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Introduction

The realization of high density nanostructures over large surfaces is very important point for the
biochemical sensing based on localized surface plasmon resonance of metallic nanostructures. In order
to study multiple biomolecular interactions on the same surface, very large substrate areas need to be
fabricated. Various techniques such as electron beam lithography are available to design these large
surfaces. However, these techniques are expensive and slow to obtain these surfaces. Moreover,
charge effect oninsulating surface can alter the regularity of the pattern shape. Thus, these techniques
are not suitable for a large scale production. Other lithographic techniques such as deep UV lithography
are also used, but these techniques (fabrication of masks) are expensive and allow with difficulty to
realize samples in small quantity. In addition, alternative methods emerged, and among these methods
we find nanosphere lithography and nanoimprint lithography. These two techniques are fast to carry
out high density nanostructures, not very expensive and compatible with biological and biochemical
applications. The aim of this chapter is to present the principle of these various fabrication techniques
for the plasmonic nanostructure realization on large surfaces (from few mm” to some cm?), and the
advantages and disadvantages of these four usual techniques : electron beam lithography, deep UV
lithography, soft UV nanoimprint lithography and nanosphere lithography.

Conventional lithographies
Electron Beam Lithography

The electron beam lithography is a technique of micro/nanofabrication, which use an electron beam to
insolate an electrosensitive resist deposited on a sample of which the surface will be
micro/nanostructured. The trajectory of electron beam follows a pattern realized by a suitable
software. Each pattern is realized point by point. After development, the resist can be used as mask
and integrate a “classical” process of micro/nanofabrication: dry or wet etching, lift-off or others. The
spatial resolution depends on the characteristics of the electron beam (current, energy), of the nature
of the sample and the used resist. Typically, a resolution of 20 nm is obtained (with a system RAITH
150) with PolyMethylMethAcrylate (PMMA), which is a positive-tone resist, i.e. the insolated part is
removed with the development. This resist is well-suitable to the fabrication of plasmonic
nanostructures. On figure 9.1 is represented the principle of electron beam lithography used for the
realization of plasmonic nanostructures. The initial step consists into a deposit by spin-coating the
PMMA on a substrate of glass thoroughly cleaned. The used PMMA has typically a molecular mass of
950K. The deposited thickness of PMMA depends on acceleration, the speed of the spin-coating but
also of the concentration of the PMMA (example: PMMA A2 (Anisole solvent)). The selected
parameters allow to obtain a suitable height of PMMA. This deposited thickness choice depends on the
height of the structures to realize. The “rule” is to obtain a ratio of 1:3 between the height of the
structures to be realized and the thickness of the PMMA. The second step aims to withdraw the solvent
(Anisole) film of PMMA. An annealing of the sample at 180°C during 20 minutes is thus carried out.
Then, the sample must be made conductive to avoid the charge effects (accumulation of the electrons
on a given zone). To avoid these charge effects, a layer of aluminum of 10 nm is deposited on the layer
of PMMA [1-3]. Other solutions can be used such as conductive polymers.
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FIGURE 9.1
Fabrication principle of plasmonic nanostructures by electron beam lithography on glass substrate

The step of writing is realized by the electron beam. The acceleration voltage of electrons typically used
is of 20 kV for a system RAITH 150. This voltage permits to obtain a good resolution. Then, the layer of
aluminum is dissolved by using a potash solution (KOH). Next, the sample is developed and that
consists of a dissolution of the insolated zones of the PMMA having a lower molecular mass due tothe
breaks of the polymer chains after the writing step. A solution of 1:3 of MethyllsoButylKetone (MIBK)
and isopropanol is used for the development in order to obtain a very good resolution [4-7]. Then, the
metal thickness, typically 50 nm, is evaporated. Finally, the last step aims to remove the remaining
PMMA via a lift-off process, which consists to dip the sample in acetone. After all these steps, the
plasmonic nanostructures are thus obtained. An example of plasmonic nanostructures is displayed on
the figure 9.2. Advantages of the electron beam lithography on the other conventional lithography
techniques such as the optical lithographies “classic” and “Deep UV”, are the realization of exotic
patterns of triangle type, antenna “bowtie” with very small periodicity and size (Ex: 20 nm diameter for
studs with 50 nm of periodicity). However, the major disadvantage of the electron beam lithography is
its writing time when large zones of some mm?” or cm” are to be insolated. To give an example of
writing time, a zone of 1 mm’ take approximately 12h of insolation with a system RAITH150 whichis a
very powerful system of lithography with a relatively high purchase price (magnitude order of price :
600000 euros). There exist obviously systems more powerful as NanoBeam nB5 (NANOBEAM LTD)
which would insolate this zone of 1 mm? with a writing time of one hour but it is very expensive
(approximately 1 million euros).



Manufacturing Nanostructures 247

FIGURE 9.2
SEM image of example of plasmonic nanostructures realized by electron beam lithography on glass substrate, with
following dimensions (gold studs): 100 nm of diameter, 50 nm of height and 300 nm of periodicity

To avoid this constraint of writing time for large surfaces (> mm?) to insolate, other techniques exist
such as the nanoimprint lithography, which is a unconventional lithographic technique. This technique
will be presented in the paragraph 3.1.2. Now, we present the technique of the deep UV lithography
(other conventional lithography), which has a short writing time compared to EBL.

Deep UV Lithography

As electron beam lithography and focused-ion-beam (FIB) milling have large writing times, they are not
very suitable for large-scale development of plasmonic micro/nanostructures for biosensing. Other
techniques such as nanosphere lithography (presented in the paragraph 3.2) do not allow reproductible
development of micro/nanostructures. In this case, Deep UV lithography (DUV) can be used and itis a
reduced projection lithography technology based on 193 nm wavelength deep ultraviolet (see figure
9.3(a)). Development of DUV lithography is currently underway for the mass production of devices for
ArF dry and immersion exposures for 65 nm to 22 nm design rule applications. Table 9.1 displayed the
relationship among technology node (R), exposure numerical aperture (NA) and process coefficient
factor (k,). The feature resolution R is defined by the Rayleigh’s criterion : R = (k;A/NA). However, the
development of DUV exposure equipment presents some disadvantages as the development of ArF
immersion exposure system. We report the use of this technique of Deep UV lithography for the
development of plasmonic substrates.

TABLE 9.1
Relationship at a wavelength of 193 nm, among technology node (R), numerical aperture (NA), and process
coefficient factor (k,)

R 65 nm 45 nm 32 nm 22 nm
NA k1 k1 k1 k1
0.93 0.31

1 0.4

1.2 0.28

1.35 0.31 0.22 0.15
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FIGURE 9.3
(a) Principle of deep UV lithography, (b) Image of a 6-inch wafer containing several gold micro/nanoline chips on
glass substrate

In the example presented here, the plasmonic structures consist of gold micro/nanolines fabricated on
glass wafers. The first fabrication step of the gold micro/nanolines involved exposure of a positive
photoresist (spin-coated on a 6 inch wafer, see figure 9.3(b)) by using deep UV lithography [8]. Before
deposit of the photoresist, an antireflective coating was deposited on top of the wafer. An photoresist
of 200 nm is used in order to allow for an easier lift-off process. An ASML 5500/950B scanner (ArF 193
nm radiation) was used for the deep UV lithography. The deep UV lithography mask was designed such
that various structure periods and gap sizes between the nanolines were present on the same
substrate varying between 100 nm and 10 um. An exposure dose of 25 mJ.cm™ was chosen in order to
obtain the desired sizes, gaps of the micro/nanolines for the plasmonic structures [8]. After the
photoresist exposure and development, the antireflective coating film was removed by reactive ion
etching (RIE). Then, an adhesion layer of titanium (~5 nm) and a thin gold film (~50 nm thick) were
evaporated in the gaps. A lift-off process is realized to withdraw the unexposed photoresistin NMP (N-
methyl pyrrolidone) solution at 80°C. Next, they were rinsed with acetone and methanol and then
dried with a nitrogen gun. Finally, RIE of polymer was done for 3 min to ensure that the entire
photoresist polymer has lifted off. Thus, the plasmonic structures were obtained on large area with this
technigque of DUV. Figure 9.4 displays SEM images of gold micro/nanolines obtained by DUV with the
following dimensions : (a) gap = 103 nm / period = 300 nm, (b) gap = 56 nm / period = 1655 nm [8].

In conclusion, the deep UV lithography enables the production of plasmonic structures on large surface
with a good spatial resolution. However, the mask cost is very expensive. In order to obtain a better
spatial resolution, a development of ArF immersion exposure system is necessary, which is also a
disadvantage. To avoid these disadvantages, the technique of nanoimprint lithography emerged such
as UV nanoimprint lithography, which is not very expensive and compatible with biological applications
[9,10].
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FIGURE 9.4
SEM images of an gold micro/nanolines example fabricated by Deep UV lithography with different gap
sizes/structure periods: (a) 10310 nm /300 9 nm (scale bar =500 nm), (b) 56 £ 5nm/ 1655 nm + 10 nm (scale
bar =2 um)

Unconventional lithographies
Nanoimprint Lithography

The lithography is a basic step in the processes of micro-and nano-fabrication. The main fonction is to
structure patternsin a polymer that was previously deposited on a substrate and allows other process
like etching or deposit materials. At present, the developed technologies use conventional lithography
techniques such as optical lithography or e-beam lithography. Beyond these technologies, other modes
of unconventional low cost, such as Nanolmprint Lithography (NIL), has been developed to be also be
used. The NIL technique is based on the printing patterns in a polymer using a mold which may be rigid
or flexible. This method was developed in the 90s because it allowed obtaining quickly and at low cost
networks nanoscale patterns over large areas. The main steps are imprintin the polymer with a mold,
and after separation, transfer the pattern in the substrate. As presented in figure 9.5, there are two
main technics in the NIL. The first method developed was a thermal process more commonly known as
hot embossing. S.Y.Chou published the first results of this technique in 1995 [11].

A second method, the UV-NIL appears few years later, it was developed in research laboratories Philips.
The photon energy is used to crosslink the resist. This process requires transparent molds and it offers
other advantages compared to thermal NIL. We will detail the UV-NIL and more specifically the soft UV-
NIL in the next paragraph.
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FIGURE 9.5
Main ways of the Nanolmprint Lithography

Thermal NIL

The thermal NIL process is to imprint patterns in a thermoplastic polymer using a structured rigid
master mold [11]. Figure 9.6(a) summarizes the basic steps. They require the fabrication of a mold
pattern by controlling the depth, the selection of a polymer to be heated to a temperature above its
glass transition temperature (Tg), and the use of a press which allows to perform pressures up to 200
bar [12]. This technique achieves resolutions in the nanometer range. However, it has the disadvantage
of using high temperatures to achieve a temperature above transition temperature and high pressures
until 200 bar.

UV-NIL

With these constraints, pressure and thermal treatment, a new technique has been developed, the UV-
NIL, where the cross linking of the resist is achieved through the photon energy. This optical path
proposes one method based on a transparent flexible mold (Soft UV-NIL). Figure 9.6(b) summarizes this
way of soft UV Nanoimprint Lithography. Unlike thermal NIL, UV-NIL requires low pressure, and is
realized at room temperature.
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FIGURE 9.6
Principle of thermal NIL (a), and UV-NIL (b)
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Soft UV-NIL

The UV-NIL has two fundamental steps and is illustrated in figure 9.6(b). Firstly, a UV-transparent mold
with the desired patterns onits surface is imprint in the UV-sensitive resist. This resist, which is liquid at
room temperature, is typically deposited by spin-coating on the substrate. Then, the transparent mold
is deposited on the substrate with a low pressure ranging between 0 and 1 bar [13], at room
temperature. Then, the transparent mold is removed. The first step duplicates the patterns of the
transparent mold in UV-sensitive resist. The second step is to withdraw the residual layer of UV resist.
This step is carried out by an anisotropic etching such as RIE (Reactive lon Etching) in order to obtain
the desired patterns in UV resist. During the nanoimprint step, the resist is cured by a UV source (for
example, a simple UV lamp or other systems available). The main advantages of the UV-NILare the use
of a flexible transparent mold and a low viscosity UV-curable resist. The replication of the transparent
molds is typically obtained by molding and curing of a polymer from a 3D template. The realization of
the UV-transparent flexible mold is generally carried out with the polymer poly(dimethylsiloxane)
PDMS [14]. The PDMS offers a good chemical stability and a high optical transparency [15]. Moreover,
the deformation risk of the transparent mold is minimized with the use of UV-resist which has a low
viscosity, and allows a 3D-structuring at low pressure without any cycle of heating.

Different steps of soft UV-NIL

The complete fabrication of plasmonic nanostructures is divided as follows: (1) the realization of the
master mold, (2) the fabrication of the UV-transparent flexible mold, (3) the step of nanoimprintin UV
resist with the transparent flexible mold.

Fabrication of the Si master mold

The master mold used to realize the transparent flexible mold is carried out with EBL. EBL allows an
excellent accuracy, very a high-resolution and a capacity to make a large variety of geometries. In the
example presented here for the master mold in Si, a layer of PMMA (Ex: PMMA A6) is deposited by
spin-coating on the Si substrate and annealed at 180°C during 30 min. A system of electron beam
lithography RAITH 150 is used to expose the PMMA A6, by employing a acceleration voltage of 20 kV,
an aperture of 7.5 um and a working distance of 7 mm. Then, the sample is developed in a solution of
MIBK/ISO with room temperature for 35 s followed by a rinsing of 10 s in isopropanol and thoroughly
dried with nitrogen. Then, the patterns designed in the PMMA are transferred in the Si substrate viaa
suitable RIE. The conditions of RIE for the pattern transfer are available in the following references
[13,16]. The mask of PMMA is then removed with a lift-off process in trichloroethylene at 80°C. The
surface of the Si master mold is treated with hydrofluoric acid (HF) and hydrogen peroxide H,0; in
order to obtain a thin surface of SiO,, then modified with an anti-adhesive layer (TMCS:
TriMethylChloroSilane) to decrease the surface energy (Si+TMCS = 28.9 mN/m) in order to easily
withdraw the PDMS transparent molds [16-18]. In figure 9.7, SEM images of nanostructures obtained
on the Si substrate are presented. For the master mold of the example presented here, the hole
dimensions obtained are ~160 nm of diameter and a periodicity of ~500 nm on a zone of 1 mm”.

In addition, we developed an alternative method with the electron beam lithography in order to carry
out the master mold. This technique uses the anodic aluminum oxide (AAO) membranes. These AAO
substrates display an arrangement of nanometric pores organized in hexagonal structure on very large
surfaces (Ex: a few cm?). The dimensions of vertical pores can be easily tuned like the diameter and the
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aspect ratio. The order of magnitude of the diameter is from 10 to 200 nm and the aspect ratio can be
higher than 500. The synthesis of the alumina membranes is electrochemically carried out from
aluminum wafers. After polishing, the anodic potential is applied to the aluminum wafer at controlled
temperature, and immersed in an acid bath. The important parameter is the anodization voltage for
the growth of these highly ordered nanoporous membranes. In the presented example, experimental
conditions were chosen to obtain membranes with thicknesses of approximately 10 um and hole
diameters of 180 nm (see figure 9.8) [19,20]. Thus, we can obtain gold nanodisks by using the alumina
membranes for the fabrication of the transparent flexible molds [21].
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FIGURE 9.7
SEM images of a Si master mold by electron beam lithography: (a) zone of 1 mm? (scale bar = 200 pum), (b)
nanohole zoom, diameter 160 nm and periodicity ~ 500 nm)
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FIGURE 9.8
SEM images of AAO templates: (a) Large view of nanopores (scale bar = 10 um), (b) Height profile of these vertical
nanopores (scale bar = 200 nm).

Fabrication of the UV-transparent flexible mold
To obtain a good resolution and fidelity of the structures, the mechanical properties of the transparent

mold were improved. Indeed, Odom et al. [22] developed a bilayer mold of Hard-PDMS and standard
PDMS which present like advantages, a rigid layer to obtain a pattern transfer with a high-resolution
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and an elastic support for obtaining a contact which follows the pattern design even at low pressure.
The Hard-PDMS has an attractive property: a lower viscosity of its prepolymer in comparison with the
standard PDMS. The viscosity of the prepolymer is obtained by decreasing its chain length during its
preparation. Thus, the replication accuracy is particularly improved for small structures with high
density. Other groups [23,24] also studied the viscosity reduction of the prepolymer for a good
replication of the master mold. In this case, the viscosity of the prepolymer of the PDMS was decreased
with the introduction of a solvent into the mixture. This solvent used with an excess of modulator
allows to delay the PDMS curing.

1. Master mold realized by EBL in PMMA
+ Pattern transfer in Si by RIE
+ Lift-off of PMMA

2. Hard-PDMS deposit by spin-coating (thickness 5-8 um)
H-PDMS

3. PDMS casting (= 1.5 mm) and curing at 60°C during 24h

PDMS
H-PDMS

4. Removal of bilayer Hard-PDMS/PDMS mold
PDMS

H-PDMS

FIGURE 9.9
Principle scheme of the fabrication process of the hard-PDMS/PDMS stamp

Figure 9.9 represents the fabrication process of the bilayer mold Hard-PDMS/PDMS. The Hard-PDMS is
a specific thermocured siloxane polymer based on copolymers: Vinylmethylsiloxane-Dimethylsiloxane
(VDT301) and Methylhydrosilane-Dimethylsiloxane (HMS-301) from ABCR [25]. Then, the Hard-PDMS is
deposited by spin-coating on the Si master mold and the thickness used is generally of 5-8 um and this
layer of Hard-PDMS is supported by a standard layer of PDMS (~1.5 mm). The layer of standard PDMS
keeps a good flexibility and adaptation on the spin-coated substrate during the imprint transfer [26].
Then, the bilayer mold is on a glass carrier. The standard PDMS (RTV 615) with its curing agent is mixed
before the deposit on the thin Hard-PDMS layer. To finish, the sample is cured at 60°C during 24 hours
and treated with an anti-adhesive layer of TMCS. For the chosen example of nanostructures, this type
of flexible mold is very suitable. Indeed, dimensions of the studs are 160 nm of diameter and a
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periodicity of 500 nm. Figure 9.10(a) represents an AFM image of the obtained transparent bilayer
mold.

FIGURE 9.10
(a) AFM image of the dots in H-PDMS stamp (periodicity: ~ 500 nm, diameter (FWHM): ~ 160 nm and height: 150
nm), (b) SEM image of stamp of PDMS hexane diluted at 5%, tilted at 55°, and the insert shows a top view

In addition, SEM images of figure 9.10(b) show the nanostructured surface of the diluted PDMS
with hexane (at 5%) of a surface of approximately 100 pm® by using the nanoporous alumina
membranes (AAO) for the fabrication of the transparent mold. The topography of the AAO master
molds was indeed transferred in the transparent mold in PDMS on several cm’. Themold is composed
of micro-domains of regularly organized nanobumps. Each bump has a height of 180 nm and a
diameter of 250 nm. For this fabrication, the PDMS was simply spread on the AAO membranes without
additional pressure, but with its own weight. Before this step, the standard PDMS with its curing agent
and solvent (hexane) were mixed and cured at 60°C during 12 hours. The thickness of the layer of
PDMS obtained is approximately 3 mm. After curing, the layer is peeled off manually. An advantage of
using the alumina membranes is their low reactivity of surface compared with the surface of SiO,. Thus,
the anti-adhesive layer is not necessary and the possible interactions with the used solvent can be
avoided, when molding and demolding PDMS from AAO membranes.

Nanoimprint in AMONIL with the flexible UV-transparent mold

Several UV-sensitive resists exist like the NXR 2010 and the AMONIL. These two resists exhibit a good
performance for the resolution and resistance to etching. The AMONIL was chosen for its low cost
compared to the NXR 2010, its excellent time of conservation and the AMONIL is a mixture of organic
compounds and inorganic having a surface energy of 39.5 mN/m. AMONIL MMS4 from AMO GMBH is
used and deposited by spin-coating on the top of an underlayer of PMMA A2 (100 nm of thickness,
surface energy = 40.2 mN/m) which is the etching mask for the final step of RIE and allows the lift-off of
AMONIL after curing. For our example, a thickness of AMONIL of 120 nm is chosen. Then, the imprint
process is realized in AMONIL with an UV exposure at a wavelength of 365 nm and with a power of 10
mW/cm” during a exposure time of 20 min. The pressure used to imprint is of 200 mbar. All these
parameters were optimized for the fabrication of nanostructures, which uses the flexible mold
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obtained with the Si master mold. Figure 9.11(a) represents the imprint in AMONIL. The dimensions
obtained for the nanoholes imprinted in AMONIL are ~160 nm of diameter and ~500 nm of period and
these values are in good agreement with dimensions of the nanoholes of the Si master mold.

FIGURE 9.11

SEM images of an imprint in AMONIL resist: (a) with flexible stamp obtained from the Si master mold (scale bar =
200 nm), and (b) from AAO master mold, imprint on large area (scale bar=5 pum), and the insert is an image zoom
of imprint (scale bar = 500 nm)

Concerning the transparent mold obtained with the AAO membranes, the thicknesses of PMMA and
AMONIL are 130 nm and 150 nm, respectively. The imprint pressure is realized by simple deposit of the
transparent mold in standard PDMS on the top of the AMONIL layer without any additional pressure
(or external). Only its own weight (~1g) ensures the imprint. For a transparent mold in PDMS of 1 cm’,
that corresponds to a pressure of approximately 70 Pa [14]. Figure 9.11(b) represents the topography
of the AMONIL layer after molding. This topography of surface is very similar to the AAO master mold.
During the imprint, the transparent mold penetrates completely in the AMONIL layer. The thickness of
this layer is lower than the height of the prepared bumps. Thus, these results prove the feasibility of
imprintin AMONIL using the transparent molds realized with the alumina membranes on large surfaces
(cm’). However, the diameters of the nanoholes obtained for the imprint in AMONIL are larger
(diameter ~ 250 nm) that those obtained with the AAO master mold. This difference is due to the bad
penetration of the PDMS in the nanoholes. We demonstrated that the penetration was better when
the PDMS is well-diluted with hexane [21]. Fabrication process improvements of these transparent
molds must be done.

Fabrication of plasmonic nanostructures

Firstly, the residual thickness of AMONIL in the ground of the nanoholes must be withdrawn by an
suitable RIE before the etching of the underlayer of PMMA. Indeed, this residual thickness is of
approximately 40 nm (see figure 9.11(a)). For the removal of the residual layer, the used etching gases
are O, and CHFs. For the withdrawal of the PMMA A2, the used gas is O,. A good selectivity between
the PMMA and the AMONIL is obtained [13,16]. The next step is the evaporation of a thin layer of gold
(30 nm for the structures carried out from the Si master mold and 50 nm from the AAO master mold) in
order to carry out plasmonic nanostructures. As a preliminary, an adhesion layer (Cr) for gold is
evaporated (3-5 nm). Then, a lift-off in acetone is used to withdraw the underlayer of PMMA
(+AMONIL) in order to obtain gold nanostructures. All these conditions of etching, deposit and top lift-
off are valid for the 2 types of sample. Moreover, an annealing at 250°C during 30 min to smooth and
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compact nanostructures is carried out. Only the sample of gold nanostructures obtained with the Si
master mold was annealed. Figure 9.12 presents the results obtained with the 2 fabrication methods.
Dimensions of gold nanostructures are in good agreement with those obtained for the imprint in
AMONIL for the 2 methods. Indeed, the nanostructure diameters are 165 nm and 250 nm, respectively.
On the SEM image of the figure 9.12(a), we observe that annealing have smoothed and compacted the
gold studs compared with SEM image of the figure 9.12 (b), where the gold studs are not annealed.

FIGURE 9.12

SEM images of gold nanodisks with the following dimensions: (a) diameter = 165 nm, height = 30 nm and the
periodicity = 500 nm (scale bar = 500 nm), and the image is tilted by 60°, and (b) diameter = 250 nm, height = 50
nm and the image is tilted by 45° (scale bar = 250 nm)

To summarize, the technique of the soft UV nanoimprint lithography is divided in 3 steps: the
fabrication of the master mold, the replication of the Hard-PDMS/PDMS flexible transparent mold from
the master mold, and the imprint process by using the bilayer Hard-PDMS/PDMS mold. All these stages
are very important in order to obtain very a good quality of the final result, in terms of resolution and
roughness of line edge of nanostructures. The capacity of the UV-NIL to replicate nanostructures with a
great homogeneity on all surface was demonstrated. The resolutions in terms of size and periodicity
which could be obtained with this technique of UV-NIL (but not exhaustive) are a diameter of
approximately 20 nm and a pitch of approximately 60 nm on a large zone [27]. The technique of the
soft UV nanoimprint lithography is very promising and relatively simple to employ in order to carry out
plasmonic nanostructures on large surfaces (Ex: mm’ or cm®). Next, the nanosphere lithography is
presented. This technique is also low cost and simplest to implement.

Nanosphere Lithography

Nanosphere lithography (NSL), also called Colloidal Lithography, is not very expensive, simple to
implement, capable to produce well-ordered 2D nanoparticle arrays on large surface. NSL was
demonstrated to be well-suited to the fabrication of size-tunable metallic nanoparticles in the 20-1000
nm range [28]. Each structure obtained by NSL starts with the self-assembly of size-monodisperse
nanospheres with a diameter D in order to realize a two-dimensional colloidal mask (Figure 9.13). To
deposit a nanosphere solution onto the substrate, several methods exist such as spin coating [29], drop
coating [30], and thermoelectrically cooled angle coating [31]. The nanospheres must be freely spread
across the substrate with a configuration of the lowest energy. This phenomena is often obtained by
chemical modification of the nanosphere surface. This chemical modification can be realized with a
negatively charged functional group such as carboxylate or sulfate, which is electrostatically repulsed
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by the negative surface charges of substrate such as glass. The nanospheres assemble into a 2D
hexagonal lattice on the substrate due to the capillary forces during the solvent (water) evaporation.
Nanosphere masks can include some defects that are due to nanosphere polydispersity, site
randomness, and others. Sizes of the defect domain are in the 10-100 um” range. After the step of the
nanosphere mask self-assembly, a metallic layer of the fixed and controlled thickness (Ex : gold for
bioplasmonic applications) is typically evaporated by electron beam deposition normally to the
substrate through the nanosphere mask (Figure 9.13). Then, the nanosphere mask is removed by
sonicating the sample in a solvent. Thus, plasmonic nanostructures are obtained (Figure 9.14).

Deposit of nanospheres
by spin-coating

Si0, Substrate

v

Deposit of gold layer

under normal incidence
Gold nanostructures

after removal of nanospheres

El i | (

FIGURE 9.13
Principle of Nanosphere Lithography

Two ways of fabrication for NSL can be used in order to obtain nanostructure arrays, which are asingle
or double layer of nanospheres. This part describes how nanoparticle size, shape, and arrangement can
be significantly altered to realize new patterns with small modifications of NSL. In first NSL
configuration, only a nanosphere monolayer is deposited and self-assembled onto the substrate (Figure
9.14 (a)). When the gold layer is deposited through the monolayer mask, the three-fold interstices
enable gold to reach the substrate, giving an array of triangular nanoparticles with a P6mm symmetry.
In this case, nanostructures cover around 7% of the substrate area. The single layer of nanospheres is
the most used for the nanostructure fabrication. Figure 9.14(a) displays an example of nanostructures
obtained by NSL (single layer of nanospheres).
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(b)

FIGURE 9.14
Schematic representation of single (a) and double layer (b) with associated SEM images of gold nanostructures
obtained with the two ways of NSL (for (a) scale bar = 400 nm, and for (b) scale bar =1 pum)

For the second NSL configuration, double layer of nanospheres is deposited and assembled onto the
substrate. This is realized by an increasing of the nanosphere concentration in the solution to be self-
assembled onto the substrate in order to obtain a significant part of a double layer of hexagonally
assembled nanospheres. When other nanosphere layer is assembled onto the first, each other 3-fold
interstice is blocked and only the 6-fold interstices are « open » with a weaker density (Figure 9.14(b)).
After the step of gold evaporation through the double layer of nanospheres (mask), the mask is
withdrawn, and a homogeneous pattern of hexagonal nanoparticles is obtained on the substrate. Asin
the case of a single layer of nanospheres, the size of the double layer nanoparticles can be tuned by the
deposited nanosphere size (diameter D) and the evaporated thickness of metal. In this case,
nanostructures cover around 2% of the substrate area. Figure 9.14(b) displays an example of
nanostructures obtained by NSL (double layer of nanospheres).

Others NSL structures can be fabricated by varying the deposition angle between the nanosphere mask
and the beam of material being deposited. This technique is called angle-resolved NSL (AR NSL). Angle
tuning was used previously to nanostructure other surfaces, such as field effect transistors [32,33] and
optical coatings [34]. This technique enables to obtain nanooverlap structures or nanogap structures
(see reference [28] for more details).
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To summarize, the technique of the nanosphere lithography is simple to implement, low cost. Large
surface patterning can be obtained, and NSL offers the possibility to produce in mass samples.
However, the spatial resolution is lower to the EBL. The EBL resolution remains the best one. Other
point for NSL, the assembly of nanospheres can present some defects, which reduce the patterning
accuracy.

Conclusions

In this chapter, we presented the principle of four usual techniques of lithography : the electron beam
lithography (EBL), the deep UV lithography (DUV), the soft UV nanoimprint lithography (UV-NIL), and to
finish the nanosphere lithography (NSL). The main advantages and disadvantages of 4 lithographic
techniques are presented in Table 9.2. We remark that the best spatial resolution is obtained by EBL,
but other lithographic techniques have also a good spatial resolution (SR), which is relatively close to
that of the EBL. With EBL, various shapes, sizes can be obtained on large surface. However, the writing
timeis longin order torealize large surface patterning, and EBL is a very expensive technique. For DUV,
the main advantage to compare with EBL is the writing time. In order to obtain a better spatial
resolution in DUV, an immersion exposure system must be toimplement, which is not simple toinstall.
Concerning to soft UV-NIL, this technique have several advantages to compare to others: a quick
writing time, possibility of imprint on corrugated surface, a mass production of samples, and this
technique is also low cost. Nevertheless, the SR of soft UV-NIL is excellent but remains lower than EBL
(SRyvniL < SReg). The last technique presented in this chapter is nanosphere lithography. NSL has
various advantages compared to others even for UV-NIL. Indeed, NSL is the simplest of 4 presented
techniques. Firstly, NSL is easy toimplement and low cost. Large area can be nanostructured and there
is not writing time for the nanostructure fabrication as for the optical or electronic lithographies.
Moreover, NSL can produce in mass samples with a good SR. Nevertheless, the assembly of
nanospheres in NSL technique can present some defects which decrease the nanostructuring precision.
Its spatial resolution is weaker than EBL (SRys. < SReg,). To finish, several lithographic techniques are at
your disposal to realize nanostructures on large area. All depends on your financial supports and the
requirements in terms of size for nanostructures to obtain.
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TABLE 9.2

Advantages and disadvantages for each presented techniques

Techniques Advantages Disadvantages
- High cost
- High spatial resolution - Writing time for large surface
EBL - Various Shapes - Charge effects on insulating
- Large surface patterning substrates

- Mass production
- High cost of mask

- Short exposure time - Resolution < EBL resolution
Deep UV - Good spatial resolution - Mass production
- Large surface patterning - Immersion exposure system for

So

better resolution
- Writing time (imprint)
- Large surface patterning
- Imprint on corrugated
ft UV-NIL substrate - Resolution < EBL resolution
- Good spatial resolution
- Mass production
- Low cost

- Low cost

. - Defect presence in assembly of
- Large surface patterning P Y

NSL . . nanospheres
- Good spatial resolution . .
. - Resolution < EBL resolution
- Mass production
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