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Chemical Modification of Colloidal Masks for Nanolithography
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A method is presented to tune the holes in colloidal masks used for nanolithography. Using a simple wet-chemical
method, a thin layer of silica is grown on masks of silica particles. The size of the holes is controlled by the amount
of tetraethoxysilane (TEOS) added. More accurate tuning of the hole size is possible in the presence of a calibrated
seed dispersion of silica colloids. We demonstrate modified masks that were used to create arrays of metal nanoparticles
with a size ranging from 400 nm, for unmodified masks, down to tens of nanometers. The method is easy-to-use, fast,

and inexpensive.

Introduction

In nanosphere lithography, a self-organized layer of colloidal
spheres is used as a mask for a lithographic step like illumination,
deposition, or etching.'™ Tt is a simple, fast, and inexpensive
method to pattern substrates over large areas. In this paper, we
demonstrate improvements on this technique and use the modified
colloidal masks to make arrays of noble metal nanoparticles.
These arrays of metal particles have many applications®™® and
arrays created using colloidal masks were used, for example, to
study plasmonic resonances,” to fabricate plasmonic sensors,'®
to catalyze the growth of nanofibers,'""'? and for selective protein
adsorption. "

Nanosphere lithography also has disadvantages: one of them
is that the size of holes in the mask is determined by the size
of the colloidal particles that form the mask. Therefore, the size
of the features created using nanosphere lithography is coupled
to the size of the colloidal particles in the mask.>* Recently, we
used optical tweezers to create masks with arbitrary geometry,
alleviating another limitation of nanosphere lithography, and we
used ion beam deformation to control the hole size in colloidal
masks.'* Control over the hole size was also achieved by
deforming colloidal masks made of polystyrene colloids and by
evaporation at large off-normal angles in combination with
rotation of the sample.">"”
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Here we present a simple and fast alternative method to modify
the hole sizes of colloidal masks for nanolithography. A wet-
chemical method is used to grow a thin layer of silica on two-
dimensional close-packed layers of colloidal silica particles on
a substrate. The layer of silica decreases the size of the holes in
the colloidal mask and the hole size is uncoupled from the interhole
distances; it is now, for example, possible to obtain small
nanoparticles with large interparticle distances. We investigated
the growth mechanism of the silica coating and show that the
size of the holes can be controlled accurately. The modified
masks were used for nanolithography: after metal deposition
and removal of the mask, large arrays of metal nanoparticles
were created. Using masks consisting of large colloidal particles
with a diameter of 1.4 um, we created nanoparticles with a size
ranging from 400 nm (for unmodified masks) down to tens of
nanometers.

The coating method is based on the Stober method,'® a base-
catalyzed reaction of alkoxy silanes in mixtures of ethanol and
ammonia, which is well-known for the synthesis of monodisperse
colloidal silica particles. Catalyzed by the ammonia, tetraethox-
ysilane (TEOS) molecules hydrolyze and condense to form silica.
In the early stage of the reaction, small silica aggregates are
formed. These coalesce until they become stable, as they grow
larger and acquire more surface charge. Once stable, the
aggregates grow larger by addition of monomers and small
oligomers and become spherical in shape. The final size of the
colloidal spheres depends on both the number of particles formed
in the early nucleation stage as well as on the amount of TEOS
added to the reaction mixture. The number of particles formed
in the stable dispersion is a complicated function of experimental
conditions and is in general not accurately controllable.'*?!

Recently, we developed a modification of the Stober method
to grow thin silica films on macroscopic surfaces.>* The growth
mechanism for the silica layers was found to be surface-reaction
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Figure 1. Colloidal masks formed by a layer of close-packed particles
(700 nm radius), modified by growing thin layers of silica to tune the
hole size. The size of the holes in an uncoated mask was 400 nm. (a)
SEM image of a mask after one coating step; the size of the holes
reduced to 264 nm. The inset indicates the definition of hole size. (b—d)
Images of colloidal masks after two, three, and four coating steps. The
size of the holes was 152, 104, and 55 nm, respectively. The scale bar
is 1 um.

limited, as was also found for the original Stober process.”' It
is therefore expected that when a seed dispersion of colloidal
spheres is added to the reaction mixture, the thickness of the
silica layer on a macroscopic surface increases with the same
amount as the increase in radius of the colloidal seed particles.
This was indeed what was found.> When a well-characterized
seed dispersion is used, silica layers can be grown with nanometer
control over layer thickness.?> We use this method to grow thin
silica layers on colloidal masks for nanolithography.

Experimental Section

Silica particles with a diameter of 1.4 um and a polydispersity
of 2% were synthesized using a Stober growth process and subsequent
growth steps using methods described in detail elsewhere.'®~>' The
size and polydispersity were determined using scanning electron
microscopy (SEM) on several hundreds of particles. Analytical grade
ethanol, ammonia solution (29 wt %) and TEOS from Merck were
used as received. Si(100) wafers were used as substrates, as received.

Hexagonal close-packed masks were made by self-organization
of colloidal particles on an uncoated substrate. A drop of particles
in ethanol was put on a glass or silicon substrate and the solvent was
left to evaporate slowly. The average size of the single crystalline
regions was on the order of several tens of particles diameters.

The substrates were coated in a mixture of ethanol, ammonia,
water, and TEOS as described in the text. A layer of gold was
deposited on the colloidal masks using electron beam evaporation
at a base pressure of 1 x 1078 mbar. After deposition, the mask was
removed from the sample by sonication (Branson Ultrasonic Cleaner,
model 8510E) in ethanol. Sometimes, masks coated with a thick
silica layer were found to be hard to detach from the substrate.

Scanning electron microscopy (SEM) was performed on a FEI
XL30 SFEG microscope operated at an acceleration voltage in the
range of 1—15keV. Holes in colloidal masks were characterized by
measuring the three long axes of the hole’s triangular shape as
described in the text and indicated in the inset of Figure la. An
average over five holes was taken.

Results and Discussion

A colloidal seed dispersion was synthesized by adding 0.360
g of TEOS to a mixture of 7.867 g of ethanol, 0.787 g of water,
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and 0.715 g of ammonia. After 2 h of continuous stirring, colloidal
silica particles had formed, and 75 uL of seed dispersion was
taken out of the reaction mixture. The radius of the newly formed
spheres in the seed dispersion was determined to be 363 nm =+
2.3%. From this, the number density of seed particles in the
dispersion was calculated to be 2.7 x 10" mL~'.

Four samples with colloidal masks were prepared as described
in the Experimental Section. The size of the holes between
the particles in the colloidal mask was measured to be 400 nm.
The size of a hole is defined as the smallest distance between
the point where two particles touch and a point on the surface
of the third colloidal particle in a hexagonal close-packed mask
(see the inset in Figure la). The four substrates covered with
colloidal masks were then immersed in the ethanol—ammonia
mixture containing the seed dispersion. Subsequently, 0.188 g
of TEOS was added, and after 2 h of stirring, the reaction was
finished, and one substrate and 75 uL of seed dispersion were
taken out of the mixture. Then 0.178 g of TEOS was added to
the mixture with seed dispersion and the three remaining samples.
After 2 h, again one sample and 75 uL of seed dispersion were
taken out. These steps were repeated twice in which 0.083 and
0.084 g of TEOS were added, respectively.

The substrates can also be coated without any seed particles
present in the reaction mixture, but a secondary nucleation of
particles will prevent knowing exactly how thick the layer grown
on the substrates will be. By adding seed particles to the dispersion,
accurate control over the final thickness of the silica layer is
available, as no new particles are formed and the total known
surface area dictates also the thickness grown on the template.

Figure la shows a SEM image at high magnification of a
colloidal mask that was taken out of the reaction mixture after
the first coating step. A layer of silica had grown on the mask,
and the size of the holes was decreased to 264 nm. This is a 136
nm reduction of the hole size compared to an uncoated mask.
After the second coating, the size of the holes was reduced to
152 nm (Figure 1b). After the third and fourth coating steps, the
size of the holes were determined to be 104 nm (Figure 1c) and
55 nm (Figure 1d), respectively. Virtually no seed particles were
found on the coated colloidal masks.

During each coating step, silica was grown on the colloidal
masks and on the seed colloids in the reaction mixture. We
determined the size of the seed and mask particles after each
growth step by electron microscopy. The size of the mask particles
is defined as the radius of a particle in the mask at the position
where it is not connected to another particle. The graph in Figure
2 shows the increase of the radius of both the seed and mask
particles as a function of the amount of TEOS added. The size
of the holes in the mask after each growth step is also indicated
in the graph. With more TEOS added, the size of the seed particles
increased more rapidly than the size of the particles in the mask.

The Stober growth of silica colloids is well-described by a
surface reaction-limited model, in which the growth rate is limited
by condensation of hydrolyzed monomers on the particle
surface.?'** The change in particle volume is then proportional
to the square of the particle radius, and the increase in particle
radius will be independent of size. In contrast, the growth rate
in diffusion-limited growth is limited by the transport of monomers
to the particle surface, and the growth in particle volume is then
proportional to the radius of the particles. The observed difference
in growth rate for seed and mask particles in Figure 2 indicates
that the silica growth on mask particles is more diffusion-limited
than reaction-limited. Although diffusion-limited growth means
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Figure 2. The size increase of the seed particles in the coating mixture
(squares) and the colloidal particles in the mask (circles) as a function
of amount of TEOS added. The size of both particles increased, although
the seed particles grew faster. For each coating step, the hole size in the
mask is also indicated. The curve shows the expected relation for the
surface reaction-limited growth model.

that the layer thickness grown on the colloidal mask will depend
on geometrical properties of the mask, which will be different
for different samples, accurate tuning of the size of the holes is
still possible when a calibration curve is determined.

For seeded growth, it was shown that the amount of TEOS
that has to be added to increase the radius R; to R, is related to
the volume of TEOS (V)) needed to prepare the particles with
radius Ry’

Here, it is assumed that all the added TEOS grows on the
existing particles and that the density of the added layer is the
same as that of the core particle. This formula can be applied
to the growth of the seed colloids, as the surface provided by the
substrates with the masks is negligible. The result, with R} = 374
nm as determined by SEM, is shown by the solid line in Figure
2, and shows a good agreement with the data.

After modification, the masks were used for lithography. A
layer of 25 nm of Au was deposited on a modified colloidal mask
by electron beam evaporation. After removal of the mask by
sonication, an array of Au nanoparticles was left on the sample
(Figure 3a). The size of the nanoparticles was determined to be
70 nm. Since the substrate was also coated during the coating,
the metal nanoparticles were deposited on a thin layer of silica.
Where the colloidal mask touched the silicon substrate, indenta-
tions in the silica film can be seen.

To investigate the height profile of a sample, an array of Au
particles was imaged using an atomic force microscope (AFM)
(Figure 3b). The Au particles had a lateral size of 350 nm. Height
profiles recorded on the two dashed lines indicated in Figure 3b
are plotted in Figure 3c. Each line shows two Au particles on
the silica layer on top of the silicon substrate. On average, the
height of the Au particles was 27 nm, while the silica layer had
a thickness of 29 nm. For many applications, the presence of
silica on the substrate poses no problem. However, modification
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Figure 3. (a) SEM image of an array of gold nanoparticles created by
deposition of 25 nm of Au on a modified colloidal mask and subsequent
mask removal by sonication of the sample. The in-plane size of the
nanoparticles was 70 nm. (b) AFM image of an array of Au particles
(350 nm) on a silica layer. The holes in the silica layer are caused by
the particles in the mask during the coating. (c) Height profiles over two
Au particles on the silica layer on the silicon substrate. The height of
the Au particles was 27 nm while the silica layer had a thickness of 29
nm. The positions where the profiles were taken are indicated in Figure
3b with the dashed lines. The scale bars are 1 yum.

of the surface can be prevented when the method is used on
freestanding colloidal masks that are then transferred to a substrate
for lithography.* We have shown previously that silica can be
grown on many different materials (including latex spheres) using
the polymer poly(vinylpyrrolidone), so that this modification
method can be applied to a variety of substrates and colloidal
masks.>*

Conclusions

In conclusion, we developed a wet-chemical method to modify
the hole size of colloidal masks used for lithography. A mask
is coated with a thin silica layer and the size of the holes is
controlled by the amount of TEOS added. Accurate tuning of the
hole size is possible in the presence of a (calibrated) seed
dispersion of silica colloids. As an example, the modified masks
were used to create arrays of metal nanoparticles. The method
is inexpensive, simple, and fast.
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