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The diffractive optical element blazed grating is proposed as the beam splitter for autostereoscopic dis-
plays in this study. With Lithographie Galvanoformung Abformung and inductively coupled plasma re-
active-ion etching, a four-level blazed grating structure is produced. Moreover, highly translucent
polydimethylsiloxane is transformed into symmetrical four-level blazed grating films. The experimental
results show that the film can successfully transmit the left and the right images to the accurate posi-
tions, and the diffraction efficiency is 70.4% and the contrast ratio is above 80%, presenting the original
stereoscopic image without it being affected by brightness and crosstalk. In the experiment of stereo-
scopic imaging, both the left and the right images could be clearly acquired, which proves the feasibility
of blazed gratings as practical for the beam splitter of autostereoscopic displays. © 2012 Optical Society

of America

OCIS codes:  050.1970, 120.2040, 230.1950.

1. Introduction

Both lenticular and parallax barriers are commonly
utilized for spatial-multiplexed technology for stereo
vision [1-3]. Generally speaking, the two technolo-
gies respectively utilized lenticular films and grat-
ings on flat-panel displays for spectroscopic effects
so that the left stereoscopic image is transmitted
to the left eye and the right stereoscopic image is
delivered to the right eye so that the viewers can
view stereoscopic images without wearing three-
dimensional (3D) glasses. It is therefore named auto-
stereoscopic display technology [4], which not only
changes the traditional way of viewing stereoscopic
images but also provides a two-dimensional/3D
switchable device for viewers to switch the mode.
Nonetheless, with the accurate alignment of lenticu-
lar films, the roughness of the lens surface would re-
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sult in dispersion or crosstalk [5]. On the other hand,
the nontransparent area of grating spectroscopic
films reduces four-fifths of the brightness of the en-
tire panel [6], and the column arrangement is likely
to appear moiré on the original LCD panel [7,8]. To
overcome the above problems, Chen et al. proposed
the concept of recycling and reusing the light, which
enhances brightness of traditional stereoscopic tech-
nology with parallax barriers by 43% [6]. However,
the entire brightness still could not reach the bright-
ness standards for flat-panel displays [9]. Chen et al.
further wutilized the diffractive optical element,
blazed grating, as the beam splitter for stereoscopic
displays in 2010. With eight-level blazed gratings,
which presented up to 82% diffraction efficiency
and symmetrical arrangement, the problems in tra-
ditional binary gratings and lenticular films, such as
insufficient brightness and dispersion, were replaced
[10]. Su et al. successfully separated the left and the
right images with holographic optical elements
for spectroscopic gratings and proved the feasibility
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of diffraction spectroscopic technology in 2011.
Nevertheless, the production of holographic films
was rather complex, and the performance of the dif-
fraction efficiency was merely 43% [11] so that it
could not effectively improve the problem of insuffi-
cient brightness.

For this reason, aiming at the design of having
blazed gratings on stereoscopic beam splitter, pro-
posed in 2010, a symmetrical four-level blazed grat-
ing was produced. With the included angle of the
symmetrical positive-one order diffraction to be the
included angle for viewing the panel, the left and
the right images were independently transmitted
to both eyes in order to minimize the crosstalk [12].
In the experiment, Lithographie Galvanoformung
Abformung (LIGA) [13] and inductively coupled plas-
ma reactive-ion etching (ICP-RIE) [14] were utilized
for etching on the four-level structure through two
photomasks. Later on, the highly translucent
material, polydimethylsiloxane (PDMS) (Sylgard
184, n = 1.43) [15-17], was selected for transforming
into the mold. After the experiment, the symmetrical
four-level blazed grating film was attached on the
stereoscopic image so that the left and the right
images were immediately transmitted to different
positions, which were the distance for viewing stereo-
scopic images. Moreover, the maximum diffraction
efficiency of the film being 70.4% and the contrast
of crosstalk above 80.0% broke through the sufficient
brightness of parallax barriers. Another benefit was
that the size was less than the size of lenticular films.
That makes it possible for implemented blazed grat-
ing to be used as the beam splitter for autostereo-
scopic display technology.

2. Experiments

A. Design of Blazed Grating

For separating the odd and the even pixels of the
stereoscopic image, the pitch of the blazed grating
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Fig. 1.

should correspond to the subpixels of the panel
and should be arranged with symmetrical pairs. In
the experiment, a 2.2 in. thin-film transistor LCD
(176 x 220 quarter video graphics array) with subpix-
el 66 ym was selected as the initial condition. The
viewing distance of the stereoscopic image on the
2.2 in. panel was 120 cm, and the binocular distance
was 6.54 cm. The included angle of the positive-one
order diffraction was defined as the included angle
for viewing so that the left and the right images could
be separated. Furthermore, the design was based on
monochromatic light (A = 532 nm) in order to prove
the feasibility of the experiment. With Egs. (1) and
(2), the diffraction angle and the pitch of the diffrac-
tive optical element (DOE) for positive-one order dif-
fraction were calculated, as shown in Fig. 1:

6,, = arctan[(a + b)/2 D], (1)

mi=Txnxsin 0,,, 2)

where a is the binocular distance, b the panel width,
D the viewing distance, 0,, the diffraction angle at m
level, T the pitch of blazed grating, n the refractive
index of material of blazed grating, and A the wave-
length 532 nm.

B. Fabrication of Blazed Grating Film

With Eq. (2), the minimum pitch T of the blazed grat-
ing was obtained 8 ym. The minimum etching line
width was 1.7 ym in this experiment. The blazed
grating was produced with a four-level structure. Ac-
cording to [10], the maximum diffraction efficiency of
four-level blazed gratings was around 79.0%. In re-
gard to the experimental process, LIGA and ICP-
RIE etching processes were utilized, and silicon
wafer was the material substrate on which the sym-
metrical four-level blazed grating structure was
etched. In this case, two photomasks were required
for etching. In the process of ICP-RIE, the frequency
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(Color online) (a) Diffraction autostereoscopic display technology; (b) symmetrical pairs of the odd and the even pixels of the blazed

grating; (c) symmetrical four-level blazed grating corresponding to the subpixel (532 nm); (d) structure of the single four-level blazed

grating.
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for both the upper and the bottom electrode coils in
the mechanism was 13.56 MHz radio frequency, and
the chip cooling method with backside helium cooling
was utilized. When fluoride ion plasma was acquired
from ionizing SFg, there was spontaneous adsorption
between the fluoride ion plasma and the silicon sub-
strate to generate a gaseous SiF, compound. With
vacuum gas to remove silicon substrate, as well as
to protect the gaseous C,Fg from being ionized into
CF,, a protective film on CF, was generated [14]; the
figure corresponding to the photomask was further
etched with cycle reactions, as shown in Fig. 2.
Having successfully etched the four-level blazed
grating (Fig. 3), an ionic sputter was utilized for coat-
ing a 300 A thick nickel conducting layer on the
structure; a high-intension and high-hardness

Fig. 3. Scanning electron microscope image of four-level blazed
grating etching.
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(Color online) Two etching procedures. PR, photoresist.

Ni—Co alloy, about 200 ym thick, was electroformed
for impact and abrasion resistance; and iron amino
acid and cobalt sulfamate were utilized for lower in-
ternal stress [18]. After completing the electroform-
ing, it was etched with KOH (30 wt. %) at 70 °C-80 °C
for 4 h until the silicon substrate around the figure
was completely etched for the complete mother mold.
Table 1 shows the surface profile of the grating,
which was measured with a 3D laser scanning micro-
scope (VK-X200, KEYENCE Corp.). Finally, highly
translucent PDMS was selected as the material for
molding the symmetrical four-level blazed grat-
ing film.

C. Results of Optical System

Figure 4 shows the optical measuring system for dif-
fraction efficiency of blazed grating. A 532 nm green
laser plane wave was applied as the backlight; a
detector was placed at the position of the screen to
measure the light of the left and the right positive-
one order diffraction separated by the symmetrical
four-level blazed grating film; and the diffraction ef-
ficiency was calculated with Eq. (3). The results
showed that the efficiency of the right viewing angle
of the positive-one order diffraction was 70.4%, while
the efficiency of the left viewing angle of the positive-
one order diffraction was 64.6%.

n= [Iout/(Iin/z)] x 100%. 3

Figure 5 displays the structure to prove the spec-
troscopic feasibility of images. First, aiming at the
alignment for the placing of four-level blazed grating,
the four corners of the blazed grating film were at-
tached on the LCD, the aligned key accurately corre-
sponded to the relative positions of the left and the
right subpixels. The LCD presented the interlaced
figure of the left and the right images, where the
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Table 1. Surface Profile Data of the Grating
Step 1 Step 2 Step 3 Step 4 Total Design Fabrication Error
Horizontal dist. (um) 191 2.10 191 2.10 8.02 8.00 0.25%
High dist. (um) 0.251 0.416 0.706 0.837 0.837 0.850 1.53%

odd subpixel was defined as the left image L and the
even subpixel as the right image V. After the straight
green light plane wave passed through the LCD and
the blazed grating film, the left and the right spectro-
scopic images would be acquired on the screen, in
which the left viewing angle appeared L and the
right viewing angle showed V, and crosstalk did
not appear on the two images. Moreover, when the
image was changed to a stereoscopic image, the cor-
rect left and right images would be viewed from the
viewing distance of 120 cm (Fig. 6). The image reso-
lution is 176 x 220, and the contrast ratio is the same
as Fig. 5.

3. Discussion

A. Fabrication Effect

The proposed symmetrical blazed grating film was
produced with LIGA and ICP-RIE. Since both the
minimum etching width of 1.7 ym and the structure
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depth of 850 nm were in the submicrometer range
[19,20], a four-level structure was the limit etching
close to the blazed grating. The highest diffraction
efficiency, therefore, was 79.0% [10]. Moreover, the
nonisotropic etchmg was protected from the cycle
with SFg and C,Fg so that a vertical step structure
was etched. Although the measured maximum dif-
fraction efficiency was 70.4%, merely 8.6% different
from the value in the theory, the factor might have
resulted from the shrinkage and the residual stress
of the material in the transforming process; however,
it would not affect the left and the right spectroscopic
effects.

B. Optical Effects

The measured left and right diffraction efficiency
was 64.6% and 70.4%, respectively, as shown in Fig. 4.
In regard to brightness, it was 22.4% higher than the
brightness of traditional stereoscopic panels with
parallax barriers and 43.0% higher than those with
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Fig. 4.

(Color online) Optical measuring system.
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Fig. 6. (Color online) Spectroscopic outcome of stereoscopic images.

high brightness [6]. Even the holographic spectral
component with holographic optical element (HOE)
presented merely 43.0% diffraction efficiency [11].
In this case, 30% backlight was required for the ori-
ginal brightness. Although the 16-level and above ap-
proximate blazed grating structure or the original
blazed grating could reach near 100% diffraction ef-
ficiency [21], the production cost and the difficulty
would relatively increase.

Crosstalk in stereoscopic images depends on the
contrast ratio (CR) of two images; that is, the image
viewed by the left eye would not be affected by the
one viewed by the right eye, and vice versa. The stan-
dard of CR is defined as 10% that crosstalk would
seriously affect the stereoscopic image when the left
and the right images interfere with each other, and
the CR is lower than the standard [22], as shown in
the following equation:

(Lmax - Lmin)
CR = ax_—min/ y 100%. 4)
(Lmax + Lmin) ’

The CR of crosstalk should be separately mea-
sured. In terms of the diffraction intension of the left
viewing angle, a photomask was first covered the
even pixels (right image) to measure the positive-
one order diffraction intension (L,,,,) of odd pixels.
Then the odd pixels (left image) were covered to mea-
sure the diffraction intension (L,;,) interfered with
by even pixels. Equation (4) could further calculate
the CR of the left viewing angle. Contrarily, the
CR of the right viewing angle was calculated with
the positive-one order diffraction intension of even
pixels and the diffraction intension interfered by
odd pixels, as illustrated by Table 2. The CRs for
the left and right viewing angles were 82.9% and
87.3%, respectively, which were larger than the

Table 2. CR of the Left and the Right Viewing Angles

Lmax Lmin CR
Left view 6.73 uW 0.63 yW 82.9%
Right view 8.53 uW 0.58 yW 87.3%

defined standard and higher than the CR, 76.5%,
of spectral components produced by the HOE [11], il-
lustrating that the spectroscopic effects of diffraction
optical elements were better than those of HOEs. Be-
sides, L and V were separately transmitted to the left
and the right eyes through the blazed grating, and no
interference appeared in between them, as shown
in Fig. 5.

4. Conclusions

This study successfully applied the DOE, blazed
grating, to the beam splitter in autostereoscopic dis-
plays and produced symmetrical four-level blazed
grating film with LIGA and ICP-RIE. The experi-
mental results showed that the left and the right
stereoscopic images would be immediately separated
to the corresponding left and right eyes through the
blazed grating film on the screen with good bright-
ness (the maximum diffraction efficiency 70.4%)
and crosstalk (the CR larger than 80%). Compared
with traditional parallax barriers and HOEs, the un-
iqueness of the DOEs is presented. Moreover, the
thickness of the film is less than lenticular films
so that the size of the stereoscopic displays would
be largely reduced. With embossing or injection
molding technologies, the demands would be largely
increased.

This work is supported by National Science Coun-
cil of Taiwan under contract NSC 98-2221-E-224-
007-.
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