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We demonstrate a new and simple route to fabricate highly dense arrays of hexagonally close packed
inorganic nanodots using functional diblock copolymer (PS-b-P4VP) thin films. The deposition of pre-
synthesized inorganic nanoparticles selectively into the P4VP domains of PS-b-P4VP thin films, followed
by removal of the polymer, led to highly ordered metallic patterns identical to the order of the starting
thin film. Examples of Au, Pt and Pd nanodot arrays are presented. The affinity of the different metal

nanoparticles towards P4VP chains is also understood by extending this approach to PS-b-P4VP micellar
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thin films. The procedure used here is simple, eco-friendly, and compatible with the existing silicon-
based technology. Also the method could be applied to various other block copolymer morphologies for
generating 1-dimensional (1D) and 2-dimensional (2D) structures.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Nanometer scale patterning of surfaces has attracted a great
attention from interdisciplinary scientists as it has applications
ranging from electronics to biomedicine. Several methods are
known for nanometer scale patterning including electron beam
lithography, X-ray lithography, optical lithography, and imprint
lithography [1—-8]. However, a feature size less than 30 nmin a large
area is hard to achieve with the above-mentioned lithography
techniques. Therefore, the scientific and industrial community is
searching for simple patterning approaches in order to tackle the
challenge to generate feature sizes less than 30 nm. Block copolymer
based nanofabrication is an emerging approach for the production of
nanostructured materials due to the unrelenting reduction in
feature sizes on integrated circuitry [9—11]. Block copolymers
readily self-assemble to form a variety of nanoscale periodic
patterns including spheres, cylinders, and lamellae with typical
dimensions of 5—50 nm [12—19]. The optimal utilization of phase-
separated block copolymer thin films involves several steps, i.e.
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working with appropriate film thickness, controlling orientation
and lateral ordering of the microdomains, and elimination or surface
reconstruction of the minor component to obtain ordered arrays of
nanopores [13—15,17]. Thus obtained block copolymer templates
were exploited to achieve secondary patterns of interest by further
treatment with a variety of different methods including chemical
and physical vapor deposition, electrodeposition, incorporation of
metal nanoparticles, and chemical reduction techniques [18—27].
The controlled incorporation of nanoparticles into self-assem-
bled block copolymers has attracted a great deal of interest as this
process is simple and does not need external fields for depositing
nanoparticles into the block copolymer domains [18,24—50].
Moreover, it is an efficient way for improving the properties of
materials at the nanometer scale. The stabilization of these nano-
particles in order to prevent them from aggregation and their
controlled spatial arrangement in an ordered fashion on a substrate
is a challenging problem of today. A number of methods have been
developed to selectively incorporate metallic nanoparticles into the
desired block copolymer domains. These methods either used pre-
loading or post-loading of nanoparticles or inorganic salts into
block copolymer domains followed by additional process steps.
Pre-loading implies that the block copolymer solution is loaded
with nanoparticles or inorganic salts and then deposited onto the
surface, while post-loading implies that the loading with nano-
particles or inorganic salts takes place after the formation of the
thin film/nanotemplates. In pre-loading, the pre-synthesized
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metallic nanoparticles of the desired size, shape, and surface
chemistry are mixed with block copolymer solution to produce
nanopatterned block copolymer-supported arrays. In this approach
the metallic nanoparticles have been modified in such a way that
they selectively favor solubilization in one block of the polymer
[32—34]. This approach exploits enthalpic interactions between the
block copolymer and the functionalized nanoparticle surfaces to
achieve precise particle placement. Post-loading has the advantage
that the deposition and the loading steps are independent of each
other. The periodicity of the original structure is preserved in the
final nanoparticle array. In this method, block copolymer micelles
or templates were used as the nanocompartments to load the
defined amount of metal precursor/nanoparticles [36,40—43].
Among the post-loading methods, those using nanoporous block
copolymer templates are the potentially most interesting ones,
because such approaches are simple and can be easily extended to
yield large area samples. For example, Russell and co-workers have
utilized polystyrene-block-poly(methyl methacrylate) (PS-b-
PMMA) based nanotemplates for the deposition of CdSe nano-
particles, where the lateral distribution of the nanoparticles into
the nanopores was manipulated by physical forces such as capillary
forces or electric fields [44,45]. More recently, our group used
switchable polystyrene-block-poly(4-vinyl pyridine) (PS-b-P4VP)
block copolymer templates for the deposition of pre-synthesized
palladium nanoparticles [46]. In this method, the lateral arrange-
ment of the nanoparticles inside the pores of the templates was
manipulated by the preferential interaction of the nanoparticles
with the P4VP chains which are available at the pore walls.
However, these approaches still have limitations in terms of the
complexity of fabrication steps and precise particle placement.

Herein, a new and simple route to fabricate hexagonally close
packed inorganic nanodots using functional diblock copolymer (PS-
b-P4VP) thin films is described. The deposition of pre-synthesized
inorganic nanoparticles selectively into the P4VP domains of PS-b-
P4VP thin films, followed by removal of the polymer, led to highly
ordered metallic patterns identical to the order of the starting thin
film. Moreover, changing the chain length or volume fraction of the
P4VP block allowed us to control the size and the distance between
the arrays of nanodots. The affinity of the different metal nano-
particles towards P4VP chains was also understood by extending
this approach to PS-b-P4VP micellar thin films. Examples of Au, Pt
and Pd nanodot arrays are presented. This general method may be
used to fabricate ultrahigh-density nanostructures (that is, having
areal densities in excess of 10 terabits per square inch).

2. Experimental section
2.1. Synthesis of nanoparticles

Procedures similar to the synthesis route described by Brown
et al. [57] were used to synthesize Au, Pt and Pd nanoparticles with
average particle diameter of 3.5 + 0.5 nm, 2.5 + 0.5 nm and
3.8 + 0.5 nm. The precursors used for the synthesis of the metal
nanoparticles were aqueous solutions of tetrachloroaureate (99.9%,
Sigma—Aldrich), chloroplatinic acid (ACS reagent, Sigma—Aldrich)
and tetrachloropalladate synthesized by dissolving palladium(II)
chloride (99.999%, Sigma—Aldrich) in hydrochloric acid in the
molecular ratio PdCl,:HCI 1:2, dissolving with deionized water and
filtering with a 0.22 um PVDF syringe filter.

In a typical synthesis, to a flask with deionized water 0.27 mmol
of the metal precursor were added. After 1 min 11 mL of an aqueous
solution of 1% sodium citrate were added. Another 30 s later, 5.5 mL
of a freshly prepared (in the case of gold nanoparticles ice-cold)
0.08% sodium borohydride and 1% sodium citrate solution in
deionized water were quickly injected. The resulting volume in the

flask was 500 mL. After a reaction time of 10 min the solution is
cooled down to room temperature. If macroscopic contaminations
were present (mainly in the case of palladium nanoparticle solu-
tions), they were separated using a hydrophilic syringe filter.

2.2. Block copolymer thin film preparation

Three kinds of PS-b-P4VP with different M, were purchased
from Polymer Source, Inc. and used without further purification.
PS-b-P4VP with M, = 409 kg/mol (M} = 329 kg/mol;
ME4VP — 8.0 kg/mol) and a polydispersity of 1.06, and PS-b-P4VP
with M, = 59.0 kg/mol (ME® = 41.5 kg/mol; ME*VF = 17.5 kg/mol)
and a polydispersity of 1.07 were dissolved in chloroform to obtain
a 1 wt% polymer solution. The polymer solutions were filtered three
times through Millipore 0.2 pm Teflon filters. Thin films were
prepared by dip-coating at a speed of 1.0 mms~! onto silicon
wafers, which were cleaned with dichloromethane in an ultrasonic
bath for 20 min followed by further cleaning in a 1:1:1 mixture of
29% ammonium hydroxide, 30% hydrogen peroxide, and deionized
water for 1.5 h at 65 °C. The films were exposed to 1,4-dioxane
vapours for 2 days in a sealed glass chamber. The chamber was
opened to allow the solvent to evaporate freely once an approxi-
mate swelling ratio of 2.75 was reached in the BC thin film. The BC
thin films were dipped into the as-prepared aqueous solution of
nanoparticles for 2 h. After removal, the thin films were repetitively
washed with deionised water in order to ensure the complete
removal of any non-adsorbed or weakly adsorbed nanoparticles.
The nanoparticle-deposited thin films were then cross-linked using
a 254 nm germicidal UV lamp (type G8T5, 2.5 W, TecWest, Inc., U.S.
A.) briefly before the pyrolysis, to avoid the flow of polymer at high
temperature. The polymer was removed by pyrolysis in an air
furnace at 450 °C for 2 h. On the other hand, PS-b-P4VP copolymer
molecular weight of 39.0 kg/mol (MY = 200 kg/mol;
ME4VP — 19.0 kg/mol and polydispersity of 1.09) was dissolved in
toluene at 70 °C for 2 h to yield a 1 wt% polymer solution. The
micelles were dip-coated onto a silicon substrate as mentioned
above. These micelles were further annealed in toluene vapors for
8 h to improve the long-range order. Metallic nanodots were
obtained using the same procedure as discussed above for thin
films. Scanning force microscopy (Digital Instruments, Inc., Santa
Barbara) (SFM) imaging was performed using a Dimension 3100
and a CP microscope (Park Scientific Instrument, Inc.) in the tapping
mode. High resolution scanning electron microscopy (HRSEM) was
performed using a Zeiss Ultra 55 Gemini scanning electron
microscope with an acceleration voltage of 5 kV. TEM was per-
formed using a FEI CM 200 transmission electron microscope at an
accelerating voltage of 200 kV. The samples for TEM were prepared
by floating the polymer film in a 1 M aq. NaOH solution and
transferring the film onto a TEM grid with a holey carbon film. The
film thickness was measured by ellipsometry (SENTECH Instru-
ments GmbH, Germany). XPS experiments were performed with an
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Fig. 1. Schematic sketch of the fabrication process. (a) PS-b-P4VP thin film with P4VP
cylinders aligned perpendicular to the surface. (b) PS-b-P4VP thin film after the
nanoparticle deposition. Nanoparticles selectively decorated the swollen P4VP block.
(c) Hexagonally close packed inorganic nanodots remain on the silicon substrate after
polymer removal.
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Fig. 2. Highly ordered PS-b-P4VP thin film with close packed P4VP cylinders in a PS matrix (center-to-center distance: 29 + 2 nm). (a) SFM height image (b) TEM image
(intentionally defocused to increase the image contrast). The inset shows a fast Fourier transform image to show the long-range order.

AXISULTRA spectrometer (Kratos Analytical, U.K.) equipped with
a monochromatized Al Ko, X-ray source of 300 W at 20 mA.

3. Results and discussion

The fabrication process of hexagonally close packed inorganic
nanodots using a block copolymer (BC) thin film is illustrated in
Fig. 1. A cylinder forming block copolymer PS-b-P4VP was used to
make arrays of nanoscaled dots. PS-b-P4VP has excellent micro-
domain ordering properties due to its large Flory—Huggins inter-
action parameter compared to the other commonly used block
copolymers. An essentially disordered 28 4+ 2 nm thick PS-b-P4VP
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thin film was deposited onto the silicon substrate by dip-coating
and then annealed in saturated vapors of 1,4-dioxane to obtain an
equilibrium microdomain morphology consisting of close packed
P4VP cylinders in a PS matrix (Fig. 1a). By immersing the BC thin
film into simple aqueous solutions of inorganic nanoparticles, the
P4VP chains preferentially attracted the nanoparticles, while the PS
matrix remained unaltered (Fig. 1b). The resulting hybrid thin films
were stabilized under UV-irradiation, and subsequent pyrolysis at
450 °C or oxygen plasma etching removed the cross-linked block
copolymer films completely leaving well-defined arrays of inor-
ganic nanodots (Fig. 1c) on the silicon substrate. The detailed
patterning mechanism is discussed below.

Koo

Fig. 3. PS-b-P4VP thin films after the deposition of Au, Pt and Pd nanoparticles from their respective aqueous solutions. The nanoparticles are selectively deposited on P4VP
domains in all the films. (a, b) SFM and TEM images, respectively, of the Au deposited film. (c, d) SFM and TEM images, respectively, of the Pt deposited film. (e, f) SFM and TEM
images, respectively, of the Pd deposited film. Note: The palladium nanoparticles were not observed in the TEM image as they were washed away during film etching in NaOH
solution for TEM measurements due to weaker interaction of Pd with P4VP chains. The inset shows a fast Fourier transform image to show the long-range order.
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Fig. 4. SFM (top) and SEM (bottom) images of inorganic nanodots with a center-to-center distance of 29 -+ 2 nm on silicon substrates after the removal of polymer thin film. (a, b) Au
nanodots (c, d) Pt nanodots (e, f) Pd nanodots. The inset shows a FFT image to show the long-range order.

Block copolymer thin films were prepared by dip-coating process
using 1 wt% PS-b-P4VP (ME® = 32.9 kg/mol; ME*P = 8.0 kg/mol)
chloroform solution onto silicon wafers. Fig. 2 shows the height-
mode scanning force microscopy (SFM) and transmission electron
microscopy (TEM) images of PS-b-P4VP film (thickness: 28 4+ 2 nm)
after solvent vapor annealing and subsequent drying. The film
directly deposited from chloroform solution showed a disordered
worm-like pattern due to fast solvent evaporation, leaving the
chains not enough time to attain equilibrium morphology. These
films were further annealed in saturated vapors of 1,4-dioxane to
obtain the highly oriented arrays of hexagonally packed cylindrical
microdomains oriented normal to the substrate. The brighter
and darker areas in both the images show the P4VP cylindrical
microdomains and the PS matrix, respectively. The fast Fourier
transformation (FFT) of Fig. 2a showed six sharp first order reflec-
tions clearly indicating that the cylindrical domains of the P4VP are
packed in a hexagonal lattice. The average diameter of the P4VP
cylinders is 15 + 1 nm with an average center-to-center distance
between adjacent cylinders of 29 + 2 nm. On the other hand, the FFT
of Fig. 2b showed six-point pattern with second order, which may be
due to relatively small focused area compared to that of SFM image.
It is also worth mentioning here that the 1 M NaOH solution used
for floating the films for TEM measurements did not disturb the
long-range order of PS-b-P4VP films.

PS-b-P4VP thin films were then immersed into aqueous solutions
of pre-synthesized Au, Pt and Pd nanoparticles at ambient condi-
tions. The nanoparticles were stabilized by negatively charged
citrate ions. TEM revealed the mean particle diameter of Au, Pt and

Pd nanoparticles to be 3.5 4+ 0.5 nm, 2.5 + 0.5 nm, and 3.8 4+ 0.5 nm,
respectively. After 2 h of incubation, thin films were removed from
the nanoparticles solution and were washed repetitively with
deionized water in order to ensure the complete removal of the non-
adsorbed or weakly adsorbed nanoparticles. Fig. 3 shows the SFM
and TEM images of the PS-b-P4VP thin films after the deposition of
Au, Pt and Pd nanoparticles. As demonstrated by SFM (Fig. 3a, c and
e), incubation of the thin films in aqueous solutions of nanoparticles
resulted in selective deposition of the nanoparticles almost exclu-
sively to the P4VP domains. The nanoparticles deposition on the
surface exactly mirrors the surface morphology of the starting thin
film and the lateral order was retained perfectly as confirmed from
the FFT pattern. To verify the number of nanoparticles deposited on
each P4VP domain and to avoid the SFM tip size limitations in
determining the particle size, we further imaged the samples using
TEM. Films were etched from the silicon wafer using 1 M NaOH
solution. Lower magnification TEM images (see Supporting
Information, Fig. S1) also showed that the lateral order persisted
overanareaof2 x 2 pm? scale in all the samples. Fig. 3b shows the Au
nanoparticles, which are deposited uniformly and almost exclu-
sively on the P4VP domains. No contrast difference is observed
between the PS matrix and P4VP cylindrical domains, whereas the
nanoparticles are clearly visible on the surface of polymer thin film.
Higher magnification TEM images (not shown here) allowed us to
estimate the average number of Au nanoparticles deposited on each
P4VP domain (5 + 1). The preferential interaction between Au and
P4VP is mainly responsible for binding of nanoparticles exclusively
on top of the P4VP and such interaction is well-studied [51—53].
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Fig. 5. Height-mode SFM images of (a) PS-b-P4VP thin film with close packed P4VP cylinders in a PS matrix (center-to-center distance: 56 + 1 nm), (b) the PS-b-P4VP thin film after
the deposition of Pt nanoparticles from aqueous solution, and (c) hexagonally packed Pt nandots with a center-to-center distance of 56 & 1 nm after the polymer removal. (d) SEM

image of the same sample shown in (c).

Similar results were obtained with the Pt nanoparticles as shown in
Fig. 3d. However, the average number of Pt nanoparticles deposited
on each P4VP domain is 15 + 2, which is due to the smaller size of Pt
nanoparticles used here. On the other hand, no Pd nanoparticles
were observed in TEM image shown in Fig. 3f, even though, the
corresponding SFM image showed patches of Pd on P4VP domains.
This means that the weakly adsorbed Pd nanoparticles were prob-
ably removed from the P4AVP domains during the film etching in the
presence of 1 M NaOH solution. These results suggest that metals
used here have different affinity towards P4VP. In order to further
confirm such difference in affinity between P4VP chains and metal
nanoparticles, we used PS-b-P4VP miceller thin films, where P4VP
chains (core) are buried within a uniform layer of polystyrene
(corona) and details will be discussed below.

In the next step, the polymer thin film was removed either by
oxygen plasma etching or by pyrolysis in air at 450 °C, to leave
behind arrays of metallic nanodots on the surface of the silicon
substrate. It is worth mentioning here that a stabilization of the
polymer film by cross-linking was crucial before exposing it to
pyrolysis or oxygen plasma. In the case of non-cross-linked thin
films, the nanoparticles tend to aggregate because of the mobility of
polymer chains at higher temperature (above glass transition
temperature) during pyrolysis [46]. In this work, the cross-linking
of the polymer thin film was done using UV-irradiation to avoid
segmental mobility of the polymer chains during pyrolysis. Fig. 4
shows the SFM and high resolution scanning electron microscopy
(HRSEM) images of highly ordered arrays of metallic nanodots on

silicon. The HRSEM images almost look similar to the SFM images,
albeit the difference in sizes of the nanodots, which is due to SFM
tip surface convolution effects [54]. It is also worth mentioning that
by the plasma treatment or pyrolysis the nanoparticles agglom-
erate within each domain to a single nanodot as seen in the HRSEM
images. In all cases, the hexagonal packing (insets of Fig. 4) and the
average center-to-center spacing of 29 + 2 nm were perfectly
maintained even after the polymer removal and are identical to
that of the original thin film. The average heights of the resulting
Au, Pt and Pd nanodots were measured to be 6 + 1, 6 &+ 1.5, and
3.5 + 0.5 nm, respectively, as obtained from the SFM section
profiles (see Supporting information, Fig. S2), and the average
breadths of the nanodots were measured from HRSEM to be 15 + 2,
16 + 2, and 3.8 + 0.5 nm, respectively. Even though the PS-b-P4VP
used for the deposition of Au, Pt and Pd had the same molecular
weight, the average sizes of the different metallic nanodots are
different, which may be again attributed to the difference in the
affinity between the metallic species and the P4VP (the details will
be discussed below). XPS was used to show that the nanodot
structures obtained were indeed those of Au, Pt and Pd. XPS spectra
of the Pt and Pd nanodots obtained after polymer removal are
shown as examples (see Supporting Information, Fig. S3) and the
positions of the XPS peaks observed were at the same binding
energy values as before the template removal [55].

To vary the separation distance and diameter of the cylindrical
domains, a different molecular weight PS-b-P4VP was chosen with
MRS = 41.5 kg/mol; MR*P = 17.5 kg/mol. This block copolymer



2666 E.B. Gowd et al. / Polymer 51 (2010) 2661—2667

PS corona

P4VP core

Nanoparticles
deposition

Fig. 6. (a) Schematic diagram of inorganic nanoparticles deposited onto dried micelles. (b) SFM image of PS-b-P4VP dried micelles on a silicon substrate with a center-to-center
spacing of 55 + 2 nm. SEM images of micelles after the deposition of (c) Ay, (d) Pt, and (e) Pd nanoparticles. Note: The palladium nanoparticles were not deposited onto the micelles
due to weaker interactions between the palladium and the PAVP chains surrounded by the PS barrier.

composition also provides hexagonally packed cylinders with an
average center-to-center spacing of 56 + 2 nm and an average
diameter of the P4VP cylinders of ~26 + 2 nm. In the same manner
as discussed above, exemplarily the fabrication of Pt nanodots was
demonstrated. Fig. 5 shows SFM images of the PS-b-P4VP thin film
before and after the deposition of the Pt nanoparticles and the
corresponding SFM and HRSEM images of Pt nanodots after the
removal of the polymer. As expected, the average center-to-center
spacing and the average size of the nanodots increased with
increasing molecular weight and volume fractions of PS and P4VP.
These results suggest that by changing the volume fraction or chain
length of P4VP, one could tune the density of the nanoparticles
deposited on the domains and ultimately adjust the final size of the
nanodots. The methodology described here could be utilized to
obtain arrays of nanodots with high areal density and lowest
possible feature sizes up to 10 nm simply by selecting the appro-
priate starting molecular weights of PS and P4VP blocks and
appropriate starting diameter of the nanoparticles.

As discussed in the preceding, we investigated the interaction
between P4VP chains and metal nanoparticles by extending the
fabrication approach to micellar morphologies. Here the PS block
forms a corona around a P4VP core and acts as a barrier to avoid the
direct contact between P4VP and the nanoparticles. For that
purpose, PS-b-P4VP copolymer having a molecular weight of
39.0 kg/mol (MES = 20.0 kg/mol; MEAVP = 19.0 kg/mol) and poly-
dispersity of 1.09 was dissolved in toluene, a selective solvent for
PS. The dip-coated film shows micelles on the surface and these
micelles were further annealed in saturated vapours of toluene to
improve the long-range order. Fig. 6 shows a schematic diagram of
the nanoparticle deposition on micelle thin films along with
various microscopy images before and after the deposition of the
nanoparticles. Fig. 6b shows the SFM height image of micellar thin
films after solvent vapour annealing in toluene. PS blocks form
a corona around a core of the less soluble P4VP block to reduce
energetically unfavourable interactions with the solvent [56]. These

micelles were used for the deposition of nanoparticles and the
procedure is the same as discussed above. Fig. 6c—d show HRSEM
images of the PS-b-P4VP micelle thin films after the deposition of
Au, Pt and Pd nanoparticles. The Au and Pt nanoparticles were
densely deposited on the PS corona exactly on the top of the buried
P4VP core, whereas no Pd deposition was found. These results
suggest that the surfaces of Au and Pt have stronger affinity towards
the P4VP chains than that of Pd. A similar observation was made in
the preceding section using PS-b-P4VP thin films. More recently,
we fabricated ordered arrays of Pd nanodots using the PS-b-P4VP
based nanotemplates, where the P4VP chains are readily available
at the pore walls to attract the Pd nanoparticles [46]. When we
extended this pore-filling method to Pt and Au nanoparticles,
a large number of nanoparticles was deposited onto the surface of
the block copolymer template (see Supporting Information, Fig. S4),
due to the strong affinity of these nanoparticles with the P4VP
chains, which are available at the pore walls of the nanotemplate.
From these observations, we may say that the affinity between the
metal and the P4VP is crucial in selecting the deposition method.
The methodology described here is very different from the previ-
ously reported methods, where the majority of the researchers
prepared metallic nanostructures by direct complexation of inor-
ganic salt precursors to one of the block copolymer domain, fol-
lowed by conversion of the inorganic precursor to a nanoparticle
[38—43]. In addition, the method described here is simple and can
be extended to other morphologies like spheres, in-plane oriented
cylinders, and lamellas to generate 1D and 2D structures.

4. Conclusions

In summary, we have demonstrated a very simple, general, and
efficient route to generate nanoscopic arrays of ordered inorganic
nanodots with controlled feature sizes up to 26 nm using functional
block copolymer thin films. We have fabricated arrays of noble-
metal nanodots (Au, Pt and Pd), which are of substantial interest for



E.B. Gowd et al. / Polymer 51 (2010) 2661—2667 2667

various scientific and industrial applications due to their unique
optical, electronic and catalytic applications [58,59]. The results
obtained here allow us to understand the difference in the affinity
of metal surfaces to PAVP chains. We conclude that by the described
method it is feasible to obtain arrays of nanodots with possible
feature sizes down to 10 nm simply by selecting the appropriate
molecular weights of PS and P4VP blocks. The methodology
reported here is fast, highly substrate-independent, and the usage
of aqueous solutions of nanoparticles for nanofabrication further
makes this process less toxic. Furthermore, this method could be
applied to various morphologies for generating 1D and 2D struc-
tures, as well as to different kinds of nanoparticles e.g. from
magnetic or semiconducting materials.
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