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ABSTRACT

In this study, we introduce a lateral electric-field driving system based on
continuous potential-difference driving using lateral transparent electrodes
to achieve a wide viewing zone angle in electronic holographic displays.
We evaluate light modulation to validate the independent driving capability
of each pixel at a high resolution (pixel pitch: 1 pum). Additionally, we
demonstrate the feasibility of two-dimensional driving by integrating the
driving and ground electrodes.

Keywords: electronic holographic display, spatial light modulator, liquid
crystals on silicon, phase hologram

1. Introduction

Three-dimensional (3D) displays with depth view
heighten the perceptions of presence and realism when
viewing images [1]. Technologies, such as 3D movies and
stereoscopic TVs, are being considered in the development
of the next-generation displays [2]. Among these services,
electronic holographic displays are attracting attention as
next-generation stereoscopic display systems because of
their capacity to replicate the wavefront of object light,
thereby displaying natural stereoscopic vision for humans.

In electronic holography, a device, i.e., a spatial light
modulator (SLM), is used to replicate the wavefront of
object light. Additionally, light diffraction by SLMs is used
to recreate an electronic holographic image. Liquid crystal
on Silicon (LCOSs) SLMs[3][4], which can only modulate
the light phase, are generally used SLMs. This study focuses
on phase-modulation-type LCOS SLMs.

The practical application of electronic holography is
thwarted by its limited viewing-zone-angle range over
which an image can be observed. This angle is determined
by the diffraction angle of SLMs, which is also influenced
by the pixel pitch constituting SLMs in their two-
dimensional (2D) plane. The equation relating the viewing
angle and pixel pitch is shown below [5].

Y = 2si ‘1(/1) 6]
= 2sin 2
The corresponding graph is depicted in Fig. 1. A pixel

pitch of 1 pm is required to achieve a viewing zone angle of
30 degrees, which is fit for the human’s effective field of
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Fig. 1 Relationship between the viewing zone angle and pixel
pitch

Meanwhile, a pixel pitch of 0.8 pm results in a wider
viewing zone angle of 38 degrees.

However, the realization of the independent driving of
each pixel becomes challenging at a pixel pitch of 1 pmina
LCOS SLM because of electric-field leakage from
neighboring pixels. Fig. 2 shows the electric field at a pixel
pitch of 1pm. In the conventional method, a vertical electric
field is applied perpendicularly to the substrate for easy
manufacturing. However, in this setup, the electric field
extends radially over a small area, resulting in substantial
electric-field leakage to neighboring pixels. This paper is
organized as follows. Section 2 described related works to
this research. Section 3.1 describes 1D simulation at a pixel
pitch of 1 um. Section 3.2 discusses 1D electric-field driving.
Section 3.3 presents 1D simulation at a pixel pitch of 0.8 pm,
and Section 4 describes 2D simulation.

Driving electrode = Common electrode

ON Pixel OFF Pixel

0
0 +VvV 1 0V 2
X [um]
Fig. 2 Vertical electric-field driving at a pixel pitch of 1pm.
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2. Related works

Liquid-crystal driving systems in direct-viewed liquid-
crystal displays include virtual alignment (VA) LC cells [6],
twisted nematic (TN) LC cells [7], super twisted nematic
(STN) LC cells [8], in-plane switching (IPS) LC cells [9],
and dielectric shield structures [10]. Among these, VA LC,
TN LC, and STN LC cells fail to address the leakage
problem. The dielectric shield wall structure features a two-
dimensional arrangement of lattice-shaped dielectric walls
along pixel boundaries at a pitch pixel of 1 pm. These walls
effectively suppress electric-field leakage and enable the
independent driving of each pixel. However, these dielectric
walls must be precisely aligned along the pixel grid,
rendering the implementation of this approach challenging
by precise pasting.

In an IPS LC cell, the electric-field spread is smaller than
that in a vertical-field driving when applying a voltage of
the same magnitude, as shown in Fig. 3. Therefore,
employing a lateral electric-field driving can suppress
electric-field leakage, thereby potentially enabling the
construction of an LCOS SLM structure with a pixel pitch
of 1 um without requiring dielectric walls for suppressing
electric-field leakage. To date, there has been no report of
SLMs using a lateral electric-field driving for the LCOS
SLM, and this will be explored in this study.

Equipotential line

ON Pixel OFF Pixel

0 +5Vv 1 0V 2
X [um]
Fig. 3 IPS driving at a pixel pitch of 1um.

Unlike the in-plane rotation employed in IPS for yielding
a phase-modulated LCOS SLM, the lateral electric-field
driving aligns liquid-crystal molecules vertically on the
substrate. Conventional IPS driving uses the electric field
generated by an absolute voltage, called absolute-voltage
driving, as shown in Fig. 4(a). However, in the absolute-
voltage driving, the driving electrode at the center of the
pixel applies an electric field toward the common electrode
at the pixel boundary, which prevents alignment change and
phase modulation over the driving electrode center. Thus,
the center of the driving electrode becoming no-modulation
area. To address this, we propose a potential difference
driving system based on continuous potential-difference
driving using lateral electrodes, as shown in Fig. 4(b). In
potential difference driving, the driving electrodes are
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positioned at the pixel boundary, rather than common
electrodes. By applying continuous voltage, each driving
electrode generates an electric field using the potential
difference, as shown in Fig. 4(c). The potential difference
driving method requires fewer electrodes than conventional
methods, making it conducive for higher-resolution displays.
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Fig. 4 Absolute-voltage and potential difference driving methods. (a)
Absolute-voltage driving used in direct display. (b) Potential difference
driving. (c) Potential difference driving potential

Yang, etc. proposed a 1D driving method, wherein the top
and bottom electrodes are sandwiched between a ground
electrode for reduce leakage[11]. This approach effectively
suppresses electric-field leakage. Similarly, we proposed a
2D driving method that combines the potential difference
driving mechanism with a ground electrode to suppress
electric-field leakage. The plane of ground and driving
electrode in xy direction is depicted in Fig. 5. This method
constitutes our initial proposal. With this structural
enhancement, we anticipated that pixels could be arranged
in a 2D plane with a pixel pitch of 1 pm and independently
driven. 2D driving by potential difference driving and
ground electrode method constitutes our initial proposal

1 pixel
y ), Driving
t’ X . . . electrode
. - L ] L ] L ]
1 pixel ﬂ
I I I Ground
| | 1 electrode

—_——

Fig. 5 Electrode arrangement using the lateral electric-field driving
system based on continuous potential-difference driving by employing
lateral electrodes
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3. Lateral electric-field system based on continuous
potential-difference driving using lateral electrodes

3.1 Simulation analysis of the proposed structure at a pixel
pitch of 1 um

The amount of phase modulation required in phase-
modulation electron holography is 27t; however, in the case
of areflective SLM, modulating m in one direction in phase-
modulation electron holography is sufficient as the light
travels back and forth. In our proposed lateral electric-field
driving using a continuous potential difference, we utilized
a liquid-crystal material, ZOC-A1015XX (supplied by JNC
Corporation in Japan; An = 0.5, Ae = 19.5), because an ideal
liquid-crystal material exhibits a small electric-field spread
as well as large refractive-index and dielectric-constant
anisotropies. The thickness of the liquid-crystal layer
required to ensure sufficient phase modulation, =, is 2 pm.

Based on the foregoing, we examined how a lateral
electric field is driven based on a continuous potential
difference at a liquid-crystal layer thickness of 2 um and at
a pixel pitch of 1 um. For verification, we performed
numerical simulations using the liquid-crystal-alignment
calculation software (LCD Master, Shintech in Japan) based
on the elastic body theory of liquid crystals. We discussed
the results based on the simulation and driving as below.

Fig. 6 shows the simulation structure, wherein OFF
electrode is shown in dark blue, ON electrode is denoted in
dark red, OFF pixel is represented in light blue, and ON
pixel is shown in light red. To confirm the independent
driving of each pixel, pixels that are driven to obtain a phase
modulation of 0 (OFF pixels) and those that are driven to
obtain a phase modulation of = (ON pixels) are arranged
alternately. To configure potential difference, The driving
electrodes comprising the OFF and ON pixels are set to the
same potential and a potential difference, respectively. The
width of the driving electrodes and that between the
electrodes are 0.2 and 0.8 um, respectively. When driven
under these conditions, we investigated whether the
required amount of phase modulation could be secured in
each pixel and whether each pixel could be driven
independently.
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Fig. 6 Simulation structure
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Fig. 7 Analysis results of phase-modulation distribution

The phase-modulation distribution for each pixel was
displayed as a simulation result. Fig. 7 shows the phase-
modulation distribution for the proposed structure at a pixel
pitch of 1 um. ON and OFF pixels generated by the
electrode potential difference are depicted in the upper
region of Fig. 7, with the corresponding electrodes
demonstrated above them. This figure shows that m-phase
modulation is achieved with the ON pixel at a potential
difference of 10.8 Vpp and depicts a state with a potential
difference of 9.8 Vpp, corresponding to 10% lower voltage
than 10.8 Vpp. It can be seen that a difference in phase
modulation by = is realized between the ON and OFF pixels.
Additionally, low-phase modulation occurs near the region
where the ON electrode and OFF pixel overlap. However,
this phase modulation is smaller than that at the ON pixel.
Conversely, no phase modulation occurs at the region where
the OFF electrode and OFF pixel are in contact. Each pixel
can be driven independently with sufficient phase
modulation.

The simulation results reveal that the application of the
continuous potential-difference lateral electric-field driving
can ensure phase modulation by a sufficient amount at a
pixel pitch of 1 pm and that the independent driving of each
pixel is possible.

3.2 Resolution evaluation of the 1 pm pixel pitch driving

To evaluate the independent driving of each pixel in the
lateral electric-field driving method based on a continuous
potential difference at a pixel pitch of 1 pm shown in the
simulation, liquid-crystal elements were fabricated, and
their polarizing microscopy images were observed. Liquid-
crystal devices to be fabricated are devices employing the
lateral electric-field driving method based on a continuous
potential difference and a device utilizing the conventional
vertical-field driving method; both comprise a one-
dimensional (1D) fine-pixel electrode.

Fig. 8 shows the structure of fabricated liquid-crystal
devices. Fig. 8(a) depicts the vertical electric-field driving
mechanism, while Fig. 8(b) illustrates the potential



difference driving mechanism under a lateral electric field.
Notably, the absolute-voltage driving was not measured
here owing to a no-modulation area at the top of the
electrode. Two electrode lines connected to each terminal
were extended to a lower electrode substrate in the potential
difference driving method by employing a continuous
potential difference. The electrode lines extending from the
same terminal could also produce an OFF pixel. Conversely,
electrode lines extending from different terminals have a
potential difference, which produces an ON pixel. An
elementary glass substrate was used as the upper substrate.
In the substrate for vertical-field driving, the electrode lines
connected to each terminal were alternately lined in a stripe
pattern. Further, the area above the electrodes was becomed
as a pixel, with the ON and OFF pixels being arranged in
alternating rows. Additionally, the upper substrate was an
all-electrode substrate fabricated using indium tin oxide as
the electric field was applied vertically to the substrate.

Light modulation was observed with liquid-crystal
devices, and we evaluated their resolution. Bright and dark
lines appeared when the independent driving of each pixel
was realized. However, these lines blurred out when
independent driving was not realized. Fig. 9 shows the
results of the observation of the fabricated liquid-crystal
device under a polarizing microscope at a wavelength of 500
nm. Bright and dark lines were observed in the liquid-crystal
device driven by a continuous potential difference under a
lateral electric field (Fig. 9(a)), confirming the significance
of independent driving. Contrarily, for a liquid-crystal
device driven by the vertical electric field (Fig. 9 (b)), the
bright and dark lines were blurred and independent driving
of the pixels was not achieved.
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Fig. 8 Structure of liquid-crystal devices to be fabricated: (a) vertical and
(b) lateral electric-field driving using a continuous potential difference
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Fig. 9 Cross-Nicol arrangement results: (a) potential difference driving
under a lateral electric field (applied 10.8 Vpp) and (b) vertical electric-
field driving (applied 5 Vpp)

To quantitatively evaluate the results of this polarizing
microscope observation, we introduced a parameter called
modulation as an evaluation index [9]. By calculating the
distribution of luminance values on a straight line
orthogonal to the alternating bright and dark lines and taking
Ppax and Py, as the maximum and minimum luminance
values in the modulation area, respectively, the maximum
modulation degree, M,,, , was calculated using the
following equation (1):

Pmax _Pmin. (1)
Prax * Prin

The larger the achieved independent liquid-crystal
driving, the closer the M,,,, value to 1. By calculating the
modulation degree at each electrode pitch, the independence
of the pixel pitch and liquid-crystal driving was examined.
Mo = 0.90 and 0.59 for the lateral- and vertical-field-
driving liquid-crystal devices, respectively, indicate that
high modulation characteristics were realized using the
lateral electric-field driving based on a continuous potential
difference.

My =

3.3 Simulation analysis of the proposed structure at 0.8-pm
pixel pitch

In Subsection 3.2, we examined driving at a pixel pitch of
1 pum using the lateral electric-field driving based on a
continuous potential difference. Here, we evaluated driving
at a pixel pitch of <1 pm by simulating the lateral electric-
field driving based on a continuous potential difference.

Fig. 10 shows the simulation structure. Similar to the
simulation at a pixel pitch of 1 pm, a voltage was applied in
the structure with alternating ON and OFF pixels, and the
amount of phase modulation was evaluated.

Fig. 11 shows the simulation results, indicating that the
required amount of phase modulation can be secured per
pixel at the pixel pitches of 0.8 and 1 um. At present, we
decided on a pixel pitch of 0.8 pm because it could be
fabricating precision limiting of fine electrode and each
pixel could be independently driven. In the simulation, the
voltage applied at the 0.8 pum pitch to obtain the phase-
modulation amount, wt, was higher than that applied at the 1
pum pixel pitch. The increase in the required applied voltage
was attributed to an increase in the elastic resistance of the
liquid crystal due to the narrowed electrode width such as a
pixel pitch of 0.8 pm.
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Fig. 10 Simulation structure
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Fig. 11 Analysis results of the phase-modulation distribution

Based on the foregoing, simulations revealed that each
pixel could be independently driven at a pixel pitch of <I
pum using lateral electric-field driving based on a continuous
potential difference.

4. Suppression of electric-field leakage using ground
electrode

In Section 3, we demonstrated the usefulness of lateral-
field driving based on a continuous potential difference in
driving pixels at a pixel pitch of <1 um. Although, the
discussion in Section 3 was based on a 1D pixel structure,
actual SLMs exhibit 2D pixel structures. Electric-field
leakage can still occur between voltage applied rows and no
voltage applied rows even if a 2D-pixel structure was
fabricated by arranging one row of continuous potential
difference—based lateral electric-field driving in 1D,
followed by the arrangement of rows. In other words,
independent driving becomes complicated in 2D-pixel
arrangements. Therefore, it is necessary to obtain a structure
that suppresses electric-field leakage between rows. In this
study, we proposed the installation of ground electrodes
between rows, and in this section, we discuss the usefulness
of these electrodes.

To verify 2D pixel by simulation, a structure that
combines the lateral electric-field driving based on a
continuous potential difference and a ground electrode was
used. To verify the electric-field-shielding effect achieved
by the ground electrode, we simulated structures with and

5
without the ground electrode (Figs. 10 (a) and (b)). The
phase-modulation and potential-orientation distributions per
structure were obtained from the simulation and are
illustrated in Fig. 12. The driving electrode in the middle
row was voltage applied for driving alternate OFF and ON
pixels. Therefore, voltage was applied to the two driving ON
electrodes on the right, and 0 V was applied to the two
driving OFF electrodes on the left. As pixels in the upper
and lower rows were OFF pixels, 0 V was applied to the
driving electrodes. The parameters of each electrode are
described below, and the observation plane is given as
follows: to obtain the phase-modulation distribution of
surrounding OFF pixels, an observation was made regarding
the XZ plane of the cross-section at two driving ON
electrodes (yi) that are crossed. This XZ plane was
designated as the observation cross-section {1}. Next, the
phase-modulation distribution of the XZ plane of the cross-
section at the upper row (y2) was observed to determine the
required applied voltage to obtain the leakage of phase
modulation. This XZ plane was designated as the observed
cross-section {2}. Thereafter, the potential-orientation
distribution in the XY plane at Z = 0.5 um (z;) was observed
to investigate the electric-field spread within the device
plane. This XY plane was designated as the element in-plane
observation plane {3}.The device plane was set at Z = 0.5
pum because this is the height at which the orientation change
in liquid-crystal molecules tended to be enormous. The
independent driving of each pixel could be realized by
suppressing electric-field leakage in this plane.

First, simulations were conducted considering a pixel
pitch of 1 um. The parameters were set as follows: ygap =
Xeap = 1 pm, y1 = 1.5 pm, and y, = 2.5 pm. The driving
electrodes measured 0.2 and 0.6 um along the X and Y
directions, respectively. Meanwhile, the width of the ground
electrode was 0.2 pm.

Figs. 13 and 14 show the simulation results based on the
foregoing regarding 1-um simulation. Applied voltages at
which a sufficient amount of phase modulation could be
obtained from the observed cross-section {1} were 10.8 and
8.6 V with and without the ground electrodes, respectively
(Fig. 13(a)). The applied voltage was higher with the ground
electrode condition because the ground electrode is closer to
the driving electrode and voltage is tend to suppressed for
enough to phase modulation. The two structures with and
without the ground electrodes were compared when this
voltage was applied. The phase-modulation distribution
within the observed cross-section {2} is depicted in Fig.
13(b), while that within the phase modulation bar expanded
cross-section {2} is depicted in Fig. 13(c). Without the
ground electrode, the maximum phase modulation was
0.062m. Conversely, with the ground -electrode, the
maximum phase modulation was reduced to 0.023w. Thus,
leakage is suppressed in this case using a ground electrode.
As illustrated in Fig. 14(a), in the presence of the ground
electrode, the electric potential does not spread to the upper
and lower rows of the element in the in-plane observation
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plane {3}. As depicted in Fig. 14(a), the ground electrode
positioned 0.5 pum above the electrode suppresses potential,
resulting in a lower potential. Conversely, as illustrated in
Fig. 14(b), without the ground electrode, the electric
potential spreads to the upper and lower rows. Thus, the
ground electrode achieves leakage suppression within the
element in the in-plane observation plane.

The foregoing simulation discussion revealed the
possibility of independent driving for pixels at a pixel pitch
of <1 um in 2D using a structure that combines lateral-field
driving based on a continuous potential difference with a
ground electrode.

Next, the 0.8-pm pitch simulation was performed. Here,
the parameters were Yeap = Xgap= 0.8 pm, y; = 1.2 um, and
y2= 2 pm. The driving electrodes measured 0.16 and 0.48
pum in the X and Y directions, respectively. The width of the
ground electrode was 0.16 pm.

Figs. 15 and 16 show the simulation results based on the
foregoing. Applied voltages at which sufficient amounts of
phase modulation could be obtained from the observed
cross-section {1} were 13.8 and 11 V with and without the
ground electrodes, respectively (Fig. 15(a)). The applied
voltage was higher at the ground electrode condition
because the ground electrode is closer and voltage is
suppressed. Fig. 15(b), and phase modulation bar expanded
cross-section {2} is shown in Fig. 15(c). The maximum
phase modulation without the ground electrode was 0.077m,
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Fig. 13 Analysis results of phase-modulation distribution.
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similar to the results depicted in Fig. 14(a). However, as
illustrated in Fig. 16(b), without the ground electrode,
(a) electric potential spreads to the upper and lower rows.

Therefore, the ground electrode achieves leakage
suppression in the element in the in-plane observation plane.
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