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Abstract 

Wavefront control is the fundamental requirement in optical informatics. Planar optics 
have drawn intensive attention due to the merits of compactness and light weight. 
However, it remains a challenge to freely manipulate the dispersion, hindering practi‑
cal applications, especially in imaging. Here, we propose the concept of frequency‑
synthesized phase engineering to solve this problem. A phasefront‑frequency matrix 
is properly designed to encode different spatial phases to separate frequencies, thus 
makes arbitrary dispersion tailoring and even frequency‑separated functionalization 
possible. The periodically rotated director endows cholesteric liquid crystal with a spin 
and frequency selective reflection. Moreover, via presetting the local initial orienta‑
tion of liquid crystal, geometric phase is encoded to the reflected light. We verify 
the proposed strategy by cascading the chiral anisotropic optical media of specifically 
designed helical pitches and initial director orientations. By this means, planar lenses 
with RGB achromatic, enhanced chromatic aberration and color routing properties are 
demonstrated. Inch‑sized and high‑efficient lenses are fabricated with low crosstalk 
among colors. It releases the freedom of dispersion control of planar optics, and even 
enables frequency decoupled phase modulations. This work brings new insights 
to functional planar optics and may upgrade the performance of existing optical 
apparatuses.

Keywords: Liquid crystals, Planar lens, Dispersion programmable, Spatial light 
modulation

Introduction
Light, thanks to its intrinsic multiple dimensions and massive parallelism, has been used 
as an information carrier in vital fields such as optical communications, optical comput-
ing, and information displays. Wavefront modulation is crucial for all above applications 
[1, 2]. Traditional refractive and reflective optics work based on propagation phase accu-
mulation, thus suffering from bulky size and heavy weight. Recently, light modulation 
techniques have been developed toward compactness, integration, and multifunction. 
Planar optics based on artificial subwavelength resonators [3, 4] or patterned birefrin-
gent materials [5, 6] have been broadly investigated due to the merits of flatness and 
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compactness. One typical element is the planar lens, through which light diffracts and 
interferes to perform functions such as focusing, collimating, imaging and beam split-
ting [7–9]. Similar to other diffractive elements, the generated phase profiles of such 
lenses exhibit strong wavelength dependency. The deviation here is caused by structural 
dispersion and determined only by structure parameters. This drastically hinders practi-
cal usage in both industry and scientific research. Achromatic lenses are highly pursued 
in photography, astronomy and microscopy to eliminate dispersion blurs [10]. On the 
contrary, for applications such as spectrometer, hyperspectral imaging and color rout-
ing, large chromatic aberration is favored for separating various colors more signifi-
cantly [11, 12]. Therefore, it is an urgent pursuit to explore an effective way to program 
the chromatic aberration of planar optics.

Several strategies have been developed to solve this problem. Firstly, an extra wave-
length-dependent modulation factor φ(λ) is introduced to realize broadband phase 
compensation of the planar optics [13]. For instance, compensation between dynamic 
phase and geometric phase is realized by specifically designing resonators of a metalens 
[14–16] or integrating a liquid crystal layer with a metalens [17]. The combination of a 
refractive lens of positive dispersion and a diffractive lens of negative dispersion forms 
an achromatic lens [18, 19]. Secondly, discrete wavelengths are encoded with separate 
phases to realize an equivalent achromatic aberration. Three primary colors are filtered, 
phase modulated separately and then remixed to eliminate the chromatic aberration 
[20–22]. A spatial multiplex method based on computational holography is adopted to 
realize the same function [21, 23]. However, this strategy suffers from discrete frequency 
and low efficiency. More recently, broadband achromatic lenses have been fabricated by 
optimizing the spectral degrees of freedom in the lens phase profiles [24] or introducing 
light frequency-domain coherence optimization [25]. Despite this impressive progress, a 
new approach toward the programable chromatic dispersion of planar lenses with large 
size, high efficiency and compact design is still urgently pursued. Liquid crystal (LC) is 
an excellent candidate for functional planar optics due to the pronounced self-assembly 
property of anisotropic media. Various geometric-phase devices have been presented 
based on patterned liquid crystals [26] or stacking specially designed RGB off-axis lenses 
[27]. However, these devices also exhibit strong wavelength-dependent dispersion. Cho-
lesteric LC (CLC) [28–31], featuring a periodic helical structure, exhibits spin-selective 
Bragg reflection. Light within the band is selectively reflected and encoded with a geo-
metric phase determined by the initial orientation of the CLC, while light outside the 
band transmits and can carry a uniform phase delay [32, 33]. The color-filtered phase 
encoding makes CLC perfectly suitable for individual phasefront engineering at separate 
frequencies.

In this work, we establish a general frequency synthesized phase engineering frame-
work to encode different spatial phases to separate frequencies. By properly designing 
the phasefront frequency matrix, arbitrary dispersion tailoring and frequency-separated 
functionalization can be realized. The helical birefringent medium CLC is adopted to 
demonstrate the above design because of the frequency-selective geometric phase 
encoding. Through stacking multiple CLC layers with specifically designed helical pitch 
and lens profiles, inch-sized planar lenses with RGB  achromatic, enhanced chromatic 
aberration and color routing properties are presented. The focusing efficiency reaches 



Page 3 of 13Zhang et al. PhotoniX            (2024) 5:17  

85.3% for selective spin. The proposed approach breaks the diffractive dispersion limita-
tion of planar optics and may significantly improve their performance.

Results
Frequency‑synthesized phase engineering

The angular spectrum dispersion of the diffractive lens leads to variations in focal length 
and image distance among different colors, causing color distortions or blurs in an 
image. To solve this problem, we propose a frequency-synthesized phase engineering 
framework. The point of the idea is to encode different phasefronts to separate colors 
and thus program the chromatic dispersion or even realize distinguished functions for a 
series of colors. It can be depicted as

whereE
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individual λ, thus enabling arbitrary functionalization for separate frequencies. It sup-
plies a practical framework for planar lenses with programable chromatic dispersion.

RGB achromatic lens based on an optimized phasefront‑frequency matrix

The left scheme in Fig. 1a depicts the negative chromatic aberration of conventional dif-
fractive lenses. Here, a RGB achromatic design for a planar lens is proposed by optimiz-
ing the phasefront-frequency matrix (right image in Fig. 1a). To focus a white light onto 
a single spot, the entire wave should propagate according to a wavelength-dependent 
hyperbolic phase profile [34],

where λ, r and f are the wavelength, radial coordinate and focal length, respectively. 
The radial distance of the first phase change of 2π with respect to the center is defined as 
the feature size R. When r = R, i.e., φ(R, λ) = 2π, Eq. (2) can be rewritten as [35],
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Figure 1b is drawn according to Eq. (3) and vividly reveals the dependency of f on 
λ and R. The yellow dashed line exhibits the negative chromatic aberration (CA) of 
a conventional diffractive lens with R = 375 µm. The red dashed line marks a chro-
matic aberration-corrected (CAC) line for f = 132 mm. The design can be realized 
by properly correcting R for different λ to satisfy Eq.  (3). The previously proposed 
frequency synthesized phase engineering can perfectly solve this problem. To be 
brief, three primary colors are chosen as examples. We fix f (λR) = f (λG) = f (λB) = 
132 mm (λR = 630 nm, λG = 530 nm, λB = 470 nm) and then encode corrected f(R, 

λ) to R, G, and B separately (Fig. 1c). CLC provides an ideal platform for frequency 
synthesized phase engineering. Only light within the reflection band is selectively 
encoded with a geometric phase 

(

|R�e−i·2α
)

 [30, 36]. Therefore, the CAC design can 
be realized by stacking three CLC layers with specific helical pitches and patterned 
initial helix orientations (Fig.  1d, Fig. S2b, c). Theoretically, frequency-synthesized 
phase engineering is suitable for arbitrarily tailoring the chromatic aberration of pla-
nar lenses (Fig. S2a). For instance, a chromatic-aberration-enhanced (CAE) lens, as 
marked by the black dashed line in Fig. 1b, can be achieved by introducing R oppo-
site to λ changes.

Fig. 1 Phasefront‑frequency matrix optimization for a RGB achromatic lens. a (left) Chromatic aberration 
of a traditional diffractive lens and (right) RGB achromatic of phasefront‑frequency matrix‑optimized 
planar lens. b Dependency of focal length f on feature size R and wavelength � . The red dashed line reveals 
a chromatic aberration‑corrected (CAC) line for f = 132 mm, the yellow dashed line shows the normal 
chromatic aberration of a diffractive lens with R = 375 µm, and the black dashed line indicates a chromatic 
aberration‑enhanced (CAE) case. The color bar indicates f varying from 0 mm to 400 mm. c Design of 
RGB achromatic lenses by encoding corrected ϕ(R, �) to RGB colors separately. d Schematic sectional 
image of a three‑layer cascaded CLC lens with precisely designed helical pitches p and optimized phase 
profiles (ϕB, ϕG, ϕR) . The orange arches indicate equiphasic surfaces. Names are labelled at top right of each 
layer
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Cascaded CLC RGB achromatic lens

Photoalignment polarization holography (PAPH) is adopted to imprint objective geo-
metric phases with different R into the initial orientation of the CLC helix. Figure  2a 
vividly presents the principle of PAPH. The target linear polarization distribution is 
obtained by the interference between a right-circularly polarized (RCP) plane wave (ref-
erence) and left-circularly polarized (LCP) light with a template lens phase, which are 
represented by the North and South Poles on the Poincaré sphere, respectively [37]. The 
generated electric field (right image in Fig. 2a) is calculated as

where k1 = 2π/λ0(-sinθ, 0, cosθ) and k2 = 2π/λ0(0, 0, 1) indicate the wavevectors of 
LCP and RCP light, respectively. λ0 = 405 nm denotes the laser wavelength for PAPH. 
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Fig. 2 Fabrication and characterization of a cascaded CLC RGB achromatic lens. a Principle scheme of 
polarization holography. Two phase diagrams of orthogonal circular polarizations are labeled at the South 
and North Poles on the Poincaré sphere. The color bar indicates the phase change from 0 to 2π. The right 
image reveals the interfered linear polarization distribution. b Optical setup for polarization holography. BE, 
HWP, QWP, and PBS indicate beam expanding, half‑waveplate, quarter‑waveplate, and polarization beam 
splitter, respectively. c POM micrographs of single channel (I, II, III) and cascaded RGB (IV, bottom to top) 
CLC lenses. The yellow bar indicates R, while the white scale bar indicates 300 µm. d Designed (green line) 
and measured (black line) hyperbolic phase profiles of the green‑color selective CLC lens. e Simulated (solid 
lines) and experimental (solid regions) reflections of separated R, G, and B selective CLC lenses. The black line 
reveals the reflection of a cascaded CLC RGB achromatic lens
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Linear polarization with a spatial distribution of φ/2 = π/λ0sinθ·x is generated, where 
θ is the angle between k1 and k2 (Supplementary Note). A Mach-Zehnder interferom-
eter is utilized to carry out the PAPH (Fig. 2b). The generated vector beam perpendicu-
larly guides the local orientation of the photoalignment agent (azo dye, SD1) and further 
controls the initial orientation of the CLC helix. To maintain f = 132  mm, three dif-
ferent glass lenses with f = 200 mm, f = 175 mm and f = 150 mm are selected as tem-
plate lenses according to f = λ0d/λ for RGB colors, respectively. Notably, the optical path 
between the template lens and PBS2 equals that between the sample and PBS2 to per-
fectly match the equal-intensity condition (Fig. S3).

We adjusted the concentration of the chiral dopant to tune the central wavelength of 
the Bragg reflection. Polarization holograms record objective patterns to CLCs (10 mm 
in radius and 2  µm in thickness). The standing helix forms a Grandjean texture that 
exhibits a uniform brilliant color consistent with the photonic band gap (Fig.  2c, Fig. 
S4). The cross-section of the cascaded RGB CLC lens is shown in Fig. S6, with a total 
thickness of 6.4 µm. When the lens is observed in the reflection mode under a polari-
zation optical microscope (POM), alternating bright and dark rings twice the number 
of designed 0–2π phase changes are revealed. The obtained phase profiles satisfactorily 
match the designs. Here, the hyperbolic phase profile of the green color-selective CLC 
lens λG = 530 nm is presented as an example (Fig. 2d), while additional details of the 
samples are provided in Fig. S5. The R of the RGB lens patterns is 403 µm, 376 µm, and 
334 µm, respectively, which are in good agreement with the designs. The measured cen-
tral wavelengths are 470 nm, 530 nm, and 630 nm, respectively, which are also consistent 
with the simulations. The reflection band of the cascaded CLC RGB achromatic lens is 
the superposition of individual RGB lenses. The reflection within the designed channel 
is one order larger than those of unselected channels (Supplementary Table 2). There-
fore, modulating the phase of one color channel will not affect the phase modulation of 
the other channels. For long wavelengths (e.g. red light), the less pitches induce a lower 
Bragg reflection (Fig. 2e). Therefore, red light exhibits a lower reflectance with the cas-
caded CLC RGB achromatic lens. However, this issue can be satisfactorily addressed by 
increasing the layer thickness (Fig. S7).

Chromatic aberration‑corrected imaging

Figure 3a exhibits the optical setup for characterizing the focusing and imaging perfor-
mances of the cascaded CLC lens. The RGB and white light output from the supercon-
tinuum laser are expanded and collimated to 12 mm then incident normally to the object 
mask (pluggable), whose image is reconstructed on the screen by the cascaded CLC lens. 
Firstly, f of RGB light is detected. The longitudinal intensity distributions in the x-z plane 
reveal a confocal length of 132 mm, which is in agreement with the FDTD simulations 
(Fig. 3b, Fig. S8a). Point spread function characterizations reveal that the full width at 
half-maximum (FWHM) of RGB light are 18  µm, 16  µm, and 15  µm, respectively. To 
verify the achromatic aberration of the proposed CLC CAC lens, we have compared it 
performance with a broadband CLC lens with the same optical setup (Fig. 3a). As shown 
in Fig.  3c, the letter “E” and the Chinese character “Light” are both clearly imaged in 
equal size on the same image plane for RGB incidences, respectively (Fig.  3c). Corre-
sponding white light images are clearly observed as well. In contrast, images obtained 
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with conventional diffractive lenses suffer from intensive dispersion blurs (Fig. S8b). 
Figure  3d (right) show an RGB-color apple image formed by our cascaded CLC CAC 
lens. The slight image distortion compared to that formed by achromatic doublet (left) is 
attributed to the spherical aberration of the cascaded lens and the coma aberration from 
the central position mismatch among separate layers. It can be improved via introduc-
ing non-spherical phase profile and increasing the alignment accuracy (Fig. S8c). The 
difference in brightness is caused by the different attenuation ratio of light in our meas-
urements to avoid overexposure on CCD (Fig. S9). The entire Group No. 3 of the USAF 
resolution target is clearly observed with the cascaded CLC lens, verifying the excellent 
imaging performance of the proposed lens design (Fig. S8d).

Chromatic aberration‑enhanced zoom imaging

In contrast to the RGB achromatic imaging of a CAC lens, the CAE lens enhances the 
chromatic dispersion and thus enables zoom imaging by simply shifting the illuminating 

Fig. 3 Chromatic aberration‑corrected imaging of the cascaded CLC lens. a Optical setup for the focusing 
and imaging characterization of the cascaded CLC lens. P, Polarizer; QWP, quarter‑wave plate; BE, beam 
expander; BS, beam splitter. b Simulated (left) and experimental (right) results of longitudinal focusing 
cross sections in different colors. Focal plane intensity distributions and focal spot profiles (bottom) of RGB 
incidences, respectively. c RGB and white light imaging of a cascaded CLC lens (green frame). The scale bar 
indicates 500 µm. d RGB‑color apple images formed by a commercial achromatic doublet (left, f = 150 mm) 
and fabricated CLC CAC lens (right). The scale bar indicates 2 mm
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wavelength [11]. As shown in Fig. 4a, masks of letters C, A, and E are placed at different 
positions, i.e., object lengths  S1,  S2, and  S3, respectively. The image distance is fixed at 
2fG. When varying the incident wavelength, images of different letters are clearly cap-
tured by the CCD in different colors and amplifications. To verify the spectral zoom 
imaging, R of the CAE-lens is exchanged for R and B colors (Fig. 4b). Therefore, the R 
values of the RGB lens patterns in the CAE lens are 334 µm, 376 µm, and 403 µm (Fig. 
S10a, b). Due to the enhanced chromatic dispersion, RGB colored lights are focused 
at different focal lengths by the CAE lens. As presented in Fig.  4c, the obtained fR = 
94 mm, fG = 132 mm, and fB = 171 mm. Obviously, RGB colors are totally separated 
in the x-z plane because the depth of focus (λ/NA2) is negligible compared to the vari-
ation in wavelength-dependent f. It suggests a zoom imaging with no crosstalk among 
colors (Fig. S10c). The focusing efficiency reaches 85.3% for 470 nm with an NA of 0.058. 
The size of the captured images changes significantly for RGB colors (Fig. 4d left). The 
maximum zoom factor reaches 3.2. According to the parameters of the CAE lens, wave-
lengths and sizes of captured images, the position and size of objects can be precisely 
reconstructed (Fig. 4d right, Fig. S10d, e). CAE lens zoom imaging is promising in non-
mechanical optical tomography with the merits of rapid operation, high stability, and 
compact design.

Fig. 4 Chromatic aberration‑enhanced imaging of a cascaded CLC lens. a The optical setup for zoom 
imaging. Three pictures at different positions  (S1,  S2,  S3) are captured on the same imaging plane at different 
magnifications and different colors. b Dispersion engineering of the cascaded CLC lens based on the 
dependency of f on R. c Focal spots at x‑z cross sections for RGB incidences, respectively. d Spectral zoom 
images (left) captured on the imaging plane of the CAE lens and the objects (right) reconstructed from the 
spectral zoom images. The scale bar indicates 500 µm
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Cascaded off‑axis CLC lens enabled color routing

Since E out can be freely modulated for individual λ, functionalization for separate fre-
quencies thus can be arbitrarily programmed. Here, we encode the phase diagram of a 
polarization grating and its conjugated phase diagram to the R and B channels, sepa-
rately. The combined phase diagrams are expressed as

Where ß is the diffraction angle. Phase diagrams of φlens - φgrating, φlens, φlens + φgrating 
and corresponding output wave vectors kout are plotted for wavelengths of 630  nm, 
530 nm, and 470 nm, respectively. The size of the lens is set to 20 mm × 20 mm (Fig. 5a). 
With such an off-axis CLC lens, beams of RGB colors are individually focused at 
designed positions [38] (Fig.  5a, top right inset). The off-axis lens combines a slanted 
polarization grating and a lens, and parabolic phase schemes for the R and B channels 
are presented in Fig. 5b. When observed under POM at 1000 times magnification, only 
the transverse linear phase change causing bright-dark alternations is revealed, which 

(5)ϕtotal = ϕlens ± ϕgrating = −
2π

�

(

√

r2 + f 2 − f

)

±
2π

�
sinβ · x

Fig. 5 Cascaded off‑axis CLC lens for color routing. a Simulated f and k of a 20 mm × 20 mm CLC lens with 
Bragg‑reflection central wavelengths of 630 nm, 530 nm and 470 nm. The top‑right inset illustrates the 
function of the cascaded off‑axis CLC lens. b Schematic illustration of CLC‑lens (φlens- φgrating, φlens + φgrating) 
at λ = 470 nm and λ = 630 nm, respectively, and corresponding micrographs in the square marked regions 
recorded in the reflective mode under POM. The scale bar indicates 2 µm. c Simulated x‑z section for RGB 
incidences. Schematic relationship among input, output and grating vectors for different wavelengths that 
satisfy the Bragg condition (kin + kgrating = kout). d Spatial multispectral imaging based on the cascaded 
off‑axis CLC lens. The scale bar indicates 1 mm
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alternates once within each period of the grating (~ 0.9 µm) (Fig. 5b). For normal inci-
dence within the Bragg band, the beam is deflected with diffraction angle ß(x, y) = 2γ(x, 
y), where γ = arcsin(p/2Λx) is the inclination angle of the kgrating, which is related to the 
CLC pitch p and the lateral period of the polarization grating Λx (Fig. S11) [39]. Here, the 
CLC pitches are set 300 nm and 400 nm to obtain Bragg central wavelengths of 470 nm 
and 630 nm, respectively. Accordingly, ßB = -19.2°, ßR = 25.6° when Λx = 0.9 µm. The 
focusing performances in the x-z plane of the off-axis CLC-lens are simulated (Fig. 5c). 
ßB = -20.5°, ßG = 0° and ßR = 24.2°, which are consistent with the triangular relationship 
kin + kgrating = kout. Figure 5d shows the experimental spatial multispectral imaging of the 
off-axis CLC-lens. The object distance (s) is fixed at 184 mm, and RGB colored images 
of the letter “E” are projected to the predesigned directions in different magnifications.

Discussion
The above results suggest that the frequency-synthesized phase engineering framework 
endows planar lens outperforms already reported achromatic lenses in terms of aper-
ture, efficiency, and multifunctionality, as presented in Supplementary Table 4. However, 
there is still room for improvement in transmission and transflective mode extending, 
dynamic operation, narrowband selectivity, polarization independency, and arbitrary 
functionalization. For example, 1), Transmissive frequency-synthesized phase engineer-
ing can be achieved by cascading different photopatterned multi-twist retarders [40]. 
Additionally, combining two materials can reasonably be expected to endow trans-
reflective optics with frequency and spin divided functions [41]. 2), To achieve active 
modulation, separate CLC cells can be introduced to replace the LCP layers, whose 
pitches can be shifted both optically or electrically [31, 36]. For function reconfiguring, 
photo-rewriting can be adopted to reset the alignment of CLC inside such cells, sepa-
rately [42]. 3), By reducing the birefringence of CLC, the bandwidth of Bragg reflection 
can be further narrowed, enabling dispersion tailoring in smaller frequency intervals. By 
changing the pitch, lattice constants and orienting the helix axis of CLC, modulations on 
wavelength, wave vector as well as geometric phase can be achieved [43, 44]. 4), Through 
introducing opposite handed CLCs, the orthogonal components of CP can be modu-
lated simultaneously, making the cascaded CLC device more efficient and polarization 
independent [45]. 5), Besides PAPH, the spatial initial director orientations can also be 
manipulated by direct laser writing [46] or DMD based photo patterning [42], facilitat-
ing the arbitrary functionalization for separate frequencies.

Conclusions
A frequency-synthesized phase engineering framework is established to encode differ-
ent spatial phases to individual frequencies. It endows planar optics with arbitrary dis-
persion tailoring and frequency-separated functionalization via designing the phasefront 
frequency matrix. The frequency-selective geometric phase encoding is demonstrated 
with the helical birefringent medium CLC. Through locally presetting the initial orienta-
tion of CLC, geometric phase is encoded to the Bragg reflected light, while the band can 
be precisely tailored by tuning the helical pitch. Via stacking multiple CLC layers, CAC, 
CAE as well as color-routing lenses with merits of large size (20 mm in diameter), high 
efficiency (85.3% for CP incidence), thin thickness (< 10 µm) and low crosstalk among 
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colors are presented (Supplementary Table 3). This work extends the knowledge on rela-
tionship between structures and functions, and brings new insights to functional planar 
optics. This approach releases the freedom of dispersion control of planar optics, and 
even enables frequency decoupled phase modulations. It will upgrade the performance 
of existing optical apparatuses that are widely utilized in optical imaging, computing, 
communicating and information displays.

Materials and methods
Materials

Photoalignment agent sulfonic azo dye SD1 (NCLCP, China) is dissolved in N, 
N-dimethylformamide at a weight concentration of 0.3%. The CLC mixture consists of 
reactive mesogen RM257 (NCLCP, China), chiral dopant R5011 (NCLCP, China), pho-
toinitiator Omnirad651 (BASF, Germany) and surfactant EHA (Adamas-beta, China), 
and then is solved in toluene. The helical twisting power of R5011 in RM257 is 108 µm-1. 
The concentration of R5011 in precursor is adjusted to control the helical pitch of the 
CLC. Detailed weight ratios are listed in Supplementary Table 1.

Lens fabrications

The SD1 solution is spin-coated onto a clean glass substrate at 800 rpm for 5 s, followed 
by 3000 rpm for 40 s and is annealed at 100 °C for 10 min to form the photoalignment 
film. Then, the sample is exposed using the set up as shown in Fig. 2b. Single-longitudi-
nal-mode laser (DLC HOLO-LITHO 405, Toptica) is adopted as the light source and an 
exposure dose of 5 J/cm2 is used. The CLC solution is spin-coated for 30 s at a speed of 
2000 rpm and then heated at 80 °C for 2 min to evaporate residual solvent. Samples are 
cured under UV irradiation (365 nm) at a dose of 3  J/cm2 in a nitrogen-rich environ-
ment. For cascaded CLC lenses, RGB CLC films are vertically stacked and each lens is 
spin-coated twice, which are separated by 100-nm silicon oxide layers.

Optical characterizations

Photographs are captured under the reflective mode of a polarization optical microscope 
(Nikon 50i POL, Japan). Reflection spectra are recorded with a spectrometer (ASC-
UVNIR1, JCOPTIX, China). RGB-Color apple pattern is generated by a LCOS (Tianmu-
I-020-L, Smartvision, China). Diffraction patterns are captured by a CCD (BGS-SP620, 
Ophir-Spiricon, USA) or a digital camera (EOSM, Canon, Japan). A super continuous 
fiber laser (SuperK EVO, NKT Photonics, Denmark) is utilized for focusing and imaging 
characterizations. A multichannel acousto-optic tunable filter (SuperK SELECT, NKT 
Photonics, Denmark) is adopted to generate monochromatic or mixed white lasers of 
470 nm, 530 nm, and 630 nm. A polarizer and a quarter-wave plate (QWP) are employed 
to transfer LP to RCP. A collimator, a beam expander and an adjustable aperture are used 
to form a parallel beam in proper diameter. Bragg reflections of the CLC lenses are redi-
rected by the beam splitter (BS) and finally captured by a CCD (Fig. 3a).

Numerical simulations

The finite-difference time-domain simulation package (Ansys Lumerical FDTD) is used 
to investigate the focusing of CLC lenses. Three-dimensional simulations are performed 
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under the boundary conditions of a perfectly matched layer, and the refractive indices 
no and ne of the LC are set to be 1.51 and 1.69, respectively. The scattering coefficient 
for each LC layer is represented by f(s), thus the reflectivity through n layers is (1-f(s))n. 
However, as f(s) is very small due to the ordered CLC, as well as the low refractive index 
mismatch at CLC/SiO2 interfaces, we set f(s) = 0 in our simulation. PB phases of lenses 
are provided by the three-dimensional spatial distribution of LC (Fig. S7b). 470  nm, 
530  nm, and 630  nm light in circularly polarization are used as light sources. Power 
intensity distributions at focus planes and x-z plane are evaluated using the same type of 
monitor.
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