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Abstract Synthesis at the nanoscale has progressed
at a very fast pace during the last decades. The main
challenge today lies in precise localization to
achieve efficient nanofabrication of devices. In the
present work, we report on a novel method for the
patterning of gold metallic nanoparticles into nanostructures on a silicon-on-insulator (SOI) wafer. The
fabrication makes use of relatively accessible equipment, a scanning electron microscope (SEM), and
wet chemical synthesis. The electron beam implants
electrons into the insulating material, which further
anchors the positively charged Au nanoparticles by
electrostatic attraction. The novel fabrication method
was applied to several substrates useful in microelectronics to add plasmonic particles. The resolution and surface density of the deposition were
tuned, respectively, by the electron energy (acceleration voltage) and the dose of electronic irradiation.
We easily achieved the smallest written feature of
68 ± 18 nm on SOI, and the technique can be
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extended to any positively charged nanoparticles,
while the resolution is in principle limited by the
particle size distribution and the scattering of the
electrons in the substrate.
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Introduction
In recent years, there has been outstanding progress
in the development of lithography techniques for the
fabrication of nanosized objects (Vitor et al. 2013).
An alternative approach for device fabrication uses
nanoparticles (NPs) as the material of choice for the
device fabrication (Limon et al. 2009; Shahmoon
et al. 2010a). NPs are widely used in a large variety
of nanodevices such as single nanoparticle-based
electronic transistors (Junno et al. 1999; Shahmoon
et al. 2010b), electro-optical modulators (Limon et al.
2009), diodes (Yoshida et al. 1998), and logic circuits
(Korotkov 1995). Their synthesis, conjugation, and
assembly are now well known, making them potentially inexpensive and easy to produce. Another reason that NPs attract broad interest is related to their
size, which is now close to the resolution limit of
patterning techniques. Additional important properties are their photo- and chemical stability. The physical and chemical properties of NPs depend upon
their size, shape, aspect ratio, internal and external
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chemistry, and dielectric constant (Eustis and elSayed 2006), which can bring new features to the
device. In order to fabricate a device, one needs to
reproducibly synthesize the NPs on the device, or to
control the organization of NPs within a large area
inside the device, and thus, high-resolution techniques are required.
A few methods based on electrostatic interactions
have been proposed in order to deposit and organize
NPs on surfaces, mainly Si wafers or glass slides.
One major advance is based on the concept of scanning force microscopy, where the conductive tip
induces a local charge on the substrate, which electrostatically attracts the charged NPs. Such a technique allows nanoscale patterning on the substrate
on a rather small scale (Mesquida and Stemmer
2002; Mesquida and Stemmer 2001; Naujoks and
Stemmer 2003).
Layer-by-layer (LBL) assembly is an additional technique based on electrostatic interactions between layers
of oppositely charged NPs and polyelectrolytes. This
technique is usually achieved by the sequential deposition of positively charged polyelectrolytes and negatively charged NPs (Liu et al. 1997; Caruso et al. 1998;
Correa-Duarte et al. 1998; Rosidian et al. 1998; Storhoff
et al. 1998; Aliev et al. 1999; Jacobs et al. 2002; Tsai
et al. 2005; Srivastava and Kotov 2008) to form thin
films with nanoscale resolution in the z-axis. The inplane resolution can only be achieved by using lithography before LBL deposition in order to write the designed pattern. Such a technique can be used for a single
NP layer, and by sequential deposition, it can be extended to multiple layers. As an example, anionic NPs
(negatively charged) can be deposited onto a layer
of poly-L-lysine, a cationic organic homo-polymer
(Jacobs et al. 2002; Tsai et al. 2005). This technique
has gained vast interest, as it can also be applied to
oppositely charged NPs (cationic and anionic) to
form super-lattices where each layer is composed of
alternative sub-layers of cationic and anionic NPs
(Walker et al. 2011).
A very recent technique, developed in the laboratory, makes use of a focused ion beam (FIB), which
implants cations (for instance of gallium, Gan+) in
the substrate during exposure to the ion beam
(Shahmoon et al. 2010a, b). This technique has been
applied for patterning Au-NPs with applications in
the field of nanophotonics. HF-modified Au-NPs can
self-assemble in arrays with a pitch using a 30 keV
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Ga+ beam (Kolíbal et al. 2012). Writing with FIB is a
straightforward process. However, the FIB is only
suitable for negatively charged NPs as the beam is
composed of cations. The FIB is also very expensive
and has limited accessibility, limiting the applicability of
this technique to large research and development
centers.
While effective, all methods described above
have constraints in terms of limitation to specific
pairs of substrates/NPs, duration of the process,
complexity, and cost. In order to improve the performance, we propose to investigate a novel method
of self-assembly via deposition of NPs at specific
areas within the substrate, on which the designed
device is to be realized. The self-assembly concept
that we report here is based on electrostatic interactions of electrons implanted in dielectric substrates
and positively charged NPs. The technique is very
similar to the ion implant technique but with an
opposite charge for the NPs. This technique is innovative since it relies on the use of an electron beam,
which is far more common than an ion beam. Electron beams can be found in scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and electron beam lithography.

Experimental section
Materials and methods
Synthesis of gold nanoparticles (Au-NPs) Hydrogen
tetrachloroaurate (III) hydrate, 99.999% metal basis,
cysteamine hydrochloride 99%, and sodium borohydride (Sigma-Aldrich) were used as received. AuNPs were synthesized using NaBH4 as a reduction
agent and reduced HAuCl4 in the presence of cysteamine (Niidome et al. 2004; Jv et al. 2010; Cao and
Li 2011; Zheng et al. 2013). A cysteamine solution
(0.213 M, 0.4 mL) was added to a 1.4 mM HAuCl4
solution in 40 ml of distilled water under vigorous
stirring. The solution was then stirred for 20 min in
an ice bath in the dark. Ten microliters of a fresh
solution of 0.02 M NaBH4 were added quickly to
the Au solution and stirred for 30 min. The color of
the solution changed gradually from brownish to a
clear red-wine color. After washing, the solution was
stored at − 4 °C. Silicon-on-insulator (SOI) was
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donated by SOITEC and consists in a 70-nm Si
layer on a 2-μm SiO2 box.
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Results and discussion
Colloidal synthesis

Characterization
High-resolution scanning electron microscope (FEI,
Magellan 400L) was used for the electron beam (ebeam) lithography process. The images were taken
under special conditions to prevent implantation of
additional electrons. The spot beam was 3 nm, and
the voltage was 5 kV. In addition, the images were
acquired with a very short exposure time. SEM
images were collected on an E-SEM (Quanta
FEG, FEI).
Dynamic light scattering was measured on a
Sympatek Nanophox instrument with a He-Ne laser
(l = 632.8 nm) based on photon cross-correlation
spectroscopy (PCCS) in order to avoid multiple scattering. The scattering angle was set to 90°, the temperature was 25 °C, and the measurements were
repeated three times at two different concentrations.
Hydrodynamic average diameters and polydispersity
were calculated from the non-negative least-square
fitting of the autocorrelation curve using the StokesEinstein equation. Zeta potential measurements were
collected on a Zetasizer Nano (Malvern Instrument).
Atomic force microscopy (AFM) measurements
were performed after the substrate irradiation, before
and after the deposition of the NPs. All AFM measurements were carried out in ambient conditions
using a Dimension ICON (Bruker AXS, Santa
Barbara, CA). A conducting cantilever probe (rectangular, platinum–iridium coated, SCM-PIT probe,
Bruker, CA, USA), with force constant of 4 N/m
and resonance frequency of 45–100 kHz, was
mounted in a tip holder capable of controlling the
voltage applied to the tip. We used the lift-mode
Kelvin probe force microscopy (KPFM) system
(Park et al. 2011) based on dual-line scan imaging,
where a lift height of 30 nm was used to avoid
interference from the topography. The topography
height images were recorded simultaneously with
tapping phase and surface potential maps, which
were compiled from the amplitude-modulated
(AM)-KPFM measurements. The images were captured at an image resolution of 512 samples/line with
a 1:1 aspect ratio. Nanoscope Analysis Software was
used for analysis of the images. Focused ion beam
(Helios 600, FEI) was used to implant Ga+ ion.

In this work, we apply this novel e-beam method to the
deposition of Au-NPs at specific areas within the device,
which could enable mass production. Using an electron
beam, at a specific voltage and current, electrons are
implanted on the surface of an insulating or semiconducting substrate in a specific spatial pattern that
follows the structure of the nanodevice to be fabricated.
This pattern is used as a platform for the electrostatic
adhesion of positively charged NPs through a simple
generic process. The substrates used in our experiments
are SOI. Positively charged spherical Au-NPs were
synthesized and displayed positive zeta potentials.
Positively charged Au-NPs were synthesized in a
one-step reaction (Fig. 1a). The ligand, cysteamine,
plays the dual role of reducing agent and stabilizing
agent, with the thiol as the anchoring agent on the AuNP surface and the ammonium providing the electrostatic repulsion between the NPs in water dispersion at
neutral pH. The surface charge was measured by zetapotential and reaches + 35 mV, resulting from the cationic ammonium of the cysteamine for a pH above the
pKa, and the absolute value is large enough to stabilize
the NPs by electrostatic repulsion for months. The size
distribution was centered around 33 ± 5 nm. Figure 1b
displays the deposition steps using this colloidal ink.
The electron beam exposure is followed by deposition
of Au-NPs by drop-casting on the substrate, washing out
the non-specifically attached particles with deionized
water, and nitrogen drying.
Electron beam patterning
Several patterns were written by electron beam irradiation followed by SEM imaging to validate the selfassembly process. The letter BZ^ was written in order
to investigate whether the Au-NP specifically binds to
the SOI and maintains the original template shape.
Figure 2a shows the SEM imaging of the Au-NP assembled to form the letter Z.
In order to determine the thinnest line that can be
written by deposition of Au-NPs, we irradiated the SOI
wafer with different voltages and durations. Figure 2b
displays a line of NPs after electron beam writing at an
acceleration voltage of V = 10 kV, a current of I =
22 nA, and an exposure time of t = 16 s. These
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Fig. 1 Schemes of a cationic Au
colloid (a) and of an electron
beam induced writing of cationic
nanoparticles on SOI (b)

parameters result in a dose of electrons per surface unit
of 26.4 nC/μm2. The SOI is electron-implanted following a 100 μm long and 100 nm wide line. After Au NP
deposition, the width of the line is on average 68 ±
18 nm, very close to the initial width. The Au NP line
is not perfectly continuous and straight; the NPs deviates
from the original line of about 58 ± 16 nm. Interestingly,
the values obtained for the line width and standard
deviation are only two times larger than the Au NP
mean particle size.
In order to evaluate the resolution limit of the writing
process, the SOI was irradiated with a pattern of three
parallel lines 120 μm long and 50 nm wide; the distance
between two adjacent lines in the template was 700 nm.

The irradiation dose (37.12 nC/μm2) was similar to the
previous experiments with the same voltage and current.
Figure 2c shows the deposition of the NPs on the template; the three lines are clearly separated, but the spacing between the lines is diminished, from 700 to
275 nm. This phenomenon is due to the following three
reasons: (1) the NP size limits the resolution; (2) subsequent electrons are rejected by the electrons that are
already implanted on the surface, resulting in the observed scattering; and (3) the potential is a function of
space; therefore, the irradiated area has the highest potential, and the area surrounding it shows a potential
decay. The NPs slightly bind also to the surroundings,
which causes a slight blurring of the deposited lines.
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Fig. 2 SEM images after
deposition of Au-NPs on SOI
wafer on the templated letter Z
(a), on a 100 nm wide line (b),
and on parallel lines 120 μm long
and 50 nm wide with a distance
between two adjacent lines in the
template of 700 nm (c)

Independent of the particle size distribution, a resolution
improvement can be expected from fine-tuning of the
irradiation parameters, mainly the electron kinetic energy through the acceleration voltage and the dose of
electrons, through the current and exposure time. These
two parameters are explored in the following section.
Resolution of the process
The same deposition of Au-NPs was observed for different acceleration voltages of the electron beam. The
Fig. 3 Colored SEM images of
the deposition of Au-NPs on SOI
for different electron beam
acceleration voltages (5, 10, 15,
and 20 kV, a–d, respectively)

pattern was irradiated with different energies over the
same duration. As a result of changing the energy, the
dose was adjusted to fit the other parameters. Deposition
of Au-NPs on SOI wafer was carried out by irradiation
with an electron beam at acceleration voltages between
5 and 20 kV (Fig. 3a–d). For each sample, we added the
original Z pattern as a guideline for estimating the
distortion of the pattern at each electron beam acceleration voltage.
One can notice that, for high electron beam acceleration voltage (20 kV), the resolution is increased and the
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contrast is decreased. In other words, the pattern is better
retained for high electron beam energy, but non-specific
binding also increases.
To confirm this qualitative trend, an electronpenetration profile was modeled by a Monte-Carlo approach according to the actual parameters; the simulation result is displayed in Fig. 4a, b. Figure 4a describes
the electron penetration profile in 2000 nm SiO2 using
an electron acceleration voltage of 10 kV. Figure 4b
describes the electron-penetration profile in 2000 nm
SiO2 using an electron acceleration voltage of 30 kV,
while all other parameters were kept constant. When a
high voltage is applied, the electrons penetrate the SiO2
surface and reach underneath the Si substrate, while at
low voltage, the electrons remain in the SiO2 box and do
not reach the substrate.
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This trend can be understood from known considerations of electron-matter interactions. The beam of electrons interacts with the substrate, and the electrons are
scattered in a shape that resembles an onion. By increasing the acceleration voltage, the electron scattering occurs in a deeper layer, as shown in Fig. 4a, b. At higher
electron energy, there is less interaction with the SOI
surface. Furthermore, at higher voltage, the diameter of
the electron beam is smaller. Writing at higher voltage is
therefore more accurate.
On the other hand, the grafting process of Au-NPs is
less effective, since the electrostatic force is decreased
following Coulomb’s law. At lower acceleration voltage, the resolution is decreased because the Bonion^ is
closer to the surface layer, which blurs the original
template. In addition, the electrons diffuse to the SiO2

Fig. 4 Simulated electron-penetration profiles in SOI at 10 kV (a) and 30 kV (b). The mean penetration depths of the electron beam in SOI
were obtained using the Kanaya-Okayama model (c) (Lyman et al. 1990)
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box layer. As a result, the Z shape becomes broader.
Moreover, at low acceleration voltage, the diameter of
the electron beam is increased.
Another approach to estimate the penetration depth
of the electrons can be made through the Anderson and
Hasler model (Lyman et al. 1990):
Z D ¼ 64

E 1:68
0
;
ρ

ð1Þ

where ZD is the penetration depth, E0 is the energy
(keV), and ρ is the layer density. The electron energy
was set between 5 and 20 keV for each set of experiments, and the layer density can be roughly estimated to
be 2200 kg/m3 considering an amorphous silica layer or
silicon layer (same density for both). The obtained penetration depth is then 1.4 μm for 10 kV. Figure 4c
Fig. 5 AFM topography images
of a 10 × 10 μm2 area
deposition (scale bar 1 μm) and
the respective profile of the
cross section for the low
electron dose (27.79 nC/μm2)
(a, b) and high electron dose
(59.09 nC/μm2) (c, d)

displays the maximum penetration depth of the electron
beam as a function of energy (accelerating voltage). The
blue curve provides the resulting penetration depth for
each accelerating voltage (typically 5, 10, 15, or 20 kV).
The thickness of each layer of the SOI was added as a
guideline to roughly determine the layer in which the
electrons are mainly implanted. The two models are
consistent with implantation of electrons mainly in the
SiO2 box for low voltage (5–10 kV) and in the substrate
for high voltage (10–20 kV).
Smoothness of the colloidal film
The deposition technique depends also on the electron
dose set to irradiate the pattern. To investigate its influence on the deposition process, the surface was scanned
by AFM after NP deposition. Figure 5a, b displays the
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Fig. 6 Surface potential and
surface topography of an
electron beam irradiated SOI
(a, b). SEM images of the
wafer after Au deposition on
samples irradiated with Ga+
ions at 5 and 30 kV (c, d)

electron beam irradiation on SOI with a dose of
27.79 nC/μm2. Figure 5c, d displays the resulting deposition with about twice the electron dose (59.09 nC/
μm2). The dose increases linearly with the exposure
time. A larger dose leads to a higher density of the AuNPs grafted to the SOI. The value of the root-mean
square (RMS) decreases from 4.0 to 1.7 nm for a
smoother Au layer, indicating that the Au-NPs are better
packed at a higher electron dose, with a more effective
assembly process.
Controlled experiments
The influence of the acceleration voltage and the electron dose demonstrates that the charge accumulation in
the SOI box leads to specific binding of the positively
charged colloids on the template. To directly assess the
mechanism, we carried out a KPFM measurement on
the SOI after electron beam exposure.
The irradiation was performed in a SEM which implants the SOI wafer. We carried out the topography
(AFM) and potential mapping (KPFM) on the following
day. Figure 6a displays the surface potential measured
with KPFM; the potential difference between the irradiated and non-irradiated areas is − 63.4 mV on average,

which is consistent with the accumulation of electrons
even after 1 day. As a reminder, the colloidal Au NPs
display a zeta potential of + 35 mV.
Figure 6b displays the surface topography of the SOI.
The electron beam etches 7.3 nm of the surface, insignificantly altering the topography of the surface. However, such a small difference cannot explain the specific
binding of the colloids with a diameter 4–5 times larger.
In addition, the SOI wafer was stored in a desiccator for
8 days after the patterning was measured in KPFM, in
order to test the decay time of the electron implantation.
We could still measure a difference of potentials, albeit
lower, about − 14 mV. The electrons trapped on the
substrate had thus diffused to the surroundings with time.
To further confirm the electrostatic mechanism, we
implanted positive Ga ions with a focused ion beam.
The SOI wafer was irradiated with Ga+ ion beam at two
different acceleration voltages (5 and 30 kV), and the
resulting template was exposed to the positively charged
Au colloids and washed to remove the non-specifically
bound Au colloids (Fig. 6c, d). At low voltage, the FIB
pattern does not show any preferential interaction with
the colloids (Fig. 6c). At high voltage, the ion beam
etches the surface and implants positive Ga ions which
electrostatically repulse the positively charged NPs
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(Fig. 6d). Interestingly, this experiment also confirms
that the etching process cannot explain the specific
binding of the colloids and that electrostatic interactions
are the driving force for the writing process.

Conclusion
We have reported on a novel method for placing Au
colloids on an SOI wafer. Electron beam implants electrons into the insulating material, which further anchors
the positively charged Au nanoparticles by electrostatic
attraction. The acceleration voltage must be tuned so
that the average electron penetration depth lies within
the SOI box (the insulator layer). The acceleration voltage and the electron dose respectively enhance the resolution and smoothness of the Au colloidal deposition.
The smallest written feature can reach 68 ± 18 nm on
SOI. Kelvin probe measurements demonstrate the validity of the electrostatic model at work for the specific
binding of the colloids. This patterning technique can
be extended to any positively charged nanoparticles,
while the resolution is in principle limited by the
particle size distribution and the scattering of the
electrons in the substrate.
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