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Complex spatial light modulation, which can simultaneously
control the amplitude and phase of light, is an essential opti-
cal technology for holographic display. We propose a twisted
nematic liquid crystal (TNLC) mode with an in-cell type
embedded geometric phase (GP) plate for full-color com-
plex spatial light modulation. The proposed architecture
provides an achromatic full-color complex light modulation
capability in the far-field plane. The feasibility and working
characteristics of the design are validated through numeri-
cal simulation. © 2022 Optica Publishing Group

https://doi.org/10.1364/0OL.475087

Complex spatial light modulators (SLMs), which can simulta-
neously modulate the amplitude and phase of a light field, are
considered essential optical devices in a wide range of opti-
cal applications, such as digital holography, optical imaging,
and optical computing [1,2]. Since a complex SLM can gener-
ate a designed optical wave front without direct current (DC)
and conjugate terms, it has been actively researched as a core
technology for high-quality three-dimensional (3D) holographic
image generation. In practice, because a complex SLM does not
require an additional noise filtering system to eliminate DC and
conjugate terms, it can realize scaled-down holographic dis-
plays, and this advantage is a driving force for its application
to recent augmented reality display technology. Recently, we
proposed a dual-layer complex SLM architecture for generat-
ing holographic 3D images [3]. However, we have found the
construction of efficient pixel-to-pixel optical interconnections
between distant dual panels to be challenging. Thus, a method
of achieving highly tolerable optical interconnections needs to
be devised.

For structural simplicity, the single-panel complex SLM struc-
ture based on a macro-pixel has been actively researched. A
double-phase hologram (DPH) complex SLM that can generate
a complex wave field through the interference of the adjacent
double pixels of a phase-only SLM with passive polarization-
sensitive components in monochromatic color was introduced
by Reichelt et al. in Ref. [4]. The adjacent double pixels on the
phase-only SLM were designed with a scaled-down complex
light modulation architecture. The additional optical functional
layers are added to the phase-only SLMs. Thus, alignment issues
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still exist, as they do in the dual-layer SLM, so in practice the
DPH macro-pixel cannot represent a perfect dark-field.

In-cell technology is a promising approach to resolving the
alignment issue in the construction of complex SLMs. This
technology embeds optically functional layers inside the liquid
crystal (LC) panel, thereby eliminating the possible misalign-
ment factors associated with add-on type structures that stack the
optical layers on top of the LC panel. In-cell touch technology,
which embeds touch sensor panels inside display panels, has
commercialized thinner and lighter advanced displays that are
commonly applied to mobile and tablet displays [5]. An in-cell
retarder can also generate two images with different polariza-
tion states for the left and right eyes in a stereoscopic 3D display
[6]. The retarder is embedded inside the LCD panel reducing
both misalignment and the gap distance between the pixels and
retarder to alleviate the cross talk problem and expand the view-
ing angle of stereoscopic 3D displays [7,8]. Overall, although
various advanced SLMs have been developed, a complex SLM
based on in-cell technology for complex wave field generation
has not yet been proposed.

In this paper, we propose a single-panel complex SLM based
on in-cell technology to completely control the amplitude and
phase distribution of the optical field at the far-field plane. The
employed in-cell device is a geometric phase (GP) plate, which
will be placed inside the amplitude-only SLM panel and perform
three-level phase modulation at the primary color R (633 nm),
G (532nm), and B (473 nm) wavelengths. The in-cell GP plate
improves pixel-to-pixel alignment and reduces the diffraction
effect of light. The complex number decomposition method into
three-phase amplitude modulation is adopted. The three-phase
amplitude modulation combines three amplitude sub-pixels and
controls the amplitude and phase of the light field at the far-field
plane by adjusting the amplitude values of each of the sub-
pixels in the complex macro-pixel. The linear combination of the
three decomposed amplitude components represents a grouped
complex valued single pixel as a result of the interference of
three-phase light wave components as

AS? = A e+ A,e® + A, (1)

where, A, A,, and A, are the amplitude values ranging from 0
to 1, and ¢,, ¢,, and ¢; are the phase retardations of the three
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Fig. 1. (a) Simulation schematic of the complex SLM in the far-
field plane, (b) 3 X 3 macro-pixel unit and three-phase basis of the
sub-pixels.

sub-pixels. For high efficiency complex modulation, ¢,, ¢,, and
¢5 should be set to angles with 120° intervals. Note that Eq. (1)
means the three-phase basis decomposition of a given complex
value in the complex plane [Fig. 1(a)]. Figure 1(a) shows the
diffraction image from a complex SLM with a 3 X 3 macro-pixel
unit in the far field. This 3 X 3 macro-pixel unit consists of nine
pixels with three-phase retardation and variable amplitudes as
shown in Fig. 1(b). The calculated complex CGH is represented
by a linear combination of the three complex values and encoded
in a3 x 3 macro-pixel for the wavelength of 532 nm. The working
principle of the macro-pixel is based on the interference between
adjacent sub-pixels in the zeroth diffraction zone of the far-field
plane. The diffraction image without the DC and conjugate terms
is obtained in the zeroth diffraction zone.

Let us investigate the physical pixel architecture of the full-
color three-phase amplitude SLM. Figure 2(a) schematically
illustrates the single-pixel architecture of the add-on type com-
plex SLM with a periodic surface relief (SR) three-phase
retardation plate on top of an amplitude SLM panel. The SR
phase plate is designed to provide phase retardation fit to the
3 % 3 macro-pixel unit. The phase retardation ¢ is determined
by the thickness of the phase plate, t = A¢/(2n(n — 1)), where
n is the refractive index of the material. The refractive index of
the period SR phase plate was set to 1.5. The RGB pixel is a
sub-pixel, and 3 X 3 nine sub-pixels comprise a single macro-
pixel. The SR thickness of the phase plate can be optimized for a
single specific operating frequency. Deviation in phase retarda-
tion is inevitable when the operating wavelength changes. This
monochromatic phase retardation places limitations on RGB
full-color operation. The SR phase plane should have at least
seven-level SR for RGB wavelengths, but the fabrication and
accurate alignment process of a seven-level phase plate and the
RGB SLM pixels is cuambersome. When we use a three-level
SR phase plate optimized for the green wavelength, a phase
deviation in the phase plate for red and blue wavelengths arises.
In Fig. 2(b), the three-phase basis and the resultant complex
modulation ranges for the RGB wavelengths are compared in
the complex plane. The three-phase basis of the central wave-
length of 532 nm forms an equilateral triangle with regular phase
retardation at 120° intervals, presenting a complete full-circular
complex modulation range. This analysis assumes that normal
incident optical waves propagate from the bottom polarizer to
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Fig. 2. (a) Single-pixel architecture of add-on type complex
SLM, (b) three-phase basis and complex modulation range, and
(c) diffraction images in the far-field plane.

the SR phase plate. At the 532 nm wavelength, the diffraction
image in the zeroth zone of the far-field plane does not accom-
pany DC and conjugate noise components as shown in Fig. 2(c).
In contrast, the triangle patterns of the three-phase basis at the
wavelengths of 633 nm and 473 nm deviate from the equilateral
triangle, leading to a reduction of the complex modulation range,
which causes an abrupt degradation in efficiency. In Fig. 2(c), the
diffraction images for the red and blue wavelengths are contam-
inated by the DC or conjugate noise terms. This vulnerability in
the phase retardation hinders full-color complex modulation on
the single-panel SLM. The issue is that the periodic phase plate
is highly wavelength dependent. Furthermore, the add-on type
SLM structure also causes inter-pixel cross talk and misalign-
ment between optical elements. Therefore, we need to devise
an achromatic phase retardation plate for full-color complex
SLMs and to improve inter-layer alignment reliability through
an in-cell design.

An in-cell design of a sub-pixel of the full-color complex
SLM is presented in Fig. 3(a), which corresponds to a sub-
pixel in a 3 X 3 complex macro-pixel. The macro-pixel topology
is assumed to be identical to that of the conventional add-on
structure shown in Fig. 2(a). The specific design point is that the
GP retardation layer is embedded inside the SLM, fabricated
between the color filter layer and the upper glass substrate. The
twisted nematic liquid crystal (TNLC) mode is employed for
sub-pixel amplitude modulation. The optimally designed GP
layer has achromatic phase retardation characteristics, unlike
the SR phase plate in phase modulation. The design of the in-
cell architecture considered the feasibility of the industrial-level
manufacturing process.

Before delving into the optimal design of the achromatic
GP layer, we demonstrate the overall performance of the pro-
posed architecture in Fig. 3. The complex light modulation
range of the optimized SLM architecture at the RGB primary
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Fig. 3. (a) Single-pixel architecture of in-cell type complex SLM,
(b) three-phase basis and complex modulation range by three-phase
amplitude modulation, and (c) diffraction images in the far-field
plane.

wavelengths is numerically analyzed. For design and analy-
sis, an electronic model based on the Fourier modal method
(FMM) has been developed [9]. Interestingly, the three-phase
basis for the RGB wavelengths is obtained in the form of a
twisted pinwheel [Fig. 3(b)]. The proposed architecture achieves
full complex modulation with a maximum amplitude of 0.35,
which is equivalent to 12.25% complex modulation efficiency.
In practice, the complex modulation efficiency is associated
with the degree of dependency of amplitude and phase mod-
ulation, which is discussed later. The diffraction images in the
far-field plane are shown in Fig. 3(c). The obtained diffraction
images for the RGB wavelengths show the complex field char-
acteristics with highly reduced DC and conjugate noises. This
verifies that the proposed pixel architecture can provide full-
color complex light modulation in the zeroth zone of the far-field
plane.

To achieve optimal performance, the design of the in-cell
structure of the achromatic GP layer and TNLC needs optimiza-
tion. The GP device modulates the phase of light that passes
through the TNLC layer and color filter layer. The GP layer
converts right circularly polarized (RCP) light to left circularly
polarized (LCP) light with a specific phase retardation. Fig-
ure 4(a) shows the LC cell structure of an in-cell GP layer in
a part of the in-cell pixel architecture shown in Fig. 3(a). We
adopt a four-LC layer multi-twist structure with mirror symme-
try as the GP layer template [10,11]. This four-layer LC structure
was proven to be highly efficient compared to the two-layer and
three-layer structures. Considering the amplitude modulation of
the TNLC, we aim to realize an in-cell GP retarder that not
only features near 100% efficiency, but also perfectly converts
the incident circular polarized light to its cross-polarization
counterpart at normal incidence. The first and fourth LC lay-
ers have the same cell thickness and twist angles in opposite
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Fig. 4. (a) Schematics of GP retardation layer in a part of the

in-cell pixel architecture, (b) optimization results for minimizing co-
polarization of the transmitted beam, (c) optimized twist angle and
cell thickness of LC cells, and (d) phase retardation characteristics
of the GP LC cell 1, 2, and 3.

directions. Likewise, the second and third LC layer have the
same cell thickness and twist angles in opposite directions.
The genetic algorithm was employed to optimize the four inde-
pendent structural parameters, d, = d,, d, = ds, ¥, = {4, and
W, = —y; for a near 100% efficient RGB in-cell GP layer with
a birefringence of An = 0.15(n, = 1.65, n, = 1.50). We reduced
the co-polarization leakage in transmittance to less than 1%
for the LCP (or RCP) incident light wave at the RGB wave-
lengths [Fig. 4(b)], meaning that the phase retardation efficiency
of the cross-polarized component is larger than 99% at the RGB
wavelengths.

For a three-phase basis, we need to analyze the GP as the opti-
mized LC cell is rotated. The rotated LC cells should have 120°
phase difference to each other. Figure 4(c) shows the numerical
results of the optimized twist angle and thickness of LC cells.
The LC cells 1, 2, and 3 with rotated angles of 0°, 60°, and 120°,
respectively, generate the three geometric phases ¢, ¢,, and ¢s.
The genetic algorithm dictates that the total thicknesses of the
optimized LC cells are the same at 7.192 pum. The optimized
GP layers (LC cells 1, 2, 3) produce 120° phase differences at
the RGB wavelengths as shown in Fig. 4(d).

TNLC is twisted in the direction of the optical axis, which
adjusts the light intensity by rotating the tilt angle of the LC
under electric voltage control. While normal TNLC displays
work with crossed linear polarizers, in the proposed in-cell
structure, the amplitude modulation of the circularly polarized
light must be obtained through the cascaded structure of the
TNLC and GP layers. Thus, we need to optimize the TNLC
cell thickness to enable the gray-scale amplitude modulation of
circularly polarized light waves. When the extraordinary and
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Fig. 5. Modulation characteristics of (a) the designed TNLC
layer, and (b)—(d) the sub-pixels of the in-cell pixel architecture.

ordinary refractive indices of the TNLC are set to n, = 1.5587
and n, = 1.4765, respectively, the parametric study found the
optimal cell gap to be 3 um. Figure 5(a) shows the amplitude
modulation characteristics of the TNLC under a normally inci-
dent LCP. The LCP light wave propagating through the TNLC
layer is split into RCP components (cross-polarized) and LCP
components, and the phase modulation of the TNLC is nearly
flat with a slight split according to polarization status and
wavelength in Fig. 5(a).

We will mainly exploit the gray-scale modulated RCP com-
ponent, while the LCP component of the TNCL will be rejected
by the top-layer polarizer shown in Fig. 3(a). The bottom and top
layers of the pixel architecture are the same LCP polarizer. The
primary RCP component is converted to the LCP component
through the three-phase GP layer and is continuously transmitted
by the top-layer LCP polarizer. In Figs. 5(b)-5(d), the transmit-
ted LCP components of the three sub-pixels under normal LCP
incidence work properly in terms of the gray-scale amplitude
modulation and the essential 0, 120°, —120° phase modulations
with a slight dependency on the amplitude modulation across
the entire gray-scale range. This dependency leads to a decrease
in the complex modulation efficiency and the twisted pinwheel
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Fig. 6. Full-color diffraction images obtained by (a) the add-on
type complex SLM, and (b) the in-cell type complex SLM.

pattern shown in the complex modulation range in Fig. 3(b). The
proposed architecture presents a maximum (.35 amplitude mod-
ulation in Fig. 1(b), that is equivalent to 12.25%. It is important
to note the achievement of a black field. It is also noteworthy
that, although the modulation phases of the three-phase GP layer
converge to a specific phase at the black field state which corre-
sponds to a near 90° tilt angle at the TNLC layer, the convergence
of the phase modulation to a specific value has no effect in the
black field representation.

Figure 6 compares the full color diffraction image generated
by the conventional add-on type with an SR phase plate with that
of the proposed in-cell type in terms of image quality. The result
indicates that the in-cell type complex SLM can be used to create
ultra-low noise, high-fidelity, full-color, flat-panel holographic
displays.
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