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Abstract 

Solar concentrators laterally converge solar energy to the side of architectural glass 
and are attractive candidates for building‑integrated photovoltaics. Present avail‑
able luminescent‑type and scattering‑type solar concentrators suffer from omnidi‑
rectional waveguide induced low efficiency, coloring/hazing restrained aesthetic 
quality, and poor compatibility with existing architectural glass. Here, we propose 
a diffractive solar concentrator via directly coating cholesteric liquid crystal (CLC) lay‑
ers onto the architectural glass. The stacked CLC layers with submicron lateral peri‑
odic alignment enable broadband and unidirectional waveguiding inside the glass, 
and thus supply a high‑efficient platform for transmissive solar energy capturing 
with merits of high aesthetic quality and economic viability. A 1‑inch‑diameter pro‑
totype powers a 10‑mW fan outdoors, and a typical 2‑m‑wide window is calculated 
to concentrate solar energy by 50 times. The design is expected to bring a global 
terawatt‑scale green energy supply and billion‑ton annual carbon emission reduction, 
meeting with the sustainable development of human society.
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Introduction
With the massive population growth and rapid urbanization in contemporary society, 
an increasing number of tower blocks and super high-rise buildings have emerged in 
urbans [1]. Drones driving low-altitude economies further accelerate the three-dimen-
sional (3D) development of cities [2, 3]. The sharp increase in population density pro-
motes production and cooperation efficiency, accompanied by increasingly evident 
resource and energy consumption. Thermal and nuclear power stations face challenges 
of environmental pollution and nuclear waste leakage risks, whereas renewable photo-
voltaic, wind power and hydroelectric energy generation have to occupy a large amount 
of space and set near corresponding sources [4, 5]. The centralized power supply addi-
tionally suffers from high transmission loss. Therefore, newly proposed building inte-
grated photovoltaics, which incorporate solar energy capture into building facades, have 
drawn intensive attention to net-zero energy buildings [6, 7]. Glass windows are widely 
used in modern architectures for comfortable living and working conditions. They are 
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usually placed on sunny buildings to optimize natural lighting and heating [8, 9]. The 
integration of photovoltaic technologies with architectural glass would provide a prom-
ising strategy for green buildings and a sustainable society.

For existing photovoltaic techniques, including amorphous silicon cells, organic pho-
tovoltaics, gallium arsenide, dye-sensitized, and perovskite solar cells, their opacity and 
fragility impede the replacement of architectural glass [10, 11]. To solve these problems, 
solar concentrators have been developed to laterally concentrate solar energy and then 
capture it with photovoltaic cells fixed on the side of architectural glass. Luminescent 
and scattering types have been reported [12–14]. For the former, fluorescent materials 
such as organic dyes, polymers, quantum dots, perovskites, or carbon quantum dots 
are embedded in glass to form a waveguide for illuminated light [15, 16]. For the latter, 
an embedded light-scattering medium scatters part of the incident light into the wave-
guide, which is harvested by thin photovoltaic cells attached to the edges of the glass 
[17]. Despite the enhanced adaptability with present windows, such solar concentra-
tors still face several critical challenges: (i) As light with only a propagation direction 
exceeding the critical angle for total internal reflection (TIR) can be collected by the 
waveguide, the omnidirectional fluorescence illumination and light scattering restrict 
the efficiency of solar concentration [18, 19]; (ii) the limited absorption and fluorescent 
bands with respect to the solar spectrum not only reduce the efficiency but also induce 
a colored transparency, making the corresponding glass unable to match the aesthetic 
requirements [20, 21]; meanwhile, the scattering type suffers from intrinsic visible hazi-
ness, thus hindering many applications requiring an unobstructed view [17]; and (iii) 
the embedded functional layers cannot be added to the existing windows, and photovol-
taic cells are required on all edges of architectural glass, making the strategy suffer from 
complicated manufacturing and cost inefficient [22, 23]. It is an urgent task to develop 
new technique overcoming all these hurdles. Polarization volume grating is a circular 
polarization dependent optical device. It is transmissive to one circular polarization and 
meanwhile unidirectionally diffracts the opposite one into the glass substrate to form a 
waveguide [24, 25]. Additionally, it satisfies the high clarity and chromatic requirements 
in augmented reality displays [26, 27]. Such a film can be simply post-coated to the archi-
tectural glass as a diffractive-type solar concentrator. It is crucial to specifically optimize 
the design for a wide-angle, unidirectional and colorless transparency solar concentrator 
and ensure seamless coordination with the implementation of highly efficient solar cap-
ture that meets aesthetic standards and economic concerns.

Here, we propose a diffractive-type solar concentrator and demonstrate it by coating 
a specifically designed cholesteric liquid crystal (CLC) layer onto architectural glass. 
The CLC is a one-dimensional chiral photonic crystal, which selectively reflects incident 
light with the same handedness in the photonic band and allows the residual light to be 
transmitted directly. We stack a series of CLC layers of different helical pitches to extend 
the photonic band over the whole visible spectrum. Moreover, we preset a submicron-
period lateral alignment to ensure that all visible light is diffracted and completely 
internally reflected over a wide-angle range. The diffracted light is unidirectionally con-
centrated to the edge of the architectural glass corresponding to the slant direction of 
the Bragg planes. For a normal incident, the average visible transmission (AVT) reaches 
64.2% for visible light. A color rendering index (CRI) of 91.3 is obtained under these 
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conditions, and it remains greater than 85.5 at a view angle of ± 60°, perfectly match-
ing the aesthetic standards. Owing to the circular polarization-dependent energy sepa-
ration, up to 38.1% of the energy of the normally incident 532 nm laser is output from 
the objective edge of the architectural glass. The simulations further present the opti-
cal performance across ± 40° incident angles, confirming the high energy concentration 
efficiency over a wide-angle range. We test the sunlight photovoltaic performance of a 
1-inch-diameter prototype, which can directly drive a 10-mW fan outdoors. Further-
more, the CLC film can be seamlessly integrated with existing architectural glass and 
drastically reduces the number of required photovoltaic cells, offering a practical and 
cost-efficient approach for building integrated photovoltaic systems while adhering to 
aesthetic and economic considerations.

Results
Concept for a colorless and unidirectional solar concentrator (CUSC)

The sun is the main energy source for the Earth, supporting the existence and devel-
opment of human beings. An electromagnetic wave is the dominant carrier for solar 
energy, which propagates at the speed of light. The transverse wave nature of light 
induces a polarization-dependent interaction with spatially periodic structures [28] (Fig. 
S1). Sunlight is inherently unpolarized, it can be equivalently decomposed to left- and 
right-handed circularly polarizations. CLC is a one-dimensional chiral photonic crys-
tal. It selectively reflects the incidence circularly polarized light of the same handedness 
within the photonic band and transmits the residual light directly [29, 30]. The photonic 
band is expressed by the modified Bragg equation (Supplementary Note 1):

where Δλ is the Bragg wavelength; neff, no represent the effective and ordinary refractive 
indices of the liquid crystal, separately; P is the helical pitch (0–2π) of the CLC; and θ 
and α are the incident angle of light and the tilt angle of the Bragg planes of the CLC, 
respectively. From the equation, the photonic band can be effectively broadened to the 
entire visible band via stacking a series of CLC layers of different P. To ensure a gap-free 
coverage across 400–750 nm, we numerically optimized pitches of the five-stacked lay-
ers inside the CLC for a continuous overlapping of the reflection bands (Supplemen-
tary Table 1). After such a CLC film is coated on architectural glass, a solar concentrator 
is formed, which can be seamlessly utilized in building integrated photovoltaic systems 
(Fig. 1a). With this design, when illuminated with AM 1.5G, the selected circular polari-
zation located in the photonic band is reflected and transported to the edge of the glass 
via TIR (Fig. 1b, Fig. S2). The light escaping from the edge is captured by edge-mounted 
silicon-photovoltaic (Si-PV) cells. This design supplies a new integrated photovoltaic 
system for green buildings.

Optical properties of the CUSC

To ensure that the CUSC collects as much solar energy as possible, a multilayer CLC 
film with slanted Bragg planes is designed and fabricated. Circular polarization (CP) 
holography [31] is adopted to generate a submicron periodic alignment along the 
x-axis (Fig. 2a, Fig. S3). After sequentially coating CLCs with different chiral dopant 

(1)�� = (neff − no) · P cos (θ + α),
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concentrations (Supplementary Table 1) and separate UV polymerization, a multilay-
ered CLC film with objective P is obtained. Owing to the guidance of the periodic 
alignment [32] in the submicron period (Λ) (0–π), slanted Bragg planes with tilt angle 
α =  sin−1(P/2Λ) are formed as a result of the tilting of the CLC helical axes (Fig. 2a). 
According to the grating equation and the Bragg equation, Λ = 460  nm is the opti-
mized value for achieving a wide-angle TIR across the entire visible spectrum. Λ is 
determined by the formula Λ = λe/(2 sinβ), where λe is the wavelength for CP holog-
raphy and 2β is the angle between two incident beams of opposite CPs. Here, we set 
λe = 405 nm and 2β = 52.3°. Under this condition, a large-area uniform grating is gen-
erated with Λ = 460 nm (Fig. 2b). The cross-sectional SEM image of the multilayered 

Fig. 1 Concept for a CUSC based on the circular‑polarization splitting of the CLC layer‑coated architectural 
glass. a (Left) Photo of Nanjing Zifeng Tower, the schemes for the CUSC integrated photovoltaic window 
(top‑right) and stacked CLC layers of different helical pitches coated on architectural glass (bottom‑right). b 
Transmittance (blue curve) and reflectance (red curve) of the CUSC under an AM 1.5G solar (grey curve). Si‑PV: 
silicon photovoltaic; CLC layers: cholesteric liquid crystal layers; T: transmittance; R: reflectance

Fig. 2 Fabrications and characterizations of the CUSC. a Illustration for the photopatterning of laterally 
periodic CLC gratings and the 3D scheme for slanted Bragg planes inside the multilayered CLC of different 
P. b POM image of the CLC film with Λ = 460 nm. The scale bar indicates 1 μm. c Cross‑sectional SEM image 
of the multilayered CLC film with a thickness of 7.5 μm. The scale bar indicates 1 μm. d See‑through photo 
of the CUSC (10 × 10 cm.2). e Dependencies of transmittance and reflectance on incident polarization 
at 530 nm. f Dependency of the photonic band on the incident angle θ. The color bar indicates that the 
transmittance varies from 50 to 100%. g CIELAB color space coordinates (a*, b*) corresponding to different 
incident angles with L* = 90
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CLC film reveals a slanted layered structure (Fig. 2c), which is consistent with the 3D 
illustration in Fig. 2a. The film thickness is 7.5 μm. We coat the CLC film onto com-
mercial architectural glass (10 × 10  cm2, Fig. 2d) and fabricate gratings in five 1-inch 
circular regions. Owing to the diffraction of light, these regions exhibit lower trans-
mittance compared to grating uncovered areas. Notably, owing to their broad band 
diffraction characteristics, they are colorless and have no haze, making the greenery 
behind them clearly observable.

As human eyes are most sensitive to green light, we use 532-nm monochromatic 
light to characterize the CP-dependent energy division of the CUSC. Up to 38.1% 
of the energy propagates inside the architectural glass and is finally extracted from 
the objective single edge. To characterize the polarization dependency of the device, 
we rotate the fast axis of a quarter-wave plate to vary the incident polarization and 
record the intensities of the transmitted light and the light that escaped from the edge 
of the glass, accordingly. As revealed in Fig. 2e, an orthogonal CP separation between 
diffracted and transmitted light is exhibited (Supplementary Note 2), with maxima 
emerging at 55°/145° and 235°/325°, respectively. The deviations compared to ideal 
normal reflection (45°/135° and 225°/315°) are attributed to the existence of slanted 
Bragg planes. We further characterize the incident angle θ-dependent transmittances 
in the range of 400–800  nm over −60° ≤ θ ≤ 60° (± for wave vector towards x/-x) 
(Fig. 2f ). The AVT for normal incidence white light reaches 64.2%, whereas the value 
gradually reduces from 90.7% to 60.5% when θ changes from −60° to 60° [33]. The 
color shifts among different θ values are caused by incident angle-dependent pho-
tonic band variations (Figs. S3–S7). Figure 2g shows the CIELAB color space coordi-
nates (a*, b*) corresponding to different incident angles when the lightness is fixed at 
L* = 90. We can see that for most incident angles, the coordinates are located within a 
reasonable color tinting range (−15 < a* < 15 and −15 < b* < 15) for architectural glass 
[6, 34]. The performance can be improved via the stacking of more different P layers 
to further extend the photonic band. Therefore, the proposed diffractive-type solar 
concentrator is suitable for high transparency and wide-angle colorless photovoltaic 
integrated architectural glass.

Unidirectional waveguide

When normally illuminated by a collimated white flashlight, the CUSC asymmetri-
cally diffracts the light to the -x side edge of the architectural glass. Additionally, the 
light is spatially dispersed because of the diffraction caused by the short-period grat-
ings (Fig.  3a). The unidirectional waveguide property is vividly verified by the top 
view image presented in the bottom left of Fig.  3a. Moreover, the logo of Nanjing 
University is clearly observed due to the high colorless transmittance of the CUSC. 
Additional details regarding RGB light incidence are provided in Fig. S8. We use 
Frank–Oseen elastic continuum model simulation to model the CUSC (Supplemen-
tary Note 3). A series of parallel slanted Bragg planes are calculated from the configu-
ration of the multilayered CLC film. As revealed in Fig. 3b, the tilting angle α changes 
from 21° on the side adjacent to the glass to 30° on the opposite side. The propagation 
of diffracted light follows the diffraction equation below (Supplementary Note 4) [35]:
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where n and ng are the refractive indices of the air and glass, respectively; λ represents 
the incident wavelength; and θ and φ are the incident angle in air and diffractive angle 
in glass (± for wave vector towards x/-x), respectively. The multilayered CLC exhibits 
broadband CP-selective Bragg reflection; only RCP light within the photonic band is 
reflected, and the light satisfying the TIR condition unidirectionally propagates in the 
glass waveguide (Fig. 3b, Supplementary Movie 1). Notably, the different wavelengths are 
diffracted by the separate CLC layers of different P. While the Bragg planes define the 
diffraction angle, light confinement is ultimately governed by the total internal reflection 
condition, which is key for the waveguide propagation.

We further simulate the θ-dependent diffraction of the CUSC. As shown in Fig. 3c, in 
the range of −60° ≤ θ < θt, where θt =  sin−1(ng − λ/Λ) and ng = 1.52, the CLC film works as 
a waveplate instead of a grating; thus, the incident light is mirror reflected according to 

(2)
ngsin(ϕ) = nsin(θ)− � , nsin(θ)− �

≤ ng

ngsin(ϕ) = nsin(θ), nsin(θ)− � > ng

Fig. 3 Performances and simulations of the unidirectional waveguide. a The normally incident white light 
is asymmetrically diffracted to the ‑x side edge of a 4 × 4 cm.2 architectural glass. Inset shows a top view. 
b Simulations of the CP‑dependent light division of the CUSC. c Dependencies of φ on θ and λ. The white 
line indicates that φ = φc. The color bar indicates that φ varies from 0° to −90°. d Unidirectional waveguide 
propagation of light inside the glass with θ varying from −40° to 40
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ngsinφ = sinθ (Figs. S9–S11). As a result, the polarization state varies with changing film 
thickness (Fig. S12). When θt ≤ θ ≤ 60°, the CLC film acts as a polarization volume grat-
ing with slanted Bragg planes. The results indicate that CP-selective reflection satisfies 
Eq. 2. The TIR condition is satisfied only when |φ|> φc =  sin−1(1/ng). That is, only the cases 
located in the red region in Fig. 3c are transported in the waveguide and then captured at 
the edge of the glass. The detailed unidirectional waveguide performances are simulated 
and presented in Fig. 3d and Fig. S13. The central wavelengths redshift with θ varying from 
−60° to 60°, and broadband diffractions are exhibited at −20° ≤ θ ≤ 20°. The simulations are 
all consistent with the results shown in Fig. 3c. The wide-angle broadband TIR ensures high 
concentrator efficiency for practical applications.

Photovoltaic performance and stability of the CUSC

A Si-PV cell (0.5 × 4  cm2) is mounted on the escape edge of the light to form a CUSC-PV 
device (4 × 4 × 0.5  cm3 with a 1-inch-diameter active region), which can be considered a 
simple prototype for a CUSC-PV window. The excess cell area is marked by black tape to 
prevent the sun from directly illuminating the PV cell. The device drove a 10-mW fan under 
sunlight at 1 p.m. on July 1. After the sunlight was shielded, the fan stopped immediately 
(Fig. 4a, Supplementary Movie 2). Considering that the active area is just a 1-inch circular 
CLC grating, it vividly reveals the high energy conversion efficiency of the CUSC-PV cell. 
We systematically characterize the performance of the CUSC-PV device under AM 1.5G 
illumination [36, 37]. The optical efficiency (η) and power conversion efficiency (PCE) are 
calculated separately according to the following equations (Fig. S14) [38, 39]:

(3)
η =

ISC·A′

I ′SC·A
,

PCE =
JSC·VOC·FF

Pin
,

Fig. 4 Photovoltaic performance and stability of the CUSC. a The CUSC with an edge‑mounted Si‑PV cell 
drives a 10‑mW fan under sunlight. b J–V characteristics of the CUSC‑PV system under AM 1.5G illumination. 
c EQE spectra of the CUSCs. d Time‑varying PCE of a CUSC‑PV system and the corresponding illuminance 
during a day under natural sunlight irradiation. e Stability test on CUSC‑PVs (red quads) under white LED 
irradiation (blue circles) at 25 °C and 60% humidity. f Comparisons of key performance metrics among SSC, 
LSC and CUSC. SSC: scattering solar concentrator; LSC: luminescent solar concentrator
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where ISC and I′SC are the short-circuit currents of the CUSC-PV and the PV cell under 
AM 1.5G illumination, A and A′ are the areas of the CUSC and its light escaping edge, 
respectively; JSC = ISC/A is the current density; VOC is the open-circuit voltage; FF is 
the fill factor of the CUSC-PV; and Pin is the irradiation intensity. Figure  4b presents 
a J of 7.0 ± 0.2  mA   cm−2, a VOC of 0.65 ± 0.01  V, and an FF of 80 ± 1%. Accordingly, 
η = 18.1 ± 0.1%, and PCE = 3.7 ± 0.1% (additional details can be found in Fig. S15 and 
Supplementary Table  2). The measured position-average external quantum efficiency 
(EQE) is consistent with the photonic band of the CUSC-PV (Fig. 4c), and the integrated 
short-circuit current density (JSC

int) matches well with the JSC extracted from the J-V 
characteristics presented in Fig. 4b.

We tested the time-varying PCE of the CUSC-PV cell and corresponding illuminance 
outdoors in Nanjing, China, at 8:00 AM – 5:00 PM on July 1, 2024. The PCE changed 
from 3.1% to 3.7% (maximum) to 2.7% under sunlight illuminance varying from 82 to 
129 klux to 69 klux (Fig. 4d), which maintained a high value all day. The long-term stabil-
ity was also verified. A total of 95.4% of the PCE peak value was maintained even after 
1,500  h of white LED illumination under ambient conditions (25  °C, 60% humidity) 
(Fig. 4e). Under practical conditions, sunlight first passes through the architectural glass, 
which efficiently blocks harmful UV light, protecting the CLC film from aging and yel-
lowing. The CLC can be coated to a polymer film and attached to the indoor side of an 
architectural glass instead for mechanical protection, which ensures a long-term dura-
bility. Figure 4f presents a radar chart of the performance comparisons among SSC, LSC 
and CUSC (Fig. S16 and Supplementary Table 3–4). Obviously, the CUSC is superior to 
the other two in terms of all the metrics. Owing to the unique colorless and unidirec-
tional waveguiding of the CUSC, excellent CRI (91.3) and clarity, as well as a higher AVT 
(64.2%) and concentration ratio, are exhibited. The CLC multilayers can be easily coated 
or transferred to glass, and only the light escaping edge needs to be modified to mount a 
PV cell (75% photovoltaic cell reduction). These advantages enable seamless integration 
with existing architectural windows with significant cost efficiency.

Discussion and conclusion
We propose a diffractive-type solar concentrator, which enables wide-angle, colorless 
and unidirectional light capture on the basis of stacked CLC layers of optimized helical 
pitches and submicron-period lateral alignments. Owing to the broad-band CP separa-
tion, the CUSC has a CRI of 91.3 and an AVT of 64.2% for normally incident light, and 
18.1% of the total incidence energy is confined inside the architectural glass and finally 
escapes from the objective edge. In other word, the CUSC exhibits high solar concen-
tration capability while maintaining excellent transparency and aesthetic quality. High 
performance can be guaranteed over a wide incident angle range. Notably, the concen-
tration ratio exceeds 1 when L/d = 8. For a typical window composed of two meters 
wide and 0.5 cm thick glass, the ratio reaches 50, indicating the high performance of the 
CUSC-PVs. Owing to the ultrahigh concentration ratio and 75% reduction in the num-
ber of photovoltaic cells due to unidirectional diffraction, high-performance but expen-
sive PV cells, such as gallium arsenide PVs, can be adopted to further increase the PCE.

The CUSC can be seamlessly integrated with architectural glass by simply coat-
ing cascaded CLC films. This approach is superior to existing approaches, especially 



Page 9 of 12Zhang et al. PhotoniX            (2025) 6:20  

in terms of aesthetic quality and economic viability. Though the prototype with a 
1-inch-diameter active region directly drives a 10-mW fan, clearly revealing the great 
potential of CUSC-PVs. To scale up production, several improvements in materials 
and procedures need to be considered: (1) optimization on the CLC thickness, helical 
pitch and lateral period to increase both the reflectance and the photonic bandgap; 
(2) CLC films of opposite helical handedness can be integrated to further increase the 
PCE; and (3) development of roll-to-roll photopatterning for uniform, large-area fab-
rication. Although polymeric CLCs are intrinsically stable, UV-induced polymer aging 
and yellowing still need to be avoided to ensure the long-term durability under out-
door conditions. To reduce polarization dependent leakage in large-area waveguides, 
phase retarders should be introduced to properly control the circular polarizations 
inside the waveguide [35]. The promising CUSC design would be widely adopted in 
green buildings, agricultural photovoltaics and other emerging areas, matching well 
with the rapid urbanization and sustainable development of our society. It is expected 
to contribute to a global terawatt-scale green energy supply and reduce annual carbon 
emissions by billions of tons (Supplementary Note 5) [40].

Materials and methods
Materials

The photoalignment agent sulfonic azo dye SD1 (NCLCP, China) is dissolved in 
N,N-dimethylformamide at 0.3 wt%. The CLC mixture of the reactive mesogen 
RM257 (NCLCP, China), the chiral dopant R5011 (NCLCP, China), the photoinitia-
tor Omnirad651 (BASF, Germany) and the surfactant Zonyl8857A (DuPont, USA) is 
solved in propylene glycol methyl ether acetate (PGMEA). The helical twisting power 
of R5011 in RM257 is 108 µm−1 at room temperature. The concentration of R5011 in 
the precursor is adjusted to control the helical pitch of the CLC. The detailed weight 
ratios of the different constituents are presented in Supplementary Table  1. Archi-
tectural glass (Luoyang Guluo, China), norland optical adhesive 68 (Norland, USA), 
high-tack adhesive tape (3  M, USA) and strip Si-PV cells (Sunpower, USA) are all 
commercially purchased.

Fabrications

The ultrasonically cleaned architectural glass (10 × 10 × 0.5  cm3 or 4 × 4 × 0.5  cm3) is 
spin-coated with SD1 solution at 800 rpm for 5 s and subsequently at 3000 rpm for 40 s 
and then annealed at 100 °C for 10 min. The photoalignment film is exposed at a dose of 
5 J·cm−2 by circular-polarization holography with the setup shown in Fig. S3. A single-
longitudinal-mode laser (DLC HOLO-LITHO 405, Toptica, Germany) is adopted as the 
light source. The pitch-varied CLC layers are spin-coated for fourteen separate times, 
and the detailed processing parameters are presented in Supplementary Table 1. Each 
layer is UV cured (365 nm, 3  J·cm−2) in a nitrogen environment before the coating of 
the subsequent layer. Finally, a NOA 68 film is coated onto the top layer and UV cured 
to protect the CLC film. A 0.5 cm wide Si-PV cell is affixed to the edge of the CUSC via 
high-adhesive transparent tape, and the excess areas are masked by black tapes.
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Characterizations

Photographs are captured under the reflective mode of a polarization optical micro-
scope (Nikon 50i POL, Japan). Cross-sectional scanning electron microscopy (SEM) 
images is recorded via a field-emission scanning electron microscope (SEM MERLIN, 
Carl Zeiss, Germany). The angle-dependent reflectance/transmittance spectra of the 
CUSC are measured by an angular resolution spectral system (R1, Ideaoptics, China), 
where a standard aluminum mirror acts as an ideal reflector reference. The CP-depend-
ent energy division of the CUSC is characterized by a coherent continuous wave laser 
with a wavelength of 532 nm (JCOPTIX, China). The digital photographs are taken with 
a digital camera (EOSM, Canon, Japan). The total incidence and edge-transmitted power 
density from the CUSC are tested by an optical power meter (Thorlabs, USA). The pho-
ton flux of the light source is measured by a luminance meter (LS-160, China).

The J–V characteristics of the CUSC-PV device and the Si-PV are measured via a 
Keithley 2400 source meter over a voltage range of −0.2 V to 1.2 V in 0.04 V incre-
ments. Illumination (100 mW·cm−2, AM 1.5 Global) is provided by a solar simula-
tor (94023A, Newport, USA). The short-circuit current (ISC) and open-circuit voltage 
(VOC) under direct sunlight are recorded via digital multimeters (Fluke, USA). The 
external quantum efficiency (EQE) is measured at zero bias via an electrochemical 
workstation (Zahner, Germany) equipped with a chopper and TLS-03 monochroma-
tor spanning 365–1000 nm, as schematically illustrated in Fig. S14.

Numerical simulations

We simulate the configuration of the LC director via the Frank–Oseen elastic con-
tinuum model (Supplementary Note 3). The finite-difference time-domain (FDTD) 
simulations are performed via Ansys Lumerical FDTD software to analyze the opti-
cal properties of the CUSC on the basis of the LC director configurations. In the 
simulations, the ordinary and extraordinary refractive indices of the LC are set as 
no = 1.508 and ne = 1.678, respectively. The propagation of light in the range of 400–
800 nm within the CUSC is systematically simulated. The simulated optical fields are 
computationally overlaid with corresponding colors. Far-field diffraction analysis is 
employed to determine the reflection and dispersion characteristics.
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