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color. The color gamut displayed a 15% increment 
compared with a state-of- the-art OLED display be-
cause of the saturated green emission, which corre-
sponds to a wide color gamut up to 119% National 
Television System Committee (NTSC) or 123% Digital 
Cinema Initiatives-P3 (DCI-P3) standard.

In conclusion, Lin’s group demonstrated a novel spray 
method to synthesize highly emissive cubic-shaped 
NC, which are not merely scalable, highly stable and 
extremely emissive even in neat solid films, but widely 

Human-Made Photonic Crystals Superior to a  
Butterfly’s Wings
Human-made bioinspired three-dimensional gyroid-structured photonic crystals reflect de-
sired visible light in a range over the full visible wavelengths, which is superior to a butterfly’s 
wings found in nature. Through novel trapping of structural coloration (TOSC), unique flexi-
ble gyroid-structured reflectors were first-time and efficiently fabricated, possessing diverse 
performance for applications as energy-efficient window, sensor and optical device.

U nlike typical colors from pigments, photonic crystals from self-assembled biomaterials can exhibit a fantastic 
and brilliant structural coloration due to coherent reflection by inner long- or short-range ordered periodic 

microstructures, which formed more than 500 million years ago. Three-dimensional (3D) network-structured 
photonic crystals such as single and double gyroids, single and double diamonds, as well as 3D rod-connected 
amorphous diamond (RCD) microstructures have attracted much attention because of the ease of achieving a 
complete photonic bandgap that can implement the complete reflection of incident light in a desired wave-
length range without angular dependence or iridescence. In theory, the reflectance wavelength of the photonic 
crystal is similar to the dimension of the inner microstructure. For this reason a visible-wavelength photonic 
crystal (400–800 nm) should have a periodicity of its microstructure ranging from 133 to 267 nm based on an 
efficient refractive index (neff) 1.5. This periodicity for the 3D network microstructure is difficult to make by top-
down optical interference or lithographic methods. Difficulties in fabricating such a network microstructure with 
a periodicity matching the visible wavelength have prompted scientists to replicate self-assembled network 
microstructures found in nature. For example, butterfly wings (Fig. 1(a)) and macaw feather bards have been 

Fig. 3:  Illustration of the hybrid ccNC-OLED display. The 
spray-synthesized NC film was bar-coated on a thin glass 
substrate and the substrate was attached onto a cellular 
telephone with an OLED screen. [Reproduced from Ref. 2]

applicable in ccNC-OLED hybrid devices. The stable 
and highly emissive thin films also have properties for 
useful applications in optical-type sensors, bioimag-
ing and luminescent solar concentrators. (Reported 
by Hao-Wu Lin, National Tsing Hua University)

This report features the work of Hao-Wu Lin and his 
co-workers published in Adv. Mater. 30, 1705532 
(2018).

TLS 23A1  IASW – Small/Wide Angle X-ray Scattering 
•	 GIWAXS, GISAXS
•	 Materials Science, Perovskite Nano-crystals
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used as templates to prepare gyroid- 
and RCD-structured photonic crystals, 
respectively, by infiltration and back-
filling. This method is, however, mainly 
inefficient and incapable of preparing 
large-area photonic crystals for practi-
cal applications. 

Bioinspired from nature, Yeo-Wan 
Chiang and his group at National Sun 
Yet-Sen University thus conducted a 
bottom-up self-assembly method1 to 
fabricate bioinspired gyroid-structured 
block copolymer photonic crystals 
(Fig. 1(b)) that possess a functional, 
scalable and highly flexible nature, and 
have prospective use in displays, ener-
gy storage, waveguides, sensors and 
metamaterials. Using ultrasmall-angle 
X-ray scattering (USAXS) at TPS 25A 
allowed them to identify the bioin-
spired artificial gyroid microstructure 
from the self-assembly of block copo-
lymers (Fig. 1(c)). The periodicity of 
the gyroid microstructure was precisely 
determined with that USAXS, valuable 
for the design of a gyroid photonic 
bandgap. 

In general, to reflect visible light, block 
copolymers of ultra-large molecular 
mass (Mm) (Mm > 1,000,000 g/mol) 
having a periodicity corresponding 
to a visible wavelength must be syn-
thesized, but this chemistry is difficult. 
Also, achieving a varied reflectance 
wavelength requires synthesis of 
samples of variable ultra-high Mm, 
so being ineffective. Chiang first pro-

Fig. 1:  Gyroid microstructures found in (a) a natural butterfly’s wing and (b) an artificial block copolymer, polystyrene-block-poly(2-vi-
nyl pyridine) (PS-P2VP). (c) The corresponding SAXS profile of the gyroid microstructures (b) in the PS-P2VP sample, exhibiting 
gyroid reflections at q* ratios √6 : √8: √14. [Reproduced from Ref. 1]

Fig. 2:  TOSC to fabricate a solid gyroid PS-P2VP photonic crystal film exhibiting 
a structural coloration at a visible wavelength. (a) Initial colorless gy-
roid-structured film from spin casting. (b) Red solvated gyroid-structured 
film after immersion in ethanol. (c) Green solid gyroid-structured film after 
complete evaporation of ethanol. After the material is heated in state (c) 
at 110 °C, the green structural coloration disappears, exhibiting a revers-
ible and rapid structural color change. [Reproduced from Ref. 1]

posed a unique physical approach, different from chemical synthesis, 
namely the trapping of structural coloration (TOSC), through which 
solid-state 3D gyroid photonic crystals can be generated by self-as-
sembly (Fig. 2). Most importantly, only four simple steps, including 
preparing the block copolymer solution, fabricating an initial gyroid 
film with spin casting (Fig. 2), immersing the gyroid film as spun 
in ethanol (Fig. 2(b)) and evaporating that ethanol of the gyroid 
film into the atmosphere (Fig. 2(c)), are conducted in sequence to 
achieve this TOSC, revealing a facile and highly efficient method. In 
steps 1 and 2, the solvent is chosen to be neutral for both the PS and 
P2VP block so as to transfer a gyroid morphology of the bulk sam-
ple into the film state. When the initial PS-P2VP film is immersed in 
ethanol and becomes a solvated film as a result of the swollen P2VP 
chains, the periodicity of the gyroid microstructures in the solvated 
film is thus increased so as to reveal a red structural coloration (Fig. 
2(b)). The solvated film is eventually removed from the ethanol on 
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drying. When the ethanol concentration is sufficiently small during drying of the film, the solvated P2VP chains 
attain their glass-transition temperature and thus become glassy. Accordingly, the periodicity of the expanded 
gyroid microstructures of the solvated film can be fixed at a particular instant until drying is complete. The solid 
gyroid photonic crystal could consequently reflect green light (Fig. 2(c)). Moreover, this TOSC process is highly 
reversible. After the green gyroid film is heated at 110 °C, softening of the PS and P2VP chains causes a shrinkage 
of the gyroid periodicity, resulting in a reversion to an initial colorless hue (Fig. 2(c) and 2(a)). 

As mentioned, the duration to dry the ethanol is critical to trap the visible structural coloration. Through control 
of the diffusivity (Fig. 3(a)) and the diffusive distance (Fig. 3(b)) during evaporation, a gyroid block copolymer 
photonic crystal can exhibit a variable and desired structural coloration in the solid state with no need to intro-
duce an additive, which is already superior to a natural butterfly’s wing as we know. For example, an increased 
temperature (or diffusivity) and a decreased film thickness (or diffusive distance) for ethanol drying might 
promote the rate of evaporation of ethanol, giving smaller reflectance wavelengths. This human-made butter-
fly-shaped photonic crystal film made from a TOSC-featured PS-P2VP film also exhibited mechanical (bending) 
properties of great strength (Fig. 3(c)). This technique consequently appears to be promising for the fabrication 
of flexible optical materials.

In summary, Chiang and his co-workers developed this critical TOSC technique for the first time. TOSC facilitates 
the fabrication of a human-made solid gyroid photonic crystal featuring tunable and switchable structural co-
loration without a synthesis to alter the molecular mass. This concept should enable the mass production of 
large-area, visible-wavelength gyroid photonic crystal films; it appears to be applicable to the fields of optical 
communication, energy, light-emission, sensor and display. (Reported by Yeo-Wan Chiang, Nation Sun Yet-sen 
University)

This report features the work of Yeo-Wan Chiang and his co-workers published in ACS Nano. 12, 485, (2018).

TPS 25A  Coherent X-ray Scattering 
•	 XPCS, CDI, USAXS
•	 Materials Science, Biomaterials, Polymers, Chemistry, Condensed-matter Physics
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Fig. 3:  Reflectance spectra of TOSC-featured gyroid photonic crystal films (a) of thickness 1.6 μm after evaporation of ethanol at var-
ious temperatures, and (b) of varied thickness (0.6, 0.8, 1.6, 2.4 and 3.2 μm) after evaporation of ethanol at 25 °C. (c) Bending 
of a gyroid-structured photonic crystal thin film on a soft and transparent poly(ethylene terephthalate) (PET) substrate. [Repro-
duced from Ref. 1]




