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A rapid and cost effective method has been developed to fabricate 3 dimensional (3D) ordered structure 
by photo generating silver networks inside a 1D layered heterogeneous lamination composing of 
poly(vinyl alcohol) (PVA) and poly(methyl methacrylate) (PMMA). By designing the photo mask 10 

meticulously, the silver nanoparticles (NPs) produced by UV light aggregate to form frameworks in 
different ways which perform as the anisotropic component, i.e. the building blocks thus convert the 1D 
structure into 3D. Formation of silver NPs increases the refractive index (RI) of PVA layers, thus brings 
optical change to the 1D laminar structure which allows us to trace the silver formation process by 
measuring the change of RI value and reflectance spectra. The 1D layered structure acts as a good 15 

building matrix for 3D construction for that the total number of layers and the layer thickness can be 
finely tuned flexibly which allow us further study the various properties brought by the structural 
modulation. By utilizing the photo-reactive silver ions, an innovative strategy of fabricating 3D structure 
through in-situ photo-generating silver building blocks inside the laminar matrix is settled, which make it 
possible for fabricating 3D micro/nano composite materials with potential applications in the fields such 20 

as sensor and photonic meta-materials. 

Introduction 
Inspired by the typical structures existing in nature creatures,1-5 
three dimensional ordered structure, of which the constituent 
component is orderly distributed in three dimension, has drawn 25 

much attention from researchers due to its special applications in 
manipulating the light propagation,6 cell differentiation7 and 
potential use in meta-materials.8, 9 3D structures consisting of 
self-assembly colloidal spheres will exhibit vivid and bright 
structural color10 which derived from the interference effects 30 

within their periodic distribution of the building blocks, while the 
3D structure containing unit cells which are much smaller than 
the wavelength of light will present many new and unusual 
optical properties.8 As the structure evolves, many new properties 
and applications are discovered and studied. Thus, constructing 35 

3D structures with different forms is highly required.  
High resolution top-down approaches as well as bottom-up 
technologies have been developed including electron-beam 
lithography,11 ion beam lithography,12 direct laser writing,13 and 
self-assembly14-18 to construct 3D structures in multiple scales. 40 

For instance, researchers have successfully fabricated various 3D 
patterns and networks to be used as cell guidance scaffolds,19 
tissue engineering matrix20 and biomimetic manufacturing.21 
Another category of 3D structures of great importance is the 

photonic meta-materials, which are man-made structures 45 

consisting of repeating periodic micro- or nanostructured 
metallodielectric building blocks. Since the first introduction 
around one decade ago,22 photonic meta-material have been on its 
fast evolution to smaller and more delicate.23, 24 By precisely 
designing the patterns’ shape, geometry, size, orientation and 50 

arrangement ahead of fabrication and combining the sophisticated 
top-down manufacture process, the photonic meta-materials 
possess novel electromagnetic properties such as negative 
refractive index, perfect absorption and negative magnetic 
permeability, which are not exist in nature.25 There are also 55 

previous reviews summarizing the fabrication methods of meta-
material.26-30 Among them, layer deposition technique which 
involves pattern making in single layer and subsequently stacking 
process is widely used to fabricate stacked 3D meta-material. 
However, there remain challenges in the construction of such 3D 60 

structure.31 One is the repeated stacking of unit cells to qualify 
the structure as a real material, the other is to realize various 
styles of the building blocks which has an obvious influence on 
the structure’s magnetic resonance frequency. Besides, the 
sophisticated technology and equipments involved in the 65 

fabrication process also increase the complexity and the cost. 
Hence, to exploit an easy and economical way to fabricate 3D 
ordered structure is of great importance.  
From the above-mentioned applications we noticed one thing that 
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in the cases both biology and photonic regulation, the 3D 
structures involve repeating patterned layer stacks, which are 
most likely a post-processed 1D layered structure. This enlightens 
us that whether we can fabricate a 1D heterogeneous layered 
structure at the first step, then convert it into 3D through post-5 

processing such as chemical reaction inside the layer stacks. 
Based on the analysis above, polymeric 1D layers and metal ions-
contained polymer films enter our field of vision. Previous 
studies prove that light-induced reduction of metal ions 
embedded in polymer films is effective and well-conducted.32-34 10 

Among them, in-situ reduction of silver ions is studied 
extensively by scientists for its mild reactive chemistry in solid 
phase.35, 36 Mills and coworkers develop a method to produce 
silver nanoparticles (NPs) and clusters in crosslinked PVA/PAA 
films.37 Ozin group incorporate silver NPs into the TiO2/clay 15 

layers to modify the photonic properties.38 Nesbitt et al. further 
study the experimental protocols, reaction process and 
morphology of photo-generated Ag NPs.39 Besides, silver ions 
embedded in polymer films can be selectively reduced to 
aggregate into different 2D and 3D structure possibly through 20 

combining with photomasks or direct laser writing technology 
which provides a route for photo-patterning.40, 41 Furthermore, Ag 
NPs presents high catalytic activity,42 anti-bacteria ability43 and 
other potential use such as in SERS for its characteristic of 
surface plasmon resonance,44, 45 which may bring new functions 25 

to the ordered structure. For the reasons we mentioned above, 
silver NPs can be utilized to form building blocks for 3D 
construction beginning with 1D layer structure as building matrix. 
In this paper, we first fabricated a polymer heterogeneous 1D 
layered structure doped with silver ions. By selectively reducing 30 

Ag+ in specific part of the 1D layered stacks, 3D networks of Ag 
were formed inside the structure making it turned out to be a 3D 
construction based on the heterogeneous polymer lamination, 
which is an exemplified combination of top-down and bottom-up 
fabrication. By increasing the refractive index (RI) of PVA layer, 35 

silver NPs strongly modified the optical properties of the 1D 
stack with an obvious photonic band gap (PBG) within 3 bilayers 
which provides us a chance to trace the silver reduction process 
by measuring reflectance and RI value of the composite film. 
Modulation of the structural parameters of the 1D matrix such as 40 

period and number of layers can be achieved, this further enables 
us the fine adjustment of the 3D structure. Finite-Difference 
Time-Domain (FDTD) simulation was also conducted to confirm 
our results. Our method realizes the successful combinatorial 
construction of 1D layers matrix and photo-generation silver 45 

building blocks to form 3D ordered structure which give 
possibilities to the potential applications in bioassays, SERS 
matrix and photonic meta-materials.6-9 

Results and discussion 
Building of 3D structure  50 

The process of constructing the 3D ordered structure is illustrated 
in Figure 1. Briefly, the 3D structure is fabricated by exposing the 
as prepared Ag+ doped 1D heterogeneous layer stacks to UV 
irradiation with pre-designed mask in which process that the in-
situ photo reduction of silver ions happen in specific area inside 55 

the laminar structure, leading to the formation of composite 3D 

polymer-silver NPs hybrid materials. Compared to traditional 
fabrication methods of building stacked 3D material which may 
involve sophisticated instruments or complicated process, our 
approach is to generate building blocks after the acquirement of a 60 

layered structure. The alignment of the building blocks belonging 
to different layers is achieved by the rectilinear propagation of 
UV light which is guaranteed by carefully selecting the 
irradiation source matching the scale of patterns to avoid the 
diffraction. Unlike the layer deposition technique we mentioned 65 

above, this method omits the time-consuming process such as 
aligning marker making, lateral aligning and planarization46.  

 
Fig. 1 Schematic representation of the construction of 3D structure 
derived from Ag ions doped 1D heterogeneous laminar stacks. 70 

Various building blocks can be produced by utilizing different 
photo masks. Layered stacks may support smaller periods and the 
distance between building blocks can be adjusted by changing the 
internal film thickness which we will discuss in detail in the 
following parts. Besides, we make the silver-contained sol ahead 75 

of film fabrication which affords an accurate control of the 
amount of metal ions in the film over large area. However, there 
are also limits in the utilization of such method. One is that 
because of the laminar character and unlike the direct laser 
writing producing 3D building blocks directly, this method is 80 

suitable to fabricate stacked 3D structure. The other is that the 
size of building blocks is limited by the mask and irradiation 
source. Apart from the disadvantages above, fabricating 1D 
layers ahead of producing building blocks still provide us an 
alternative way to construct stacked 3D structure. 85 

Zero-Valent silver NPs are formed during UV exposure 

To verify the formation of silver NPs during the UV exposure, 
samples exposed to UV light directly without masks are taken 
into tests. The reflectance spectrum of a 3-bilayer sample in 
initial state is shown in Figure 2a (black line). While after 30 min 90 

UV irradiation, an intense peak (around 76% reflectance for 1D 
layered stacks consist of 3 bilayers) is observed at 630 nm 
(Figure 2b, black line), the reflectance ranging from 400 to 500 
nm decrease dramatically compared to initial state. We suspect 
that as a high-refractive index value component, silver NPs 95 
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embedded in the PVA film bring optical change to the 1D layer 
system. The refractive index for PMMA and Ag+ contained PVA 
polymer layer is 1.474 and 1.481 respectively. The small 
difference between these two layers makes it difficult to achieve a 
photonic band within 3 bilayers.47, 48 However, the silver NPs 5 

increased the refractive index of PVA polymer films and the 
contrast between these two polymer films dramatically, thus 
satisfied all the conditions for being a typical one dimensional 
photonic crystal (1DPC) with an obvious photonic band. Strong 
absorption centered at 430-450 nm have been reported for silver 10 

contained PVA films,37 which may result in the reflection 
intensity decrease in the wavelength range of 400 to 500 nm. 
FDTD simulation was conducted here to confirm the 
experimental reflectance spectra (Figure 2a, 2b, red lines). The 
parameters (refractive index, film thickness, number of layers, 15 

component material, incident angle) we used are based on our test  

 
Fig. 2 Reflectance spectra of a 3-bilayer sample before (a) and after (b) 
UV irradiation (black lines). Red lines are corresponding calculated 
results by FDTD simulation. Insets are the photographs of the samples in 20 

corresponding state, the scale bar is 1 cm. (c) ex-situ absorbance spectrum 
of Ag NPs composite films, red line represents the sample before UV 
exposure while black line is the same sample after UV exposure, inset is 
the TEM image of the silver NPs formed inside the films. (d) Ag 3d XPS 
spectrum of the silver NPs embedded PVA films. Cross sectional SEM 25 

images of the 1D layer stacks before (e) and after (f) UV curing, insets are 
corresponding magnified images, the scale bar for inset images is 500 nm. 

results. Our experimental spectra (peak position and intensity) 
matched the simulation results very well except for the 
wavelength range of 400 to 540 nm in figure 2b which should be 30 

attributed to the difference between the simulation model and 
practical situation. In practice, the increase of RI value of PVA 
film is induced by the embedded silver NPs. However, in the 
FDTD simulation, we establish a model of high and low RI value 
distribution instead of a metal-polymer composite film, thus 35 

surface plasmon resonance (SPR) absorption is not taken into 

consideration. That is the reason why the reflectance intensity is 
stronger in the simulated spectrum (figure 2b, red line). The 
sample after UV exposure exhibits uniform and bright color 
(Figure 2b) compared to that without UV curing (Figure 2a) 40 

which should be ascribed to the strong reflectance around 630 nm. 
The polymer-silver NPs composite film was studied by an ex-situ 
measurement of absorption spectrum. The single film exhibits an 
intense absorption centered at 450 nm (Figure 2c) after UV 
exposure for 10 min under a mercury lamp (500 W, λ=365 nm), 45 

which resulted from the Ag0 particles SPR absorbance.37 The 
morphology of Ag NPs was characterized by TEM images. TEM 
samples were acquired from the same single film by immersing 
the quartz based PVA film into HF/H2O (volumetric ratio =1:9, 
caution: highly corrosive!) mixture for 10 s, and then lift up a 50 

small piece of the single film with a carbon support film. 
Monodisperse silver NPs with an average diameter of 10 nm were 
observed (original TEM image is shown in figure S2). In 
comparison to the particles in aqueous solution, the movements 
and aggregation of NPs were confined in the solid film. This 55 

contributes to the monodispersity of the silver NPs. The X-ray 
photoelectron spectroscopy (XPS) Ag 3d spectrum of the Ag-
contained PVA composite films were analyzed which further 
confirmed the reduction to form Ag0. As shown in Figure 2d, the 
binding energy of the Ag 3d was observed at 368.25 eV and 60 

374.25 eV with a spin energy separation of 6.0 eV which would 
correspond to Ag (0), indicating that the silver ions are mostly 
reduced to metallic silver nanoparticles during the UV 
exposure.49 The cross sectional structure of the 1D laminar stacks 
before and after UV curing was shown in Figure 2e and Figure 2f. 65 

There were sharp interfaces between the layers representing a 
typical morphology of a 5 double-layer stacks. Film thickness of 
PVA and PMMA layer was 142 nm and 53 nm respectively, 
which are in accordance with the results measured by surface 
profiler and auto-laser ellipsometer. The choice for solvents is 70 

crucial for the successful building of the 1D multilayer structure, 
as we mentioned in the experimental part, we should always 
avoid the mutual dissolution and penetration between different 
layers. Ag NPs embedded in PVA films were clearly shown in 
Figure 2f. The size of the particles embedded in bottom layers is 75 

relatively larger than those in the upper layers, this can be 
explained by the nucleation and crystal growth theory.50, 51 The 
growth typically follows an initial stage of nucleation, the amount 
of the nucleus formed in the upper layers is larger than that in the 
bottom layers for the UV light need to penetrate the upper stacks 80 

to reach the bottom ones which resulted in the size increase from 
the surface to the inner layers. 

Silver networks are obtained after UV curing under 
photomask 

The photo reactive silver ions inside 1D layered heterogeneous 85 

structure open a new way to build 3D network structure. Making 
use of the chemical reaction of Ag+ under the external UV light,52 
3D structure was obtained instead of sophisticated physical 
management. By selectively reducing the Ag+ in specific part, 
different frameworks were formed according to the pre-designed 90 

photo mask. As can be seen from Figure 3a, stripped pattern with 
the size of 10 micrometer (μm) was observed under microscope. 
During the exposure, the sample protected by the mask remained 
the initial state, while the part without protection converted to 
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zero valence Ag which changed the optical properties thus made 
the color contrast. With the same method, we also produced dots, 
concentric annulus, triangles and English letters on our samples. 
The size, shape and interval distance all can be modulated by 
previous designing of the photo masks. The smallest part of the 5 

letter K in the word key (Figure 3e) is 8 μm while the thinnest 
part in letter D in DNA (Figure 3f) is 2μm which indicates that 
we can precisely modulate the pattern size in minimum scale 
around 5 micrometer. Besides micro pattern fabrication, we also 
write macro letters by UV light in this multilayer matrix (Figure 10 

S1). JLU was written in a 2×2 cm silicon substrate and the 
reflectance spectra of the letter and blank space was measured 
respectively. The part exposed to UV light formed the JLU 
pattern through Ag0 generation which produce photonic stop band 
centered at 600 nm. The cross sectional SEM measurement was 15 

conducted along the border of the adjacent letter and blank space. 
As can be seen in Figure S3, there is obvious difference in the 
amount of silver NPs along the  

 
Fig. 3 a) Micrographs of the sample with a) stripe, b) dot, c) concentric 20 

annulus, d) triangle and e-f) English letters from top view, scale bar are 
all 200 μm except for Figure 3a is 100 μm. 

fracture surface, which we defined as NPs barren and NPs rich 
part. The NPs rich part belong to letter J while the NPs barren 
part belong to the neighbouring space which protected by the 25 

photomask. Previous study by Mills and co-workers reported that 
silver ions can be reduced by PVA in dark,37 which explains why 
even with the shield of photomask, the silver ions are partly 

reduced in NPs barren region. However, the UV light accelerate 
the reduction process thus forming the NPs rich part. The 30 

difference in reaction rates also clearly verified the effectivity of 
modulating UV light to produce silver networks in selective part  

 
Fig. 4 a) Schematic illustration of the inner structure derived from a 
sample exposed to UV light with a stripe mask, b) Cross sectional SEM 35 

image of a illustrational sample with stripes pattern. It appears periodical 
smooth and wrinkle morphology which corresponds to the photo mask we 
used. 

of the 1D matrix. However, the silver ions remaining in the part 
with protection of photomasks may be reduced slowly when 40 

exposed to daily light. Even though this is a slow process when 
compared to the reduction under UV exposure, it may lead to the 
degradation of the as-prepared silver networks which is a 
problem remained to be solved. A possible solution is adding a 
rinsing step after UV exposure to release the silver ions 45 

embedded in the polymer films. Considering that PVA film is 
hydrophilic, water may infiltrate and then dissolve the ions which 
is similar to a process described in a previous study.53 However, 
this needs more experiments to further verify and avoiding 
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further damage to the PVA films. The distance of zero-valence 
Ag belonging to different PVA layers also can be modulated by 
changing the thickness of PMMA layers, which we will discuss 
in the following parts.   
Figure 2f verifies that the UV light can penetrate the whole stacks 5 

and reach the bottom layer to conduct silver ions reduction which 
indicates that the patterns we get above are not confined to the 
surface. Here, we take the sample with stripe pattern for example 
to study the morphology inside the structure. For preparing the 
SEM sample, a photo mask with 30 μm transparent and 50 μm 10 

opaque region was utilized, and to match the scale of the mask, 
we specially fabricated a 1D structure with thicker layers (PVA 
415 nm, PMMA 125 nm). Figure 4a shows the illustrational  

 
Fig. 5 a) Time-dependent reflectance spectra of the silver doped laminar 15 

stacks. b) Time-dependent change of reflectance intensity, inset is the 
increase of refractive index of a single composite film during UV curing. 

process of the formation of silver building blocks. Zero valent 
silver NPs formed after exposed to UV light and then aggregate 
according to the mask’s shape. Corresponding cross sectional 20 

SEM image of the as prepared sample is shown in Figure 4b. It 
appears periodical smooth and wrinkle morphology along the 
fracture surface and the difference between these two parts is so 
obvious that it could be easily identified. This should be ascribed 
to the mechanical property change brought by the Ag NPs. 25 

Because of the ductility of the polymer, the edges of the polymer 
tended to stretch after fracture, while for the body containing 

silver NPs, the rigidity increased which contributed to the sharp 
interfaces. The length of smooth and wrinkle part is 30 μm and 50 
μm respectively which correspond to the photo mask. For smaller 30 

stripes with 10 μm alternatively distribution, the cross sectional 
SEM images was shown in Figure S4. The same morphology of 
periodical wrinkle and smooth distribution was also found which 
correspond to the size scale of the mask. The part without 
protection of photomask exhibited smooth morphology after 35 

breakage, while the adjacent polymer layers were stretched and 
then curled. Our method produced metallic silver belonging to 
different layers from top to bottom in one step which is easy to be 
put into mass production. The rectilinear propagation of UV light 
ensures the aligning of the building blocks in different layers 40 

instead of making alignment marks. Selecting proper irradiation 
source according to the principle of light diffraction is also 
crucial for getting matched scale 3D networks. 

Tracing the silver photo generation process 

To understand how the UV curing time affects the silver 45 

reduction process, we analyze the reflectance spectra and the film 
RI value as a function of the UV exposure time. Starting from the 
Ag+ doped 1D ordered layers, the reflectance intensity increased 
dramatically after 70 min UV exposure from 55% to 85%, as 
shown in Figure 5a, and the position of Bragg peak was located at 50 

670 nm at last. When compared to the initial state, the position of 
the stop band blue-shifted which resulted from the broadening of 
half-peak width.54 The band width can be calculated by the 
following equation: 

lh

lh
Bragg nn

nn
W

+
−

= λ
π
4

 55 

where W is the band width, λBragg is the peak position, nh and nl 
are the refractive index of high-index and low-index layer 
respectively. As mentioned above, silver NPs increased the 
refractive index (nh) of PVA layer, thus increased the value of 
(nh- nl)/ (nh+ nl) resulting in the broadening of the band width. 60 

Figure 5b shows the time-dependent change of the reflectance 
intensity marked by ΔR/R, where the value of ΔR was defined as 
the real time reflectance minus the initial reflectance (R). The 
refractive index of the silver composite single film under UV 
irradiation for various time was shown in the inset of Figure 5b. 65 

At the beginning, the reflectance intensity increased linearly, after 
45 min UV exposure, it reached a plateau which is in perfect 
agreement with the rising trend of the single film’s RI. The silver 
composite single film absorption was measured (Figure S5), the 
intensity of absorption increased with the exposing time. At the 70 

beginning, it increased very fast until it reached 20 minutes, 
which is in good accordance with the change of RI value. The 
increase of the film absorption verified the rising amount of silver 
NPs and more NPs brought higher refractive index of the 
composite film, which resulted in an obvious photonic band. This 75 

explains very well that the changing trend of reflection intensity, 
RI value and absorption intensity matches one another. In order 
to study whether there is difference between the percentage of 
silver as reduced metal in top and bottom PVA layers, a group of 
multilayer samples on quartz glass substrate were prepared. The 80 

results are shown in Figure S6 from which we can see that after a 
certain period UV exposure, most of the silver ions in the 
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multilayer structure including those embedded in bottom PVA 
layers are reduced to zero-valent silver metal. 
Next, the reflectance spectra and film RI value are measured as a 
function of silver nitrate doping amount. Figure 6a to 6e shows 
the reflectance spectra of samples with different amount of 5 

AgNO3 ranging from 0.01 to 0.05 in the PVA/AgNO3 precursor 
solution (g ml-1) and Figure 6f summarize the changing trend. 
The larger Ag amount brought higher reflection value before it 
reached 0.03 g ml-1. This should be attributed to that more silver 
ions in the precursor solution would result in larger silver particle 10 

fraction in the composite film which lead to higher RI value after 
photo reduction. On the contrary, further increasing the quantity  

 
Fig. 6 a) to e) are the reflectance spectra of multilayer structure 
containing different amount of AgNO3 ranging from 0.01 g to 0.05 g 15 

dissolved in 1 ml PVA aqueous solution. Black lines represent the 
original state before UV irradiation while red lines are the reflectance 
spectra after 40 min UV exposure. f) Summary of the change of the 
reflectance intensity defined by ΔR/R as a function of the AgNO3 doping 
amount (g/10 ml). g) The RI values of the silver NPs composite film after 20 

UV curing as a function of silver doping amount (atomic weight 
percentage measured by EDS). h), i), j) are the microphotographs of the 
composite film containing 0.01, 0.03, 0.05 g silver nitrate in 1 milliliter 
precursor solution respectively (scale bar are all 50 μm). 

of AgNO3 generated the decline of the reflection. This 25 

phenomenon can be explained by the phase separation brought by 
the addition of inorganic silver NPs. Microphotographs of 
corresponding samples with Ag content in weight percent of 14.2% 
(h), 33.1% (i), 41.2% (j) in the composite films measured by EDS 
showed the phase behaviours. A uniform and smooth film was 30 

generated from reactive silver-containing precursors followed by  
in-situ photo reduction at lower Ag fraction while higher Ag 
fraction (above 33.1 wt%) generated stripes which caused by the 
phase separation in the organic-inorganic composite films. This 
may increase the light scattering inside the multilayer system and 35 

subsequently enhance the energy loss which leading to the 
decrease of the total reflection. Thus, in following study, we only 
prepared the composite multilayer structure with silver content no 

higher than 33.1 wt% for various tests in order to limit the energy 
loss in a reasonable level. The refractive indexes of the composite 40 

films were measured at 632.8 nm by an ellipsometer (Figure 6g). 
Starting from 1.4836, the RI value of Ag-contained film reached 
1.7892 at 43.35 wt%. We can also see that the RI value has no 
linear dependence on the Ag weight content which is in good 
agreement with a previous work on PbS/polymer film.55 Based on 45 

the afore-mentioned discussion, it is clearly that as a high-RI 
value content, Ag NPs have a great contribution to the increase of 
the composite films' refractive indexes which produced large 
contrast between the PVA/Ag layer and the PMMA layer. Higher 
Ag weight fraction brought higher RI values while larger content 50 

inorganic Ag NPs embedded in the polymer film also produced 
phase separation. Taking both RI and phase performance into 
consideration, 0.03 g AgNO3 in 1 milliliter precursor solution 
meets both sides and it brought about the strongest reflection 
among various silver doping amount when other parameters 55 

(layer thickness, number of layers and incident angel) are the 
same. 

Manipulation of the matrix structure 

Building a one dimensional layered matrix ahead of 3D 
construction not only brings the convenience for generating 60 

building blocks at one time, but also provides a freely tuning 
matrix for structural diversity. As we mentioned above, the 
building of multilayer qualify the material as a real 3D structure, 
thus total number of layers is one of the key parameters which 
affects the structural properties. Our 1D matrix can act as a model 65 

with convertible number of layers. Increasing the number of 
layers will add repeating building blocks and thus enhance the 
mutual interaction inside our 3D structure which is a good model 
to study. In our 1D layered system, because of the contribution of 
the Ag NPs to reinforce the RI contrast between the PMMA and 70 

PVA layers, increasing layer number will add saturation to 

 
Fig. 7 Adjusting the reflectance intensity of the 1D multilayer structure 
based on the 1DPC theory by varying the number of bilayers (n). 

replicate colors more vividly for it enhances the reflection 75 

intensity.56 Figure 7 illustrated the reflectance spectra of the 1D 
laminar structure with various number of bilayers. For the sample 
with only 3 bilayers, the reflectance intensity reached 73%, when 
the number of bilayer increased to 6, an intense peak (above 90%) 
was observed at 635 nm which had a negligible red shift of the 80 
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Bragg peak position and the band width became narrower. The 
structural measurement by SEM was shown in Figure S7, the 
sharp interfaces between different layers make it easy for us to 
distinguish the sample with layer number from 3 to 6, 
photographs also show that the color saturation of the 6-bilayer 5 

sample is the highest among the four samples which brought by 
the narrower bandwidth and stronger reflection. We also 
successfully build layered structure with 11 and 14 bilayers, their 
cross section is shown in Figure S8. There is no dissolution and 
penetration which indicates that our 1D matrix has good 10 

flexibility in changing the total number of consisting layers.  
Besides the total number of layers, layer thickness is also crucial 
to manipulate the layer structure. Usually it can be realized by 
either vary the polymer solution concentration (i.e. the solution 
viscosity) or the rotation speed/spin time. Here, we first fixed the 15 

precursor solution concentration and spin time, lower the rotation 
speed for each layer by 3000 rpm, 2500 rpm and 2000 rpm to 
fabricate three samples. The change of the film thickness is 
reflected by the SEM images and the shift of the peak position. 
Cross sectional SEM images are shown in Figure 8a-c. The 20 

thicker part is consisted of PVA while the thinner part is PMMA 
layer. The thickness of PVA layer in Figure 8a-c are 92 nm, 97 
nm, 106 nm and the thickness of PMMA layer are 30 nm, 38 nm 
and 44 nm respectively. The increase of the period thickness 
resulted in the red shift of the Bragg peak position. As shown in 25 

Figure 8d, the peak position was centered at 556 nm, 605 nm and 
652 nm respectively which shifted towards the longer wavelength. 
Photographs in Figure 8d presented vivid color which correspond 
to the three samples we mentioned above. However, in some 
cases of stacked 3D structure containing repeating building 30 

blocks which have strongly interaction between interval layers,57 
precisely controlling the distance between these layers is highly 
demand, 

 
Fig. 8 Cross sectional SEM images of the 1DPCs consisting of different 35 

layer thickness: a) PVA layer is 92 nm and PMMA layer is 30 nm; b) 
PVA layer is 97 nm and PMMA layer is 38 nm; c) PVA layer is 106 nm 
and PMMA layer is 44 nm. d) is the corresponding reflectance spectra of 
the sample a), b) and c) from left to right; insets in Figure 8d are 
photographs of the three samples (2×1 cm). 40 

i.e. the thickness of PMMA layers.58 To realize this purpose, we 
spin coat fixed concentration PVA solution together with various 

concentration of PMMA solution, the results are shown in Figure 
S9. SEM images shows the cross section fracture which exhibit 
clear layer alternative distribution, the PVA layer in all three 45 

samples possess the same layer thickness of 102 nm while the 
thickness of PMMA layer increase from 40, 46 to 53 nm. Using 
this method, we can freely adjust the thickness of spacer layers to 
provide a flexible matrix for studying the interaction between 
building blocks. However, in practical application, we do not 50 

need to take SEM measurement to trace the variation of period 
thickness, it can be verified by the peak red shift in reflectance 
spectra (Figure S9-d). The adjustments of PVA layer thickness 
through tuning PVA solution concentration was shown in Figure 
S10 with fixed PMMA layer thickness of 38 nm and PVA layer 55 

thickness varying from 90, 118 to 140 nm. By using the methods 
we mentioned above, our 1D layered structure proves to be 
perfect matrix for 3D construction. 

Experimental  
Materials 60 

Poly(vinyl alcohol) (PVA) (Mw 13000-23000) and Poly(methyl 
methacrylate) (PMMA) with a Mw of 120000 were purchased 
from Aldrich. Silver nitrate was obtained from Aladdin. All the 
reagents were used as received without further purification. 
Silicon wafers (100) were cut into 2×2 cm small pieces followed 65 

by cleaning in boiling piranha solution (a mixture of 98% H2SO4 
/30% H2O2 with volumetric ratio 7:3, caution: this solution is 
extremely corrosive! ) and then rinsing in DI water for 3 times 
before use. 

Fabrication of Ag+ precursor doped 1D heterogeneous layer 70 

structure. 

The multifilms were fabricated on the as prepared silicon wafers. 
In detail, PMMA and PVA were first dissolved in toluene and DI 
water respectively via ultrasonic treatment, then adding desired 
amount of AgNO3 into the aqueous solution of PVA to form Ag+ 75 

doped precursor solution. The 1D layers were fabricated by spin 
coating the PVA and PMMA sol alternately at 3000 rpm for 60 s, 
each layer was baked at 80 oC for 10 min. The first layer was 
PMMA and the last layer was PVA in all our samples. All the 
operations were conducted in the dark place to avoid light 80 

reduction of the silver ions. The thickness of each layer can be 
adjusted by changing the concentration of the precursor solution 
or the rotation speed. The total number of layers was calculated 
as 2n. 
The selection of the solvents to each polymer layer played a very 85 

important role in the preparation of pure polymer layered stacks. 
We chose deionized water for dissolving PVA and silver nitrate 
together and toluene for dissolving PMMA. Toluene was the 
excellent solvent for PMMA and poor solvent for PVA which can 
help form a perfect PMMA thin film without destroying the PVA 90 

film. Similarly, deionized water was the excellent solvent for 
PVA and poor solvent for PMMA which can help form a perfect 
PVA thin layer without destroying the PMMA layer. The choice 
of solvents also involved penetrability. In our design, toluene 
cannot penetrate the PVA layer and deionized water cannot 95 

penetrate the PMMA layer which ensured the acquisition of the 
multilayer 1D matrix. 
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In-situ photo reduction of Ag+ to form Ag NPs inside layer 
structure 

Silver NPs were formed by exposing the as prepared laminar 
structure sample to UV irradiation (500 W, λ = 365 nm) for preset 
time in room temperature. The UV curing system was equipped 5 

with an ACM mirror and cooling system for temperature 
reduction. 

Photo induced 3D frameworks inside 1D layer stacks 

The 3D structure contained silver skeleton was produced by UV 
reduction of the sample with a pre-designed photomask. Based on 10 

different pattern of the photomask, the silver skeleton formed 
inside every PVA layer will exhibit corresponding stripes, dots, 
triangle and English letters. During the exposing process, the 
mask is strictly fixed on top of the 1D layer stacks to ensure the 
alignment of the silver NPs from the sample surface to the bottom, 15 

thus formed a perfect skeleton inside the 1DPC. 

Finite-Difference Time-Domain (FDTD) calculations 

The calculated reflectance spectra were obtained using the 
commercialized software package, FDTD Solutions (Lumerical 
Solutions, Inc., Canada). A two-dimensional simulation region 20 

was employed on XY plane. A Periodic boundary condition was 
set in ±Y direction and two perfectly matched layers in ±X 
direction. The incident plane waves were perpendicular to sample 
surfaces. The layer thicknesses and refractive indexes of the 
simulation models were set according to those of corresponding 25 

fabricated samples. 

Characterization 

A Shimadzu 3600 UV-VIS-NIR spectrophotometer was used to 
measure the absorbance and reflectance spectra. The cross 
sectional micrographs were taken by JEOL FESEM 6700F 30 

scanning electron microscope (SEM), all the samples were 
sputtered with a thin layer of Pt before test. The size of the 
photoreduced silver nanoparticles was determined by a Hitachi 
H-800 transmission electron microscope (TEM). An Electronic 
Data Systems (EDS) analyzer attached to the JEOL FESEM 35 

6700F scanning electron microscope operating in the SEI mode 
was used to analyze the Ag formed in the composite films. An X-
ray photoelectron (XPS) test using Mg K α excitation (1253.6 eV) 
to the silver-contained composite films was collected in a VG 
ESCALAB MKII spectrometer. Binding energy calibration was 40 

based on C 1s at 284.6 eV. The thickness of PVA and PMMA 
single layer was measured by Dektak 150 surface profiler 
(Veeco). The refractive indices of the polymer thin films at the 
wavelength of 632.8 nm were measured on an AUEL-III auto-
laser ellipsometer equipped with a He-Ne laser (λ = 632.8 nm). 45 

The micro photographs were taken by Olympus BX 51. Digital 
camera photographs were shot by Canon Powershot G1X. 

Conclusion  
The 3D ordered structure has been constructed by conducting a 
photo-reduction process in a Ag ions doped heterogeneous 1D 50 

structure. Employing this reaction between UV light and Ag+ 
opens up a new way to fabricate 3D networks inside the 
multilayer. By selectively photo reducing the part without 
protection, our method realize the formation of Ag NPs belonging 

to different layers in one step. The alignment of the silver 55 

building blocks belonging to different layers is simply guaranteed 
by the rectilinear propagation of UV light instead of complex and 
repeating aligning process. The embedded silver NPs also 
dramatically increase the refractive index value of PVA layers, 
thus result in an obvious PBG with less layers, which provides us 60 

a method to trace the silver formation process. The number of 
layers and the distance between adjacent silver lattice layers can 
be precisely tuned as needed. For chasing more delicate structure, 
shorter wavelength light should be applied as the radiation source 
to produce the building blocks with much smaller size by 65 

avoiding the light diffraction. We believe that further study will 
help reveal the potential use of our structure in the fields such as 
bioassays, SERS matrix and especially photonic meta-material 
with working frequency at optical range can be envisioned based 
on our chemical approaches. 70 
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Three dimensional ordered structure is of great importance for its wide applications 

such as light manipulation and tissue engineering. A time-saving and low-cost method 

is established to construct 3D structure through the combination of bottom-up and 

top-down technology which enable us to create the building blocks freely and to 

precisely adjust the matrix feature. 

 

 

A novel method is established to construct stacked 3D structure by in-situ reducing 

silver ions inside a 1D layer matrix.  

Page 10 of 10RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t


