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Abstract We present an optimized isotropic metal deposition technique used for covering three-dimensional polymer
structures with a 50 nm smooth silver layer. The technology allows fast and isotropic coating of complex 3D dielectric structures with thin silver layers. Transmission measurements of 3D metallized woodpiles reveal a new phenomenon
of enhanced optical transmission in broadband range (up to
300 nm) in the near IR.

1 Introduction
Deposition of thin, smooth metal layers on three-dimensional structures is one of the challenges within thin film deposition field. Such structures have been proved to be extremely
useful in a number of research fields and applications ranging from Raman spectroscopy [1] to metamaterials [2, 3],
and from electronics [4] to medicine [5].
In this work we concentrate on the metal deposition aiming the three-dimensional (3D) metamaterials fabrication.
After the first successes [6], the metamaterials research field
has gained a huge momentum due to advances in theory,
modeling and fabrication. One natural trend is toward increasing the operating frequency from microwaves to the
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IR and visible regime [7–9]. However, such tendency also
brought challenges in the fabrication procedures due to the
decrease in unit cell sizes and enhanced claims for needed
resolution and accuracy.
Another trend in this field is to expand designs to truly
3D ones that can give bulk and eventually isotropic response
within the frequency range of interest. In order to reach this
target, several fabrication technologies have been developed.
Among those, a layer by layer approach for fabrication of
3D metamaterials in IR has been demonstrated recently [9].
An alternative approach is to fabricate a 3D polymer
skeleton structure with further metallization of its surface.
The two-photon polymerization technique (2PP) [10] is
proven to be very flexible and efficient technology for fabrication of 3D polymer layouts including structures for photonic applications [11]. Still, in spite of that several 3D metamaterials designs have been proposed [12, 13], their fabrication is severely hampered by the difficulty of controlled
metal deposition on 3D structures with complex topology.
To the best of our knowledge, the two main methods for
covering a polymer structure with metals are the chemical
vapor deposition (CVD) and the “electroless” one. While
the CVD method shows great promise in this respect [14],
the parameter space is large thus the optimizing procedure claims exhaustive efforts due to the existence of multiple local minima. The electroless deposition technique provides much more reduced parameter space, thus easier optimization, and the lack of volatile poisonous products in
the deposition process. Such technique was used in various
recipes and with very good results in the photonics field also
[15–18].
By metallization of polymer structures, new characteristics are observed within the transmission spectra. In the case
of woodpiles, previous work [16] show the increase of the
bandgap region as well as its strength. On the other hand, the
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Fig. 1 (a) Ultrathin uniform
silver layer deposited by the
electroless technique on the
silica substrate. Numbers show
the thickness of the silver
coating. (b) Top view of the
sample showing high deposition
uniformity over a large area.
Some single Ag nanocrystals
deposited on top of the layer are
visible. In the inset, a zoom-in
of the surface is shown

transmission characteristics at the edge of such structures
are not extensively studied nor completely understood. In
this work we show the existence of an enhanced broadband
transmission region at such borders. This effect is present
while measuring different randomly chosen structures thus
eliminating the possibility of a measuring artifact.

2 Fabrication
Aiming for the potential applications of devices in the optical range, we decided to deposit thin and smooth metallic
layers by optimizing the recipe known as Tollen’s test or the
silver mirror reaction [19, 20].
For our experiments we prepared stock solutions of silver nitrate 0.2 M and formaldehyde 8%. To get the silver
ammonia complex, we mixed the stock silver nitrate solution with 27% ammonia water. The proportion was calculated such that all the silver nitrate is transformed into its
ammonia complex but, at the same time, not to have extraammonia in solution. This way, the volumetric ratio silver
nitrate:ammonia water has to be 21:1. The obtained solution was diluted 1:16 in MilliQ water. The reduction of silver complex to silver was performed by adding the diluted
formaldehyde in a 1:80 volumetric ratio to the cooled silver
ammonia solution. The deposition took place at low temperature (6°C). All the substances were obtained from SigmaAldrich.
Using the presented recipe, the thinnest complete layer
obtained was of 30 nm thickness (Fig. 1a). Thinner silver
layers are not completely formed, exhibiting random cluster formation. We think that this effect is due to the mechanism of the silver seed formation. In order to obtain a thinner
layer, the initial silver seeds need to be both of high density
and uniform size. By further optimization of the deposition
parameters, such layer can be obtained.
In Fig. 1b we present a top-view showing high uniformity
in the layer formation. The substrate is uniformly covered,

but a few silver nanoparticles can be observed on top of its
surface. These Ag nanocrystals are formed in solution and
then they bind to the substrate in the ready form. Still, such
nanocrystals formation is minimal and does not restrain the
overall deposition process. In the inset of Fig. 1b one can see
a zoom-in of the deposited layer where the polycrystalline
growth of the silver is noticeable. Our samples were up to
1 × 1 cm in sizes, and no pronounced difference in layer
properties was observed over such extended surface, thus
showing the up-scaling possibilities of such technique.
The optimized deposited layer was measured using the
atomic force microscopy technique. Before the deposition,
the surface had 2 nm average roughness and 4 nm RMS
while after the deposition the silver layer had 4 nm average
roughness and 6 nm RMS thus having properties comparable with the ones of evaporated films.
After the optimization on a flat surface, we chose polymer woodpiles [21] for testing the deposition on complex
3D structures. This way we were able to check both the Ag
deposition on the structure’s sidewalls as well as inside the
structure.
The samples were fabricated by two-photon polymerization processing of hybrid zirconium sol-gel photo-resist
material [22]. Igacure 369 from Ciba was used as photoinitiator. The laser system consists of SHG Yb:Glass femtosecond laser with wavelength 513 nm, pulse duration
200 fs, and repetition rate 1 MHz. The photo-resist layer was
deposited on the 150 µm thick glass slide. The laser beam
was focused into the volume of the photo-resist through
the glass slide by oil immersion 100× microscope objective
with numerical aperture of 1.4.
The fabricated woodpiles are 50 × 50 µm and have a
height of about 16 µm corresponding to 8 periods (32 single
layers) of the lattice. Sizes of the bars are 500 × 500 nm and
they are periodically arranged with 2 µm period providing
a face centered tetragonal lattice. We immersed the wafer
into the depositing bath for 2 minutes thus obtaining an approximate 50 nm layer thickness. The results of silver de-
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Fig. 2 (a) A 3D woodpile
structure covered by silver after
electroless deposition. Silver is
deposited also all over the bulk
structure and on structure’s
sidewalls. (b) Zoom-in of the
3D structure showing the
deposition took place also inside
the woodpile

Fig. 3 (a) Sidewall SEM image
of the woodpile. As can be seen,
the deposition takes place all
through the depth of the
woodpile crystal. Here 5 periods
in the vertical direction are
presented. (b) An example of
weak adhesion of the silver
layer to the untreated silica
surface. It illustrates the
importance of pretreatment for a
good adhesion

position are presented in Fig. 2a. The Ag layer is deposited
not only on the top of the structure but also on its sidewalls.
There is still particle formation in the solution followed by
their adhesion to the deposited layer, but their influence on
the transmission characteristics is minimal and can be neglected. A zoom-in of the 3D covered structure (Fig. 2b)
shows the presence of silver layer inside the bulk structure
as well.
We attribute the difference in layer quality deposited on
the plane silica surface with respect to the one on the woodpile structure to the different chemical properties of the two
samples surfaces.
One should note that the reaction is diffusion driven. Due
to this aspect, the silver layer quality is monotonously decreasing from the top to the bottom of the structure (Fig. 3a).
Nevertheless, the deposition took place everywhere covering the woodpile with a uniform silver coating. Further optimization of the recipe can lead to better in-depth coating of
the structures.
An important aspect of the procedure is the pretreatment
of the sample. The pretreatment solution was prepared by
dissolving 2 g of SnCl2 into 3 ml glacial acetic acid and 1 ml
HCl and then diluting the obtained solution in a 1:100 vol-

umetric proportion in MilliQ water. All the substances were
obtained from Sigma-Aldrich. The samples are immersed
for 10 min in the solution and then thoroughly rinsed in running water. As can be seen from Fig. 3b in the absence of the
pretreatment, the silver layer is not adhering to the silica. In
the same time this non-adhesion shows that, if needed, the
silver can be selectively deposited on a structure by deliberate pretreatment of the surface. The obtained results are easily reproduced on various samples of different dimensions
as long as the deposition conditions are the same.

3 Optical characterization
In order to characterize the structures, we used a fiber-based
optical setup similar to the one described in [23]. The signal from a broadband source is transmitted through a polarizer and a polarization maintaining fiber to the sample. The
transmitted signal is collected by another fiber and sent into
an optical spectrum analyzer. Using such a setup, we are
able to maintain the spot size below 10 µm; thus a precise
positioning of the spot size on the woodpile is possible.
The first measures were performed on the non-covered
woodpile structures. We tested transmission of several
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Fig. 4 (a) The obtained transmission spectra of a polymer woodpile.
The two dips at 1100 and 1400 nm are identified as Bragg reflection
peaks of the woodpile structure. (b) The spectra obtained while scanning the metallized sample along the y-axis. The two symmetrical
transmission peaks are clearly visible at structure’s edges (y = 20 nm

and 90 nm). (c) The spectrum at the border of silver-covered woodpile
structure. As can be seen, a wide transmission peak centers at 1050 nm
is present and overimposed on several other narrow ones. In the inset,
the transmission spectra outside the woodpile structure can be seen

woodpiles located in different parts of the wafer. The typical
spectrum (Fig. 4a) shows transmission dips around 1100 nm
and 1400 nm, which are repeatedly appearing in transmission through randomly chosen woodpile crystals. Considering that the polymer has no significant spectral signatures in
this frequency range and the substrate is simple glass, the
observed dips have to come from the geometry of the sample. Accordingly to simulations of such polymer woodpile
performed with the periodical boundary conditions, transmission dips appear around 1000 nm and 1450 nm. Taking
into account fabrications imperfections we get good corresponding in dips spectral positions. Therefore, we interpret
observed dips as high-order Bragg reflection peaks occurring in a polymer woodpile structure acting as a 3D photonic
crystal [24].
After coating with metal, the signal level in the central
part of the structure dropped to the noise level. This decrement of transmission was anticipated due to the substantial
number of the woodpile periods completely covered with
silver. Meanwhile it confirms implicitly the complete silver
deposition inside the bulk woodpile.
In order to obtain a measurable signal, we scanned the
sample from one side to the other, measuring the transmission signal through the woodpile. In this configuration,
the transmitted signal is increasing while moving from the
center (y = 60 µm) to the borders of the structure (y =
20 µm and 90 µm) and then decreasing rapidly when moving
away from the structure (Fig. 4b). Such behavior is due to
the deposition characteristics. Since the reaction is diffusion
driven, the sample has a depleted region at the interface between the woodpile and the substrate. Owing to this depleted
region, the transmission increases at the woodpile’s border,
thus explaining the 2-wing transmission dependence.
However, spectral behavior of transmission at the boundaries of a woodpile sample exhibits a remarkable feature.
A typical transmission spectrum on the border of the structure is represented in Fig. 4c. There is a broad peak in the

900–1200 nm range with a pronounced level of transmitted
signal, which cannot be assigned to the metallized photonic
crystal behavior. We attribute this peak to the coupling of
light to surface plasmon polariton (SPP) modes existing on
the sidewalls of the woodpiles. SPPs modes transmit energy
to the bottom of the structure signal and couple back to the
optical modes, so that the signal is detected by the collecting fiber. This pronounced feature of broad band with enhanced transmission is not endemic for one particular woodpile crystal, but is statistically supported by observation on
eight woodpile structures chosen in different parts of the
woodpile array.

4 Conclusion
One of the main bottlenecks in advancing the fabrication of
metamaterials is due to the difficulty of realizing isotropic,
cost effective 3D deposition of metals on a desired structure. By using a combination of electroless deposition and
2PP techniques we believe that a viable solution for fabricating 3D bulk metamaterials can be found. In this work we
present an optimized method for depositing silver on silica
and silica-like substrates.
Such technique is not limited to the metamaterials field
but it can be used for other research areas as well, where
depositing of metals are required. We think that the technique reported here bears a great potential in many aspects
of metal deposition in nanophysics.
The characterization of the polymer woodpile structures
was performed both topologically and optically. The optical characterization shows huge behavioral difference with
respect to the uncoated polymer structure. Such behavior is
probably due both to the decrease in transmission spectra
and to the existence of propagating surface plasmon polaritons on the sidewalls of the structure. The broad enhanced
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transmission band on the boundaries of woodpiles is a phenomenon which can have interesting potential application.
We are planning to perform a detailed study of this boundary
effect by simulating finite metallized woodpile structures.
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