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Spherical photonic crystals (SPCs) with tailorable multi-scale structure, versatile surface 

morphology, and controllable optical properties of both photonic stop band (PSB) and surface 

plasmon resonance (SPR), have been fabricated using a robust and facile method. The 

fabricated SPCs consist of well-spaced gold nanocrystals (AuNCs) (3
rd

-tier) anchored on 

silica nanopatterns (2
nd

-tier) confined in microspherical templates (1
st
-tier). Droplet 

microfluidics is used to produce microdroplets containing silica nanoparticles (SiO2NPs) 

which assemble to form two-tier SPCs. Subsequently, three-tier SPCs are obtained by thermal 

dewetting and evaporation of metal films deposited on the two-tier SPCs, with the 3
rd

-tier 

morphology being controlled by the deposited film morphology and programmed thermal 

annealing. Optical PSB and SPR properties of the prepared SPCs can be on-demand tailored 

by the 2
nd

 and -3
rd

-tier morphology and their corresponding constituent materials. We find 

that the scattering from AuNC arrays on the SPCs can be amplified by tailoring the PSB 

properties. The hierarchical SPCs manufactured by this method takes advantages of low-cost, 

high controllability and further processability. We have demonstrated the manufacturing of 

flexible films encapsulated well-assembled SPCs as anticounterfeiting stamps, which are easy 

to be identified using the mobile phone with a flash. 

 

Keywords: spherical photonic crystal (SPC), droplet microfluidics, dewetting, periodic 

lattice, photonic stop band (PSB), surface plasmon resonance (SPR) 

 

1. Introduction 

Hierarchical structures with different length scales and/or multilevel patterns created by 

microscale patterning can improve the mechanical properties of materials including strength, 

stability, and flexibility, while nanoscale structuring can lead to augmented functionalities in 

optics (e.g. reflection, antireflection, diffraction, and scattering),
[1–3]

 physics (e.g. 
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superwetting and directional adhesion),
[4–7]

 and even biology (e.g. tissue scaffolds).
[8–11]

 

Therefore application of these structures can be found in photonics,
[12]

 electronics,
[13]

 

biology,
[14]

 and catalysis.
[15]

 

In particular, photonic crystals (PCs) possess periodic arrangements (on the order of the 

wavelength of light) of materials with different dielectric constants, being able to prevent 

light from propagating in certain directions at certain frequencies.
[16,17] 

As a result, they can 

create a photonic stop band (PSB),
[18]

 showing diverse structural colors. They have been used 

for manipulation, confinement, and control of light in three dimensions of space,
[19]

 being 

useful in bio-inspired coloring,
[20]

 photocatalysis,
[21]

 chemical and biological sensors,
[22,23]

 

and reflective displays.
[24]

 Slow light propagation is another specific property of these PCs.
[25]

 

Light can propagate with extremely reduced group velocities in the vicinity of the PSB,
[25]

 

thereby enhancing non-linear optical interactions,
[25]

 sensor efficiencies,
[22]

 and 

photochemical activity of the materials.
[26]

 

Generally, PCs in two- or three-dimensional periodicity have been fabricated via a top-

down approach
[27,28]

 (e.g. soft lithography) or a bottom-up approach
[19],[29]

 (e.g. colloid 

assembly). However, two-dimensional PC structures have angle dependent PSB limitations 

when compared to the spherical photonic crystals (SPCs) with high symmetric structure in 

three-dimension (3D). SPCs consist of periodically arranged nanostructures confined in 

microspheres with 3D symmetric property, and possess the advantage of a wide viewing 

angle which broadens their application area, for example, in optical materials/devices.
[23,30]

 In 

the past decade, droplet microfluidics has been developed to a powerful tool for fabricating 

3D SPCs
[31,32]

 with high uniformity and controllable structures by combining top-down 

droplet generation with bottom-up self-assembly of colloids. The produced uniform 

microdroplets will act as curved templates that offer precise control over the layers of the 
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assembled building blocks and thereby the resulting PSB properties,
[33]

 in contrast to the two-

dimensional colloid assembly at the interface.
[34]

  

Noble metal nanoparticles
[35,36] 

have also been used as building blocks for SPCs 

construction due to their exceptional optical properties and applications in various fields, 

such as metamaterials, nanophotonics, and biotechnology.
[37,38] 

Surface plasmon resonance 

(SPR) from noble metal nanoparticles originates from collective oscillation of conduction 

electrons when excited by electromagnetic radiation.
[39]

 As a result, these noble metal 

nanoparticles can resonantly absorb and scatter light, showing vivid colors under dark field 

microscope.
[40] 

The resulting colors depend on the shape and size of the nanoparticles and are 

influenced by the dielectric constant of the local surrounding medium as described by Mie 

scattering.
[40]

 Noble metal nanoparticles have been applied in surface-enhanced Raman 

spectroscopy (amplified localized electromagnetic field),
[41–43] 

biochemical sensors (high 

sensitivity to a change of the dielectric constant of the local environment),
[44]

 and catalysis 

(free mobility of surface electrons).
[45–47]

 

Although two-tier structures, for instance, core-satellite structures, consisting of organic 

(polystyrene particles) and inorganic particles (such as metal nanoparticles, silica 

nanoparticles (SiO2NPs)) have been reported using either chemical methods
[48,49]

 or physical 

methods,
[50]

 a few works have reported on three-tier structures with high periodic 

arrangements consisting of both a 3D PC structure and a 2D metal array. Chu et al.
[51]

 

reported the fabrication of free-standing chiral plasmonic films, consisting of well-assembled 

rod-like cellulose nanocrystals with randomly infiltrated Au nanocrystals (AuNCs), which 

exhibited coupling of the PSB and SPR modes. Zhang et al.
[52]

 reported a plasmonic material 

coupling a TiO2-based PC substrate to AuNCs using anodization and a photocatalytic 

reduction method. However, in these cases the distribution of AuNCs on the PC structure was 

random, and the number density of AuNCs did not have a high reproducibility, especially 
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when a chemical method was followed. Thus, controllable patterning of plasmonic materials 

on PC structures with high uniformity and reproducibility is highly desired, allowing to 

achieve designed hierarchical periodical structures with amplified functionalities. The two-

dimensional plasmonic arrays anchored on the top of PC structures also differs from the 

metal film coated two-tier PC microspheres, which showed obvious localized surface 

plasmon resonance (LSPR) resulted from the metal-covered sub-20 nm nanogaps.
[31] 

In 

addition, patterning of plasmonic materials on PC structures takes advantages of further 

processability, such as functionalization and transfer the obtained structures from a hard 

substrate to a soft substrate to broaden their applications.  

Therefore, in this work, we report a robust and facile method to fabricate SPCs with 

precisely tailorable multi-scale structures, versatile surface morphology, and controllable 

optical properties, by combining droplet microfluidics with metal thin film deposition and 

thermal annealing. Three-tier SPCs have been constructed consisting of well-spaced AuNCs 

(3
rd

-tier) anchored on well-ordered SiO2NP nanopatterns (2
nd

-tier) confined in microspherical 

templates (1
st
-tier). The 2D array of AuNCs (3

rd
-tier) is distributed evenly on each SiO2NP 

(2
nd

-tier) with exquisite control over size, number density and topography. These SPCs 

possess both PSB and SPR resonances, which can be controlled by varying the structural 

dimensions at different length scales and the constituent materials of the 2
nd

-tier and 3
rd

-tier 

for on-demand applications. These three-tier SPCs can be transferred to or encapsulated in 

flexible materials to obtain a designed colorful pattern for anti-counterfeiting, which is 

caused by the structure-enhanced optical properties. 

 

2. Results and discussion 

2.1. Fabrication of three-tier SPCs 
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The process for fabrication of three-tier SPCs, combining droplet microfluidics with metal 

thin film deposition and metal dewetting processes, is shown in Figure 1. Details of the 

fabrication process are described in the Methods section. The droplet microfluidics platform 

is excellently suited for the production of well-ordered hexagonal two-tier SPCs with high 

uniformity and controllability, as it produces monodisperse microdroplets that encapsulate 

metered amounts of SiO2NPs, and provide excellent spherical templates for the confinement-

induced assembly of the SiO2NPs. 

 

Figure 1. Schematic diagram of SPC fabrication process, combining droplet microfluidics 

with metal film deposition and thermal annealing. (a) Microdroplet generation via a droplet 

generator. (b) A two-tier SPC is formed via evaporation induced assembly of SiO2NPs, 

featuring well-ordered nanopatterns. (c) Au-coated two-tier SPCs are obtained by sputtering 

Au films on the as-prepared two-tier SPCs with different thicknesses, showing initially 

discontinuous Au films (c1) and subsequently continuous Au films (c2) distributed on 

SiO2NPs. Thermal annealing the Au-coated two-tier SPCs yields three-tier SPCs with various 
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surface morphologies including (d) multiple small AuNCs distributed uniformly on each 

SiO2NP, (e) one large AuNC anchored on each SiO2NP and small AuNCs encircled at the rim 

of SiO2NPs, (f) one large AuNC anchored on each SiO2NP, (g) one AuNC engulfed into each 

SiO2NP, and (h) one closed-end nanopore formed in each SiO2NP. 

 

2.2. Manipulating the 3
rd

-tier morphology of the SPCs 

By controlling the parameters (power and duration) of Au film deposition and thermal 

annealing process (temperature and duration), a variety of hierarchical structures of SPCs can 

be obtained, as summarized in Figure 1. In order to clearly label the parameters for the 

obtained SPCs, the nomenclature of      
   

T  h
    @SPC is used, in which, m and n describe the 

sputtering parameters of power and duration, respectively, x and y are the used thermal 

annealing temperature and duration, respectively. For instance,     
    

T h
     @SPC 

represents a SPC prepared by sputtering an Au film at 100 W for 5 s, and annealing at 800 C 

for 1 h.  

The morphology of a sputter-deposited Au film on a nanostructured surface with 

periodically arranged nanoparticles significantly differs from that on a flat surface, as shown 

in Figure S1 in the Supporting Information (SI). On the flat surface, the sputtered Au film is 

distributed evenly over the entire surface, gradually forming a continuous film with 

increasing sputtering power and duration. However, on the nanostructured surface, individual 

nanofilms form on each nanoparticle surface. At high temperature, the solid Au film can 

dewet into isolated nanocrystals driven by the surface capillary flow.
[53]

 The part of the 

nanofilm on the top of the nanoparticle thereby behaves differently from the part along the 

rim of the nanoparticle. Various 3
rd

-tier morphologies of AuNC arrays on SPCs can be 

obtained by high temperature annealing. Figure 2a shows an as-prepared two-tier SPC 

(Au0@SPC) which features well-ordered nanopatterns of 300 nm SiO2NPs as the 2
nd

-tier. To 
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optimize the shape and crystallinity of the formed 3
rd

-tier AuNCs on the 2
nd

-tier SiO2 

nanopatterns, we investigated the effect of the annealing temperature (Figure S2). We found 

that AuNCs with high crystallinity and regular disk (shape) were obtained by annealing at 

800 °C for 1 h in ambient environment. Therefore, in the following section, Au-coated SPCs 

are studied that were treated at 800 °C for 1 h.  

When sputtering a thin Au film (for example, at 100 W for 5s,     
    

@SPC, Figure 2b) 

onto the as-prepared two-tier SPC (Au0@SPC), discontinuous Au films with small grain size 

were obtained. By a subsequent annealing process at 800 °C for 1 h (    
    

T h
     @SPC, 

Figure 2c) in air without flow, this discontinuous Au film dewetted in multiple small AuNCs 

(3
rd

-tier), with approximately the same number density on each SiO2NP. The grain size of the 

discontinuous Au film can be increased by precise control over the sputtering parameters (for 

instance, at 200 W for 5 s,     
    

@SPC, Figures 2d and S3), after which the same 

annealing program resulted in relatively large AuNCs, distributed on each SiO2NP 

(    
    

T h
     @SPC, Figure 2e). On a further increase in Au film thickness, more than one 

patch of continuous Au film covered the top surface and a discontinuous film was obtained 

along the rim of each SiO2NP (     
    

@SPC, Figure 2f). On dewetting this resulted in the 

formation of multiple AuNCs with a random size distribution confined on top of each 

SiO2NP (      
    

T h
     @SPC, Figure 2g). Further increasing the Au film thickness 

(sputtering at 200 W for 15 s and 20 s) led to the formation of only a single thick continuous 

Au film on the top surface of each SiO2NP (red circles in Figure 2h and 2j), whereas the Au 

films at the rim of each SiO2NP remained discontinuous (blue arrows in Figure 2h and 2j). 

Dewetting of the continuous Au film resulted in a single large AuNC anchored on top of the 

SiO2NP, while dewetting of the discontinuous Au film along the rim resulted in multiple 

small AuNCs (for example,      
    

T h
     @SPC, Figure 2i and      

    
T h

     @SPC, Figure 

2k).
[53,54]
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The Au film completely covered each SiO2NP when further increasing the sputtering 

duration (Figures S4a-c), which resulted in the formation of one large AuNC of irregular 

shape and inhomogeneous size covering more than one SiO2NP after the thermal dewetting 

(Figures S4d-f). We expect that the formation process in this case is driven by favorable 

surface energy change when the Au detaches from the void-Au interface.
[53]

 From the above 

we concluded that the number density and size of AuNCs on each SiO2NP unit can be well 

controlled by tailoring the deposited Au film morphology in a straightforward and robust 

manner, with the potential to apply in surface-enhanced Raman spectroscopy according to the 

2D AuNC lattice on the PC structure.
[55]

  

The size and distribution of the obtained well-spaced AuNCs on the SiO2 nanopattern 

thus depends on both the Au film thickness and the size of the SiO2NPs. Figure S5a shows 

the diameter of AuNCs on top of each SiO2NP as determined from HR-SEM images. A clear 

increase is observed with sputtering power and duration, especially for the large AuNCs 

which contain most of the mass of the deposited Au. The edge-to-edge distance between two 

adjacent large AuNCs was also measured from the HR-SEM images as shown in Figure S5b. 

We have furthermore investigated the influence of the SiO2NP diameter on the diameter and 

edge-to-edge distance of obtained AuNCs (Figures S5c and 5d). An increase in the SiO2NP 

diameter enlarged the deposited Au film area, especially the continuous Au film area on top 

of SiO2NP. As a result, under the same thermal annealing conditions, larger AuNCs were 

obtained (Figures S5c and S6).  
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Figure 2. Au film thickness-controlled surface morphology of fabricated SPCs. Top-view 

high resolution scanning electron microscopy (HR-SEM) images of surface morphologies of 

various hierarchical SPCs. (a) A two-tier SPC (scale bar: 2 µm) assembled from SiO2NPs 

(300 nm in diameter), and an enlarged image showing the surface morphology of a single 

SPC (scale bar: 200 nm). (b-k) HR-SEM images (scale bar: 200 nm) of surface morphology 

of corresponding SPCs with Au films and well-spaced AuNC arrays before and after thermal 

dewetting. Au films prepared by sputtering at (b, c) 100 W for 5 s, (d, e) 200 W for 5 s, (f, g) 

200 W for 10 s, (h, i) 200 W for 15 s, and (j, k) 200 W for 20 s, respectively. The HR-SEM 

images were taken using the secondary electron (SE) detector, and the electron selective 

backscattered (ESB) detector – white color indicates the Au covered areas. The red circles 

indicate the areas coated with a continuous Au layer. Top-view HR-SEM images (scale bar: 

200 nm) of the three-tier SPCs with different surface morphology after dewetting (c, e, g, i, 

k), corresponding to the Au-coated two-tier SPCs in (b, d, f, h, j), respectively.  
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As the annealing temperature can affect the Au mass transport, further experiments were 

performed to explore the morphology of AuNC arrays by controlling the annealing programs 

while keeping the Au film thickness fixed at 200 W for 15 s. Figure 3 shows the schematic 

diagrams (cross-sectional view of the outer layer) and top-view HR-SEM images of the 

obtained three-tier SPCs with different surface morphologies. Figure 3a shows the surface 

morphology of an Au-coated two-tier SPC (     
    

@SPC) consisting of SiO2NPs 300 nm in 

diameter. As discussed above, annealing      
    

@SPC at 800 °C for 1 h resulted in a single 

large AuNC anchored on top of each SiO2NP surface and multiple small AuNCs at the rim of 

the SiO2NP (indicated by the red arrow in the top-view close-up HR-SEM image in Figure 

3b and the side-view HR-SEM image in Figure S7a for      
    

T h
     @SPC). In this 

experiment, air flow was employed to increase the Au mass transport from the tube furnace 

chamber to the outlet and a temperature of 1000 °C was chosen (close to the melting 

temperature of Au of 1064 °C).
[56]

 Annealing the      
    

@SPCs at 1000 °C for 10 h with an 

air flow rate of 250 L·h
-1

 resulted in complete evaporation of small AuNCs at the rims, thus 

leaving only one AuNC (diameter 122±4 nm) on each SiO2NP (     
    

T  h
      @SPCs, as 

shown in Figures 3c and S7b for the close-up side-view HR-SEM images, respectively). The 

resulting 3
rd

-tier AuNC arrays showed a hexagonal lattice, corresponding to the 2
nd

-tier 

SiO2NP nanopatterns, which shows potential applications in diagnostics when functionalizing 

the AuNCs.
[40]

 For example, secondary AuNCs can bind to the AuNC arrays of the 3
rd

-tier 

via biomolecules, resulting in a color change or spectral shift for biodetection with high 

sensitivity.
[57]

 Further increasing the annealing duration to 20 h at 1000 °C induced a 

significant decrease in the size of the AuNCs (diameter 51±5 nm). Meanwhile, AuNCs 

started to be engulfed into the SiO2NPs (     
    

T  h
      @SPCs, the close-up top-view HR-

SEM image in Figure 3d), accompanied by the formation of silica ridges (indicated by the 

red arrows in Figures 3d and 3e). This phenomenon has been previously described and 
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analysed by our group.
[56]

 The engulfment of AuNCs into the SiO2NPs with a certain depth 

can be explained by the Au-evaporation induced mass transport due to capillary forces.
[56,58]

 

When annealing at 1000 °C for 30 h, the AuNCs penetrated deeper into the SiO2NPs until 

they completely evaporated (     
    

T  h
      @SPCs), leaving closed-end nanopores (entrance 

diameter 47±3 nm) connected to the SiO2NP surface (Figure 3e). The cross-sectional HR-

SEM images in Figure S7c confirms the engulfment of AuNCs into SiO2NPs (indicated by 

the red arrow) and the existence of closed-end nanopores (indicated by the yellow arrow). As 

a result, an over thermal annealing process can result in complete evaporation of AuNCs in 

the nanopores. In this way, the size and depth of the formed nanopores was determined by the 

initial size of the formed AuNCs and the evaporation rate.
[56]
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Figure 3. Thermal annealing program controlled surface morphology of fabricated SPCs. 

Diagrams of fabricated SPCs with various surface morphology, and their corresponding HR-

SEM images for overall top-view SPCs (scale bar: 2 µm) and close-up details (scale bar: 200 

nm), as well as optical microscopy images (OM, scale bar: 10 µm) under bright-field (left) 

and dark-field (right) illumination modes. (a) An Au-coated two-tier SPC (     
    

@SPC). 

(b-e) Three-tier SPCs with different surface morphologies fabricated by annealing the 

     
    

@SPC under different thermal treatment parameters at (b) 800 °C for 1 h without air 

flow, 1000 °C with an air flow rate of 250 L·h
-1 

for (c) 10 h, (d) 20 h and (e) for 30 h.  

 

By controlling the Au film dewetting and evaporation on the as-prepared two-tier SPCs 

via the thermal treatment parameters, well-spaced AuNCs can be manufactured with high 

reproducibility in size, gap distance and geometric pattern. In comparison to the dewetting of 

Au films on flat surfaces (Figure S8),
[59]

 and other approaches for fabrication of AuNC 

arrays such as  physicochemical assembly,
[60]

 a specific morphology of deposited Au films is 

obtained, leading to well-spaced 3
rd

-tier AuNC nanoarrays with controllable density and 

patterns. These hierarchical SPCs evince various structural colors, as shown in Figure 3 (OM 

images in the last row), with high potential for application in anticounterfeiting and 

sensing.
[61]

 Although patterning of plasmonic materials with well-spaced arrays on a flat 

surface were also studied by electron beam lithography for displays in which the color was 

raised from SPR properties,
[62]

 it required expensive equipment and was time-consuming. 

Moreover, the patterned plasmonic arrays on the hard substrate was fixed, which was not 

flexible and also difficult to transfer to other substrate materials, for example, a flexible 

polymer film. 

We furthermore investigated the possibility of manufacturing the three-tier SPCs using 

different materials. A layer of TiO2 film was coated on the initial two-tier SPCs as an 
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alternative 2
nd

-tier surface material before depositing Au film. We then successfully prepared 

three-tier SPCs with TiO2-coated SiO2NPs (Figure S9). Platinum (Pt) was also deposited 

onto the two-tier SPCs as the 3
rd

-tier material instead of Au to obtain three-tier SPCs 

featuring PtNC arrays (Figure S10). These results prove that our approach is applicable to 

various material combinations, enabling on-demand preparation of SPCs with designed 

physical and chemical properties for a variety of applications, such as catalysis, light 

harvesting, and diagnostics.  

 

2.3. Optical properties of fabricated hierarchical SPCs 

Figure 4 shows OM images of freshly prepared two-tier and three-tier SPCs consisting of 

SiO2NPs with different sizes, and their corresponding reflection spectra under BF and DF 

illumination modes, respectively. We have to note that the reflection percentage of y axis in 

spectra is the observed intensity of the measured samples under BF and DF illumination 

modes, and in both cases, a flat silicon wafer was used as a 100 % reflection under BF mode 

(the details of optical measurements are described in Methods section).  

The Au films were prepared using the same parameters as in Figure 2, with all Au-coated 

SPC samples being annealed at 800 C for 1 h. It was found that the structural color of fresh 

two-tier SPCs changed from green to orange and red when the SiO2NP diameter (D) 

increased from 220 nm to 250 nm and 280 nm, under the BF (indicated by “No   ” in 

Figures 4a, c and e, and Figure S11a in the SI). For exploring the scattering of the AuNC 

arrays, the spectra of these fresh two-tier SPCs were also recorded under DF, showing a red 

shift with increasing SiO2NP diameter (indicated by “No   ” in Figures 4b, d, f, and S11b). 

We thereby found that the deviation of the measured reflected peaks between the BF and DF 

mode (Figures S11a and b) can be attributed to the angle difference of the light incident on 
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the sample between the BF and DF modes. The white light paths under the used BF and DF 

illumination modes are schematized in Figure S12.  

The structural color changes in both (BF and DF) modes can be attributed to a variation 

of the lattice spacing of the PC structures.
[23]

 An increase in the size of the SiO2NPs gives rise 

to a red shift in the reflection spectra of the fresh two-tier SPCs, as observed in both BF and 

DF modes. Note that, annealing the fresh two-tier SPCs at 800 °C for 1 h (the same annealing 

condition as in Figure 2), the Bragg diffraction of these annealed two-tier SPCs showed a 

blue shift compared to the fresh two-tier SPCs (Figure S13). This can be attributed to the 

narrowing of the lattice spacing after high temperature annealing. The measured Bragg 

diffraction peaks of these annealed two-tier SPCs increased from 476 nm to 562 nm and 586 

nm (indicated in the reflection spectra of Figure S13) with increasing SiO2NP diameter, 

which is relatively consistent with the calculated values of 488 nm, 555 nm, and 621 nm with 

a standard deviation (SD) of 2.45%, 1.25%, and 5.64%, respectively, using the estimated 

Bragg-Snell equation:
[63]

  

 2 222 -(sin )
3

  D neff
 . 

Here D is the diameter of the SiO2NP, neff is the average refractive index of the building block 

material, and θ is the angle of incidence of light with respect to the normal (under BF mode, 

assumed θ = 0°). The annealed two-tier SPCs containing the volumes of silica and air in one 

microunit possess close to a hexagonally close-packed arrangement. For a hexagonally close-

packed assembly corresponding to [111] plane of the face-centered cubic lattice, the volume 

fraction of the silica is approximately 0.74 with a void fraction of 0.26 confined in a single 

SPC.
[64]

 We think that the slight deviation between the measured and the estimated Bragg 

diffraction peaks is mainly caused by a small amount of disorder in the periodic lattices, 

resulting in a change of the volume fraction of silica and air in one microunit. This can be 

confirmed by the Bragg diffraction peak intensity in Figure S13, since the intensity of the 
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Bragg diffraction peak indicates the crystalline order confined in the periodic PC 

structures.
[33]

  

Compared to the fresh two-tier SPCs, three-tier SPCs showed both PSB and SPR optical 

properties (Figure 4), which are characterized by the BF and DF illumination modes, 

respectively. These three-tier SPCs were composed of SiO2NPs with diameters of 220 nm 

(Figures 4a and b), 250 nm (Figures 4c and d), and 280 nm (Figures 4e and f). When 

AuNCs were introduced, making the SPCs from a fresh two-tier structure to a three-tier 

structure, the Bragg diffraction peak showed a blue shift in both the OM images and the 

corresponding reflection spectra (Figures 4a, c and e) under BF mode. We attribute this 

mainly to the narrowing of the lattice spacing during the thermal annealing treatment. 

However, the Bragg diffraction peaks of three-tier SPCs do not show a significant change 

(indicated by the red dotted line in Figures 4a, c and e), when varying the 3
rd

-tier AuNC 

arrays starting from the multiple small AuNCs on each SiO2NP (    
    

T h
     ) to the 

hexagonal patterns comprising one large AuNC on top of each SiO2NP and smaller ones 

along the rim of each SiO2NP (     
    

T h
     ). Moreover, introducing the 3

rd
-tier AuNC 

arrays within the investigated range did not contribute significantly to neff (see detailed 

information in SI, the  ection of “Estimation of the neff of a three-tier SPC”), suggesting that 

the 3
rd

-tier AuNC arrays could not induce obvious change of Bragg diffraction peak. 

The absorption peaks observed at approximately 520 nm wavelength under BF mode are 

attributed to the light absorption by the AuNCs. The absorption frequency is in agreement 

with literature reports.
[40,65,66]

 This absorption gives the structural red color of these three-tier 

SPCs with varying surface morphology, as observed in the OM images and the spectra with 

enhanced reflection in the red spectral domain (Figures 4a, c, and e). Furthermore, we found 

that the PSB peaks and Au reflections of three-tier SPCs consisting of SiO2NPs with 

diameters of 250 nm and 280 nm overlapped in the red spectral region (blue to red curves in 
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Figures 4c and e). This suggests that the 3
rd

-tier AuNC arrays cannot influence the Bragg 

diffraction of the periodic structures, but that a synergistic effect of both PSB and Au 

reflection can be achieved by tailoring the Bragg diffraction. 

Under the DF mode, reflection peaks caused either by Bragg diffraction of the PC 

structures or by Au scattering of the AuNC arrays were observed (indicated in Figures 4b, d 

and f). We found that when the PSB (in blue spectral region) was located separately from the 

Au scattering (in red spectral region) (Figure 4b), the PSB is not influenced by the surface 

morphology of 3
rd

-tier AuNC arrays. The scattering plateau (from cyan to red curves in 

Figure 4b) or peaks (from cyan to red curves in Figures 4d and f) in the red spectral region 

result from the AuNC arrays. On excitation by incident light of the AuNCs, surface plasmon 

oscillations are damped non-radiatively by absorption due to the electron-photon interactions, 

and/or radiatively by resonant scattering
[67]

 For small AuNCs, only plasmon absorption 

occurs, whereas both absorption and scattering occur simultaneously on large AuNCs (larger 

than ∼50 nm in diameter)
[68]

 This is shown in Figure 4b (blue to red curves indicated by “   

 cattering”) for increasing AuNC size. No sharp scattering peak was observed in Figure 4b, 

which is attributed to the mismatch between the PSB of the periodic lattices (indicated by 

“PSB”) and the Au scattering peak (indicated by “    cattering”). However, Figures 4d and 

f do show an overlap of the PSB and Au scattering peaks at the red spectral region. The red 

shift of these overlapping peaks is caused by an increase in the AuNC diameter (Figure S14). 

A red shift of PSB peak can lead to an increase in intensity of this overlapping peak (for 

example, red curves in Figures 4d and f). We found that the PSB located in the red spectral 

region can enhance the scattering of AuNC arrays (Figures 4d and f). This suggests that the 

AuNC array scattering can be amplified by the PC structure due to the multiple and repeated 

light scattering confined in PC structures, when both are located in the same spectral region.  
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Furthermore, the optical properties were investigated of SPCs with 3
rd

-tier AuNC arrays 

with one large AuNC on top and multiple small ones along the rim of each SiO2NP, as well 

as those with a single large AuNC on top of each SiO2NP creating a well-spaced hexagonal 

lattice. Characterization was performed in ambient air (Figure S15) and homogenous 

environment (SPCs immersed in hexadecane with a reflective index of 1.43, Figure S16), 

respectively. We found a blue shift of SPCs from a structure with one large AuNC on top and 

multiple small ones along the rim of each SiO2NP to a structure with only a single large 

AuNC on top, when the PSB and Au reflection/scattering overlap in the red spectra region. 

Possibly, we attribute this to the synergistic effects of PSB and Au reflection, as well as a 

decrease in the AuNC size and an increase in the AuNC interparticle distance
[69]

 caused by 

the Au evaporation during the thermal annealing process. Again, we found an obvious red 

shift with increasing intensity of this overlap peak (Figures S15d and f), and we attribute this 

to the increased size of the formed AuNCs on the corresponded PC structures and a red-

shifting of the PSB peak. In summary, these fabricated three-tier SPCs show not only PSB 

(Bragg diffraction) properties resulting from the periodic arrangements in the underlying 2
nd

-

tier patterns, but can also exhibit SPR effects (absorption and plasmonic scattering) due to the 

AuNC arrays anchored on 2
nd

-tier of SiO2NP patterns. The key finding is that both the PSB 

and SPR resonances in this hybrid hierarchical SPCs can be precisely controlled by the size 

of SiO2NPs and the surface morphology of the 3
rd

-tier AuNCs to achieve the synergistic 

effects. 
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Figure 4. Optical properties of SPCs controlled by Au film thickness. BF and DF images 

( cale bar:    μm) of prepared fresh two-tier and three-tier SPCs consisting of SiO2NPs with 

diameters of (a, b) 220 nm, (c, d) 250 nm, and (e, f) 280 nm, and their corresponding 

reflection spectra obtained in (a, c, e) BF and (b, d, f) DF. The red dotted line indicates the 

PSB of PC structures, the black dashed line indicates the absorption due to AuNCs and the 

black dotted line indicates the Au scattering or overlapping peak of Au scattering and PSB. 

The three-tier SPCs were fabricated by sputtering Au films at 100 W for 5s, 200 W for 5, 10, 

15, and 20 s, on as-prepared fresh two-tier SPCs, followed by thermal annealing at 800 °C for 

1 h in air without flow.  

 

2.4. Demonstration of three-tier SPCs for anticounterfeiting 

We employed these hierarchical SPCs to fabricate flexible anticounterfeiting films, 

showing different structural colors (Figure 5). Figure 5a presents the fabrication process (see 
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details in the Methods section) of the flexible films with the “MES +” logo, showing diverse 

structural colors. The close-packed monolayers of two-tier SPCs containing SiO2NPs with 

different diameters are shown in Figure S17. The photographs of the obtained flexible films 

with „MES +‟ logos were captured using a smartphone camera (iPhone 6s, A1700) with and 

without a flash (Figure 5b). A patterned monolayer of hierarchical SPCs was embedded into 

a flexible film (cured poly(dimethylsiloxane) (PDMS)). A transparent area is obtained by the 

assembled two-tier SPCs as the refractive indices of PDMS (n = 1.4) and SiO2NPs (n = 1.45) 

are matched, while the “MES +” logo with diverse structural colors resulted from the AuNC 

array scattering of the three-tier SPCs. Without a flash, three-tier SPCs showed similar 

orange-red structural colors with a low contrast, though they consisted of SiO2NPs with 

different diameters. This agrees with the OM images and the corresponding reflection spectra 

(Figure 5c) under the BF mode. The spectra of the “MES +” logo collected under the BF 

showed the absorption of AuNCs approximately at 550 nm wavelength and the strong 

reflection of AuNCs in the red spectral region, which explains the structural colors of these 

“MES +” logo  tamp  that are similar to those captured under the BF mode (inset of Figure 

5c) and using the phone camera without a flash. When using a flash, these flexible films 

showed diverse structural colors with color saturation increasing with SiO2NP size. The 

reflection spectra and corresponding OM images (Figure 5d) show the structural color of the 

“MES +” logo, caused by the synergistic effect of the Au scattering and the PSB. We found 

that the scattering peak show a red shift and an increase in intensity with increasing SiO2NP 

diameter, since the diameter of corresponded AuNCs on the SiO2NP nanopatterns are 

increased. We attribute this again to the Au scattering enhancement caused by the PC 

structure, as explained in Figures 4d and f. Therefore, such flexible films embedded with 

different types of hierarchical SPCs can be applied as anticounterfeiting stamps and in the 

field of security according to the remarkable contrast difference of structural colors when 
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captured with and without a flash by the mobile phone camera. Video S1 (SI) demonstrates 

the flexibility of the obtained film. Moreover, due to the high symmetric geometry of the 

two-tier SPCs and the formed AuNCs (Figure S7a), these flexible films exhibits angle-

independent structural color (Figure S18). In addition, the flexible films manufactured by 

this strategy can benefit from its high mechanical and chemical stability, excellent scratch 

resistance and low photodegradation.
[62,70]

  

U ing the  ame fabrication method, the “MES +” logo, which composed of randomly 

distributed AuNCs of inhomogenous size and shape (Figure S19a), was created on a flat 

silicon (Si) substrate by Au film sputtering and dewetting and transferred to a flexible film 

(Figure S19). This “MES +” logo is hard to discern on the flexible film (indicated by the 

dashed orange line in Figure S19b), since the AuNCs formed directly on the Si substrate 

cannot be transferred to a flexible film because of their strong adhesion to the Si surface. 

Additionally, the structural color of “MES +” logo on Si   b trate captured with a flash is 

much weaker than the ones on the SPC structures, as demonstrated by the reflection spectra 

(Figure S19c). Under the DF mode, a broad scattering peak at approximately 640 nm was 

observed, a 10 times longer integration time than with the other specimens. In addition, the 

pattern  of “S NU” letter  filled with various types of SPCs showed a variety of structural 

colors when exposed to media with different dielectric constants (Figure S20). The structural 

colors are much more easily identified under the DF than BF mode, due to the enhanced 

scattering under DF; as a result, this obvious contrast could be used for information 

encryption in various fields. 
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Figure 5. Manufacturing of flexible anticounterfeiting stamps using the fabricated 

hierarchical SPCs. (a) Fabrication process of flexible film with “MES +” logo. (b) 

Photographs (scale bar: 5 mm) of the fabricated flexible film  with “MES +” logo showing 

different structural colors, which were embedded with two-tier and three-tier SPCs of 

     
    

T h
     @SPCs consisting of SiO2NP with different diameters, and captured using a 

smart phone with and without a flash. OM image  ( cale bar:    μm) and reflection spectra 

were obtained under the BF (c) and DF (d) modes.  
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3. Conclusion 

In summary, multitier SPCs with tailorable architectures and controllable optical properties of 

both the PSB and SPR have been achieved by a robust and facile method combining droplet 

microfluidics with metal film deposition and programmed thermal annealing. Two-tier SPCs 

were created by confined assembly of SiO2NPs in microdroplets produced by using a 

microfluidic chip. The 3
rd

-tier morphology of the AuNC arrays on the SiO2NP nanopatterns 

was produced by the dewetting and evaporation of Au films during a thermal annealing 

process. In this way, three levels of hierarchical structure can be integrated by (i) using 

microfluidics to create the 1
st
-tier micrometer-size spheres, (ii) nanoparticle assembly for 

defining the 2
nd

-tier nanopatterns, and (iii) deposited metal film dewetting and evaporation 

for generating the 3
rd

-tier AuNC arrays with high controllability and stable reproducibility. 

As a result, the structure-enhanced optical properties of both PSB and SPR can be well 

controlled, creating enhanced functionalities of the hierarchical SPCs. We have demonstrated 

the potential applications of the fabricated three-tier SPCs for anticounterfeiting and 

information security. The designed pattern consisting of these produced hierarchical SPCs 

can be easily identified using the mobile phone with a flash due to the created high contrast 

instead of the low contrast captured without a flash. The SPCs produced in this manner 

possess well-spaced arrays in both the 2
nd

-tier and 3
rd

-tier, providing a flexible platform to 

tailor the constituent materials of the 2
nd

-tier and 3
rd

-tier. These structures could be a high-

potential platform in areas where arrayed structures (i) can be evolved into nanowires via the 

vapor-liquid-solid mechanism,
[71]

 (ii) provide a point-of-care readout diagnostic device,
[22]

 or 

are employed to create template-based assembly processes in nanospace.
[72]

  

 

4. Methods 
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Materials. N-hexadecane (p rity ≥ 99%) and  orbitan monooleate (Span   ) a  a   rfactant 

were both purchased from Sigma-Aldrich (the Netherlands). Silica building blocks with 

different diameters (200 ± 10 nm, 220 ± 10 nm, 250 ± 10 nm, 280 ± 10 nm, and 300 ± 10 nm) 

were provided by Nanjing Rainbow  ompany (Nanjing,  hina). The    target (p rity ≥ 

99.999%) and Ti (p rity ≥ 99.99 %) target were both p rcha ed from K rt J. Le ker 

company. 

 

Fabrication of two-tier SPCs. A flow-focusing poly(dimethylsiloxane) (PDMS) microfluidic 

chip was used to generate monodispersed droplets (Figure 1a). The fabrication of this flow-

focusing PDMS microfluidic chip were reported elsewhere.
[31]

 The oil phase (continuous 

phase) was n-hexadecane containing 20 wt% Span80. A SiO2NP (300 mg·mL
-1

) suspension 

was used as the water phase (dispersed phase). The water phase was sheared off into 

monodispersed droplets by the oil phase. The generated droplets served as templates 

encapsulating a certain amount of SiO2NPs. Subsequently, these droplets were solidified by 

thermal evaporation in an oven at 60 °C overnight, yielding two-tier SPCs featuring well-

ordered and close-packed hexagonal nanopatterns (Figure 1b). The Bragg diffraction 

wavelength of the two-tier SPCs can be tailored by varying the size of the used SiO2NPs.  

 

Thermal annealing of the Au-coated two-tier SPCs. A piece of silicon (Si) wafer treated with 

oxygen plasma (Femto Science Cute, Femoto Science Inc, Hwaseong-Si, Korea) was used as 

a support substrate for drop-casting the as-prepared two-tier SPCs dispersed in deionized (DI) 

water. A monolayer of assembled two-tier SPCs was obtained by passively drying at room 

temperature. Subsequently, a thin Au film was sputtered on the patterned two-tier SPCs 

(Figure 1c), using an ion-beam sputtering system (home-b ilt T‟ Oathy  y tem, MES +, 

the Netherlands). The morphology and thickness of the sputtered Au films can be varied by 
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controlling the sputtering power and duration. These Au-coated two-tier SPCs were then 

annealed in a tube furnace (Nabertherm, Nabertherm GmbH, Germany) at 800 °C (ramp-up 

temperature rate of 13.3°C min
-1

) for 1 h, or at 1000°C (ramp-up temperature rate of 8.3°C 

min
-1

) for 10 h, 20 h or 30 h with an air flow of 250 L·h
-1

, and subsequently cooled down 

passively to room temperature. As a result, three-tier SPCs featuring well-spaced AuNC 

nanoarrays on the as-prepared two-tier SPCs were fabricated with various morphologies of 

the 3
rd

-tier (Figure 1d).  

 

Fabrication of flexible anticounterfeiting films. The as-prepared fresh two-tier SPCs were 

suspended in water and drop-casted onto a Si wafer to assemble into a monolayer. The Si 

wafer was treated with oxygen plasma to make the surface more hydrophilic in order to 

obtain a well-patterned monolayer of SPCs. Afterwards, the SPC suspension was drop-casted 

on it and left in air at room temperature for water evaporation. The microscale SPCs 

assembled on the Si surface during water evaporation to form a well-patterned monolayer 

arrangement (Figure S17). Subsequently, a shadow mask with “MES +” logo was applied 

on the surface of the as-patterned two-tier SPCs on the Si wafer, followed by sputtering an 

Au film. As a result, only the area of “MES +” was covered with the deposited Au film. 

Then this produced substrate was annealed at 800 °C for 1 h without air flow, resulting in 

different regions consisting of annealed two-tier SPCs and three-tier SPCs. Pouring a layer of 

liquid PDMS onto the surface of this substrate, baking it in an oven at 60 °C for 2 h, and 

peeling off the cured PDMS layer resulted in a flexible film with “MES +” logo,  howing 

different  tr ct ral color .  l o,   ing the  ame fabrication method, the “MES +” logo wa  

directly fabricated on a piece of Si wafer surface. Followed by pouring a layer of liquid 

PDMS and c ring proce  , the “MES +” logo cannot be tran ferred onto the flexible film. 
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Optical characterization. The droplet generation was monitored and video-captured using an 

optical microscopy (Leica DMI 5000M, Wetzlar, Germany) equipped with a high-speed 

camera (High-speed camera photron, fastcam SA3, Model 60K-M1, Motion Engineering 

Company, Westfield, the United States). The reflection spectra of the produced two-

tier/three-tier SPCs were recorded by using an optical microscopy (Leica DM 6000M, 

Wetzlar, Germany) under BF and DF illumination modes, respectively, matched with an 

optical spectrometer (Ocean optics HR4000, Ocean Optics Inc.), in ambient environment or 

in homogenous environment. The OM images and corresponding reflection spectra were all 

collected using 20 × (NA = 0.4) objective lens with a white light spot diameter of 1.1 mm. A 

flat silicon wafer was used as a reference with a 100% reflection under the BF mode, since 

the samples were on the silicon substrate. The silicon substrate fully covering a close-packed 

monolayer of produced hierarchical SPCs was used to collect the reflection spectra. The 

integration time was set at 100 ms, however, except that the case particularly was mentioned 

in the main text. The reflection  pectra of obtained flexible film  with “MES +” logo 

supported by a piece of clean Si wafer were measured using the same method. 

 

Scanning electronic microscopy characterization. The surface morphology of the produced 

two-tier/three-tier SPCs were characterized using a high-resolution scanning electronic 

microscopy (HR-SEM, GeminiSEM 500, Carl Zeiss Microscopy GmbH) with different 

detectors: secondary electron (SE), and electron selective backscattered (ESB). The electron 

backscattered signal was used to identify the SiO2NPs and the Au film/ AuNCs based on their 

contrast difference. The sample for cross-sectional view was prepared by using a focused ion 

beam (FIB) system (FEI Nova 600 Nanolab FIB, United States). 
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Three-tier spherical photonic crystals with multi-scale tailorable structures are fabricated via 

droplet confined colloid assembly and metal film dewetting method, showing tunable optical 

properties of photonic stop band and surface plasmon resonance. Their dual-tunability in 

optical properties achieved by the 2
nd

-tier silica nanoparticle patterns and the 3
rd

-tier 

plasmonic Au nanocrystal arrays, enables the application for constructing flexible 

anticounterfeiting films. 

 

 

 


