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specific surface area, high biocompatibility, 
good chemical and thermal stability, facile 
surface functionalization, and photolumi-
nescent properties.[1,6–9] Much previous 
work has been devoted to understanding 
their growth by vapor–liquid–solid (VLS) 
mechanism on flat surfaces, especially, 
silicon (Si) wafers,[10,11] in which, the pre-
requisites for and mechanism of SiO2NW 
growth have been well explained. Silicon 
monoxide (SiO) vapor is generally pro-
duced at a substrate located under the 
growth site, resulting in a growth direction 
normal to the substrate surface. As many 
applications desire the growth direction 
parallel to the supporting substrate surface, 
much work has been devoted to obtaining 
such NWs, whereby nanoimprint lithog-
raphy,[12] growth along crystal facets at the 
substrate[13] as well as postgrowth assembly 
are used.[14] These methods however pose 
specific requirements to the surface, or use 
complicated manipulation techniques.[15]

The work presented here was the 
result of an accidental discovery. It is 

known that hierarchically hybrid structures with roughened 
surfaces,[16] high spatial surfaced textures[17] (e.g., wrinkles, 
nanowhiskers),[18,19] or multitier structures at different scales[20] 
are suited for applications such as high-scattering structures 
for dye-sensitized solar cells (DSSC),[21] superwetting,[22–24] 

A robust and facile method has been developed to obtain directional growth 
of silica nanowires (SiO2NWs) by regulating mass transport of silicon mon-
oxide (SiO) vapor. SiO2NWs are grown by vapor–liquid–solid (VLS) process 
on a surface of gold-covered spherical photonic crystals (SPCs) annealed at 
high temperature in an inert gas atmosphere in the vicinity of a SiO source. 
The SPCs are prepared from droplet confined colloidal self-assembly. SiO2NW 
morphology is governed by diffusion-reaction process of SiO vapor, whereby 
directional growth of SiO2NWs toward the low SiO concentration is obtained 
at locations with a high SiO concentration gradient, while random growth is 
observed at locations with a low SiO concentration gradient. Growth of NWs 
parallel to the supporting substrate surface is of great importance for various 
applications, and this is the first demonstration of surface-parallel growth 
by controlling mass transport. This controllable NW morphology enables 
production of SPCs covered with a large number of NWs, showing multilevel 
micro-nano feature and high specific surface area for potential applications 
in superwetting surfaces, oil/water separation, microreactors, and scaffolds. 
In addition, the controllable photonic stop band properties of this hybrid 
structure of SPCs enable the potential applications in photocatalysis, sensing, 
and light harvesting.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202001026.
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1. Introduction

Silica nanowires (SiO2NWs) have been applied in various fields, 
such as controllable superwetting,[1] optical device,[2] biomedi-
cine,[3] catalysis,[4] and sensing,[5] due to their advantages of large 
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catalysis,[25] sensing,[26] energy harvesting,[27] surface-enhanced 
Raman spectroscopy (SERS),[28,29] and tip-enhanced Raman 
spectroscopy (TERS).[30] We thus attempted to fabricate 
SiO2NWs on as-prepared 3D spherical photonic crystals (SPCs) 
as we produced in early work,[31] to obtain hierarchical struc-
tures with enhanced functionalities for specific applications. 
We patterned the SPCs made of silica nanoparticles (SiO2NPs) 
on a fused silica substrate which we subsequently placed on a 
Si wafer as a source of SiO vapor, and used high temperature 
annealing to cause NW growth by the VLS mechanism.[11] It is 
found that the NW morphology on 3D SPC surfaces strongly 
differed depending on the growth location with respect to the 
Si wafer. The obvious difference of our system with almost all 
the previous work[32] is that the SiO vapor reached the sample 
by lateral diffusion, while in the previous work[33] the NWs grew 
on a Si substrate and the SiO vapor reached the sample by dif-
fusion perpendicular to the substrate. We developed a theory 
based on the mass transport of SiO to explain the observed NW 
morphology and confirmed the theory by controlling the SiO 
concentration (C) and SiO concentration gradients (∆C) by var-
ying the distance between the sample and the SiO source. We 
furthermore confirmed the proposed theory by reproducing the 

SiO2NW growth on a flat surface and on other substrate mate-
rials than fused silica. Hereby, we provide a method to manu-
facture NWs with high controllability of morphology, showing 
high potential as superwetting materials and for catalysis 
support.

2. Results and Discussion

2.1. SiO2NW Growth on Au-Coated SPCs

The process is shown in Figure  1. The fabrication of two-tier 
SPCs has been reported in our previous work,[31] and more 
details are in experimental section. The produced two-tier 
SPCs were patterned as a monolayer on the surface of a piece 
of fused silica substrate (8  mm × 8  mm) after which a gold 
(Au) film was sputtered on this surface (Figure 1c). The fused 
silica substrate was subsequently placed in the center of a piece 
of Si wafer (2  cm × 2  cm) that functioned as the SiO source 
(Figure  2a). The stacked substrate was placed in a tube fur-
nace for thermal annealing under a continuous nitrogen (N2) 
gas flow containing 10 ppm oxygen (O2). This process induced 

Figure 1. Diagrams of SiO2NW growth on SPCs. a) Microdroplets generation via droplet microfluidics. b) Formation of two-tier SPCs. c) Au film 
deposition on the as-prepared two-tier SPCs and thermal annealing in N2 near a Si source to obtain different types of SiO2NWs such as d) directional 
growth of “rod-like” NWs and e) random growth of “flower-like” NWs. f) Stages of NW growth on a SiO2NP (close-up images of an SPC). Note that: 
the diagram in (d) and (e) represent the top-view morphologies of SiO2NW-SPCs, only showing the outer layer of SiO2NPs with NWs.
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the growth of SiO2NWs on the SPCs with varying morphology 
(Figure 1d,e).

The NW growth on the Au-coated two-tier SPCs can be sub-
divided into several stages. The close-up schematic diagram of 
Figure  1f shows the step-by-step process of a Au film dewet-
ting and NW growth, during the thermal annealing process. 
The thin Au film in the first stage dewets to form AuNPs on 
each of the SiO2NP (Figure S1a,b, Supporting Information). 
Subsequently, Ostwald ripening occurs by transfer of Au atoms 
from one AuNP to another by evaporation or surface diffusion, 
resulting in AuNPs of inhomogeneous size. Meanwhile, in the 
presence of the Si source, the AuNPs anchored on the SiO2NP 
nanopatterns serve as templates and catalysts for NW growth 
(Figure S1c,d, Supporting Information). At different locations of 
the SPC layer with respect to the Si source, obtained NWs show 
different morphologies (Figure 2). The following nomenclature 
is used to clearly outline the parameters for the fabrication of 
two-tier SPCs and SiO2NW on SPCs (SiO2NW-SPCs). In the 
notations of Au d @SPCn s

m W
SiO
z nm

2
 and T Au d @NW-SPCt h

x C
n s
m W

SiO
z nm

2

° , 
the variable z describes the SiO2NP diameter, m and n repre-
sent the Au film sputtering power and duration, and x and t are 
the thermal annealing temperature and duration.

2.2. Observed Morphologies of SiO2NWs on SPCs

On the basis of energy dispersive spectroscopy (EDS), Fourier-
transform infrared spectroscopy (FTIR), and X-ray photoelectron 
spectroscopy (XPS) analysis (Figure S2, Supporting Informa-
tion), we conclude that the NWs are composed of amorphous 
silica, and we thus termed them SiO2NWs. Figure 2a shows the 
top-view (left) and side-view (right) diagram presenting how the 
sample is stacked and positioned in the tube furnace chamber. 
Figure  2b presents a real sample after the thermal annealing 
process. Figure  2c shows the obtained morphologies of NWs 
on the SPCs after 10 h of annealing varied as a function of loca-
tion x relative to the edge of the fused silica substrate. NWs at  
x = 0 mm showed single “rod-like” structures parallel to the fused 
silica substrate surface (Figures  1d and  2c, at position i with  
x  = 0  mm, indicated by the red dashed rectangle), directed 
toward the substrate center regardless of the N2 flow direction. At  
x = 0.3 mm (Figure 2c, at position ii), the directional growth of 
NWs was not obvious, and the NWs had a small diameter. Here 
NWs were found to be clustered with several fine NWs ending 
in a knot. In the region of 0.3 mm ≤ x ≤ 7.7 mm, obtained NWs 
showed “flower-like” structures with multiple fine NWs ending 

Figure 2. Observed morphologies of the SiO2NWs on SPCs. a) Schematics of sample loading in the tube furnace. b) Photograph of the annealed 
sample taken after the high temperature annealing. The yellow dashed rectangle indicated the area of heavily etched Si wafer in close proximity to 
periphery of the sample. c) High-resolution scanning electron microscopy (HR-SEM) images of the NW morphologies on a fused silica substrate as 
a function of location (indicated by i, ii, iii, and iv in (b)). SiO2NWs observed at the location of i) the substrate edge (indicated by the red dashed 
rectangle), and away from the edge with x of ii) 0.3 mm, iii) 1 mm, and iv) 4 mm. Scale bars represent 2 µm and 200 nm (close-up images).
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in a knot (Figures  1e and 2c at positions of ii, iii, and iv). We 
found that the NW morphologies over the entire fused silica 
substrate were not affected by the direction of the N2 convec-
tion flow, as exemplified in Figure 2 and Figure S3 (Supporting 
Information).

2.3. Mechanism of SiO2NW Growth

The process of SiO2NW growth on the Au-coated two-tier SPCs 
under an oxidizing atmosphere is schematized in Figure  3a, 
and is based on the obtained experimental results and the VLS 
growth theory.[10,32–35] At the first stage of the process, the Au film 
deposited on the SPC-patterned fused silica substrate dewets at 
elevated temperature into individual AuNPs (l) (here l denotes 
liquid state) (step 1, Figure 3a,f). Au also partly evaporates and 
reaches the surrounding exposed Si surface by diffusion (step 
2, Figure  3a). At high temperature and in N2 atmosphere, the 
Au catalyzes etching of the exposed Si surface, producing SiO 
(g) vapor (step 3, Figure 3a). Experimental data (indicated by the 
yellow dashed square in Figure  2b and Figure S4, Supporting 
Information) indeed show that the surface of the Si wafer close 
to the substrate area had become heavily etched.[33] We con-
cluded from the slightly asymmetric etching pattern in the N2 
flow direction (Figure S4, Supporting Information) that the dis-
tribution of the Au reaching the exposed Si surface by diffusion 
was somewhat affected by the N2 convection flow. The etching of 
the Si wafer proceeds initially by the chemical reactions

SiO (s) Si(s) Au 2SiO(g)2 + � ���  (1)

Si(s) 1
2

O (g) Au SiO (g)2+ � ���  (2)

where (s) and (g) represent the solid and gaseous phases. It 
must be noted that the SiO2 (s) in reaction (1) stems from the 
native oxide layer on the Si, which we did not remove.

The produced SiO (g) vapor reaches the SPC-patterned sub-
strate by diffusion (step 4, Figure 3a). The liquid AuNPs (l) on the 
SiO2NP nanopatterns then serve as both templates and catalysts 
for NW growth as described by the VLS theory. First, the SiO 
(g) is adsorbed on the AuNP surface (step 5, Figure  3). Under 
a high O2 partial pressure as in our case, the SiO (g) diffuses at 
the AuNP surface to the VLS triple line (step 6, Figure 3), where 
it nucleates (step 7, Figure 3),[10,34] and is oxidized to SiO2 (s) by 
reaction (3) (step 8, Figure 3),[10] leading to SiO2NW growth

SiO(g) 1
2

O (g) Au SiO (s)2 2� ���+  (3)

The NWs grow between the liquid AuNPs and the SiO2NPs 
with one end attached to the surface of the SiO2NP and the 
other at the lower part of the AuNP (Figure 1f).[36]

2.4. Dynamics of SiO2NW Growth

To understand the dynamics of the NW growth process, we 
explored the evolution of their morphologies by investigating the 

specimens annealed for different durations. Figure 3b presents a 
schematic diagram of this process. Figure 3c–g shows HR-SEM 
images of the growth of T Au d @NW-SPCst

1100 C
15s
200W

SiO
300nm

2

°  for t of 
10 min, 1 h, 5 h, 10 h, 15 h, and 20 h, using the same manu-
facturing method as in Figure  2c. At t  = 10  min, a AuNP was 
observed located on the tip of each NW (indicated by the red 
arrow in Figure 3c) by the energy selective backscattering (ESB) 
detector, confirming NW growth by the VLS mechanism.[33,37,38] 
The AuNP at the NW tip gradually disappeared with increasing t.  
After annealing for 1 h, the AuNPs had already disappeared at 
x = 0 mm, while at this point in time, the AuNPs at a location 
of more than 0.3 mm away from the edge were still present. At 
locations more than 2  mm away from the edge, AuNPs were 
still visible after 5 h of annealing (Figure S5, Supporting Infor-
mation). It is indeed expected that AuNPs located near the sub-
strate edge evaporate faster due to the locally large diffusion 
gradient of Au vapor compared to those located further from the 
edge (Figure 3b and Figure S5, Supporting Information).

There were remarkable differences in NW growth at the edge 
and away from the edge. At the edge, it was found that the NW 
longitudinal growth stopped after 1 h (x = 0 mm, Figure 3b–g and 
Figure S6, Supporting Information). This can be interpreted by 
the disappearance of the liquid AuNPs at this point in time. Note 
that after 15 h of annealing, the single “rod-like” NWs showed 
a sudden decrease in length, which compaction we attribute to 
the coalescence/joining of preformed individual NWs.[39] The 
NW diameter at the edge subsequently linearly increased with t, 
representing lateral growth[38] as the NWs continue to be bathed 
in the SiO vapor (Figure 3e–i). However, at locations more than 
0.6  mm away from the edge, the NW diameter of the “flower-
like” structures did not significantly increase with annealing 
duration (Figure 3i and the inset). This can be explained by the 
locally low SiO concentration as will be explained in “SiO mass 
transport determined NW growth” below.

2.5. SiO Mass Transport Determined NW Growth

At the surface of the SPC-covered substrate, SiO is removed 
from the carrier gas to form SiO2NWs as described by chemical 
reaction (3) above. We assume (1) that the rate of NW forma-
tion is directly proportional to the SiO concentration. We also 
assume (2) that after a time which is negligible with respect to 
the duration of the experiment a steady state SiO concentra-
tion distribution is reached and hence that the SiO2NW growth 
rate during the first hour (longitudinal growth) is constant. The 
SiO flux during the longitudinal growth phase can therefore 
be derived from the experimental observations of a sample of 
T Au d @NW-SPC1 h

1100 C
15s
200W

SiO
300nm

2

° . Note that, both “rod-like” NWs 
growth and “flower-like” NWs growth show only longitudinal 
growth in the first 1 h. Assuming that at every location the SiO 
vapor flux toward the sample surface is entirely converted to 
SiO2NWs, we obtain

( )
4

( ) ( ) ( )

n

2πρ= ⋅ ⋅
∆

⋅F x
M

L x d x

t

N x

dA
 (4)

Here, F(x) (mol m−2 s−1) is the local SiO flux toward the SPC 
surface, ρ is the SiO2NW density (g m−3), and Mn is the molar 
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Figure 3. Dynamics of SiO2NW growth. Schematics of a) the entire growth process and b) dynamics of SiO2NW growth with increasing t at different x. 
(Note: the schematic diagram is a top-view and only shows the outer layer with NPs.) c–g) HR-SEM images of the SiO2NW-SPCs (scale bar: 2 µm) and 
close-up images (inset, scale bar: 200 nm) at x = 0, 0.3 and 1 mm. Red arrows in (c) and (d) indicate the AuNPs on the tip of NWs. Au d @SPC15 s

200 W
SiO
300 nm

2
 

were annealed at the same conditions for c) 10 min, d) 1 h, e) 10 h, f) 15 h, and g) 20 h. h) Diameter of NWs at the edge as a function of t, and linear 
fitting. i) NW diameter as a function of location for t of 1, 5, 10, 15, and 20 h. The inset graph shows the diameter at different x as a function of t. The 
measured data in (h) and (i) are from 20 measurements of each point.
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mass (g mol−1). A cylindrical shape is assumed for all NWs 
(either with “rod-like” structure or with “flower-like” structure), 
where L(x) is the NW length as a function of x, and d(x) means 
the NW diameter as a function of x. N(x)/dA is the location-
dependent number of NWs per unit area dA (m−2), which is a 
function of x. Herein, N(x)/dA = N* × NAuNP, where N* is the 
number of NWs stemming from one single AuNP, and NAuNP is 
the number of AuNPs per unit area according to the HR-SEM 
image in Figure S1d (Supporting Information). Measured data 
on NW length and diameter were obtained for several discrete 
locations xi after 1 h of growth, obtaining L(xi,1h), d(xi,1h), and 
N(xi)/dA, as listed in Table S1 (Supporting Information). This 
experimentally determined SiO flux for NW growth as a func-
tion of x is plotted in Figure  4a (black squares). The experi-
mentally determined flux was then fitted to a two-dimensional 
simulation of the N2 convection flow, SiO diffusion flux and 
SiO chemical reaction on the SPC surface by COMSOL simula-
tion (more details in the Experimental Section and “COMSOL 
simulation results” of the Supporting Information) with as fit-
ting parameters the area-averaged chemical reaction rate con-
stant k (m s−1) of NW growth and the SiO concentration above 
the Si wafer (C0). The fit indicated that the NW growth occurred 
in the mass-transport limited regime (Figure  4a). The mass-
transport limited regime occurs for k ≥ 10 m s−1, above which 
value for k the shape of SiO flux profile become independent 

of k. The fitted C0 was ≈2 × 10−5 mol m−3, which was about one 
order of magnitude lower than the value calculated for chem-
ical reaction equilibrium (1.75 × 10−4 mol m−3, the detailed cal-
culation of which can be found in the Supporting Information). 
It is worth noting that the experimental flux at x = 0 (indicated 
by black squares in Figure 4a) represents an averaged flux over 
a region with the length (≈15 µm) of a single “rod-like” NW, as 
in this region at the substrate edge boundary the SiO flux is 
strongly dependent on the location x (purple and blue curves 
in Figure 4a), and during the NW growth the movement of the 
AuNP toward the substrate center influences the flux (Figure S8,  
Supporting Information). Figure  4b shows the SiO concentra-
tion as a function of location x. The simulated SiO surface con-
centration (C) profile was found to be linearly proportional to 
the flux (F) profile, in accordance with assumption (4) above. 
Details on the COMSOL simulation can be found in the Experi-
mental section.

In Figure  4b and Figure S8 (Supporting Information) we 
show that at the edge the expected growth rate decrease in NW 
growth (over a length of ≈15 µm) is ≈30%, which is within the 
approximate nature of the calculation but could contribute 
to the fact that the experimentally determined flux at x = 0 is 
lower than the correspondingly simulated flux. On the other 
hand, the “flower-like” NWs growth is oriented normal to the 
substrate and hence these NWs do not experience a remarkable 

Figure 4. Mass transport determined SiO2NW growth on SPCs. a) Experimental (Exp.) and COMSOL-simulated SiO flux toward the surface as function 
of x at different k. b) Relative SiO concentration at the sample surface (C* = C/C0) as a function of x at k = 106 m s−1. c) Schematic depicting a difference 
in growth rate at two sides of a AuNP as a result of a gradient in SiO concentration, leading to a radius of curvature R. d) SiO concentration difference 
over 200 nm (∆C*/200 nm) as a function of distance x from the substrate edge.
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flux variation during growth, causing a better correspondence 
between the experimentally determined and simulated flux at 
locations more than 0.2 mm from the edge.

Because the NW growth occurred in the mass-transport 
limited regime, a very steep concentration gradient (∆C) of 
SiO occurred at the substrate edge, leading to the directional 
growth of single “rod-like” NWs. On the other hand, at the loca-
tions away from the substrate edge, NWs showed a nondirec-
tional growth resulting from the low concentration gradient 
(Figure  4a,b, and the discussion in the “COMSOL simulation 
results” section of the Supporting Information). For the “flower-
like” NWs, as we mentioned in Section  2.4, no clear increase 
in diameter was observed with annealing time. This can be 
explained by the simulated concentration profile as a function 
of x (Figure 4b), which shows much lower SiO concentrations 
at locations further than ≈0.6 mm away from the edge.

In summary, we found that both the SiO concentration gra-
dient and concentration determine the growth morphology of 
NWs. At the edge, with a large SiO concentration gradient and 
high concentration, directionally growing “rod-like” NWs are 
formed. Toward the substrate center, with a low SiO concen-
tration gradient and concentration, various NW morphologies 
were observed, as shown in Figures S9 and S10 (Supporting 
Information).

We now want to briefly consider the “flower-like” structures 
with multiple NWs attached to a single AuNP, which were 
observed toward the substrate center. Growth of multiple NWs 
from a single catalyst particle has been often observed,[37,40] 
and discussed, e.g., by Shalav et al. in ref. [10]. We find that the 
number of NWs connected to a single AuNP increases with 
decreasing concentration, with the high numbers of NWs per 
AuNP near the substrate center. An explanation can be given 
by assuming that SiO surface diffusion toward the triple line is 
the rate-limiting step. At high concentrations, the diffusion dis-
tance can be large while still providing sufficient flux, and the 
entire AuNP surface can contribute to the growth of a single 
NW. At low concentrations, the same flux to the triple line can 
only be maintained by a shorter diffusion distance. In this case 
growth of multiple small NWs on a single AuNP is expected.

2.6. Directional SiO2NW Growth on SPCs

On the basis of literature[34] and the previous discussion, we 
assume that the rate of NW formation (J(x)) is linearly propor-
tional to the SiO vapor concentration (C)

J(x) C(x)∝  (5)

At the substrate edge, C is a steep function of x, as experi-
mentally established by the NW growth rate and understood as 
to be due to the growth occurring in the SiO mass-transport lim-
iting regime. To achieve the NW growth, subsequent steps have 
to follow the SiO vapor mass transport, such as SiO adsorption, 
surface diffusion, nucleation at the triple line and oxidation to 
silica. The relative time scales of the SiO diffusion on the Au 
surface toward the triple line and the nucleation at the triple 
line play a critical role in inducing the directional growth: the 
nucleation rate needs to be faster than the diffusion rate. In 

that case the triple line namely acts as a SiO sink, causing the 
flux from the high C side of the AuNP to be larger than the 
flux from the low C side (Figure 4c), and hence causing the NW 
growth at the high C side to be faster. Additionally, a difference 
in SiO concentration at the triple line on the two sides could 
change the local interfacial energy, resulting in phase angle dif-
ferences between the two sides of the AuNP.[41]

As the formed AuNPs showed diameters of ≈200  nm after 
Ostwald ripening at 1100 °C (Figure S1, Supporting Informa-
tion), the SiO concentration difference over a distance of 
200 nm (∆C/200 nm) (according to the black curve in Figure 4b) 
is relevant, and plotted in Figure 4d. It predicts that the growth 
rate at the high C side will be ≈103.5% of the growth rate at 
the low C side. According to the proposed model (Figure  4c), 
the resulting radius of curvature R of the NW is ≈3 µm, which 
is ≈1.5 times larger than the experimentally measured radius 
of curvature ≈2 µm, from 20 measurements). Considering the 
simplicity of the model, this agreement is satisfactory. It must 
for example be noted that as the “rod-like” NW becomes curved 
and more oriented in the direction of the SiO concentration 
gradient, the concentration gradient across the AuNP becomes 
smaller. Also, the size of the AuNP decreases during the NW 
growth. Both factors, can explain why the actual curvature of 
the NWs is smaller than the predicted value by the simplified 
model. In future work, a transmission electron microscope 
(TEM) characterization of the angles between the AuNP and 
NW at the Au-NW joint would be very helpful to strengthen our 
proposed model.

We confirmed the proposed NW growth mechanism by suc-
cessfully attempting directional NW growth on a flat fused 
silica substrate (Figure S11, Supporting Information) as well as 
on other material substrates patterned with SPCs (Figure S12,  
Supporting Information). We also confirmed that SiO2NW 
morphology can be tuned by varying the distance of the SiO 
source to the SPC-patterned fused silica substrate (Figure S13, 
Supporting Information). Our conclusion thus is, that we have 
verified an approach to control the directionality of SiO2NW 
growth and the resulting structures by regulating the SiO mass 
transport. As a result, micro- and nanostructures could be cre-
ated on SPCs with specific functionalities. It will be of great sig-
nificance to create directional nanowire growth of other func-
tional materials to broaden applications. A possible approach 
to fabricate directional “rod-like” NWs on a large-scale area 
could be to prepattern the SiO source in a line pattern with a 
spacing of ≈200 µm in one dimension, to locally provide high 
concentration gradients. The resulting structures are expected 
to have anisotropic wettability with high potential for functional 
surfaces.[42]

2.7. Optical Properties of SiO2NW-SPCs

SiO2NW-SPCs, covered by high spatial frequency NWs 
(length: ≈16  µm, diameter: ≈100  nm, gaps: ≈50  nm) on peri-
odical SiO2NP arrangements, also possess photonic stop band 
(PSB) properties (side-view HR-SEM images, Figure  5a). 
Figure  5b shows the optical microscopy (OM) images and 
corresponding reflection spectra of two-tier SPCs con-
sisting of periodic SiO2NP arrangements and SiO2NW-SPCs  
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2 )( ° . The two-tier SPCs show Bragg 
diffraction with diverse structural colors.[43] The red shift of the 
Bragg diffraction with increasing SiO2NP diameter is thereby 
in agreement with previous reports.[44] The photonic crystal 
(PC) structure of SiO2NW-SPCs shows a blue shift of the Bragg 
diffraction peaks after high-temperature annealing, compared 
to the original two-tier SPCs. We attribute this to the nar-
rowing of the nanogaps between adjacent SiO2NPs during the 
thermal annealing on the one hand, and on the other hand to 
the growth of third-tier NWs. Both lead to an effective refractive 
index change by the variation of the volume fraction of silica 
and air, causing a diffraction peak shift according to the Bragg-
Snell equation.[43,45] It is worth mentioning that the decreased 
Bragg diffraction intensity of SiO2NW-SPCs compared to two-
tier SPCs, can be attributed to the decreased crystallinity of the 
periodic structures when a layer of NWs is capping the hemi-
spherical surface.[46] These SiO2NW-SPCs could potentially be 
applied as specific photonic codes due to their specific Bragg 
diffraction peaks and for optical devices owing to their light 
manipulation properties.[47]

2.8. Superwettability of SiO2NW-SPCs

Surface wettability can be well tuned by designing the topo-
graphical structure and modulating the surface chemical 
composition, thus achieving hydrophobicity, hydrophilicity, 
superhydrophobicity, superhydrophilicity, superoleopho-
bicity, and superoleophilicity,[48] which can be applied in self-
cleaning,[49] antifouling,[1] catalysts with high-efficiency,[50] 
quick sensing,[51] chemical detection with high sensitivity[52,53] 
and other fields. Herein, we demonstrate that the hierarchical 
roughness of SiO2NW-SPCs with micro- and nanofeatures 
can be used to create superwetting films. Figure 6 shows OM 
images of the advancing contact angle (θA), receding contact 
angle (θR) as well as the static contact angle (θ) on the per-
fluorodecyltrichlorosilane (FDTS)-coated films prepared from 
self-assembled two-tier SPCs (Figure  6a) and SiO2NW-SPCs 
(Figure  6b). A drop of water or oil (hexadecane with 0.1 wt% 

Red oil O) was deposited on these films for θ measurements. 
The film of FDTS-coated two-tier SPCs showed both super-
hydrophobicity and superoleophobicity with the water and oil 
contact angles of 155.3 and 136.6° (Figure  6a and Video S1,  
Supporting Information). It is interesting that the film of 
SiO2NW-SPCs without surface functionalization showed both 
superhydrophilic and superoleophilic properties, while the 
film of FDTS-coated SiO2NW-SPCs showed superhydrophobic 
properties with exceptionally low adhesion but superoleophi-
licity (Figure  6b and Video S1, Supporting Information). The 
FDTS-coated SiO2NW-SPCs showed lower adhesion to water 
than FDTS-coated two-tier SPCs, which can be attributed to the  
Cassie state[48] with more air trapped inside the NW space. The 
difference between the θA and θR of water on FDTS-coated 
films patterned by SiO2NW-SPCs is ≈1.4°, suggesting for 
potential application in mass transport[54] and self-cleaning.[49] 
Such a surface can also be used to enrich molecules with low 
concentration for ultratrace detection[55] of bio- and chemical 
molecules according to the contacting pinning-free evaporation 
when a water drop containing analytes is drop casted on its sur-
face. The specific wettability of the FDTS-coated SiO2NW-SPCs 
has been demonstrated for high efficiency oil–water separation, 
as shown in Video S2 (Supporting Information). As a conse-
quence, they can be easily and quickly reused and recycled after 
ethanol rinsing for sustainable usage.

3. Conclusion

Controllable SiO2NWs growth on SPCs has been achieved via 
high temperature annealing under an inert gas flow on a fused 
silica substrate that was placed in the vicinity of a SiO source. 
Directional NW growth was obtained, which can be understood 
from the VLS mechanism as well as SiO mass transport limi-
tations. At high SiO vapor concentration gradients, NWs grew 
directionally toward the low SiO concentration side, achieving 
well-aligned SiO2NWs parallel to the surface of the fused silica 
substrate. At low gradients, NWs showed nondirectional growth 
with “flower-like” structures. We can thus provide a robust 

Figure 5. a) Side-view HR-SEM images of a single SiO2NW-SPC with “flower-like” NW structure. b) OM images and the corresponding reflection 
spectra of the SPCs with different morphology. SPCs consist of SiO2NPs with diameters d of 200, 250, and 300 nm. Solid and dotted lines indicate 
two-tier SPCs and SiO2NW-SPCs, as shown in the schematics at the right-hand side. Scale bars: 20 µm.
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method to control the SiO2NW morphologies on SPCs by reg-
ulating the vapor phase transport. Our method can possibly 
also be of significance for controlling the growth direction of 
NWs of other materials. These SiO2NW-SPCs represent a new 
type of composite material featuring not only multilevel micro- 
and nanostructures, high spatial frequency and large specific 
surface area, but also photonic stop band properties and thus 
have high potential for catalysis, sensing and as superwetting 
materials. Compared to NWs grown on a flat surface, SiO2NW-
SPCs can be peeled off from the supporting substrate, which 
is convenient for practical applications. We furthermore dem-
onstrated superhydrophobicity with an exceptionally low adhe-
sion to water but also superoleophilicity to oil of FDTS-coated 
SiO2NW-SPC patterns for oil–water separation, resulting from 
the enhanced functionality of the hierarchical structures.

4. Experimental Section
Materials: Fused silica substrate (amorphous quartz glass, SiO2) was 

purchased from Plan Optik AG (Bitz, Germany). Si wafer (single side 
polished silicon (100) oriented P-type wafers, boron-doped, 5–10 ohm 
cm resistivity) was purchased from Si-Mat Silicon Materials (Kaufering, 
Germany). The Al2O3-coated Si substrate was prepared by reactive 
sputter deposition of ≈600 nm Al2O3 on a Si wafer, and Si3N4-coated Si 
substrate was prepared by low-pressure chemical vapor deposition of 
stochiometric silicon nitride (Tempress LPCVD System) with a thickness 
of ≈200  nm on a Si substrate. The Au target (purity ≥ 99.999%) was 
purchased from Kurt J. Lesker company. SiO2NP with different diameters 
(200 ±  10 nm, 250 ±  10 nm, 300 ±  10 nm) were ordered from Nanjing 
Rainbow Company (Nanjing, China). The N2 gas (purity ≥ 99.999%) 
was purchased from Nippon Gases (Vlaardingen, the Netherlands). The 
hexadecane (purity ≥ 99%) and Red oil O were both purchased from 
Sigma-Aldrich (the Netherlands).

SiO2NW Growth on Au-Coated Two-Tier SPCs: Two-tier SPCs with a 
close-packed periodical SiO2NP arrangement were fabricated through 
droplet microfluidics (Figure  1a) and colloidal assembly (Figure  1b) 

with high uniformity and high throughput. The typical size of the two-
tier SPCs was around 20  µm. These as-prepared two-tier SPCs were 
assembled as a monolayer on an amorphous fused silica substrate by 
drop casting. Then, a layer of Au film was deposited on the SPC pattern 
that had self-assembled, obtaining Au-coated two-tier SPCs. The Au 
film was deposited by a home-made magnetron sputtering system 
(T’COathy) at 200 W for different durations. Before drop casting the 
aqueous SPC suspension, the fused silica substrates were pretreated 
with oxygen plasmon (Plasma surface treatment system Cute, Femto 
Science, Hwaseong-Si, Korea) in order to obtain a clean and hydrophilic 
surface for preparing close-packed monolayer pattern.[56] Subsequently, 
Au-coated two-tier SPCs on a fused silica substrate were placed on the 
center of a piece of Si wafer (≈2  cm × 2  cm), and transferred into an 
alumina tube of a horizontal tube furnace for the annealing process. 
The thermal annealing process was performed with a program of 
1) increasing temperature from room temperature to 1100 °C with a 
ramp-up rate of 9.2 °C min−1, 2) stabilizing at 1100 °C for different 
durations, 3) passive cooling down to the room temperature. N2 gas was 
infused into the furnace at a flow rate of 20 L h−1 before the ramp-up 
process for 2 h to remove the remained O2 in the tube furnace, and 
continued till the end of annealing process. Such a process resulted in 
SiO2NW growth on 3D SPCs with diverse morphologies.

COMSOL Simulation Details: COMSOL Multiphysics Simulation 
Software 5.3a was used to simulate the concentration distribution 
of SiO vapor over an entire fused silica substrate (2  cm × 2  cm) with 
patterned SPCs. Two separate simulations in 2D were performed, where 
one was the SiO concentration distribution over the sample substrate 
along (parallel to) the N2 convection flow, the other simulation was 
perpendicular to the N2 convection flow.

The simulation of SiO concentration distribution over the sample 
substrate along the N2 convection flow took the convection into 
account. First, therefore, flow velocity inside the furnace should be 
simulated. For the N2 convection flow, a numerical simulation of the 
steady state Navier–Stokes equation (6) and the continuity equation (7) 
for a compressible flow were performed

ρ µ µ( ) ( )⋅ ∇ = −∇ + ∇ + ∇ ∇ ⋅1
3

2pu u u u  (6)

( ) 0uρ∇ ⋅ =  (7)

Figure 6. Superwetting behavior of water or oil on different FDTS-coated films. Measured θA, θR, and θ from films assembled from a) two-tier SPCs, 
and b) SiO2NW-SPCs on a fused silica substrate, and their corresponding morphology (HR-SEM images). Scale bars represent 2 µm in HR-SEM 
images and 1 mm in OM images.
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Here ρ is the density of the N2, p is the atmospheric pressure, μ is 
the dynamic viscosity, and u is the velocity vector. At the inlet of the tube 
furnace, a constant N2 flow velocity boundary condition was set at

= − 0Uu n  (8)

where U0 is the velocity at the entrance, (U0 = 2.84 mm s−1).
At the outlet, the boundary condition was set at

µ µ( )( )−∇ + ∇ + ∇ ∇ ⋅ =1
3

2
0p pu u n n  (9)

where p0 is the atmospheric pressure. At the walls of the tube furnace 
as well as on the surface of the sample, a no-slip boundary condition 
was set as u  = 0. The N2 convection transport and produced SiO 
diffusion transport were both considered in two dimensions for the 
SiO concentration distribution along the N2 convection flow. For the 
distribution of the SiO concentration, the convection-diffusion equation 
was used:

∇ ⋅ ∇ − ∇ ⋅ =( ) ( ) 0D C Cu  (10)

Here D is the diffusion coefficient of the SiO and C is the SiO 
concentration. For the simulation of the SiO concentration distribution 
over the sample substrate along the N2 flow, u calculated from the 
Navier–Stokes simulation was used. For the simulation of the SiO 
concentration distribution over the sample substrate perpendicular to 
the N2 flow, u was considered to be zero; therefore the N2 convection 
flow in this simulation was neglected.

For the simulation of SiO concentration distribution over the sample 
substrate along the N2 convection flow, at the inflow the boundary 
condition of C  = 0 was used, and at the outflow, the condition of 
−nD∇C  = 0 was used. For the simulation of the SiO concentration 
distribution perpendicular to the N2 convection flow, the convection 
contribution could be simulated as a height-dependent source term. 
However, as the simulated SiO concentration deviation caused by the 
N2 convection flow was negligibly small for the direction perpendicular 
to the convection flow, the N2 convection flow was neglected in the 
perpendicular simulation.

For both simulations, a no-flux condition was set on the walls of the 
tube furnace, the vertical sides of the sample, and the Si wafer. The SiO 
concentration at the surface of the Si wafer was set as a constant value. 
At the SPC-covered fused silica substrate surface, the flux condition 
of −D∇C  + uC  =  −kC was used as a boundary condition, with −kC as 
the chemical reaction rate. From F  =  −D(dC/dz), with z the direction 
normal to the substrate surface, F the SiO flux, and D the SiO diffusion 
coefficient, the SiO flux toward the sample surface could be obtained. 
The presented concentration mappings and the concentration profiles 
from the COMSOL simulations were dimensionless.

Scanning Electron Microscope: The morphology of the prepared 
two-tier SPCs and SiO2NW-SPCs were characterized by using a high-
resolution scanning electron microscope (HR-SEM, GeminiSEM 500, 
Carl Zeiss Microscopy GmbH) with a secondary electron (SE) detector 
or electron selective backscattered (ESB) detector, respectively. The ESB 
detector was used to identify the AuNPs, and the energy-dispersive 
spectroscopy (EDS) was used to analyze the ratio of the elements Si and 
O of the formed NWs.

Fourier-Transform Infrared Spectroscopy: The prepared two-tier 
SPCs and SiO2NW-SPCs were analyzed using a Fourier-transform 
infrared spectroscopy (FT-IR) under the absorbance mode (ALPHA 
FTIR Spectrometer, Bruker, Optik GmbH, Germany) in the region of  
400–4000 cm−1.

X-Ray Photoelectron Spectroscopy: X-ray photoelectron spectroscopy 
(XPS) of fabricated NWs was measured by using an Omicron 
Nanotechnology GmbH (Oxford Instruments) surface analysis system 
with a photon energy of 1486.7 eV (Al Kα X-ray source) and a scanning 
step size of 0.1  eV in neutralizer mode. The pass energy was set to 
20 eV. The spectra were corrected using the binding energy of C 1s of the 
adventitious carbon as a reference.

Optical Measurements: The reflection spectra of the two-tier SPCs and 
hierarchical SiO2NW-SPCs were captured by the bright field illumination 
using an optical microscope (Leica DM 6000M, Wetzlar, Germany), 
coupled to an optical spectrometer (Ocean optics HR4000, Ocean 
Optics Inc.), at normal incidence in ambient air environment. The used 
lens was 20 × (NA = 0.4) with a light spot diameter 1.1 mm. The bare Si 
wafer surface was used as a 100% reflection reference. The well-ordered 
two-tier SPCs on the substrate surface (with an area of 8 mm × 8 mm) 
and the surfaces (8  mm × 8  mm) patterned with SiO2NW-SPCs were 
used for the optical measurements.

Contact Angle Measurements: FDTS as a vapor phase was evaporated 
on the surface of the prepared substrate with self-assembled two-tier 
SPCs or SiO2NW-SPCs. A single water drop or oil drop (hexadecane with 
0.1 wt% Red oil O) with a certain volume (3–10 µL) was dripped gently 
on the FDTS-coated substrates. An interfacial tension meter OCA 15 Pro 
(Dataphysics, Germany) was used to measure the static contact angle or 
dynamic contact angle, including advancing contact angle and receding 
contact angle at ambient temperature. Each substrate was measured for 
five times at different positions to obtain the average value of wetting 
contact angles.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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