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In this paper, it is shown that the sequence of chemical etching of the template and annealing has a significant
effect on the shape and spectrum of the nano-metal arrays fabricated by nanosphere lithography (NSL). Higher
nanoparticles with sharp edges are fabricated as a consequence of annealing the metal coated template, which
is a 2d colloidal crystal, before chemical etching. Consequently, the absorption spectra of the fabricated sample
become much sharper, in comparison with the one that is fabricated with the reversed order and also a shift
is observed in the peak wavelength. The achieved result has practical importance for the applications of these
nano-metal arrays in localized surface plasmon resonance (LSPR) based sensors.

1. Introduction

Among different chemical and physical methods to fabricate 2d
nanoparticles arrays [1, 2, 3, 4, 5, 6], nanosphere lithography (NSL)
is a cost-effective and simple technique that is first introduced by Van
Duyne and his colleagues in 1995 [7]. Understanding the enhancement
mechanism of surface-enhanced Raman scattering (SERS) was the ini-
tial motivation for fabricating surfaces with periodic nanostructures [8].
On the other side, the collective oscillations of the electron gas in metal
nanostructures surrounded by a dielectric is another valuable optical
phenomenon with promising applications that is called localized surface
plasmon resonance (LSPR) [9]. LSPR based biosensors and chemical
sensors are widely used due to their high efficiency and sensitivity [10,
11,12, 13, 14, 15]. Nobel metals such as silver and gold are the typical
materials for fabricating nano-metal arrays for plasmonic applications.
Even though silver’s LSPR bands are sharper and more intense than
the gold’s bands, the higher chemical stability of gold nanostructures
has been preferred for its sensing applications [16]. The size, shape
and composition of the nanoparticles determine the spectral position of
LSPR [17, 18, 19, 20]. Also, any variation in the refractive index of the
dielectric medium around nanoparticles causes a shift in the spectrum

which is the essential property that is used in LSPR based sensors [21].
The first step of the NSL is preparing a template that is a monolayer of
polymeric spherical microparticles. Various fabrication methods of the
polymeric monolayers such as spin coating [22], electrophoretic depo-
sition [23, 24], dip coating [25] are reported in previous works [26].
Also, self-assembly of monolayers at the liquid-liquid interface [27] and
gas-liquid interface [28] are studied widely as they can provide a really
easy and fast method for fabrication of monolayers on the substrates.
Also, in some techniques, capillary forces in different cells made of some
glass slides, play a major role to grow monolayers [29]. An example of
this method is two glass slides that are connected to each other from one
side and make a small angle that is called wedge-shaped cell [30]. In
this paper the template monolayer is prepared by wedge-shaped cells.
The second step is to deposit a metal on the prepared template. The
deposition conditions such as the time, the rate and angle of the deposi-
tion are other factors that can influence the shape and size of the grown
nanoparticles.

The last step is removing the template that is usually done by chemical
etching (sonication in an adequate solvent) or by stripping.

To crystallize the sample, an annealing step that can induce a crystal-
lographic phase change is sometimes recommended [31]. In this paper,
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Fig. 1. The schematic illustration of two applied methods in this work for fabricating nano-metal arrays.

Fig. 2. (a) the SEM image of a uniform 2d colloidal crystals on a glass substrate, (b) the SEM image of well-arranged nano metal array.

it is understood that the sequence of the chemical etching and anneal-
ing has a noticeable effect on the LSPR extinction spectrum due to its
impact on the nanoparticle’s size and shape.

2. Experimental

The first step for NSL is preparing a template that is a 2d colloidal
crystal of monodisperse spherical polymers. Fabricating a big and uni-
form template is crucial as a first step. As it was mentioned in the
previous section, in this work, the wedge shaped cell method is used
to fabricate the template. Different factors need to be optimized to have
a centimeter-sized uniform 2d colloidal crystals that were investigated
in our previous work [32]. To assemble such a template, first of all, we
need to prepare the substrates. After washing the glass substrate with a
detergent and rinsing them with distilled water, a nitrogen flux is used
to dry them in a stainless manner. Then, by submersing the substrates
in piranha solution (H,SO, : H,0, =3 : 1, H,S0, (95-98%, Merck,
Germany) and H,0, (35%, Merck, Germany)) at 100°C for 1 hour,
the substrates become hydrophilized. Next, the substrates are rinsed
and dried with distilled water and Nitrogen gas once more. Lastly, a
wedge shaped cell with the contact angle of 2.5° is made for growing
a monolayer of spherical Polystyrene (PS) beads with the diameter and
standard deviation of 508 nm and 0.013 pm, respectively (microParti-
cles GmbH, Germany). Also, relative humidity of 80% and temperature
of 10°C are provided by constant climate chamber (Binder KBF 115,

Germany) to have a controlled evaporation rate. Due to the results
reported in our previous work [32], the optimized range of concentra-
tion for assembly of centimeter-sized uniform 2d colloidal crystals of PS
spheres with the diameter of 508 nm is from 1.7 wt.% to 1.85 wt.% that
is applied in this work, as well. The next step for the NSL is to deposit
the metal on the prepared 2d template. Different metals such as gold,
silver and copper are widely used in previous works [33, 34, 35]. Also,
in some studies two or more types of metals or metal alloys are applied
[36, 37]. In this work, first, sputtering deposition method is used to de-
posit 5 nm of Ti on the template by means of Magnetron Sputtering
(78540 Vernouillet-France). Then, thermal evaporation method, using
a Vacuum Coating Unit (HINDHIVAC PVT.LTD (Model:15F6), India), is
applied to deposit 50 nm of the gold as a second layer on the template.
In order to complete the NSL, there are two important steps: removing
the polymeric template, which is done by chemical etching in this work,
and annealing. The chemical etching is done be sonicating the substrate
in Chloroform (Merck, Germany) and for annealing the substrates are
put in an oven (Exciton CO. LTD, Iran) with the temperature of 500 °C
for an hour. Due to the obtained results, the sequence of these two steps
influences the LSPR extinction spectrum that is measured by UV-VIS
Spectrophotometer (Shimadzu UV-2450, Japan). To investigate the rea-
son for such an important difference in the observed spectra of the two
samples prepared with different sequences, the shape and size of the
nanoparticles in each sample are studied by comparing their scanning
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Fig. 3. (a) The SEM image of a sample that is annealed after removing the template (Method 1), (b) The SEM image of a sample that is annealed before removing

the template (Method 2).
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Fig. 4. (a) The SEM image of a sample prepared by Method 1, (b) the threshold of the base area of nanoparticles in part (a), (c) The SEM image of a sample that is
prepared by Method 2 and (d) the threshold of the base area of nanoparticles in part (b). (Parts (b) and (d) are plotted using ImageJ software [38].)

electron microscope (SEM) and atomic force microscope (AFM) images
(taken by Tuscan MIRA3 FEG-SEM scanning electron microscope, Czech
Republic and Nanosurf Mobile S atomic force microscope, Switzerland).

Fig. 1 shows the schematic illustration of the two applied approaches
in this work. As it is depicted in this figure, the sequence of two steps,
chemical etching and annealing, plays a key role in the final shape and
size of the nanoparticles.

3. Results and discussion

As a result of applying all optimized conditions, a uniform and big
2d colloidal crystals of PS spheres are fabricated on a glass substrate
that its SEM image is shown in Fig. 2(a). Uniform and centimeter-sized
templates can cause well-arranged and homogeneous nano-metal array

that its SEM image is shown in Fig. 2(b), too.
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Fig. 5. Histogram of the base area of nanoparticles prepared by (a) Method 1 and (b) Method 2.
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Fig. 6. False color map and contour plot for the samples prepared by (a) Method 1 and (b) Method 2 that is plotted by WSxM software [39].

To compare the result of applying the two different methods showed methods are displayed in Fig. 3. Fig. 3(a) shows the SEM image of a
in Fig. 1, first of all, the SEM images of two samples prepared by these sample that is annealed after removing the template (Method 1) and
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Fig. 7. (a) The AFM image of a sample that is annealed after removing the template (Method 1), (b) the profile of the two nano-metals showed in part (a), (c) the
AFM image of a sample that is annealed before removing the template (Method 2) and (d) the profile of the two nano-metals showed in part (c).
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Fig. 8. Overlapped profiles of the nano-metals showed on Fig. 7. Dashed line
represents the profile of the nano-metals prepared by Method 1 and the solid
line show the profile of the nano-metals prepared by Method 2.

Fig. 3(b) shows the SEM image of a sample with reversed sequence
(Method 2). These figures show that the final prepared nano-metals
have different shapes and sizes. Nanoparticles shown in fig. Fig. 3(b)
have sharper edges and they are more triangular like. To investigate the
shapes of nanoparticles more, a big area of SEM images of two samples
and the threshold of the base area of nanoparticles is shown in Fig. 4.
Also, a histogram of the base area of the nanoparticles is plotted in
Fig. 5. The histogram shows that the base area of the sample prepared
by Method 1 is more uniform in comparison with the other sample. The
obtained results show that in Method 1, the chemical etching of the
polymers provides more space for nanoparticles to spread during the
annealing step that can cause more uniform the base area distribution.

Furthermore, to have more insight to the nanoparticles shapes pre-
pared by two proposed methods, the false color map and contour plot of
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Fig. 9. The height distribution function for two AFM images of Fig. 6 obtained
by Gwyddion software [40].

AFM images are displayed in Fig. 6. Having compared these two images,
it can be noticed that the nanoparticles’s height in sample 1 (Fig. 6(a))
have gradient changes from the peak to the substrate surface. However,
somehow flat upper faces can be seen for sample 2 (Fig. 6(b)) that is ex-
pected due to the lack of enough space for the gold molecules to slide
down during the annealing.

Also, in order to compare the height and width of the nanoparticles
prepared by two proposed methods, the AFM images of the two samples
are shown in Fig. 7(a) and (c). The two of the nanoparticles of each
sample are chosen and the profile of them is depicted in Fig. 7(b) and
(d). As it is clear in this figure, the height of the nano-metals, fabricated
by Method 2 (67 nm) are more than the ones fabricated by reversed
approach (56 nm). To compare their widths and have a better sight, the
profile of the nano-metals created by both methods are displayed in a



F. Bayat, H. Tajalli

Heliyon 6 (2020) 03382

——Method 2
---Method 1

Fig. 10. (a) Absorption spectra of the fabricated nano-metals by Method 1 (dashed lines) and Method 2 (solid lines) in 5 different parts of the sample, (b) Average
absorption spectra of the fabricated nano-metals by Method 1 (dashed lines) and Method 2 (solid lines).

same figure (Fig. 8). The height distribution function is depicted for the
two AFM images shown in Fig. 6 and the result is displayed in Fig. 9. As
it was expected, it can be seen that the peak of the function has lower
amount for samples prepared by Method 1.

All in all, it can be clearly concluded that the shape of the nano-
metals can change due to the sequence of chemical etching and anneal-
ing. As it is discussed in the literature, the shape of the nanoparticles can
highly affect their absorption spectra [41, 42, 43]. So, considering this
fact, it is expected to see different absorption spectra for the samples
that are fabricated by two above mentioned methods. The absorption
spectra of 5 different points on both samples are displayed in Fig. 10(a).
The dashed and solid lines represent the spectra of 5 different points on
the samples prepared by Method 1 and Method 2, respectively. Also,
Fig. 10(b) displayed the average absorption spectra for both methods.
As it is seen, the absorption spectrum of the nano-metal arrays fabri-
cated by Method 2, which have higher nanoparticles with sharper edges
and also flatter upper sides, is much higher and sharper. Also, the peak
wavelength is shifted to a longer wavelength. Due to the fact that rec-
ognizing a small shift is much easier in sharper absorption peaks, they
are highly-desired in the sensors. Consequently, the samples prepared
by Method 2 can be more appropriate for sensing applications of the
nano-metal arrays in LSPR based sensors.

4. Conclusion

In this work, the effect of the sequence of the chemical etching and
annealing on the size, shape and consequently absorption spectra of
nano-metal arrays fabricated by NSL was investigated. It was shown
that if the annealing was done before chemical etching (Method 2), the
higher and thinner nano-metals with sharper edges and also flatter up-
per sides were fabricated. Thus, the absorption spectra of the prepared
sample were much sharper and higher in comparison with the reversed
sequence. Also, a red shift was observed in the absorption peak. It was
the clear effect of the differences in the shape and size of the nanoparti-
cles prepared by two approaches in this work. So, the concluded fact can
have a significant impact on the sensitivity of the LSPR based sensors
that are widely used in the present studies due to their high sensitivity.
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