View Online / Journal Homepage / Table of Contents for this issue

Volume 4 | Number 3 | 7 February 2012 | Pages 673–1022

Nanoscale

Downloaded by North Carolina State University on 20 November 2012
Published on 23 November 2011 on http://pubs.rsc.org | doi:10.1039/C1NR11177A

Volume 4 | Number 3 | 2012
www.rsc.org/nanoscale

Showcasing research from the Microsystems
Laboratory, Ecole Polytechnique Fédérale de
Lausanne, Switzerland.

As featured in:

Title: Compliant membranes improve resolution in full-wafer
micro/nanostencil lithography
Compliant silicon nitride membranes, mechanically decoupled
from a rigid silicon frame, are used to reduce the gap between
membrane and substrate in micro/nanostencil lithography. This
reduction causes fringes to appear in every membrane, evidencing
gaps smaller than 2 μm across the full-wafer. Up to a 95% resolution
improvement during metal deposition is achieved, demonstrating
successful transfer of patterns down to 200 nm diameter.

See Brugger et al.,
Nanoscale, 2012, 4, 773.

Registered Charity Number 207890

Pages 673–1022

www.rsc.org/nanoscale

ISSN 2040-3364

COVER ARTICLE
Shviro and Zitoun
Low temperature, template-free route
to nickel thin films and nanowires

2040-3364(2012)4:3;1-N

C

Nanoscale

Dynamic Article Links <

Cite this: Nanoscale, 2012, 4, 762

PAPER

www.rsc.org/nanoscale

Downloaded by North Carolina State University on 20 November 2012
Published on 23 November 2011 on http://pubs.rsc.org | doi:10.1039/C1NR11177A

Low temperature, template-free route to nickel thin films and nanowires
Meital Shviro and David Zitoun*
Received 25th August 2011, Accepted 24th October 2011
DOI: 10.1039/c1nr11177a
In this manuscript, we report on the elaboration of nickel thin films, isolated clusters and nanowires on
silicon, glass and polymers by a low temperature deposition technique. The process is based on the
thermal decomposition of Ni (h4-C8H12)2 at temperatures as low as 80  C, which exclusively yields
metallic Ni and a volatile by-product. The low temperature of the process makes it compatible with
most of the substrates, even polymers and organic layers. Several deposition techniques are explored,
among them spin coating of the organometallic complex in solution, which allows controlling nickel
film thickness down to several nanometers. The density of the film can be varied by the speed of the spin
coater with the formation of nanowires being observed for an optimized speed. The nanowires form
a network of parallel lines on silicon and the phenomenon will be discussed as a selective dewetting of
the organometallic precursor. All samples are fully characterized by SEM, EDS, cross-sectional
HRTEM, ellipsometry, AFM, MFM and SQUID magnetic measurements.

Introduction
Metallic coatings and in particular nickel thin films have raised
huge interest in the scientific community.1 A few methods had
been used to provide high quality films in terms of purity,
thickness and processability on various substrates. Electrodeposition and electroless deposition techniques had been widely
spread. Nevertheless, these wet chemical methods have not
reached the same level of accuracy as the vapor deposition
methods such as sputtering, pulsed laser deposition, thermal or
e-beam evaporation.2 These vapor deposition techniques have
been successful for the deposition of continuous films several
nanometers thick and isolated clusters. While atomic layer
deposition has proven to be a very efficient method of controlling
 3 none of
the thickness of thin film with an accuracy of 0.1 A,
these deposition techniques can provide a lateral resolution by
themselves and can only do so in combination with a template or
a mask. The dimensions of the templates are typically larger
than 20 nm;4 with further work, nanolines and nanodots with
sub-10 nm lateral size can be made.5,6
On the other hand, the integration of colloidal nanoparticles in
thin films has been extensively investigated since the control of
chemical composition, size, shape and surface state by wet
chemistry was achieved. The use of organometallic complexes (or
precursors) was a breakthrough in the field of magnetic nanoparticles.7 These precursors have successfully yielded transition
metal nanoparticles from designed low oxidation state organometallic complexes.8,9 These precursors, inherited from the work
on d block organometallic chemistry, can be decomposed under
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mild conditions thus providing control over size, morphology
and composition of a large variety of NPs such as Cr,10 Cu11,12 or
Ru.13 The synthetic pathway has been adapted to the growth of
bimetallic nanoparticles like cobalt14,15 or nickel alloys.16
Organometallic precursors have effectively yielded particles with
a clean and controllable surface, and in some cases, adjustable
sizes down to the nanometer. For instance, 2 nm cobalt nanoparticles have been synthesized by the hydrogen-assisted
decomposition of the organometallic precursor Co(h3-C8H13)
(h4-C8H12),17 with a magnetic moment as high as time-of-flight
clusters.18 Ni (h4-C8H12)2 hydrogen-assisted decomposition has
yielded nanorods with the help of a surfactant.19 These welldefined nanoparticles can self-assemble on substrates with the
help of a templating agent (usually a surfactant), which impedes
their use for most applications.20
Following this concept of highly reactive precursor in solution,
the present study has been conducted to show the potential of
organometallic complexes to grow Ni nanostructures directly on
substrates, without going through the colloidal solution step.
Here, we have chosen the thermal decomposition of Ni
(h4-C8H12)2 (Ni(cyclooctadiene)2 or Ni(COD)2), a zero-valent
nickel complex, and studied the growth of Ni nanostructures and
the magnetic and electrical properties of the thin films.

Experimental
Nickel coating
Ni(COD)2 (STREM, 98%) was used as received. Mesitylene
(Acros, 97%) was dried, degassed and stored on a molecular
sieve. Silicon (Virginia semiconductors, <100>, n-type,
4–6 U cm1) and glass slides were washed according to standard
procedure. The surface was covered with a monolayer using
This journal is ª The Royal Society of Chemistry 2012
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octadecyltrichlorosilane (Aldrich, 97%) according to a standard
procedure.21 PDMS and Teflon were used as received. A solution
of 0.03 mol L1 of Ni(COD)2 was used to coat the surface of the
silicon and glass. In a typical experiment, the solution was spincoated in a glove box at different speeds (600, 2000, 4000 rpm)
for 1 min. The coating was then annealed on a heating plate set at
80  C for 10 min in inert atmosphere.
Atomic force microscopy
The morphology of the coating was studied using an Atomic
Force Microscope (AFM, Nanoscope IV MultiMode from
Veeco) in scanning mode with a silicon nitride tip. The magnetic
behavior was investigated by Magnetic Force Microscopy
(MFM) measurements using the same instrument with
a magnetized Co/Cr coated Sb doped Silicon tip.
Electron microscopy
Transmission electron microscope (TEM) images were obtained
on a JEOL-JEM 100SX with 80–100 kV accelerating voltage.
Samples for TEM were prepared by placing a drop of diluted
sample on a 400-mesh carbon-coated copper grid. The
morphology of the spin-coated sample on silicon and glass
was carried on a Scanning Electron Microscope (Inspect, FEI,
3–10 kV accelerating voltage) or a Helios 600, dual beam FIB
instrument. Cross section of the coating on the Si surface was
also achieved using a Helios 600, dual beam FIB instrument. The
cross section was connected with a thick layer of platinum to the
corner of a TEM grid for HRTEM analysis (JEOL JEM 2100).

Fig. 1 Si wafer [100] after Ni(h4-C8H12)2 deposition by spin coating and
thermal annealing. a) SEM micrograph and b) AFM image; c) SEM
micrograph of a Si [100] sample where the same procedure was repeated
10 times; d) Ni coating on an octadecyl silane terminated Si [100] wafer.

height, determined by AFM, gives an average of 6.5  2 nm. The
particles display an ovoid or semi spherical shape which was
further confirmed by HRTEM (Fig. 2d). The nanoparticles are
randomly distributed on the wafer with a low density. The
coating can be repeated several times to increase the density of
the film. Fig. 1c shows a Si substrate coated by Ni after 10 cycles

Magnetic measurements
Magnetic properties were measured using a Superconducting
Quantum Interference Design (SQUID) magnetometer MPMS
XL7, in the range of temperature 2–300 K and of field 0–5 T. The
temperature-dependent susceptibility was measured using DC
procedure. The sample was transferred under nitrogen to the
SQUID chamber to prevent any oxidation. The sample was
cooled to 2.0 K under zero magnetic field, low magnetic field
(5.0 mT) was applied and data collected from 2 K to 300 K (zerofield cooled, ZFC). Field Cooled (FC) measurements were performed from 2 K to 300 K with an applied field during the
cooling. Hysteresis loop was measured at 2 K.

Metallic coating
Thin film of Ni nanoparticles
The Ni(COD)2 complex has been dissolved in mesitylene and the
solution stored at low temperature in a glove box. The solution
has been spin-coated on a substrate and subsequently heated on
a hotplate to decompose the organometallic precursor and
evaporate the solvent and by-products. The thermal decomposition of Ni(COD)2 is known to yield Ni and cyclooctadiene only.
The Ni nanostructures were first obtained on a Silicon [100]
wafer. Fig. 1 shows the formation of nanoparticles on the Si
wafer. Their size has been determined by SEM and AFM image
analysis (Fig. 1a and b). The particles are found to have a round
shape cross section with an average diameter of 11  4 nm. The
This journal is ª The Royal Society of Chemistry 2012

Fig. 2 Thin film deposition on a carbon coated TEM grid. a) Low
magnification TEM of a representative area and b) HRTEM of a single
nanocrystal. c) TEM and linescan profile of the Ni thin film on Si after
Focus Ion Beam Cross section (Si: red line, Ni: green line, Pt: blue line);
d) HRTEM of the interface between Si and Ni showing the SiO2 native
oxide and the SAM.
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(spin-coating and annealing). The coating is very similar to
a sputtered film with a thickness of 13  2 nm and a grain size of
17  5 nm. The successive deposition of several layers is by far
the best way to control the thickness of the film. Dropcasting of
the precursor followed by annealing results in a poor quality film
with high roughness and low homogeneity (not shown).
In order to verify the crystallinity of the Ni film, the same
experiment was performed on a TEM grid. After spin coating
and heating, the Ni film was observed by TEM (Fig. 2a) and
HRTEM (Fig. 2b). The thin film is composed of crystalline Ni
nanoparticles with a Face Centered Cubic lattice corresponding
 All the
to the bulk lattice parameters (Fm-3m, a ¼ 3.52 A).
particles are well crystallized and display an average size below
10 nm. The low magnification image shades light on the
enhancement of the nanoparticles density on the carbon
compared to the Si surface, with the formation of a continuous
2D network. Therefore, functionalization of the Si has been used
to tune the affinity of the precursor with the surface and to
control the nanoparticles density on the surface.
A long chain alkyl-terminated silane (octadecyltrichlorosilane
or OTS) has been grafted on the Si [100] wafer to form a SelfAssembled Monolayer (SAM).21 SAM thickness has been
measured by ellipsometry and results confirm the SAM formation (oxide layer: 1.1  0.1 nm, OTS layer: 1.4  0.4 nm). At low
speed (600 rpm), the spin-coated Ni film looks like that observed
on pristine Si [100] except with larger particle size (20  8 nm
large, 6.4  2 nm thick) (Fig. 1d). Cross-sectional HRTEM and
EDS of the sample (Fig. 2c–d) shows the composition, thickness
and crystallinity of the film. The line scan on Fig. 2c shows the
growth of a Ni layer (green line) on Si (red line), the Pt (blue line)
being used only to glue the sample on the TEM grid. The EDS
does not show any diffusion of Ni in the Si wafer.
The film is 5  2 nm thick according to the high resolution TEM
(Fig. 2d), which is consistent with the AFM data (6.5  2 nm).
Particle diameter is found to be 20  8 nm according to the
HRSEM. The presence of a monolayer does not affect the
thickness of the layer but rather the size of the particles (increased
by a factor of two) and the density, which is significantly lowered.
The most admitted growth mechanism consists of a nucleation
and growth process, where the first step determines the density of
particles on the surface and the second step the particle size.
Remarkably, the nature of the substrate and its chemical affinity
with Ni affects the particle size and density. Alkyl monolayer
represents one of the best example where Ni complex and nuclei
can freely move with a minimized friction. On the contrary, when
no monolayer is used, the nickel nuclei stick more to the surface
resulting in smaller particles and higher density. This result has
been reported for coating Ni by atomic layer deposition, the OTS
SAM effectively blocked the Ni deposition.22

regularly spaced with an average distance of 6.5  1.5 mm and all
lines consist of two narrower lines, each of them several nanoparticles wide (50 nm) (Fig. 3a) when spin coated at 2000 rpm for
one minute. Longer spinning duration enhances the contrast
between the lines and empty stripes between them. Increasing
speed to 4000 rpm also increases the contrast and at the same
time decreases the distance between each line to 2 mm. Each line is
composed of two single-particle lines, 500 nm apart from each
other, where particles are well aligned in an almost one-dimensional chain. The Ni nanoparticle necklace is a very intriguing
pattern and the driving force could derive from several parameters that will be discussed later on in the article.
In order to get a better insight of the necklace structure, we
have observed the Ni lines by Atomic Force Microscopy (AFM).
Indeed, the AFM reveals the line internal structure. In Fig. 3b,
the particles are found to form a 1-D arrangement with regular
spacing between the particles. Moreover, the particles display
a bimodal distribution and do arrange in a periodic manner. The
chain consists in a 1-D lattice of one large particle (62  6 nm)
and 2–3 small particles (14  7 nm). This arrangement has been
found to be typical on the sample. Therefore, the origin of the
line formation has become more and more puzzling and critical
to the comprehension of the process. The first explanation would
be to consider the substrate itself as a template. Atomic steps on
the silicon have been reported to induce the nucleation of copper
lines.23 In that case, the lines have formed on the edges and the
pattern changes with the crystallographic orientation of the Si
underlayer. Following the same methodology, we have performed similar experiments on Si [111] instead of Si [100]
(Fig. 4a). The deposition produces the same pattern as on Si
[100]. Moreover, the same procedure was also applied to glass to
ascertain the role of the atomic steps. The substrate is a standard
microscopy slide, with or without OTS monolayer. At low speed
(600 rpm), a homogeneous layer of particles is formed with
a thickness of 6  2 nm. The particles size, with or without SAM,
is found to be 33  8 nm and 31  4 nm (Fig. 5b). While
increasing the speed to 2000 rpm, the nanoparticles self assemble
into lines with two orientations.
The Ni lines are formed on the glass slide with a defined angle
between the lines of 80  10 . Considering the amorphous nature
of glass and the random roughness on the surface, the substrate
itself could not induce such a pattern. The lines have been found
only when spin coating was used with a high speed of rotation
(more than 2000 rpm). The driving force appears to be the

Formation of parallel Ni wires on Silicon
The density of nanoparticles on the surface can be adjusted by
the concentration of the Ni complex in solution. Spin coating
speed is another way to vary the coverage as the speed is expected
to control the thickness of the wet film before thermal annealing.
Interestingly, increasing spin coating speed does not only affect
the density of particles on the surface but also results in the
formation of nanoparticle lines on the surface. These stripes are
764 | Nanoscale, 2012, 4, 762–767

Fig. 3 a) Ni lines on Si functionalized with OTS observed by SEM
showing the formation of lines. b) Same sample observed by AFM
showing the Ni nanoparticles necklace.
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formation of very thin solution layer on the substrate, ii) the
evaporation of the solvent while a centrifugal force is applied
leading to lines of precursor, iii) the further evaporation of each
line which splits the line in two, iv) the thermal decomposition of
the Ni complexes where diffusion of the nuclei enhance the
contrast between the lines. To prove the assumption, we
observed a spin coated sample before thermal decomposition.
The complex forms parallel lines, each of them consisting of two
lines, 500 nm apart (Fig. 4c). The pattern of the complex is
similar to the Ni lines observed after thermal decomposition.
Therefore, the lines are formed before the thermal decomposition
during the evaporation of a thin film of mesitylene.

Electrical and magnetic properties

Fig. 4 SEM images of nickel lines formed on a) Si [111] after silanization
and b) glass substrate after silanization; c and d) Ni(h4-C8H12)2 lines
formed on Si [100] without thermal annealing.

Fig. 5 Photos of Ni samples grown on a) PDMS (with microfluidic
channels) and b) teflon; c) AFM image of the particles monolayer on
glass.

centrifugal force which leads to the formation of a cobweb. The
same kind of patterns can be found on the macroscale by dipping
paint on a rotating sheet, radial lines and circles are formed (see
the graphic in the TOC). These lines can be considered as parallel
when looking on a small scale. At the same time, as the spinning
is maintained, the thin solution layer on the surface undergoes an
evaporation process which results on the dewetting of the Ni
precursor. This effect has been observed with colloidal solution
evaporated on substrate leading to hexagonal pattern or complex
network formation, based on the solvent or mixture of solvents
used.24 Stripe like patterns have been obtained on colloidal
solutions when combining two solvents with different surface
tensions (ethanol/water).25 The two components of our solution
are mesitylene and Ni(COD)2. We believe that long range
deformations of the surface are generated and lead to the film
rupture by a hole nucleation process. Therefore, we propose that
the line formation is based on the following steps: i) the
This journal is ª The Royal Society of Chemistry 2012

The process is remarkably versatile and could be used on several
substrates: silicon, functionalized silicon, glass and polymers
(PDMS, PTFE) as shown on Fig. 5. The deposition process
preserves the integrity of the polymer with all its mechanical
properties. In the case of PTFE, the Ni coats the surface while in
PDMS, the nickel seems to diffuse below the surface which
prevents any AFM characterization. The next part of the discussion will be devoted to the study of the electrical and magnetic
properties of the layers to unsure that this process can indeed yield
conductive magnetic layers of several nanometers thickness.
The electrical measurements have been performed with
a standard 4 points probe measurements (Keithley SCS 4200) on
samples grown in inert atmosphere but exposed to air for the
measurement. No significant conductivity was measured on Ni
monolayers on silicon or glass, the Ni density being below the
percolation threshold as shown in AFM (Fig. 1). On glass,
successive Ni deposition cycles lead to the formation of a dense
layer (Fig. 5c) with almost the same thickness. The increase in the
deposition layers enhances the density of particles above the
percolation threshold so that the layer becomes conductive. 4
probes measurements give an average value for the sheet resistance of 43 U sq1 for a 5 nm thick sample, leading to a resistivity
of 9.7 mU cm1 which is consistent with bulk nanocrystalline
nickel.26 The resistivity is exceptionally low and matches the best
results obtained from copper organometallic precursors without
annealing after a 7 days process.12 The resistivity of Ni coated on
Teflon (PTFE) was found to be one order of magnitude higher
(sheet resistance of 790 U sq1 and resistivity of 1.8 mU cm1)
which could be due to the high surface roughness of our PTFE
sample, since PTFE has only been mechanically polished. In any
case, the film displays a low resistivity for such a thin layer and
further investigations are ongoing to probe the metallic character
on any substrate.
Magnetic measurements on the different samples were performed using a SQUID magnetometer. Two sets of experiments
were needed to evaluate the quality of the film. Ni-coated silicon
gave better results than glass ones since the paramagnetism in
glass slides did mask the magnetic signal from the film. Coated
PDMS were also studied. First, low temperature hysteresis were
measured on Si with a silane monolayer and PDMS samples
(Fig. 6a–b). In order to get a good signal to noise ratio, the silicon
substrates were coated at low rotating speed (600 rpm), the
magnetic measurements were done on 3  3 mm samples with
a magnetization in the 105 mB range. These 2 K measurements
Nanoscale, 2012, 4, 762–767 | 765
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Fig. 6 a) SQUID measurements for a Ni coating on Si (plain triangles)
and PDMS (open squares); hysteresis at T ¼ 2 K; b) zero-field-cooled/
field-cooled (ZFC/FC) measurement at m0H ¼ 0.005 T; c) Atomic Force
Microscopy and d) corresponding Magnetic Force Microscopy.

confirm the presence of metallic FCC Ni with a coercive field of
m0H ¼ 0.037  0.002 T. We have then measured the temperature
dependence of the magnetization following a zero-field-cooled/
field-cooled (ZFC/FC) measurement from 2 K to 300 K with an
external field m0H ¼ 0.005 T. The sample displays the characteristic behavior of a superparamagnetic sample with a maximum at
T ¼ 120 K for the ZFC. Assuming this temperature would be close
to the average blocking temperature and a magnetocrystalline
anisotropy close to the bulk value of K ¼ 5  103 J m3, this
blocking temperature would correspond to non magnetically
coupled spherical Ni nanoparticles of 25 nm in diameter. This
value is fairly consistent with the observed size on silane coated Si
(Dig. 1d). Ni-coated PDMS display the same behavior and should
consist of Ni nanoparticles of 25 nm in diameter. The low
temperature increase of the FC would result from a larger distance
between the Ni nanoparticles embedded in PDMS which would
minimize the dipolar interactions.
Considering the room temperature magnetization value
observed, the sample consists also of larger nanoparticles in
a blocked state. A blocking temperature of 298 K corresponds to
spherical nanoparticles of 36 nm in diameter. According to the
SEM micrograph of Ni coating on silane grafted Si, a fraction of
the particles is larger than 36 nm and should be in a blocked state
with observable ferromagnetism at room temperature.
We have therefore performed a Magnetic Force Microscopy
by magnetizing the AFM tip at room temperature. The image
was collected in two different modes to isolate the magnetic
contribution. The resulting ‘‘magnetic’’ image (Fig. 6 c–d) shows
the presence of magnetic domains corresponding to large nanoparticles with diameter above 40 nm. The smaller nanoparticles
do not display a stable magnetization at room temperature.

Conclusions
A new route to Ni coating has been investigated with a successful
coating of Si, glass and polymer substrates, using a low
temperature (down to 80  C) solution phase process, compatible
766 | Nanoscale, 2012, 4, 762–767

to very sensitive or fragile substrates. The coating has shown
excellent electrical property with a resistivity of 9.7 mU cm1 on
glass and magnetic properties revealing the room temperature
ferromagnetic nature of the coating even after air exposure. The
Ni thickness is in the range of 5 nm for a single layer and could be
increased by the deposition of a multilayer (15 nm for 10 layers).
Spin-coating was the best technique to accurately control the
homogeneity of the coating. The use of high speed spin coating
has resulted in the formation of Ni nanowires on the substrates.
The phenomenon, in view of its high reproducibility and its
occurrence on a variety of wafers, is thought to origin from the
evaporation process of the wet thin film under centrifugal force.
The formation of well-defined parallel lines on the substrate is
a very nice example of self-assembly driven by the dewetting of
organometallic precursors thin films on the spin-coater. We
believe that this process can be applied to a large panel of
different metals and is not specific to the Ni organometallic
precursor.
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