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Fig. 1 Calculation results of relationship between central
wavelength of reflection spectrum and filling coefficient

based on analytic prediction model
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Table 1 Comparison of reported analytical model calculation results with experimental test results

Particle .Parliclc Measured A calculated Error calculated by
size D /nm A /nm by formula /nm formula / %
Tightly arranged SiO,*” 145 468 460 1.70
Sulfonated PS*" 178 605 608 0.49
Fe,0,@Si0,™" 150 (Cy5S55) 703 660 6.11
Fe,0,@Si0,™" 150 (C40S55) 711 686 3.51
Fe,0,@Si0, (this work) 120 (C,4Ss) 671 636 5.21
Notes: C represents diameter of core; S represents diameter of shell.
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Fig.2 Finite element prediction model. (a) Schematic diagram of finite element prediction model; (b) 3D finite element prediction

model; (c)-(e) cross sectional views of layer A, layer B, and layer C of face centered cubic (111) surface; (f) minimum element

finite element prediction model
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Fig. 3 Calculation results of reflection spectra of TE wave and

TM wave obtained by finite element model
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Fig. 4

Calculation results of reflection spectrum based on finite element prediction model. (a) Reflection spectra corresponding to

particle refractive index of 2. 4, 2.6, and 2. 8; (b) reflection spectra corresponding to solvent refractive index of 1.2, 1.4, and 1.6
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Fig. 5 Calculation results of reflection spectra based on finite

element prediction model
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Fig. 6 Calculation results of reflection spectra based on finite
element prediction model
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Fig. 7 Calculation results of reflection spectra based on finite element prediction model. (a) Reflection spectra corresponding to
transversal spacing of 200 nm, 220 nm, and 240 nm; (b) reflection spectra corresponding to longitudinal spacing of 200 nm,
220 nm, and 240 nm

() 60 (b) ©
—0—140 nm—=— 160 nm—*—180 nm
200 nm-—<—224 nm
X 40
)
Q
g
3
% 20
~
0 [ vl lh’;?n._“ 38 {‘;"’YL‘&
500 600 700 800
Wavelength /nm

8 T4 PR T I I AR Y A 52 S 3 e 3500 A S 45 R L (a) R T B4R N 120 nm AR [R] 9 18] 18] 5 X6 197 A9 52 5 5633 5 (b) 2 1) (7]
Sy 224 nm H KA 680 nm B 4 H 4345 5 (¢) G al B BE 4 224 nm HLi#E 4k 680 nm B (1) E_ 4347

Fig. 8 Calculation results of reflection spectrum and electric field distribution based on finite element prediction model. (a) Reflection

spectrum corresponding to different longitudinal spacing when particle diameter is 120 nm; (b) distribution of H, at wavelength

of 680 nm with longitudinal spacing of 224 nm; (¢) distribution of E. at wavelength of 680 nm with longitudinal spacing of
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Fig. 9 Schematic diagrams of sandwiched electrochromic sample model. (a) Before applying voltage; (b) after applying voltage
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Fig. 10 TEM results and HAADF-STEM results of fabricated Fe,0,@SiO, nanoparticles (all scale bars are 50 nm). (a) TEM image

of Fe,0,@Si0, nanoparticles; (b)-(e) distributions of oxygen, silicon, iron, and their fusion elements under high angle ring

dark field scanning transmission electron microscopy

3.3 HEHESEXENRERSITiR

X = B R 45 R 1 2 G A 5 R 0 L I O R,
WA R 1) R, sl mo v.2.5V.3.5 VI
TR B S R R s EASaR,
B 563 W 1E 11 (b) BF R, R8O B oD B K
671 nm 254k % 570 nm . 455 nm. 3% 5 [ 8(a) By &
gh R, G RN 2 iR o AR SCEEST A
P 7 T 00 A 780 1 FH 22 1 P BT 3 19 S 2 SR iR 3 A
8, AR EG T A BT OIS AR A S ST Y = 4k AT BR TR
RURAT (0 7 BT 5045 SR 5 SOk v i) 52 56 Il 45 SR o oy
— B, BERI N DX FAEZ ST AR, ALY (Y 15
T35 2275 BB 430 4 0. 49 %0 ~1.70% 0. 82%~1.49%,

FEIAH Y 5 2) % T A% 5T S5 K, 0 b AR AR (1 50 5% 24 Y15
3R 3.51%~6.11% .0.28%~1.34% ., A CH 7
B = 2 A PR 0SS R 0 5% 2 LR [ A R JROR Y
1/5.9,

T B HR  AR SCHE ST A BR oG 1 A AR 7E
ARG e P X — AR B TR B T
A4 VR A (R TR B B s S O 3 i (- 0k SR A L
Z R MK, WK 8(a) ira o Y K F | i
h 224 nm B, KOG 0 BRAE A 46. 6%, 1 & 11(b)
I 7 I 5 S R RS I IR AE AL R 5. 7% . X E
B2 vh G I DR 3 R A - 1) AR S ST A BR oG T
AU G R 25 A TR TC 7 45 4 X B T B S . SRR

0430001-6



445 E 4H/2024 F£ 2 B/RFEZIR

@7qu B B AR IR R A 2 % RG-SR R Y
gkl IR R A P 45 2R KRR TP RS I A R

JC PRI ASE AR ) B 1) B SR O 1 e 0 b 3 AT, T
B LS AR 1 2 2 O T b AR S5 Y RS G TS R
T2 0 AR ST (] B AL A0 4 e ) e R 4
Fa) 6 B2 33 D 1 52 ), DA N7 6 i B O i o U K R
(B 3 T A0 s o B R TN BB 7 0% A R oo 0 AL AR

Reflectance /%
N

1
L. L 2) 4 4 R Fe,0,@Si0, 48 K i T 3 4F 58 2 it 5
W gm0 SR | ELRLT 22 18] 1 R ~F — S0 0 A B AR 5 0% 4

JEE IR EARME G v . F — P R R T
5 SR A 98 KL T & SR 55 T B S BN KL T A9 45
14 58 SN R SE — Bk, A BE KR 33 K S 36 OG0 i
(E RTINS B8 77 A fF H0 1Y) 45 0 €, DT B 4 b il A2 S
P R JH 53K

BIIL i & 09 = BAYA A2 @AF S A TAAE R . ()0 V2.5 VA

3.5 VHLE N HMHK I A5 (b)0 V. 2.5 VRIS, 5 VIE
ORI 9 R O

Fig. 11 Test results of prepared sandwiched electrochromic
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Table 2 Comparison between calculation results of finite element model and experimental test results

. FEM Formula

Particle Si:;aglc/lsm M;a/:lr;ed FEMAC;:I;J]ated calculated calculated

) error / % error / %
Tightly arranged SiO,"*” 145 468 475 1.49 1.70
Sulfonated PS"*" 178 605 610 0.82 0.49
Fe,0,@Si0,*” 150 (C,Sy5) 703 705 0.28 6.11
Fe,0,@Si0,™" 150 (Cy0S25) 711 680 1.26 3.51
Fe,0,@Si0, (this work) 120 (C,,S.) 671 680 1.34 5.21
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Abstract
Objective  The formation mechanism of colors can be divided into two types: chemical color and structural color.

Structural color, also known as physical color, is a visual effect produced by the interaction between light and the

microstructure inside the material. Compared with chemical colors, structural colors have been widely studied and paid

attention to by researchers due to their advantages such as resistance to photobleaching, low-temperature sensitivity, and

low pollution. Tunable structural colors have good application prospects in dynamic displays, optical camouflage, and

other fields, becoming a research hotspot that researchers are committed to breaking through. Self-assembled technology

is an important means to achieve the structural color of photonic crystals, which is achieved by assembling monodisperse

organic or inorganic particles into ordered colloidal crystals to obtain the structural color in the visible light region.
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Responsive photonic crystals adjust the structural color by changing the lattice spacing of photonic crystals. This method
has the advantages of convenient tuning and wide tuning range and has achieved many distinctive application effects in
experiments. Researchers usually prepare particles of various sizes and then test the structural colors to select particles of
appropriate sizes. Although good experimental results have been achieved, this method of particle selection somewhat
lacks guidance and is time-consuming and labor-intensive. A high-precision theoretical prediction model is required to

guide the design of particle material and structural parameters, as well as the optimization range of tunable range.

Methods After summarizing typical experimental measurement data and theoretical calculation data of self-assembled
structural colors that have been reported, we compare and analyze the errors between the measured and calculated results.
We propose a finite element method prediction model based on face centered cubic three-dimensional photonic crystals. In
addition, we study the effects of parameters such as the refractive index of nanoparticles, solvent refractive index, particle
diameter, and particle spacing on reflection spectra. Based on the predicted model, Fe,O,@Si0, nanoparticles of optimized
size and an electrically-tuned device are prepared. The central wavelength of the reflection spectrum of the device is tested

and compared with the finite element method prediction model for verification.

Results and Discussions The calculation results of the finite element method prediction model indicate that the central
wavelength of the reflection spectrum of photonic crystals red-shifts with the increase in particle refractive index and
solvent refractive index. Compared with the refractive index of nanoparticles, the influence of solvent refractive index is
more significant (Fig. 4). The central wavelength of the reflection spectrum of photonic crystals will red-shift with the
increase in particle size (Fig. 5). The tuning range of the central wavelength of the reflection spectrum is mainly
contributed by changes in longitudinal spacing, while changes in transverse spacing have a negative effect (Fig. 7).
Optimized parameters are obtained by the prediction model. Nanoparticles of the optimized parameters are experimentally
prepared. The tested results are well consistent with the prediction, indicating that the central wavelength of the reflection
spectrum shifts in the range of 680 nm to 455 nm (Fig. 11). Compared with the analytical prediction model, our three-
dimensional finite element method prediction model has higher accuracy in predicting the central wavelength of the
reflection spectrum. For mono-core shell structures, the prediction error ranges of the two models are 0.49%~1.70% and
0.82%-1.49%, respectively, showing comparable performance. For core-shell structures, the prediction error ranges of
the two models are 3.51%-6.11% and 0.28%-1.34%, respectively. Our three-dimensional finite element method

prediction model reduces the typical prediction error value to 1/5. 9 of the original value (Table 2).

Conclusions We propose a finite element method prediction model for predicting the dynamic tuning characteristics of
reflection spectra of self-assembled photonic crystal structures in colloidal systems. Based on this model, we calculate and
analyze the effects of material and structural parameters on the tuning characteristics of the reflection spectrum. A set of
self-assembled photonic crystals that can cover the entire visible spectral range are designed and optimized for material and
structural parameters. Fe,O,@Si10, nanoparticles are synthesized with this optimized parameter as the target, and
sandwich-structure color-changing samples are prepared. The tested results are consistent with that of the finite element
method prediction model in terms of the central wavelength of the reflection spectrum. Experiments show that the finite
element method prediction model can accurately predict the central wavelength of the reflection spectrum of self-assembled
photonic crystals in colloidal systems. The model is simple with a wide range of applications, and the typical value of
prediction error is reduced to 1/5.9 of the original value. The prediction strategy based on this finite element method
prediction model helps to avoid the blind synthesis of nanoparticles, shorten the development cycle, and obtain the optimal
filling coefficient to ensure the implementation of a large tuning range. The improvement research of prediction models
should also focus on two aspects. 1) The self-assembled photonic crystal structure in colloidal systems may have the
characteristics of short-range order and long-range disorder, allowing it to obtain very little change in reflection color at
different incident angles. Therefore, finite element method models with higher accuracy prediction ability should also
consider introducing perturbation variables into the crystal structure sequence, to obtain a high matching degree of the
central wavelength, amplitude, and spectral width of the reflection spectrum between the prepared sample and the
theoretical model at different incident angles. 2) The structural perfection and size consistency of synthesized nanoparticles
need to be further improved to achieve high matching with theoretical models. The color display of high contrast also

requires the nanoparticles to have better ball shape and homogeneous size.

Key words spectroscopy; colloid system; self-assembled photonic crystals; dynamic electrochromic device; finite element

prediction model; central wavelength of reflection spectrum
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