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Abstract  

Nickel nanoparticles were grown on oxide-covered silicon substrates by thin film deposition 
using metal vapor deposition and thermal treatment to specific temperatures.  The nanoparticle growth 
process was characterized by X-ray photoelectron spectroscopy, Auger electron spectroscopy, scanning 
electron microscopy, scanning Auger microscopy, and atomic force microscopy.  The silicon substrate 
was used as received, after ultrasonic cleaning in the de-ionized water, or pretreated by incubation 
under a mixing atmosphere of Ar and oxygen to produce a SiO2 layer of 10-nm thickness.  It was 
followed by a controlled growth of Ni films in the reducing environment of hydrogen via exposure to a 
Ni metal vapor source.  On the Ni/SiO2/Si surface, Ni nanoparticles of various sizes were evolved by 
thermal treatment to different substrate temperatures in the hydrogen environment.  The shape and the 
size of the nanoparticles evolved depend on the substrate temperature, the starting Ni film thickness, 
and the heating time.  Ni nanoparticles of ~19 nm diameter were produced on the SiO2 surface from 
the Ni film of 1 nm thickness by heating the substrate at 700 ℃ for 30 min. In contrast, few 
nanoparticles were formed on the Ni/native oxide/Si surface treated thermally.  Nickel, instead of 
aggregates, diffuses into the native oxide layer to form the mosaic film of Ni patches on the silicon 
substrate.  It suggests that the interaction of Ni atoms with the native oxide surface was sufficiently 
strong to prevent the formation of isotropic nanoparticles upon heating.  X-ray photoelectron 
spectroscopic studies showed that, after thermal treatment, Ni was present on the Ni/native oxide/Si 
surface mainly in the chemical form of oxide, while that on the Ni/SiO2/Si surface in the metallic state.      

 
Key Words: nanoparticles, chemical vapor deposition, carbon nanotubes, nickel aggregates, 

agglomeration, thin film 
 
Introduction 

The potential of using nanostructures in reduced dimensions as the building blocks of future 
nanoscale electronic devices and the opportunity of creating and tailoring novel nanostructures have 
propelled the nanoscience to become one of the most promising areas of science for materials of next 
generation.  The success in the last few years in tailoring nanoparticles in the semiconductor or 
insulator host further opens up new possibilities to fabricate innovative materials and devices for 
applications in many fields, including biomaterials

1
 and optoelectronics.

2,3
  According to the identity, 

the composition, and the size of the nanoparticles as well as the mean distance between them and the 
system temperature, the optical, electrical, and transport properties of the materials can be strongly 
modified.

4-13
  A large positive magnetoresistance effect was also observed in weak magnetic fields 

from granular Fe/SiO2 films within the compositional range corresponding to insulators.
14

  The nature 
of the effect was attributed to the influence of ferromagnetic cluster aggregates of iron nanoparticles on 
the magnetoresistance. 

In addition, metal nanoparticles stabilized on silica exhibits remarkably high catalytic activity.
15

  
The Pd/SiO2 nanocatalyst has shown remarkably high activity for the catalytic hydrogenation of 
2-hexanone, cyclohexanone, benzonitrile, cyclohexene, and benzene.

15
  Catalytic complexes 

supported on non-porous nanoparticles also exhibits higher olefin hydroformylation as compared to the 
catalysts with conventional porous granular-SiO2 support.

16
  Nanoparticles of heteronuclear 
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complexes trapped in oxides may be used as recyclable catalysts for selective isomerization, selective 
dimerization, and hydrogenation and hydrogenolysis of alkenes as well as for efficient catalytic 
reduction of the aromatic C-C bonds.

17
 

The metal nanoparticles that exhibit unusual reactivities are either supported, embedded, 
encapsulated on oxides.

17
  They may be prepared either by the ion-beam method,

11,13
 sol-gel process,

18
 

liquid phase deposition method,
12

 pulsed laser deposition,
19

 or by chemical reduction of an 
organometallic precursor.

15,20
  Furthermore, metal clusters and nanoparticles, with controllable 

particle size, may be efficiently assembled in the solid matrix by incorporation in the matrix different 
types of oxides and by varying the molar ratio of the oxides to better manage the reducibility of the 
metal ions.

21
 

These approaches for fabricating nanostructures, however, are not only complicated and costly, 
but also associated with intrinsic difficulties.  For example, studies have concluded that the unique 
properties of the nanoparticles embedded by the ion-beam method in oxides may be related to the 
presence of strong compressive stresses acting on the particles which are caused by the surrounding 
glass matrix.

22
 

This study was conducted in part to develop a simple and convenient synthesis method that 
could fabricate on the oxide surface nanoparticles with lateral dimensions as small as ~20 nm.  The 
synthesis approach proceeded by depositing thin films of metals using a metal vapor source, followed 
by a controlled annealing process.  Production of nickel nanoparticles on SiO2 surfaces was realized 
in this work because of its well-known applications in the catalytic growth of carbon nanotubes via 
chemical vapor deposition of organic gases as the carbon source.  Numerous papers have reported 
interesting electrical, thermal and mechanical properties23-27 associated with carbon nanotubes.  The 
role of nickel in the growth of CNT was also explored so as to understand if the exact features of CNT 
synthesized may be strategically altered by controlling experimental parameters related to nickel. 
Experimental 

Layers of Ni nanoparticles were synthesized on silicon oxide films grown on silicon wafer 
substrates of Si(100).  In the synthesis, the wafer substrates were immersed in about 5% hydrofluoric 
acid solution for 30 min and then cleaned with the distilled water.  A layer of SiO2 was then incubated 
on the Si(100) substrate in an oven which had been purged with Ar gas before addition of oxygen gas.  
The incubation was conducted at 850 ℃ for one hour under a mixing atmosphere of Ar and oxygen.  
During this period, the pressure ratio of Ar to oxygen gas in the oven was maintained at 1:3.  The 
SiO2/Si sample was then allowed to cool down slowly to room temperature in the Ar atmosphere.  The 
property of the sample was verified by AES and XPS.   

Ni films of 1-20 nm were then prepared on the oxide films by deposition from a Ni metal vapor 
source which was made of the W wire on which short Ni threads were wounded.  During the 
preparation, the working pressure of the chamber was kept in the range of 10-5-10-8 torr.  The W wire 
was resistively heated to 1000–1200  to maintain a large Ni/W atom ratio at the contacts so as to ℃
avoid the formation of their low-melting-point eutectic phase.  The SiO2/Si sample was placed at 5 cm 
away from the Ni threads and the sample temperature was maintained at room temperature.  The 
thickness of the Ni film deposited was controlled by varying the exposure time of the Si(100) substrate 
to Ni vapor and determined using the quartz balance and angle resolved XPS (model VG Scientific 
ESCALAB 250).   

To produce layers of Ni nanoparticles, the Ni films obtained were thermally treated in a vacuum 
system consisting of a quartz glass tube and a tube furnace.  After the substrates covered with Ni films 
were introduced into the furnace, the reactor was first evacuated to less than 10-6 torr using a 
turbomolecular pump and then purged by argon twice before hydrogen was introduced to flow through.  
The substrates were then heated in the furnace to a specific synthetic temperature in the reducing 
environment of hydrogen, with the hydrogen gas pressure maintained at ~10 torr.  The synthesis 
temperature was in the range of 550-850 ℃ .  Unless specified otherwise, the heating time of the 
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substrates lasted for 30 minutes.  At the end of the thermal treatment, the samples were 
furnace-cooled slowly in the hydrogen environment. 

The morphologies of the samples were examined using scanning electron microscopy (SEM), 
scanning Auger microscopy (SAM) and atomic force microscopy (AFM).  Both SEM and SAM 
studies were performed using VG Scientific Microlab 350 while AFM was conducted on Digital 
Instruments DI 5000, which provides images with a lateral resolution of 2 nm and a depth resolution of 
0.01 nm.  All the microscopic images were obtained at room temperature.  Using a filed emission 
gun (FEG) as the electron source, the SEM images were collected with 512 x 512 image pixels and the 
SAM images were collected with 128x128 image pixels.  The FEG beam voltage was set at 10 or 25 
kV during the acquisition of SEM images and the electrical current measured at the sample was 2.0 nA.  
The acquisition time per image was 8 sec.  A longer acquisition time of about 4-8 hours was required 
for obtaining SAM images of acceptable S/N ratios.  A lower FEG voltage at 10 kV and a smaller 
target current at 0.9 nA were thus employed when SAM images were taken. 

 
Results and Discussion 
3-1  Silica Film 

The silicon oxide film prepared on the silicon wafer substrate was analyzed to ensure that the Ni 
film deposited subsequently was on a thin silicon oxide film of good purity.  Shown in Fig. 1 is the 
Auger spectrum taken from the silicon dioxide surface prepared by exposing the cleaned silicon wafer 
in air at 850 ℃ for one hour, followed by cycles of Ar+ ion bombardment and annealing.  The 
spectrum shows peak signals at kinetic energies of 80, 510, and 1612 eV.  The signals observed at 80 
and 1612 eV resulted from secondary electrons emitting via the Auger LMM and KLL transitions, 
respectively, from silicon on the sample surface.  The one measured at 510 eV was due to the 
electrons emitting via the Auger KLL process from oxygen on the surface. Calculations by taking 
relative sensitivity factors of 0.5 and 0.022,28 respectively, for these peaks showed that the surface 
concentration of oxygen atoms was ~8%.  

 
 
 
 
 
 
 
 
 
 

 
 
Figure 1.Auger electron spectrum obtained from the surface of the silicon dioxide film prepared 
 

The thickness of the oxide film prepared was determined using angle resolved XPS.  As shown 
in Fig. 2, the XPS spectrum taken at 0° from normal emergence of photoelectrons has peaks at ~99.1 
eV from the elemental Si of the wafer substrate and a peak at 103.6 eV from the oxidized Si of the 
oxide film.  The area of the peak obtained at 103.6 eV is considerably larger than the one measured at 
~99.1 eV, indicating that, as predicted, the substrate was covered with oxides.  The ratio of these two 
peaks became even larger when measurements were taken at higher angles of 20° and 40° from the 
surface normal.  At the grazing angle of 60° from the normal, the substrate signal disappeared, which 
indicates that the thickness of the oxide film was ~10 nm.   
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Figure 2. XPS spectra measured from the silica/Si surface at the indicated take-off angles. 

3-2  Nickel/Silica Film 
3-2-1  Film thickness 

The silicon oxide films were then used as the substrates on which Ni were deposited.  A 
previous report on the preparation and characterization of Au/SiO2 films has shown that the size and 
shape of Au nanoparticles produced may be controlled by varying the thickness of the Au layer 
prepared in a multi-target magnetron sputtering system.29  The Ni film morphology induced by 
annealing the Ni films of various thicknesses deposited on silicon oxide was examined.  Presented in 
Fig. 3 are SEM images obtained from the Ni/silicon oxide sample surfaces after the samples were 
heated at 700 C in the hydrogen atmosphere for 30 min.  As shown in the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. SEM Images taken from SiO2/Si surfaces covered by Ni thin films of (left from top)1nm, 2.5nm, 7.5nm, (right 

from top)10nm, 15nm, and 20nm thickness. 

figure, the Ni film deposited on silicon oxide was metamorphosed during heating into flecks and 
aggregates.  Small flecks appeared in the SEM images taken on the 1-nm Ni/SiO2 film after the film 
was annealed.  The size of the flecks was similar and they were about 19 nm in diameter.  These 
nanofeatures were mostly in the round or oval shape.  As the film thickness was increased, the size of 
the aggregates produced on the annealed sample surface was also increased.  The average size, 
calculated as half of the sum of the length and the width of the aggregate, was 30 nm in diameter for 
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the 2.5-nm Ni film, 90 nm for the 7.5-nm film, and 400 nm for the 20-nm film.  Surface structures 
with dimensions in the nanometer scale can thus be produced by heating the Ni/silica film at high 
temperature.  In addition, there was a larger distribution in size and in shape of the aggregates after 
heating when a thicker Ni film was deposited on silica.  The number density of the aggregates formed 
on silica, however, decreased with the film thickness.  

Information on the topographic corrugation of the sample surface produced was obtained using 
atomic force microscopy (AFM).  Fig. 4 compares the AFM images taken from the sample surface 
before and after Ni deposition and annealing.  Figs. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. AFM images obtained from (left top) the SiO2/Si surface, (left middle) the 7-nm NI/SiO2/Si surface, and (right 

from top) SiO2/Si surfaces covered by 2nm, 7nm, and 20 nm Ni films followed by annealing at 700 C for 30 min. . 

4a and 4b display the images obtained on the SiO2 film before Ni deposition and on the 7-nm Ni/SiO2 
film before annealing.  The images shown in Figs. 4c, 4d, 4e, all taken after the sample heating at 700 
C in a hydrogen atmosphere of 10 torr for 30 min, were obtained on the 2.5-nm Ni/SiO2 film, the 7-nm 
Ni/SiO2 film, and the 20-nm Ni/SiO2 film.  As shown in the figure, both the SiO2 film and the 7-nm 
Ni/SiO2 film exhibited a high degree of surface smoothness before annealing, with a topographic 
corrugation of less than 1 nm.  Three-dimensional features protruding from the silica surface were 
distinctively revealed in the AFM images after the Ni/silica film was annealed.  The corrugation 
increased to 30 nm and 200 nm for the the 2.5-nm Ni/SiO2 film and the 20-nm Ni/SiO2 film, 
respectively.  Granular aggregates in the nanometer scale were thus formed on the heated sample 
surface from the thin Ni film deposited on silica, with larger granules produced from the thicker film. 

The chemical composition of the thermally treated, Ni despoited silica surface was examined 
using scanning tunneling microscope (SAM).  Because the information depth of Auger electrons is 
less than a few nanometers, SAM can better map the chemical composition of surfaces than EDX and 
RBS.  SAM also offers a better image resolution, in the ten-nanometer range, than the imaging 
methods employing x-rays as the probe.  Presented in Fig. 5  
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Figure 5. SEM and SAM images taken from the 20-nm Ni/SiO2/Si surface. 

includes a SEM image taken from the 20-nm Ni/SiO2 film, after it is thermally treated at 700 C in a 
hydrogen atmosphere of 10 torr for 30 min, and SAM images taken from the identical area of the 
surface as the SEM image.  As discussed before, the SEM image revealed a distribution in size of 
aggregate features with irregular shapes on the annealed film surface.   The corresponding Ni SAM 
image, measured by collecting electrons emitted from the surface with kinetic energies at the Ni LMM 
Auger peak of 846 eV, indicated that nickel mainly existed in the aggregate features (bright areas) 
shown in the SEM image, although small signals of Ni were also detected in other portion of the film 
surface.   

In addition, SAM images made of O KLL Auger signals collected at 506 eV and of Si LMM 
signals measured at 1614 eV were also taken.  The O SAM image showed that oxygen was 
predominantly present on the annealed film surface in the region away from the aggregate features.  
Even though the Si SAM image obtained had a poor signal-to-noise ratio, possibly because of low 
Auger yields in the high kinetic energy range of emitted electrons, after data collection of 8 hours, it 
also revealed that the spatial distribution of Si on the annealed Ni/silica film was in complement to that 
of nickel and in consistent with that of oxygen.  Nickel on the aggregates was thus mainly in the 
metallic state, instead of in the chemical state of oxide or silicide.  It also indicated that the dark area 
observed in the SEM image consisted of silicon oxide.  The metallic nickel distribution on the anneal 
Ni/silica film surface thus corresponds well to the brightness of the spots observed in the SEM image.  
Heating the Ni/silica film in the hydrogen environment at 700 C thus caused nickel in the deposited 
film to conglomerate into metallic nanoparticles, leaving a portion of the silica substrate to be exposed.  
The change in the shape of the Ni nanoparticle with the thickness of the deposited film indicated that 
there may be a critical surface tension for Ni atoms conglomerating on silica, above which the tension 
breaks down and aggregates of irregular shape were formed.         

 
3-2.2  Substrate Temperature 

The effect of the substrate temperature upon the formation of Ni nanoparticles on silica was 
investigated.  Presented in Fig. 6 are SEM images taken from a 20-nm Ni/silica film after the film was 
thermally treated at the indicated temperature in a hydrogen atmosphere of 10 torr for 30 min.  As 
shown in the figure, a substrate temperature of 550 C was not high enough to cause Ni on the silica 
film to transform completely to nanoparticular aggregates.  However, the Ni film deposited on silica 
already cracked with some areas of the silica underneath exposed.  Heating the substrate to a 
temperature of 650 C caused Ni islands, though mostly interconnected, of irregular shapes started to 
appear.  More silica underneath was exposed, with Ni islands breaking apart from their 
interconnections to form individual aggregates, as the substrate temperature was raised to 750 C.  
Both the number density and the degree of irregularity in shape of Ni aggregates were decreased when 
the Ni/silica film was annealed to 850C.   
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Figure 6. SEM images taken after the 20-nm Ni/SiO2/Si surfaces were thermally treated in the hydrogen environment of 

10-torr pressure at 550 C (top left), 650 C (top right), 750 C (bottom left) and 850 C (bottom right) for 30 min. 

 
Fig. 7 shows SEM images taken under the same experimental conditions as the ones used to 

obtain Fig. 6, except that the thickness of the Ni film deposited was 7 nm, instead.  The figure shows 
that the interconnection between Ni islands broke at lower substrate temperature for the 7-nm Ni film 
than for the 20-nm film.  Comparing the state of the Ni film transformed to at the same substrate 
temperature, it shows that the sample covered with the thinner Ni film reached a better uniformity in 
the shape of the granules formed at a lower substrate temperature than the thicker one.  The number 
density of Ni nanoparticles formed was lower and the average size smaller for the silica film deposited 
with the thinner Ni film than the thicker one, as pointed out from Fig. 3 before.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. SEM images taken after the 7-nm Ni/SiO2/Si surfaces were thermally treated in the hydrogen environment of 

10-torr pressure at 550 C (top left), 650 C (top right), 750 C (bottom left) and 850 C (bottom right) for 30 min. 
 
3-2.3  Annealing Time 

Figs. 8 and 9 show the effect of the length of the heating time on the morphology of the Ni/silica 
film surface.  Nanoparticles of Ni were produced 
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Figure 8. SEM images taken after the 20-nm Ni/SiO2/Si surfaces were thermally treated in the hydrogen environment of 
10-torr pressure at 750 C for 5 min (top), 10 min (middle), and 40 min (bottom). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. SEM images taken after the 7-nm Ni/SiO2/Si surfaces were thermally treated in the hydrogen environment of 
10-torr pressure at 750 C for 5 min (top left), 10 min (middle left), 30 min (bottom left), 40 mon (top right), and 60 
min (middle right). 

 
on the 7-nm Ni/silica film surface after the substrate was annealed to 750 C in the hydrogen 
environment for 5 min.  Increasing the substrate temperature did not significantly alter the 
morphology of the surface, except that the size of the nanoparticles was increased with time and the 
number density of the nanoparticles decreased.  On this film surface, nanoparticles aggregate in an 
extended period of heating to form larger granules.  The average particle size increased by a factor of 
~2.5 in diameter as the heating time was increased from 5 min to 60 min. 
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Heating the 20-nm Ni/silica film in the hydrogen environment for 5 min at 750 C, however, 
caused the film to crack apart extensively (Fig. 8a), as compared with the image (Fig. 6a) obtained at 
550 C for 30 min.  Increasing the heating time led to the break down of the interconnection among Ni 
islands.  A large number of smaller islands were thus formed.  Similar to the temperature effect on 
the film morphology, an extended period of heating to 40 min also caused the transformation of islands 
on the film surface to nanoparticles of less irregularity.   

 
3-3  Nickel/Native Oxide Film 

Thermal treatment thus causes Ni on the silica surface to aggregate and the Ni film deposited is 
transformed during high-temperature heating and/or an extended period of substrate annealing into a 
distribution in size of nanoparticles.  It is interesting to know if the Ni film deposited on the native 
oxide film of silicon behaves similarly.  The study was carried out on the native oxide film of 5 A – 20 
A thickness which was formed on the Si(100) surface exposed to air.  Presented in Fig. 10 are SEM  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. SEM images taken after the 7-nm Ni/native oxide/Si surfaces were thermally treated in the hydrogen environment 
of 10-torr pressure for 30 min at 700 C (top) and at 850 C (bottom).. 

images of the 7-nm Ni/native oxide film which was annealed at 750 C and 850 C, respectively, in the 
hydrogen environment for 30 min.  As shown in the figure, bright areas, with dimensions of a few 
hundred nanometers to more than one micron in length, were observed on the dark background.  
Tilting the sample did not cause the appearance of shadows on the sides of the bright areas away from 
the incident electron beam.  It indicated that the variation in brightness of the areas observed in Fig. 
10a did not result from a difference in height of the structural features present on the film surface.   
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