of the LED. Due to the small angular range involved,
luminance angle in this direction is also small. The luminance angle in the D2 direction, on
the other hand, depends on the inclination angle range of the LED radiation in side the LGP
(in terms of grating incident angle, it is 0;=52°~90°) and corresponding intensity radiation
pattern of the LED. Due to the in-plane diffraction involved in this case, the luminance angle
in this direction is broader than in the D1 direction. Narrow luminance angles (especially in

_%
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Intensity (A.U.)

90 -60 -30 0 30 60 90 -90 -60 -40 0 40 60 90
0., (degree) o, (degree)
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Fig. 6. Luminance angular distributions when each local grating-vector orientation is (a)
aligned with respect to LED’ s azi muth beam profile and (b) fixed to D2 directions.
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D1 direction) were able to be obtained due to the fact that grating-vector orientations of most
local gratings are finely aligned with respect to LED’s azimuth radiation pattern such that
almost no beam propagating along the D1 direction can couple out. Without such a grating-
vector orientation alignment, as in the case of an LGP with every local grating has grating
vector along the D2 direction for example, substantial amount of beam can couple out from
the LGP as the beam propagates along the D1 direction by experiencing a general conical
grating diffraction. This makes a substantial broadening of the luminance angle in the D1
direction, which was calculated to be ~50° as shown in Fig. 6(b). Due to the same reason,
luminance angle in the D2 direction is broadened by 5 times (~10°) in this grating orientation
arrangement as shown in the figure.

3. Devicefabrication and evaluation

A grating micro-dot patterned LGP was fabricated and experimentally evaluated. A ~2.1 um-
thick photoresist (Clariant AZ P4210) layer was spin-coated on a 4-inch glass substrate and
was soft-baked on a 90°C hot plate for 30 minutes. Grating micro-dots (with a sinusoidal
grating profile) were sequentially recorded on the photoresist-coated substrate using a dot-
matrix holographic interferometer setup as shown in Fig. 7. Total 132 x 86 micro-grating dots
were recorded on the substrate covering a rectangular area of 30 mm x 40 mm. In this setup,
an Ar+ laser (A=458 nm) was spatially filtered and focused by a focusing lens. The focused
beam was divided into two beams by a beam splitter and, then, combined again by two
mirrors to form afocused interference pattern on the substrate surface. Optical powers of both
beams were well balanced to have ~5mW by a variable attenuator. The recording angle (6)
was ~35.54° to obtain a grating period of ~394 nm. The substrate was mounted on motorized
X-y-¢ stages as shown in the figure. A film coated with UV absorber was placed between the
substrate and the stage surfaces to minimize the effect of back reflection during the exposure.
The location of each grating micro-dot was controlled by two motorized linear stages with a
~0.25 um resolution. The dot-matrix holographic interferometer setup used in this work was
mainly different from that proposed by Lee et a. [8] in the way to control grating-vector
orientation. While an optical head, including major optical components forming an
interferometer was rotated in their setup, the substrate was rotated using a rotation stage (with
a 1° resolution) in our case to control the orientation of the grating vector. This approach may
be simpler and more robust in recording large amount of grating micro-dots in our LGP. The
grating-depth control in the array was achieved by controlling laser exposure time using an
electronic shutter. The whole dot-matrix holographic recording process was controlled by a
computer.

Ar* Laser (458 nm) OL PH FL

——————————
r OL : Objective lens

PH : Pinhole

FO : Focusing lens
M : Mirror

; BS: Beam splitter
i SHT : Shutter

i VA : Variable attenuator
i Stage: x-y + rotation

Fig. 7. The schematic diagram of a dot-matrix holographic interferometer setup used in the
fabrication of a grating micro-dot pattern.
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Figure 8(a) shows an optical microscope image of a typical grating micro-dot pattern
having a dot spacing of ~500 um fabricated by the above-mentioned dot-matrix holographic
interferometer setup. As might be seen in the figure, the gratings inside a dot have non-
uniform grating depths. This is due to the fact that two interfering focused beams have
Gaussian-like beam profiles rather than uniform intensity profiles. Corresponding scanning
electron micrograph (SEM) near the central part of the dot is given in Fig. 8(b) showing a
sinusoidal grating with a period of ~395 nm.

' .“wn‘

@ (b)

Fig. 8. (a) An optical microscope image of the micro-grating dots recorded in photoresist. (b)
An SEM picture of the grating inside a micro-grating dot.
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To see the grating-depth controllability using our interferometer setup, we fabricated and
tested several holographically recorded grating micro-dot patterns with varying laser exposure
time. For laser exposure times of 100, 125, 150, and 200 ms, fabricated grating depths were
found to be ~93, ~174, ~201 and ~225 nm, respectively, which can be seen from SEM
pictures givenin Fig. 9.

93 nm | 174 nm

I=10 mW . I=10 mW
t =100 ms t= 128 ms

I=10mW K I=10 mW
t =150 ms t =200 ms

Fig. 9. SEM pictures of the fabricated gratings with varying laser exposure times.
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To characterize the fabricated grating micro-dot patterns, we measured the backward -1%
order diffraction efficiencies using a TM-polarized HeNe laser (A=632.8 nm) a an incident
angle of 45° as shown in Fig. 10(a). Comparison of the theoretically calculated diffraction
efficiencies and measured values are given in Fig. 10(b). Measured -1% order backward
diffraction efficiencies (sguare dots) were shown to be lower than theoretical calculations
(solid line) assuming all area of the sample was filled with a linear grating. This is due to the
fact that fabricated grating dots do not cover al area of sample as shown in Fig. 8(a). Grating
non-uniformity inside the micro-dot may additionally affect this discrepancy. We introduced
an effective dot fill factor (area portion of the unit cell the dot occupied) to take into account
of this discrepancy. When the calculated diffraction efficiencies were weighted by the
effective dot fill factor of ~0.44, the measured efficiencies and fitted results were found to
agree. Corresponding effective dot size is calculated to be ~350 um.

0.05 1

Fill factor
—1
0.044 —0.44
m Exp.
HeNe Laser
3 0.034
=4
[
— I
T 0.02-
Mirror
0.01
0.00 v r r r r ,
0 50 100 150 200 250 300

depth [nm]

(b)

Fig. 10. (a) A schematic of the diffraction efficiency measurement. (b) Comparison of
efficiencies of -1% order backward diffracted order as a function of the grating depth obtained
by theoretical calculation and experimental measurements.

Final LGP device was made by UV embossing replication process [11]. Fabricated
photoresist grating micro-dot array pattern was first transferred to a PDMS molding by
contact imprinting followed by thermal curing. Using the PDMS stamper, we made a replica
of the grating micro-dot pattern on a polycarbonate light guide plate (30 mm x 40 mm x 0.6
mm) coated with UV epoxy (Norland Optica Adhesive 61) by direct contact imprinting and
successive UV curing for ~5 min. Both the polycarbonate substrate and the UV epoxy used
have similar refractive index of ~1.59. Side reflectors were made by gluing pieces of
aluminum coated sheet using an adhesive. Final polycarbonate LGP was placed on top of an
aluminum-coated sheet for bottom reflection. Figure 11(a) shows a CCD camera image of the
fabricated LGP. A white LED radiation was coupled into the LGP by a corner butt-coupling.
The circular shaped image in the figure is a camera lens image reflected by the bottom
reflection sheet. Figure 11(b) shows corresponding measured output light distribution. The
measured intensity uniformity over the LGP surface was ~62%, which is somewhat lower
than designed value of ~85%. Two main intensity non-uniformities can be seen from Fig. 11.
Firstly, a bright line pattern exists along the diagonal direction. This line corresponds to the
intersection between two virtual sources as shown in the Fig. 1 (b). As the grating-vector
orientation pattern in the LGP was designed based on portion of the LED’s azimuth radiation
pattern as defined in Fig. 1 (b), azimuth angular ray components beyond this angle range may
out-couple the incoming ray in an uncontrolled manner. Although minimization of intensity
non-uniformity due to this effect was considered in the design stage of thickness-modulation,
line-intensity pattern was still observed because substantial out-couplings occur from both
virtual sources aong this line and summed. This may be due to imprecise control of the
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grating depth pattern in the fabrication stage. Another bright region was shown to exist at the
lower right corner of the LGP. This may be due to the fact that out-coupling by fabricated
local gratings in the LGP was not sufficient. That is, after propagating the whole LGP (at the
right corner of the LGP), light energy was not fully coupled out such that remaining energy
was additionally coupled-out in this region after reflection from the lower right corner
reflectors.

These non-uniformities are basically originated from both the inaccuracy of the simulation
model and the fabrication errors. Firstly, not only the grating depth but spot size variation in
the recorded micro-grating dot was observed when we varied the exposure time. Although we
try to fit this effect by introducing an effective dot fill factor (equal to a constant value of 0.44
to make the simulation computationally easy) in the design of the grating micro-dot pattern,
this parameter does not seem to be well modeled as a constant value as shown in Fig. 10(b).
Secondly, the out-coupling grating pattern was designed with parameter optimizations at a
green LED wavelength. Under the white LED illumination such as in our experiment,
diffraction characteristic may be dlightly different. Thirdly, fabrication error in the thickness-
modulation pattern may be due, in part, to the Ar+ laser ingtability during the exposure of
whole LGP area (4~5 hours). Additional fabrication errors include imperfections in side and
back reflectors.

-1.00

-0.81

(€) (b)
Fig. 11. (a) A cameraimage of the fabricated LGP and (b) corresponding intensity distributions.

Luminance angles (FWHM) of the out-coupled light were measured by EzContrast 160
(ELDIM). Measured angles were ~8° and ~20° in the D1 and D2 directions, respectively, as
shown in Figs. 12 (a) and (b). These values are a little bit larger than theoretically estimated
values. Broadening of luminance angles may come from following reasons. Firstly, the
grating micro-dot pattern was designed considering only main portion (39°~52°) of the
azimuth beam pattern. The rest portion of the beam, athough relatively weak, may cause
conical diffraction into undesirable directions resulting in luminance angular broadening. Use
of a white LED rather than a green LED in the experiment may be another reason for this
angular broadening (especially in the D2 direction) due to chromatic dispersion under in-plane
diffraction configuration. In order to see this, we performed a simulation using three LEDs (R:
640 nm, G: 540 nm, and B: 440 nm) to obtain the intensity distribution of extracted light from
the LGP designed for a green LED. Calculated results in Figs. 12 (c) and (d) show angular
broadening of ~1.5 time in the D2 direction without angular broadening in the D1 direction.
Diffraction due to periodic distribution of micro-dots and imperfections in side and back
reflectors may also affect this luminance angular broadening.
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Fig. 12. Measured luminance angular distributions in the direction of (a) D, (b) D2. (¢)
Simulated luminance angular distribution using a white LED and (d) cross-sectional view of
those in the direction of D, and D».

4. Summary and conclusion

In conclusion, a novel LED backlight unit implementing grating micro-dot patterned LGP was
proposed. By applying optimized grating-depth modulation in the array pattern, uniform out-
coupled light distribution was achieved without recognizable hot spots near the LED source.
Additionally narrow luminance angular distribution was obtained by fine tuning the grating-
vector orientation of each local grating with respect to the azimuth radiation beam profile of
the LED. This may eliminate the conventionally used prism sheets such that the proposed
grating dot patterned LGP can be a simple and low cost solution for LED back light units.
Such an LGP was fabricated using a dot-matrix holographic lithography and a UV embossing
replication. Fabricated LGP showed ~62% intensity uniformity within narrow (~8° and ~20°)
luminance angles. The combined processes of the dot-matrix holographic lithography
mastering and UV replication may be a flexible, cost effective, and promising method to
fabricate large arrays of micro-gratings with arbitrarily controlled grating orientation and
depth.
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