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Yugiang Ding!t, Xiaojin Huang?, Yongziyan Mal, Yan Li** and
Shin-Tson Wua!*

Liquid crystal Pacharathnam-Berry phase optical elements (PBOEs) have found promising applications in augmented real-
ity and virtual reality because of their slim formfactor, lightweight, and high optical efficiency. However, chromatic aberra-
tion remains a serious longstanding problem for diffractive optics, hindering their broader adoption. To overcome the
chromatic aberrations for red, green and blue (RGB) light sources, in this paper, we propose a counterintuitive multi-twist
structure to achieve narrowband PBOEs without crosstalk, which plays a vital role to eliminate the chromatic aberration.
The performance of our designed and fabricated narrowband Pacharatnam-Berry lenses (PBLs) aligns well with our sim-
ulation results. Furthermore, in a feasibility demonstration experiment using a laser projector, our proposed PBL system
indeed exhibits a diminished chromatic aberration as compared to a broadband PBL. Additionally, polarization raytracing
is implemented to demonstrate the versatility of the multi-twist structure for designing any RGB wavelengths with high
contrast ratios. This analysis explores the feasibility of using RGB laser lines and quantum dot light-emitting diodes.
Overall, our approach enables high optical efficiency, low fabrication complexity, and high degree of design freedom to
accommodate any liquid crystal material and RGB light sources, holding immense potential for widespread applications
of achromatic PBOEs.

Keywords: achromatic diffractive optical elements; Pacharatnam-Berry phase optical elements; liquid crystal planar
optics; near-eye displays
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Introduction care, navigation, gaming, entertainment, and smart man-

Augmented reality (AR) and virtual reality (VR) have ex- ufacturing.

panded our perceptual horizons and ushered in deeper For AR and VR to become truly wearable, there is a

human-digital interactions that transcend the restraints pressing need for compact and stylish formfactor,

of traditional flat panel displays. This evolution has un- lightweight, and low power consumption. To achieve

locked a realm of exciting new possibilities, encompass-
ing the metaverse, digital twins, and spatial computing,
all of which have found widespread applications in di-

verse fields such as smart education and training, health-

these objectives, extensive efforts have been devoted to
designing novel optical elements and system configura-
tions' . Among these endeavors, liquid crystal (LC)-

based Pacharatnam-Berry phase optical elements
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(PBOEs)*” (also called geometric phase) have emerged as
a key enabler for compact and lightweight optical sys-
tems because of their ultrathin formfactor, nearly 100%
diffraction efficiency, strong polarization selectivity, dy-
namic switching capability, simple fabrication process,
and low cost.

While LC-based PBOEs can significantly reduce the
formfactor and enhance the design flexibility, chromatic
aberration has been a longstanding problem for these
diffractive optics. A straightforward way to suppress
chromatic aberration is to laminate a PBOE film to a re-
fractive lens due to their opposite dispersion behav-
iors®~'°. For instance, the material dispersion of a Fresnel
lens can be used to counteract the chromatic aberration
caused by the PBOEs®. Although this approach greatly
reduces the chromatic aberration, the overall formfactor
remains bulky and heavy resulting from the refractive
lens, compared to that using PBOEs alone.

To tackle the chromatic aberration of PBOEs without
compromising formfactor and weight, planar optical ele-
ments are proven to be effective. One method is to use
switchable PBOEs'"? that can modulate the effective
phase retardation, allowing them to work with different
colors in separate frames. For example, to eliminate
chromatic aberration, a color sequential display is imple-
mented to match the frame rate of the switchable PBOEs.
In so doing, the chromatic aberration for red, green, and
blue (RGB) light sources could be suppressed because
they operate independently in different frames. However,
this approach demands a high frame rate (=720 Hz) for
both PBOEs and display panels, otherwise, color breakup
will occur. Another method to correct chromatic aberra-
tion also involves modulating the displays, known as dig-
ital compensation. This approach significantly reduces
the chromatic aberration by pre-processing images ac-
cording to the chromatic aberration characteristics of the
PBOEs, similar to the lens correction in photography®.
However, the digital compensation method has its own
limits. In a wearable AR/VR display, power consump-
tion and thermal effects are critical issues due to the high
memory and computation demands required for digital
compensation, especially for a high-resolution-density
display.

To alleviate the burden on displays, significant efforts
have been directed toward improving PBOEs and other
optical elements, such as waveplates and hologram films.
One approach is to stack three RGB narrowband PBOEs
together'*-', with each one responsible for a different

color. Another method is to combine PBOEs with anoth-
er color-selective PBOEs, half-wave plate (HWP)!”!$ or
holographic optical elements to adjust the effective
functionality for each color. For example, Luo, et al.””
corrected the chromatic aberration in a broadband PBL
by using a blue HWP in conjunction with a blue-red
PBL. However, these achromatic systems suffer from
compromised optical efficiency, limited design freedom
for different wavelengths, and ghost images, which stem
from limited narrowband performance, which leads to
color crosstalk of the PBOEs or HWP. More specifically,
a common approach to create the narrowband HWPs or
PBOEs is to achieve high-order half-wave conditions'*"’.
Yet, limited by the birefringence (An) dispersion of lig-
uid crystals®, this method works well only for certain
wavelengths. For example, a high-order blue HWP ex-
hibits a 50% crosstalk at green light!”, causing a signifi-
cant optical loss and ghost images. To avoid crosstalk,
the blue light wavelength may be restricted to around
490 nm', which in turn limits the design flexibility. En-
gineering the dispersion of LC materials could mitigate
this issue, but it requires substantial material synthesis
efforts. Another approach involves using Solc filter-like
structures’ to achieve narrowband HWPs or PBOEs.
However, fabricating multiple homogeneous LC layers
on a single substrate for Solc filters is challenging. To ad-
dress this, a new technique!>? to connect each homoge-
neous layer with an ultrathin twisted LC layer has been
devised, ensuring that the optical axis of each homoge-
neous layer can have different azimuthal angles, thereby
achieving narrowband performance. However, this
method requires a relatively large dAn(=2.8 um) LC film
for each color; here d stands for the LC layer thickness.
Such a process increases the fabrication complexity,
making crosstalk more likely, and finally leading to a sig-
nificant optical loss and ghost images.

To address the abovementioned issues, here we pro-
pose a counterintuitive method using a multi-twist struc-
ture to achieve achromatic PBOEs. More specifically, in-
stead of realizing wide-view and broadband PBOEs*%,
the multi-twist structure is designed and optimized us-
ing Rigorous Coupled-Wave Analysis (RCWA) to
achieve narrowband PBOEs for any RGB light sources
with minimal crosstalk. Based on the design, such nar-
rowband PBLs with f/# =4 are fabricated and the experi-
mental results align well with RCWA simulations. Be-
sides, we also experimentally validate the achromatic
performance of these narrowband PBLs using a laser
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projector. The chromatic aberration is indeed dramati-
cally suppressed, in comparison with a broadband PBL
system. To further prove the design freedom of the mul-
ti-twist structure for choosing any RGB wavelengths with
a high contrast ratio, polarization raytracing is conduct-
ed in OpticStudio to analyze the potential of our ap-
proach using a laser projector and quantum dot light-
emitting diode (QD LED) sources. Overall, our pro-
posed method provides a high optical efficiency, re-
duced fabrication complexity, and high degree of design
freedom for any LC material and RGB light sources.
Widespread applications of these new achromatic PBOEs
are foreseeable.

Working principles

Unlike a refractive optics that relies on the optical path
difference to create the desired phase pattern, LC-based
PBOEs are composed of spatially patterned half-wave
plates (HWPs) with liquid crystal axes oriented in vari-
ous azimuthal directions®>!' as Fig. 1(a) depicts. The
phase modulation in these devices is directly related to
the axis orientation, i.e., the LC azimuthal angle ¢ (x, y) .
More specifically, the working principle can be ex-
plained using Jones matrices. First, the polarization state
of a circularly polarized light can be expressed as’:

]+—1{1}, (1)

+i

where J, and J_ represent the left-handed circular po-
larization (LCP) and right-handed circular polarization
(RCP), respectively. When a circularly polarized light
passing through a HWP with azimuthal angle ¢, the out-
put beam can be calculated as follows’:

Jou =R(-9) < W)+ Rlg) s o= | 1, |

7ii2i 1
- (pﬂ[ﬂﬁ}’ @

X

where R corresponds to the rotation matrix, W is the
phase retardation matrix, and ¢ is the phase retardation
of the HWP. As Eq. (2) indicates, an additional opposite
phase delay of +2¢ is introduced to the LCP and RCP
light, respectively. By modulating the phase delay spatial-
ly, the resulting phase pattern can be configured as a
grating, a lens, or any other hologram®*, depending on
the design requirements. For example, if the PBOE is an
lens (PBL) with a parabolic phase, then the spatial distri-
bution of the LC director azimuthal angle ¢(x,y) fol-
lows a paraboloid function:

0, (%) = TF 7). ©)
where A denotes the incident wavelength and f stands for
the focal length of the PBL. Additionally, the circular po-
larization state of the outgoing beam is switched. For ex-
ample, if the PBL is designed to function as a diverging
lens for LCP, then it behaves as a converging lens for
RCP. This dual functionality is due to the phase shift in-
troduced by the PBL, which is dependent on the circular
polarization state of the incident light. Thus, by carefully
designing the azimuthal angle distribution ¢(x,y), a
PBOE can be tailored to achieve the desired optical ef-
fect for a specific polarization state, enabling versatile ap-
plications in various optical systems.

However, the phase profile in Eq. (3) is wavelength de-
pendent. Therefore, the focal length of the PBL will vary

with the wavelength as follows:

ARfR = /\GfG = )LBfB 5 (4)
where Ag, Ag,and Ap represent the incident RGB wave-
lengths, and fi,fs, and fy are the corresponding focal
lengths of the PBL. Based on Eq. (4), chromatic aberra-
tion arises in a PBL because the focal length varies with
the wavelength, leading to different focal points for dif-
ferent colors, as illustrated in Fig. 1(b).

To mitigate or eliminate chromatic aberration, the

n LCP RCP

Broadband PBL

Fig. 1 | Working principles of PBOEs. (a) Planar LC structure of a general PBOE. (b) Chromatic aberration in a broadband PBL.

240181-3


https://doi.org/10.29026/oea.2025.240181

Ding YQ et al. Opto-Electron Adv 8, 240181 (2025)

https://doi.org/10.29026/0ea.2025.240181

three PBLs can be specifically designed to match the
RGB colors so that they have the same focal length.
However, crosstalk between PBLs can cause serious light
loss and ghost images because they must pass through
the RGB colors simultaneously. To suppress crosstalk,
these PBLs should have a narrow spectral bandwidth, i.e.,
each narrowband PBL only works for a single color, as
Fig. 2(a—c) shows. For example, the PBL designed for red
light should only focus the red light while not affecting
the blue and green lights. In this way, chromatic aberra-
tion among the RGB colors can be eliminated, as shown
in Fig. 2(d). To avoid crosstalk, here, we realize the nar-
rowband spectra with the multi-twist structures shown
in Fig. 2(e), where each layer has a different twist angle
o; and thickness d;. By optimizing the thickness and
twist angle of each layer to achieve different phase retar-
dation for RGB colors, the narrowband spectrum with-
out crosstalk among RGB light could be easily achieved.

LCP

RCP

R PBL

Achromatic PBL

X

Besides, such a narrowband spectrum design can be ex-
tended to other patterns or holograms* since the essence
of PBOE:s is a spatially patterned HWP, as discussed ear-
lier.

Results and Discussion

To prove concept, we designed three multi-twist struc-
tures to achieve narrowband LC-based PBLs with cen-
tral wavelengths of 445 nm, 520 nm, and 639 nm. Reac-
tive mesogen RM257 with a birefringence of An=0.123 +
10990/)A2 was applied in simulations and experiments. By
optimizing the thickness and twist angle of the multi-
twist structures using Jones matrix, narrowband spectra
for the RGB wavelengths are achieved, as Fig. 3(a—c)
shows.

Based on the optimized twist angles and thicknesses of
multi-twist structures listed in Table 1, we also fabricat-
ed the three narrowband PBLs. To correct the chromatic

G PBL B PBL

a, d,
a;, dy
a,, d,

a;, d;

Fig. 2 | Working principles of the proposed achromatic PBL systems. Optical response of the incident RGB lights to (a) a red PBL, (b) a green
PBL, (c) a blue PBL, and (d) a stacked RGB achromatic PBL. (e) LC structure for a multi-twist PBOE.

n = Simulation-R == = Experiment-R n = Simulation-G == « Experiment-G = Simulation-B == = Experiment-B
445 nm 520 nm 639 nm 445 nm 520 nm 639 nm 445 nm 520 nm 639 nm
1.0 1.0 1.0
> > >
2 08¢t 2 08} 2 08¢t
o QL Qo
2 A L
g 0.6 £ 0.6 £ 0.6
c c c
204t L2 04} L2 04}
£ 0.2 £ 0.2F £ 0.2F
[a) (&) (&)

O 1 1 1 1 1
400 450 500 550 600 650 700
Wavelength (nm)

0 1 1 1 1 1
400 450 500 550 600 650 700
Wavelength (nm)

0 1 1 1 1 1
400 450 500 550 600 650 700
Wavelength (nm)

Fig. 3 | Spectral response of designed narrowband PBLs. Simulation and experimental spectrum of (a) red PBL, (b) green PBL, and (c) blue PBL.
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aberration, it is essential for the RGB PBLs to have the
same focal lengths at RGB colors. Here, we used a Mach-
Zehnder Interferometer (MZI) to obtain the desired fo-
cal lengths for the RGB PBLs by recording the interfer-
ence patterns on a photoalignment layer (PAL) sensitive
to the linear polarization states of the incident beams.

More specifically, Fig. 4(a) illustrates the optical setup
for the exposure process in detail. It begins with a colli-
mated laser beam (A=457 nm) that is initially split into
two beams using a polarization beam splitter (PBS).
These two beams are then converted to opposite circular
polarization states (LCP and RCP) using the quarter-
wave plate (QWP) in each arm. The RCP beam, which
carries a lens phase pattern ¢, (x, y), is recombined with
the LCP beam, which has no phase pattern, at the sam-
ple by the beam splitter (BS).

This setup creates interference that can be expressed

using the Jones matrix representation as follows”:
1 1 ; 1 |1
—_ . elw(x,y) + — |: . :|
kY Vvl
o (2152)
2
sin ((/)L (x, y))
2

In most cases, the exposure wavelength differs from

{9L(y)
2

(5)

the operating wavelengths due to the absorption peak of
our photoalignment material, which is situated in the
blue or UV spectral region. Nevertheless, the PBOEs
produced can effectively function for the green and red
lights, depending on the design shown in Eq. (3). There-
fore, by adjusting the focal length of the template lens in
the MZI, as indicated in Table 2, the focal lengths of the
RGB PBLs can be modulated to be the same.

The fabrication process of PBLs is depicted in Fig.
4(b). Initially, the azo dye SD1 photoalignment material
was spin-coated onto a 0.7-mm-thick glass substrate.
Subsequently, the PAL underwent exposure in the MZI
using a 457 nm laser. After exposure, RM 257 was used

https://doi.org/10.29026/0ea.2025.240181

to create uniform LC layers via spin coating. Additional-
ly, substrates with LC layers were briefly placed on a hot
plate immediately after spin coating to enhance align-
ment. Finally, the PBOEs were exposed to UV light for
stabilization. Through multiple coating processes in the
above with detailed recipes summarized in Table 3, the
designed multi-twist PBLs were achieved as Fig. 4(c)
shows. However, current RGB PBLs are fabricated on
three separate substrates, which may introduce align-
ment issue. For practical applications, the three RGB
PBLs should be fabricated on a single substrate with sep-
arated buffer layers as Fig. 4(d) depicts. Furthermore, a
broadband PBL with a focal length of 87.8 mm at A= 520
nm was also fabricated as a reference.

Achieving the correct thickness and twist angle for
each layer requires the spectrum to match the simula-
tion. Therefore, we placed the PBLs between two absorp-
tive circular polarizers after each spin-coating to mea-
sure their spectral performance, as illustrated in Fig. 4(e).
For example, the spectrum of the first-layer red PBL
aligns very well with the simulation (Fig. 4(f)) once the
spin-coating speed and concentration of the chiral
dopant are optimized. After optimizing the concentra-
tion of chiral dopants and spin-coating parameters for
each layer, the measured spectra, depicted as dashed
lines in Fig. 2(a—c), closely align with the Jones matrix
simulation except for a small deviation. This deviation
mainly arises from the slight mismatch in the thickness
and twist angle of each layer. Besides, the nonuniform
surface flatness introduced by the spin-coating process
can also contribute to these spectral deviations.

Additionally, we also investigated the chromatic aber-
ration of the three narrowband PBLs compared to that of
a single broadband PBL using a laser projector with four
wavelengths of 445 nm, 515 nm, 523 nm, and 639 nm. As
illustrated in Fig. 5(a), these three narrowband PBLs are
positioned between the laser projector and the receiving
screen to modulate the projected image. Due to the po-
larization selectivity of the PBLs, a circular polarizer is

Table 1 | Parameters of RGB narrowband PBLs.

B PBL G PBL R PBL
PBL layer d; (nm) a; (°) d; (nm) a; (°) d; (nm) a; (°)
e 1839.1 26 1398.8 -20 1279.8 -30
2nd 1860.4 -104.9 1380.9 -37.2 1403.1 3.7
SE 2103.7 -76 1440.7 5.8 1326.5 -40.1
4t 1974.3 33.2 1531.8 80.3 1546.7 10.3
5t - - 1202.8 321 1196.4 29.2
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PH CL PBS QWP,
Laser M
1

LP
oL LCP

M: Mirror QWP,
PH: Pinhole

BS: Beam splitter

OL: Objective lens

CL: Collimating lens

QWP: Quarter-wave plate

LP: Linearly polarized light M
PBS: Polarization beam splitter 2

RCP: Left-handedness circularly polarized light BS
LCP: Right-handedness circularly polarized light

RCP
Template

BLC

B PAL
Buffer layer
GLC

G PAL
Buffer layer
RLC

R PAL

Substrate

Sample

Spectrometer

n Photo-alignment Pre-bake Pattern exposure
Circular polarizer
PBL
. Circular polarizer
UV (365 nm) LC mixture Post-bake
White light source
- f 1.0
Heating

>

Q

£ 06}

(0]

S

g 04f Simulation-R-L1

© Experiment-R-L1

=

A 0.2t

O 1 1 1 1 1
400 450 500 550 600 650 700
Wavelength (nm)

Fig. 4 | Experimental methods of PBOEs. (a) MZI for recording the phase profile. (b) Fabrication process of PBOEs. (¢) Fabricated narrowband

RGB PBLs samples. The diameter of each RGB sample is about 21.5 mm. (d) RGB PBLs on a common substrate with buffer layers. (e) Setup

for characterizing the spectral response of PBOEs. (f) Measured spectral response of the first-layer LC in the red PBL, which consists of 5 layers

in total.

Table 2 | Focal lengths of the template lens and PBLs.

B PBL G PBL R PBL
Template focal length (mm) 85.0 100.0 1221
PBL focal length (mm) 87.3 87.8 87.3

placed in front of the laser projector to convert the light
into circular polarization. To suppress ghost images
caused by imperfect spectra, an additional circular polar-
izer is positioned in front of the projection screen. Com-
pared to the chromatic aberration induced by the broad-
band PBL shown in Fig. 5(b), each narrowband PBL on-

ly modulates the image of a single color, as Fig. 5(c—e)

shows. Furthermore, by stacking three narrowband PBLs
together, all the RGB beams from the laser projector are
modulated and merged into a white image as shown in
Fig. 5(f), which exhibits minimal chromatic aberration.
Although there is still residual weak chromatic
aberration in Fig. 5(f), it is mainly caused by the slight

crosstalk as Fig. 2(a-c) depicts. In addition, the slightly

240181-6
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Table 3 | Materials and coating speed for the narrowband PBLs fabrication.

Sample PBL layer Solute

Solvent

Concentration (wt.%) Coating speed (rpm)

RM257 (96.7%)
1st R811 (0.3%)
Irgacure 651 (3%)
RM257 (95.79%)
2nd S811 (1.21%)
Irgacure 651 (3%)
RM257 (96.22%)
SE S811 (0.78%)
Irgacure 651 (3%)
RM257 (96.64%)
4t R811 (0.36%)
Irgacure 651 (3%)
RM257 (96.68%)
1st S811 (0.32%)
Irgacure 651 (3%)
RM257 (96.42%)
2nd S811 (0.58%)
Irgacure 651 (3%)
RM257 (96.91%)
R811 (0.09%)
Irgacure 651 (3%)
RM257 (95.87%)
4t R811 (1.13%)
Irgacure 651 (3%)
RM257 (96.43%)
(5 R811 (0.57%)
Irgacure 651 (3%)
RM257 (96.5%)
1st S811 (0.5%)
Irgacure 651 (3%)
RM257 (96.942%)
228 R811 (0.058%)
Irgacure 651 (3%)
RM257 (96.35%)
S811 (0.65%)
Irgacure 651 (3%)
RM257 (96.854%)
4t R811 (0.146%)
Irgacure 651 (3%)
RM257 (96.48%)
ol S811 (0.52%)
Irgacure 651 (3%)

B PBL

G PBL S

R PBL SE

Toluene 25

Toluene 25

Toluene 25

Toluene 20

Toluene 20

Toluene 20

Toluene 20

Toluene 25

Toluene 25

Toluene 25

Toluene 25

Toluene 25

1200 (30s)

1650 (30s)

900 (30s)

2000 (30s)
2200 (30s)

Toluene 25

2100 (30s)

1100 (30s)

1400 (30s)

1000 (30s)
3000 (30s)

Toluene 20

1400 (30s)

2350 (30s)

1400 (40s)

1600 (40s)

1400 (40s)

1400 (40s)

mismatched focal length of the RGB PBLs shown in Ta-
ble 2 and the thickness of glass substrates (0.7 mm) also
aggravates the chromatic aberration.

Overall, the narrowband PBLs were successfully fabri-
cated, and their performance in the achromatic PBL sys-
tem was also experimentally validated using a laser pro-
jector. However, due to the limited thickness and bire-
fringence of RM257, the theoretical contrast ratio
(Cx, Cg, and Cy) for the RGB colors, based on the spec-

tra in Fig. 2(a-c), are only around 50 : 1 if the contrast
ratio, using the red PBL as an example, is defined as fol-
lows:

Ex

Cp= ——
R EG+EB7

(6)

where Eg, Eg, and Ep denotes the diffraction efficiency
of the RGB lights in the red PBL, respectively. Therefore,

to fully explore the potential of the multi-twist structure

240181-7
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Circular
polarizer

Laser Circular Achromatic
projector polarizer PBLs

4] 2]

Projection
screen

Fig. 5 | Achromatic imaging experiments with a laser projector. (a) Optical setup for the imaging process with a laser projector. Image on the pro-

jection screen with (b) a broadband PBL, (c) a red PBL, (d) a green PBL, (e) a blue PBL, and (f) the stacked achromatic PBLs.

for designing narrowband PBOEs and achieving an
achromatic PBOE, we first optimized a set of thicker nar-
rowband PBOE with RM 257 to achieve a contrast ratio
of over 500 : 1 for the RGB wavelengths at 464.5 nm,
527 nm, and 633 nm. It should be mentioned that there
is no limitation on the choice of RGB wavelengths and
birefringence dispersion of the LC materials. As shown
in Fig. 6(a-c), the spectra of the three PBOEs with high
contrast ratio were simulated with and RCWA model®,
and their twisting angles and thicknesses are listed in Ta-

ble 4. Additionally, the angular response is shown in Fig.

464.5 nm 527 nm 633 nm

=
[=}
=
o

464.5 nm 527 nm 633 nm

6(d-f). Although the optimization is performed at nor-
mal incidence, the PBDs can still achieve over 95% efti-
ciency for angles up to +15°, making them suitable for
collimated LED sources or other VR/AR light engines.
Future optimizations will incorporate angular response
depending on the specific application requirements.
Next, we perform polarization raytracing simulations
using OpticStudio (Ansys Zemax) to further investigate
the optical performance of the achromatic PBOE system
with laser sources, LED sources, and quantum dot color

conversion layer. Taking the PB deflector (PBD) or grating

464.5 nm 527 nm 633 nm
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Fig. 6 | Spectral response of the designed narrowband PBLs with high contrast ratio. Spectra of (a) the red PBL, (b) the green PBL, and
(c) the blue PBL with RCWA simulations. Simulated angular response of (d) the red PBL, (e) the green PBL, and (f) the blue PBL. The employed

RGB wavelengths are R=633 nm, G=527 nm, and B=464.5 nm.
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as an example, the RCWA model of PBD, a part of PBL,
was compiled into a dynamic-link library (DLL) file and
linked to OpticStudio, operating in non-sequential
mode. During the raytracing process in OpticStudio, if a
ray hits the PBD with a DLL, RCWA is automatically
called to solve the field response and provide return data.
The mathematical construction process is detailed in our
previous publications®***. To simplify the comparison of
chromatic aberration correction among laser sources,
LED sources, and quantum dot color conversion layer,
we use the central wavelength of B=464.5 nm, G=527
nm, and R=633 nm from the LEDs by Nichia for all three
types of light sources. To achieve D65 white light with
RGB laser wavelengths of 464.5 nm, 527 nm, and 633
nm, the power ratio is set as 1 : 1.22 : 1.70 in OpticStu-
dio as shown in Fig. 7(a). After stacking three narrow-
band PBDs with the parameters shown in Table 4, the
horizontal periods (A, A,, and A;z) of RGB PBDs
should satisfy the following relationship to eliminate or
mitigate the chromatic aberration.

- |
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8 15¢
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Therefore, if the horizontal period of green light is set

(7)

as 6500 nm, then the horizontal period of the blue and
red lights should be 5729.1 nm and 7807.4 nm, respec-
tively. After polarization raytracing in Zemax, as depict-
ed in Fig. 7(b), the chromatic aberration is indeed elimi-
nated with these three narrowband PBDs, compared to
the chromatic aberration in a broadband PBD with a
horizontal period of 6500 nm as shown in Fig. 7(c).

To further investigate the chromatic correction in the
PBDs system for RGB light sources with a certain band-
width, we applied LEDs (Nichia STS-DA1-5909) with
spectrum shown in Fig. 7(d) in OpticStudio, while keep-
ing the rest of the setup unchanged. As shown in Fig.
7(e), the chromatic aberration is significantly reduced as
compared to that of a broadband PBD with a horizontal
period of 6500 nm, as depicted in Fig. 7(f). However,
there remains a weak chromatic aberration in Fig. 7(e)
when using the LED light sources with a certain

Fig. 7 | Polarization raytracing of an achromatic PBD using three narrowband PBDs with high contrast ratios. (a) Spectrum of an RGB laser pro-

jector. (b) Image in an achromatic PBD system with the laser projector. (¢) Image with a broadband PBD system using a laser projector. (d)

Spectrum of the RGB LED light source. (e) Image with a nearly achromatic PBD system using the LED light source. (f) Image with a broadband

PBD system using the LED light source. (g) Spectrum of the RGB QD LEDs. (h) Image with a nearly achromatic PBD system using the RGB QD

LEDs. (i) Image with a broadband PBD system using the RGB QD LEDs.
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Table 4 | Parameters of the RGB narrowband PBLs with a contrast ratio of 500:1.

B PBL G PBL R PBL
Layer d; (nm) a; (%) d; (nm) a; (°) d; (nm) ai (%)
st 1772.9 -13.02 1471.5 13.98 1563.6 -33.39
2nd 1911.7 4717 1670.4 44.09 2578.3 2.25
3rd 1664.1 -3.95 1102.0 32.45 1491.5 60.22
4th 1782.2 24.39 1637.2 25.37 2548.2 -21.51
5th 1885.5 -26.21 1862.9 7.95 1580.2 -39.45

bandwidth (20-40 nm), despite the high contrast ratio
and well-optimized spectral bandwidth of the narrow-
band PBOEs. This slight chromatic aberration essential-
ly arises from the chromatic correction method, which
only addresses the chromatic aberration for three specif-
ic RGB wavelengths with three narrowband PBOEs.
Within each narrowband PBOE, such as a green PBL, a
weak chromatic aberration is still noticeable because of
the 40 nm bandwidth of the green LEDs. However, a
narrower spectrum RGB sources can further suppress
such chromatic aberration. For example, using QD LEDs
with 20 nm FWHM as shown in Fig. 7(g), the chromatic
aberration can be suppressed based on the polarization
raytracing in Fig. 7(h-i).

It should be noted that our method can be easily ap-
plied to other achromatic systems!*!>!!8 that rely on
narrowband HWPs or PBOEs with any phase profile. By
using our narrowband PBOEs or HWPs, the optical effi-
ciency in these achromatic systems could achieve nearly
100%, which helps to significantly suppress the stray
lights and ghost images. In addition, the wavelength
choice of the light source will not be limited by the LC
materials, which will greatly increase the degree of de-
sign freedom.

The LC parameters used in our optimized narrow-
band PBLs and PBDs can be extended to other patterns
or holograms with a relatively slow varying phase profile.
However, as the phase variation increases, such as a
shorter pitch of the PBD or a lower f/# of the PBL, the
gratings are gradually close to Bragg region, which re-
quire a strong phase matching among the input light,
grating, and output light, thus the angular response shifts
away from normal incidence®3*%, resulting in a devia-
tion from the designed spectrum. More importantly, for
a short-pitch PBD, the angular response can be easily
shifted back to normal incidence by optimizing our mul-
ti-twist structure because the Bragg angle in each layer of
PBOEs can be optimized to realize the phase matching.
In contrast, for a low f/# PBL, which acts as a spatially

gradient PBD, the response will vary at different posi-
tions, requiring optimization based on the local grating
pitch. Therefore, low f/# PBLs may necessitate using
inkjet printing* instead of the spin-coating method for
device fabrication. In the future, developing a DLL for
PBLs will be essential for further studying their angular
performance.

Additionally, our approach offers a simpler fabrica-
tion process and higher tolerance in comparison with
previous methods'®, because it requires a much thinner
film (about 3 to 4 times smaller phase retardation). Us-
ing a higher birefringence LC material, the thickness can
be further reduced, which makes the device fabrication
simpler and molecular alignment better, thus achieving a
higher contrast ratio. More specifically, the narrowband
performance of PBOE:s is closely linked to the thickness
of each layer. Thus, making careful consideration of the
PBOE surface flatness during fabrication is essential. Us-
ing spin-coating, surface flatness may vary across layers.
After multiple spin-coating processes, the fabricated
thickness and twist angles of each layer may significantly
deviate from the target, causing severe spectral mis-
matches with the simulation results. This deviation could
be more pronounced as the total layer thickness increas-
es. Although our method can achieve high-performance
narrowband PBOEs with a thinner layer thickness, fur-
ther investigation on improving surface flatness during
the fabrication of LC-based PBOEs using spin-coating,
inkjet printing®, or other technologies would be useful.

Essentially, all current methods can theoretically elim-
inate the chromatic aberration in LC-based PBOEs for
RGB laser sources. However, for QD LED light sources
with 20-nm FWHM, a nearly achromatic behavior can
be achieved as simulated in Fig. 7(h). To achieve truly
achromatic PBOEs without any chromatic aberration for
LED light engines, new approaches remain to be explored.

Conclusions
We have discovered and demonstrated a novel method
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using the multi-twist structure for achieving narrow-
band PBOEs without crosstalk and realizing high-effi-
ciency achromatic PBOEs while maintaining a compact
formfactor. As demonstrated through our experiments
and polarization raytracing, this method can effectively
eliminate the chromatic aberration of the PBOEs using a
laser projector. On the other hand, if a QD LED light
source with 20 nm FWHM is employed, a nearly achro-
matic behavior can still be achieved. To further explore
the potential of multi-twist structure, narrowband
PBOEs with a contrast ratio of over 500 : 1 are designed
and investigated. Importantly, this method does not con-
strain the choice of RGB wavelengths or the birefrin-
gence dispersion of liquid crystal materials, thus offering
a high degree of design freedom for different light
sources and liquid crystal materials. Overall, these
demonstrations showcase that our proposed method ex-
hibits a high optical efficiency, low fabrication complexi-
ty, and extensive design freedom for any liquid crystal
material and RGB light sources, holding immense poten-
tial for widespread applications of PBOEs.
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