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Abstract — Guided deposition of nanoparticles onto different substrates is of great importance
for a variety of applications such as biosensing, targeted cancer therapy, anti-bacterial coatings
and single molecular electronics. It is therefore important to gain an understanding of what
parameters are involved in the deposition of nanoparticles. In this work we have deposited 60 nm,
negatively charged, citrate stabilized gold nanoparticles onto microstructures consisting of six
different materials, (vanadium (V), silicon dioxide (SiO2), gold (Au), aluminum (Al), copper (Cu)
and nickel (Ni)). The samples have then been investigated by scanning electron microscopy to
extract the particle density. The surface potential was calculated from the measured surface charge
density maps measured by atomic force microscopy while the samples were submerged in a KCl
water solution. These values were compared with literature values of the isoelectric points (IEP)
of different oxides formed on the metals in an ambient environment. According to measurements,
Al had the highest surface potential followed by Ni and Cu. The same trend was observed for the
nanoparticle densities. No particles were found on V, SiO3 and Au. The literature values of the
IEP showed a different trend compared to the surface potential measurements concluding that

TEP is not a reliable parameter for the prediction of NP deposition.

Copyright © EPLA, 2017

Introduction. — Nanoparticles (NP) have attracted
broad interest during recent decades due to their physi-
cal and chemical properties. Metal-oxide NPs efficiently
protect against ultraviolet radiation [1] and silver (Ag)
NPs are used in consumer products as anti-bacterial
agents [2]. NPs can also be used in enhanced catalysis [3,4]
in drug targeting for cancer therapy [5], breakdown of
oil spillage [6], sensing applications [7-9] and as electri-
cal contacts in the emergent field of single-molecule elec-
tronics [10-13]. The majority of these applications would
benefit from a simple and controlled way of depositing
NPs on surfaces in order to enable even more advanced

() Contribution to the Focus Issue Self-assemblies of Inorganic and
Organic Nanomaterials edited by Marie-Paule Pileni.

(B)E-mail: tue@nano.ku.dk

() B-mail: kasper .moth-poulsen@chalmers.se

functions [11]. It is therefore interesting to investigate
how NPs can be guided onto different surfaces and to
understand the parameters involved in this process, such
as surface and particle potential.

There are already several techniques available today for
the deposition of NPs onto surfaces. One way is to evap-
orate a thin film of metal onto a substrate. Particles will
then start to form after annealing [14]. Another more
refined way is to form a monodispersed NP-aerosol by
heating a metal, sort the NPs of interest using a dif-
ferential mobility analyzer and deposit them on a sur-
face [15]. Electrospray deposition is another example
where a dispersion of NPs is forced through a small noz-
zle and onto a substrate [16]. It has also been shown
that it is possible to electrostatically deposit colloidal dis-
persions by applying a bias between an electrode and
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Fig. 1: (Colour online) Overview of the deposition procedure. Left: a drop of NPs is deposited onto a substrate of Si/SiOs,
with five different metals (V, Ni Cu, Al and Au) on. The substrate is placed onto a 3D printed scaffold placed in a beaker,
with an attached lid. Water in the beaker prevents evaporation of the droplet during deposition. Right: the NPs are guided to
selective areas of the substrate. A SEM image, including XEDS mapping over a hexagonal structure, confirming the elements

can be seen in the middle.

the substrate [17]. There are examples where a surface
is functionalized with molecules designed to attract NPs
from a colloidal solution [11,18]. A drop of a NP disper-
sion is then applied onto the surface and the particles as-
sembly onto the surface by themselves. Scientists have
also developed ways to deposit particles by using capillary
forces between a substrate and a glass slide. This creates
a meniscus flow forcing the particles to assemble at the
interface between substrate, dispersion and air [19,20].

In this work, we have focused on the deposition of col-
loidal citrate stabilized NPs dispersed in water. The parti-
cles are deposited onto different oxide and metal surfaces
such as vanadium (V/V30s3), silicon dioxide (Si/SiOs),
gold (Au), aluminum (Al/Al;O3), copper (Cu/CuO) and
nickel (Ni/NiOg). The reason for choosing citrate sta-
bilized NPs is due to their availability and broad use in
many applications [8,9]. Due to the citrate ligand, fur-
ther functionalization with functional molecules such as
proteins are considered to be straightforward [21,22]. The
metals above can with ease be evaporated onto a substrate
forming any pattern of interest, which can be interesting
for later applications where NPs are to be positioned at
selected areas of a surface. It is known that Si forms a nat-
ural oxide SiOy [23] and Al forms Al;O3 [24]. The other
metals, except for Au which is a noble metal, can form
several types of oxides [25-27]. Multi-crystalline metal
films were used in this work due to the evaporation step,
which could lead to different types of oxides in ambient
air. It could therefore be difficult to predict the exact
surface charge from for example zero-point charge or tab-
ulated values of the isoelectric point (IEP) [28,29], since
the IEP changes between oxides of the same element. It
was therefore necessary to investigate the local surface
potential of the different surfaces in water, since the ex-
act surface parameter is important [30], directly affecting
the deposition of NPs. We investigated the correlation be-
tween the density of particles at the surface using scanning
electron microscopy (SEM). The surface potential of the

substrates was measured in water by measuring the surface
charge density using an AFM (Asylum Research MFP-3D
atomic force microscope) operating in 1 mM KCl dissolved
in water. The surface charge densities were then used
to calculate surface potentials (using the Grahame equa-
tion) [31]. The density of NPs at the different surfaces was
calculated by letting an image processing software count
NPs from micrographs of samples with NPs deposited on
them. The samples consist of a Si/SiO5 substrate with an
array of five different metals (V, Au, Al, Cu, Ni) arranged
in a hexagonal pattern (see fig. 1) all made using laser
lithography.

Experimental. — Five different metals, V, Au, Al, Cu
and Ni were evaporated to a thickness of 100 nm, in a
specific pattern, fig. 1 onto a substrate of silicon(100) (Si)
with thermally grown 280 nm thick silicon dioxide (SiOz2)
(ordered from Si-mat). A 5nm thick titanium film (Ti)
was applied underneath the Au and Cu areas in order to
improve adhesion to SiOs.

Sample preparation. The following procedure was
used to create each metal domain on the substrates. The
substrate (Si/SiO2) was cleaned with Oz-plasma (10 scem,
250 mTorr, 50 W) for 1 min using a Dry etch RIE-Plasma-
Therm-Oxygen. Subsequently, the substrate was covered
with lift-off resist LOR 3A (supplier Microlithography
Chemical Corp.) and spin-coated at 3000rpm for 45s,
creating a film thickness of 0.36 um. The substrate was
then baked on a hotplate at 190 °C for 5 min and cleaned
under a stream of Nso-gas. A second layer of photoresist
S1813 (supplier Microresist GmBH) was applied on the
substrate, it was then spin-coated at 3000rpm for 45s,
creating a film thickness of 1.5 um. The substrate was
then baked at 100°C and cleaned with Nj-gas. A laser
writer DWL 2000, equipped with a 405nm diode laser,
was then used to expose the photoresist according to a
pre-designed pattern. The substrate was then developed
in MF319 for 45s, rinsed with deionized water and blow
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dried with Ny-gas. The sample was cleaned in 1min of
O2 plasma (10 sccm, 250 mTorr, 50 W) before a metal
film was evaporated ontop of the double layer resist us-
ing a Lesker PVD 255 Evaporator system. 5 nm Ti was
evaporated before evaporating Cu or Au for improved ad-
hesion. The lift-off was performed in an ultrasonic bath
filled with mr-Rem 400 heated to 50 °C during 30 min, fol-
lowed by rinsing in a bath of filtered 2-propanol, deionized
water and finally dried with No-gas. This procedure was
repeated for each metal.

Deposition.  In this work, 60nm spherical Au NPs,
stabilized in trisodium citrate, were supplied from Sigma
Aldrich (prod. No. 742015) as a colloidal dispersion.
A plastic vial (Eppendorf 3810X 1.5mL) was filled with
1mL of the dispersion and centrifuged for 10min at
2400 g, in order to force the NPs to the bottom of the
vial. The supernatant fluid was removed, 1 mL of deion-
ized water was added to the vial and the NPs were
dispersed in the fluid. The vial was then centrifuged a
second time (10min, 2400g) and the supernatant was
removed leaving 0.5 mL residual dispersion. The NPs were
then re-dispersed, and a drop was added onto the sample.
A scaffold system with controlled atmosphere (fig. 1) [18]
was used for the substrate during the deposition, prevent-
ing the droplet to dry out during the deposition. The re-
maining dispersion was rinsed away, after the deposition
(60min), in a beaker of deionized water and dried with
Ns-gas.

TEM, SEM and XEDS.  The size of the NPs was
inspected using a TEM, Tecnai T20 microscope, operating
at 200kV with a LaB6 filament. 5 uL of the NP dispersion
(prepared in the same way as the one used for deposition)
was dropped on TEM grid (carbon support film, 200 Mesh
3mm copper grid) and left to dry for 3 hours.

The samples were investigated using the In-Lens de-
tector of a Zeiss Supra 60 VP SEM operating at 12kV
(at a pressure of 7- 10~ mbar using the 30 um aperture).
The images were then later analyzed using an image pro-
cessing software [18]. The nanoparticle surface density was
calculated by dividing the number of particles found in the
image with the image size.

The metals and semiconductor materials used to build
the hexagonal structures were confirmed by an X-ray en-
ergy dispersive spectroscopy (XEDS) from Oxford Inca
EDS/EDX systems. A map of the results can be seen in
fig. 1.

Zeta potential.  The zeta potential of the NP disper-
sion was measured with Zeta Sizer Nano ZS instrument,
model: ZEN 3600, Malvern Instruments, using folded cap-
illary zeta cuvettes. The measurement was recorded in
three series, each contained 50 runs.

AFM.  Force maps were achieved using Asylum Re-
search MFP-3D atomic force microscope (AFM). These
maps were used to reconstruct surface charge density maps
by fitting force curves to DLVO theory [32-34].

The reconstruction method works by fitting an experi-
mental force curve to a theoretical DLVO curve which is
given by the following equation:

F= / fe r 2mrdr + / Sfoaw - 2mrdr, (1)
0 0

where dr is the geometry of the tip described in [32]. The
first term integrates the electrostatic force fe,

2

€0Er

fo= (atase*“D + (O't2 + 0'3)672'/"[)) , (2)

where £ denotes the inverse debye length, [30] D the dis-
tance between the surface and the tip, o, is the known
surface charge density of the tip, oy is the charge density
of the substrate surface, ¢ is the permittivity in vacuum,
€, 1s set to 78, the permittivity of the water solution. The
second term in eq. (1) integrates the van der Waals force,
fvaw (seen in the following equation), where A denotes
the Hamaker constant [30],

A

~6nD 3)

Joaw =

The measurements were performed by gluing a chip
to the sample holder with EPON Resin 1002F epoxy
glue. An undecanethiol self-assembled monolayer (SAM)
functionalized tip was then prepared in the following
way: A biolever tip from Olympus Research with a spring
constant of 34.12pN/nm was cleaned with UV-generated
ozone. The SAM on the tip was made by submerging the
tip in a solution of 0.05g undecanethiol in 50 mL 99.5%
ethanol (5.5mM) for 24h [35]. This type of tip would
make the contribution to the surface charge from the tip
in eq. (2) neutral.

For the force measurements, a solution of KC1 (1 mM)
was prepared with reagent grade salt from Sigma Aldrich
(99.5%) and pure deionized water (MilliQ, 18.2 M€ - cm).
The resulting pH value was 5.49.

The sample holder was filled with 3mL of 1mM KCI
solution and a 30 x 30 force map across an area of 5 x 5 um
was made for each of the six surfaces with a sample rate of
12.5kHz. A force distance of 500 nm and a scan frequency
of 1Hz was used which resulted in a speed of 1000 nm/s.
The indentation force was set to 500 pN, to ensure full
contact to the surface before retracting the AFM tip.

The average surface charge density value was then ex-
tracted for each map and was used to calculate surface
potential values with the Grahame equation,

. zed
0s = \/8poereokpT - sinh (2]@%),

(4)

where pg is the ionic concentration, z is the valency of the
salt used and @ is the surface potential. The temperature
is represented by T and kp is the Boltzmann constant.
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Fig. 2: SEM zoom ins of the six different regions. A: Al; B: Ni; C: Cu; D: V; E: Si/SiOg; F: Au. The scale bar is 200 nm.
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Fig. 3: (Colour online) Upper image; NP densities on six dif-
ferent materials (Au, V, SiO2, Cu, Ni and Al) plotted against
the surface potential measured from AFM. The blue line rep-
resents the mean zeta-potential (—35.96 mV) measurement of
the NP dispersion and the blue area the zeta-potential stan-
dard deviation (£10.9mV).

Results and discussion. — An example SEM overview
of the hexagonal pattern created with the laser writer can
be seen in the insert of fig. 1. Each surface is marked in or-
der to easily distinguish between the fields. Each Si/SiOs
chip is equipped with 16 hexagonal structures. TEM in-
vestigations showed that the particles had an average size
of 60 nm with a standard error of +6.2 nm.

Examples of magnified SEM micrographs in each do-
main after deposition of NPs can be seen in fig. 2A-F.
A corresponds to Al, B to Ni, C to Cu, D to V, E to SiO»
and F to Au. The highest density was found on Al, Ni
and Cu that had almost the same density. The density on
V, SiO5 and Au was zero, except for one or two particles

in total, these particles are believed to be there due to
contaminations present on the surface.

The NP densities vs. the surface potential of each ma-
terial, calculated from 10 image samples with a size of
12 pm x 8 um and between 0 and 800 NPs in each image,
can be seen in fig. 3. The blue line present in the image in-
dicates the zeta potential of the NP dispersion, measured
to —35.96 mV and the light blue area represents the stan-
dard error measured to +10.9mV. The sign from the
surface charge density measurements, performed with the
AFM, could not be extracted and was therefore assumed
to be negative for SiOs, V and Au and positive for Al,
Ni and Cu. The reason for this is because the IEP for
V205, SiOy, Au [36-38], is lower than the pH of the NP
dispersion [18]. The tabulated values for IEP as well as the
surface potentials and NP densities can be seen in table 1,
the standard errors are presented in parenthesis. The sur-
face charge density is obtained by fitting eq. (1) to AFM
force curves. The surface charge density is then derived
from eq. (4). The surface potential is the surface potential
between the surface and the bulk solution.

One can see from the plot in fig. 3 that it is expected that
there are no NP found in F, D and E since these surfaces
have almost the double negative surface charge compared
to the zeta potential of the NPs. It is also expected that
NPs are found on C, B and A since the surface charge
is positive. The highest NP density was found on Al,
which also has the highest surface potential. AloOs nat-
urally forms on Al, creating a uniform oxide layer which
could, in addition to the high surface potential, explain
the high NP density. It should be noted that factors
such as surface morphology and contaminations could af-
fect the deposition of the NPs as well. The AFM mea-
surements are also performed on monovalent ions, a more
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Table 1: IEP [36-38], surface potential and NP density on the different surfaces.

Sample A B C D E F
®p (mV) 65.4 (£0.4) 61.9 (£0.2) 48.4 (£1.0) —60.5 (£0.2) —57.3 (£0.4) —69.3 (+0.3)
density (NP/um?) 8.3 (+1.3) 1.6 (£0.2) 1.6 (£0.06) 0 0 0
IEP 8,7 12 9.5 1.4 3.9 5.2
precise measurement could be achieved by using a triva- * % %

lent:monovalent ions mixture.

One could expect that Ni should have the highest sur-
face potential, hence also the highest density of NPs; when
compared with the IEP for the different metals, the TEP
for Al;Og is lower compared to that of NiO. However, this
is not the case, Al has a higher surface potential, which
is confirmed by the high number of NPs found on that
surface. This means that IEP is perhaps not the most
exact way of predicting the surface potential of different
materials.

Conclusion. — In this work, we have deposited citrate
stabilized gold NPs for 1 h on microstructures, made by
laser lithography, consisting of six different surfaces (V,
SiOz, Au, Al, Cu and Ni). The NP density was analyzed
using an image processing software. The surface potential
for each material was calculated from the surface charge
density measured in situ, in water by an AFM. It was
found that no particle sticks on V, SiOs or Au. On the
other hand particles were found on both Cu, Ni and Al
The zeta potential of the NP dispersion was measured to
—35mV, hence was repelled from a surface more nega-
tive than —35mV and attracted to a surface more pos-
itive than —35mV. The highest NP density was found
on the Al surfaces, which also had the highest surface po-
tential (65.38mV). Constant development of this kind of
research is important in order to get better understanding
of parameters that are involved in the deposition of col-
loidal NPs on surfaces (zeta and surface potential). This,
in turn, allows for application in a broad range of areas
such as targeting drugs and plasmonic sensing. Guid-
ance of NPs is in particular interesting regarding single
molecular electronics, where NPs can act as platform for
anchoring molecules [12]. It is envisioned that particles
can then be guided to specific sites, of different metals,
on a prefabricated substrate and in the end build up a
logic circuit [11,39]. This work has shown that the IEP
may not the best way of predicting the surface potential
in water for different materials and it is therefore impor-
tant to continue research with mapping the surface poten-
tial of different materials in order to be able to advance
within colloidal science. One can see that the number of
particles depends on the surface potential and that an in-
creased potential results in an increased number of NPs.
However, other factors such as surface contamination in
the deposition, morphology of the surface, and change of
surface charge as it accumulates particles are not treated
in this work and need to be addressed in future research.

This work was supported by the Myfab National Ac-
cess program (at MC2 Nano Fabrication Laboratory,
Chalmers), the Knut and Alice Wallenberg Foundation,
Chalmers Area of Advance Nano, NanoGeoScience group
at UCPH and the European Research Council through
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