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Ni self-assembly has been performed on GaN (0001), Si (111) and sapphire (0001) substrates. Scanning electron
microscopy (SEM) images verify that the Si (111) substrate leads to failure of the Ni assembly due to Si-N interlayer
formation; the GaN (0001) and sapphire (0001) substrates promote assembly of the Ni particles. This indicates that the
GaN/sapphire (0001) substrates are fit for Ni self-assembly. For the Ni assembly process on GaN/sapphire (0001) substrates,
three differences are observed from the x-ray diffraction (XRD) patterns: (i) Ni self-assembly on the sapphire (0001) needs
a 900 °C annealing temperature, lower than that on the GaN (0001) at 1000 °C, and loses the Ni network structure stage;
(ii) the Ni particle shape is spherical for the sapphire (0001) substrate, and truncated-cone for the GaN (0001) substrate; and
(iii) a Ni-N interlayer forms between the Ni particles and the GaN (0001) substrate, but an interlayer does not appear for
the sapphire (0001) substrate. All these differences are attributed to the interaction between the Ni and the GaN/sapphire
(0001) substrates. A model is introduced to explain this mechanism.

Keywords: self-assembly, thermal annealing, substrates

PACS: 61.46.—w, 68.08.Bc, 68.35.Fx

1. Introduction

The self-assembly of nanometer-sized metal and semi-
conductor particles has become of considerable importance,
and it is an attractive approach for fabricating intrinsic nano-
scale devices without the need for expensive lithography. !}
Self-assembly is a bottom-up approach, allowing the fabri-
cation of the regular array structures such as quantum wells,
wires and dots. Many methods have been applied to achieve
the self-assembly of nanoparticles. For example, pulsed
lasers have been used to assemble Au, Ag, Ni, and Ti
nanoparticles,’?! and ion sputtering as a method has been ap-
plied to form nano-scale GaSb dots.!¥ In addition, thermal
annealing is also a good method for obtaining self-assembled
particles.!>%! This method has two steps, as follows: the first
step is the metal deposition on the substrate surface; the sec-
ond step is the thermal annealing treatment of the metal films.

The self-assembly technique assisted by thermal an-
nealing is easily controlled, and is widely applied to fab-
ricate nanostructures. Many reports have revealed that the
metal films have been assembled into metal nanoparticles
by thermal annealing.”"! Chhowalla et al. have applied
self-assembled particles to induce the growth of vertically
aligned carbon nanotubes, and have directly controlled the

nanotube diameter, growth rate and density by adjusting the
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self-assembled particle size.['”) The self-assembled Ni par-

ticles have acted as nano-masks to fabricate GaN nano-rods

[ The assistance

for enhancing light output power efficiency.
of self-assembly simplifies the nano-rod fabrication, and even
drives the achievement of fabrication of InGaN/GaN nano-rod
light-emitting diodes (LEDs).!!?] According to these reports,
the self-assembly process has a great effect on nanostructure
fabrication, and the formation of the self-assembled particles
depends strongly on the thermal annealing treatment. There-
fore, the optimization of the annealing parameters is crucial
for the self-assembly process, including annealing tempera-
ture and annealing time.

Many reports have confirmed that the self-assembled par-
ticle size depends on the thermal annealing stage and the
metal-film thickness. High annealing temperature, ranging
from 600 °C to 1000 °C, has driven Fe, Cu and Pd films
to assemble nano-dots.!”) Low annealing temperatures (300—
500 °C) also meet the temperature requirement for assembled
particles, but the annealing time can reach up to 30 min.[®!
Moreover, metal-film thickness plays a key role in the size
and shape of the self-assembled particle.!”! All these reports
mainly refer to the application, density and size of the self-
assembled particles, and little attention has been given to the
effect of the substrates on the self-assembly process.
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In this work, we study Ni self-assembly on sapphire
(0001), GaN (0001) and Si (111) substrates. The effect of
these substrates on the self-assembled Ni particles is dis-
cussed. The evolution of the self-assembled particle mor-
phology with annealing time is shown, and the corresponding
mechanism is also analyzed.

2. Experiments

Sapphire (0001), GaN (0001) and Si (111) substrates
were cut into pieces of around 1 cmx 1 cm in size. Here, 3 pm
thick GaN films deposited on sapphire (0001) served as the
GaN (0001) substrates; the sapphire (0001) and Si (111) sub-
strates were directly selected from commercial wafers. These
pieces were cleaned using a standard three-stage ultrasonic
solvent clean (acetone, methanol and isopropanol) and deion-
ized water. Prior to deposition, the substrates were subjected to
a glow discharge under high vacuum to improve the adhesion
of the Ni films to the substrates. Ni films with a thickness of
10 nm were simultaneously sputtered on these three substrates
with the base pressure of ~ 1 x 107 Torr. Thicknesses were
determined by a quartz crystal oscillator with an accuracy of
£0.1 nm during the deposition. Finally, all the Ni pieces were
annealed at a series of different temperatures to achieve the Ni

self-assembly process. The corresponding annealing time and
ambient were 3 min and Ny, respectively.

The self-assembled Ni particles were characterized us-
ing x-ray diffraction (XRD) and scanning electron microscopy
(SEM). XRD measurements were carried out using the Philips
X’ Pert Pro x-ray diffractometer with Cu K« line for the iden-
tification of crystallographic phases and their grain size. SEM
and cross-sectional SEM experiments were also employed to
study the morphology of the Ni particles.

3. Results and discussion

Figure 1 shows the morphology of the Ni films on the
GaN (0001) substrates after the thermal annealing treatment.
Some pin-pits are exhibited on the surface at the annealing
temperature of 700 °C, compared with the as-grown sample
(as shown by the red arrows in Fig. 1(b)). The pin-pit size
gradually increases with annealing temperature, and these pin-
pits merge into a network structure at 850 °C (Figs. 1(c) and
1(d)). As the annealing temperature gradually rises, the net-
work morphology evolves into a ribbon structure, and eventu-
ally into sphere-like particles. At 1000 °C, the Ni particles are

fully assembled and are distributed randomly on the surface
(Fig. 1(h)).

Fig. 1. Top-view SEM images of the Ni films on GaN (0001) substrates after annealing at different temperatures: (a) as-grown, (b) 700 °C, (c) 750 °C,
(d) 850 °C, (e) 870 °C, (f) 920 °C, (g) 950 °C, (h) 1000 °C. The red arrows show the pin-pit positions.

Fig. 2. High resolution SEM images of the Ni particles at the annealing
temperature of 1000 °C: (a) top-view, (b) cross-section. The white ovals
show the remnants of the ribbon structure, and the red arrows show the
Ni nano-dots.

In order to reveal further the morphology of the Ni par-
ticles on GaN (0001) substrates, high resolution SEM scan-
ning was carried out for the Ni particles assembled at 1000 °C
(Fig. 2). The Ni particles have a truncated-cone shape and
their height ranges from 116 nm to 219 nm, which is con-
firmed by the cross-sectional image (see Fig. 2(b)). These par-
ticles display three features in Fig. 2(a): (i) the particle size
is not uniform, ranging from 502 nm to 1.1 um; (ii) irregular
terraces are distributed around the particles, and probably orig-
inate from the remnants of the ribbon structure (as shown by
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the white ovals in Fig. 2(a)); and (iii) small Ni nano-dots are
scattered around the Ni particles (as shown by the red arrows
in Fig. 2).

The self-assembly process of the Ni films on sapphire
(0001) substrate is shown in Fig. 3. Similarly, pin-pits appear
on the surface of the sample annealed at 700 °C. The den-
sity is much higher, so that one cannot see clearly. This is at-
tributed to the smaller Ni crystalline grain and the higher grain
boundary density.!'?! The Ni film on the sapphire immediately
evolves into a ribbon structure as the annealing temperature in-
creases up to 750 °C. The ribbon structure is similar to that of
the Ni films on the GaN (0001) annealed at 870 °C (as shown
in Figs. 1(e) and 3(b)). But the annealed Ni films on the sap-
phire (0001) do not show the network structure stage, and are
directly assembled into the spherical particles at 800 °C. The
self-assembled Ni particles do not exhibit the same features as

those on the GaN (0001) at 1000 °C.

A more detailed statistical analysis of the particle size has
been carried out for the self-assembled Ni particles on the sap-
phire (0001) substrate. Figure 4 gives the histogram analysis
of the original SEM images. The resulting histogram is well
fitted by a Gaussian distribution. For the sample annealed at
750 °C, the mean diameter and the number of Ni particles are
175 nm and 186, respectively. As the temperature reaches
900 °C, the mean diameter increases up to 250 nm, and the
number decreases down to 63 (Fig. 4). Obviously, the temper-
ature increase results in trends of growing mean diameter and
decreasing number. In this evolution, the smaller Ni particles
gradually shrink, and even diminish; the larger particles in-
creasingly expand (Fig. 3). The evolution is just a mass trans-
port process, which is attributed to the surface diffusion of the

Ni atoms.

Fig. 3. SEM images of the Ni film on sapphire (0001) after annealing at different temperatures: (a) 700 °C, (b) 750 °C, (c) 800 °C, (d) 850 °C,

(e) 900 °C.
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Fig. 4. Particle size distribution histograms obtained by analyzing the SEM images: (a) 800 °C, (b) 850 °C, (c) 900 °C.

Si (111) as the most common substrate is selected for the
Ni self-assembly, so that we can further study the substrate ef-
fect on the Ni self-assembly process. The annealing of the Ni
films on the Si (111) substrates is shown in Fig. 5. The sample
annealed at 700 °C features high density pin-pits, and is simi-
lar to the Ni films on the GaN/sapphire (0001) substrates. The

pin-pits evolve into holes as the temperature reaches 800 °C
(Fig. 5(b)). These holes expand and become more apparent
at 900 °C (Fig. 5(c)). The holes are generally located at the
grain boundaries, separating grains from one another.!!3] The
Ni films on the Si (111) substrate during the annealing do not
show self-assembled particles as those on the sapphire/GaN
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(0001) substrates. Therefore, the Si (111) substrate is not a
promising candidate for Ni self-assembly as compared with
the GaN/sapphire (0001) substrates. Obviously, this mecha-
nism differs from the self-assembly mechanism. During the

annealing process, the diffusion of the Ni to the silicon leads to
form the Ni-Si interlayer, especially at higher annealing tem-
perature. And even the vacancies left accumulate to form vis-
ible holes.[!3]

Fig. 5. The Ni film annealing on the Si (111) substrate: (a) 700 °C; (b) 800 °C; (c) 900 °C.

In order to clarify the self-assembly mechanism, XRD
measurements were performed for the annealed Ni films on
the sapphire/GaN (0001) substrates. Figure 6 shows the XRD
spectra of the annealed Ni film on the GaN (0001) substrate.
The XRD spectrum of the as-grown sample shows the diffrac-
tion peaks from the GaN (0001) substrate, such as GaN (002),
34.5° (26) and GaN (004), 72.9° (20); the peak at 41.6° is
attributed to the sapphire (006). Additionally, the peaks lo-
cated at 44.6° and 52.9° originate from the (111) and (200) of
the fcc Ni, respectively.!!# The features of the XRD spectra

do not change for the samples annealed at 870 °C and 920 °C
(Figs. 6(b) and 6(c)). However, as the annealing temperature
increases to 950 °C, a peak at 46.0° appears around the Ni
(111) peak, resulting from the Ni,N (200).!'?! This verifies
that a Ni-N interlayer forms due to high-temperature diffu-
sion. At a temperature of 1000 °C, more N atoms diffuse into
the Ni lattice structure to replace the Ni atoms. This fact con-
tributes to an apparent increase in the Ni,N (200) peak inten-
sity (Fig. 6(e)). The corresponding peak position even moves
from 46.0° to 44.7°.
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Fig. 6. XRD spectra of Ni film on the GaN (0001) substrate after annealing at different temperatures: (a) as-grown, (b) 870 °C, (c) 920 °C, (d) 950 °C,

(e) 1000 °C.

Figure 7 shows the XRD spectra of the annealed Ni films
on the sapphire (0001) substrate. The XRD spectra of the
as-grown and annealed Ni films not only show the peak at
41.6° from the sapphire (006) but also the Ni (111) peak at
44.5°. For the Ni (111) peak, the full width at half maximum

(FWHM) of the as-grown film is 2.753°, and the wide FWHM
indicates the polycrystalline nature of the Ni. As the anneal-
ing temperature reaches 800 °C, the FWHM of the Ni (111)
peak decreases to 0.720° and its intensity strengthens. And
the FWHM even reaches 0.476° after annealing at the high
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temperature of 900 °C. The trend indicates that the Ni film has
a crystallization process in addition to the self-assembly pro-
cess in high-temperature annealing. The crystallite size of the

Ni is evaluated using the Debye—Sherrer equation!'?!

oo — 0894
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where dxrp is the volume average diameter of the crystallite,
A the Cu Ka1 wavelength, and B the instrumental line broad-
ening found experimentally from sintered Ni samples (0.148°
(20) for Ni). The crystallite size is calculated to be 4.23 nm
for the as-grown Ni film. The size reaches up to 33.58 nm as
the annealing temperature increases up to 900 °C. Table 1 lists
the detailed parameters of the Ni self-assembled particles.
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Fig. 7. XRD spectrum of Ni film on the sapphire (0001) substrate after annealing treatment: (a) 0, (b) 800 °C, (c) 850 °C, (d) 900 °C.

Table 1. Parameters of the self-assembled particles on the sapphire (0001) substrate.

Annealing temperature/(°) Diameter/nm Number FWHM/(°) Crystallite size/nm
800 175 186 0.720 19.26
850 225 101 0.699 19.99
900 250 63 0.476 33.58

In addition, the NiO (111) peak around 37.3° appears for
the annealed sample at 800 °C, which confirms the NiO for-
mation. This is due to the Ni diffusion between the sapphire
(0001) and Ni particles. As mentioned above, the substrate
has a large effect on the self-assembly process. The Si (111)
substrate leads to a failure of the self-assembly of Ni parti-
cles due to the Si-N layer formation (Fig. 8(c)). The Si-N
interlayer naturally forms at the Ni and Si (111) interface at
900 °C in Fig. 8(b). This fact is confirmed by the peak around
33° in the XRD spectrum (this XRD spectrum is not shown in
the figure), which is consistent with reports.!!%15-16] The Si—
N interlayer as a buffer layer causes self-assembly failure. In
contrast, with GaN/sapphire (0001) as the substrates, Ni self-
assembly is promoted. Generally, the deposition of the Ni film
on the sapphire/GaN (0001) substrates is typically far from

equilibrium. The Volmer—Weber growth mode is even ob-
served in the as-deposited process due to the great difference
of the surface free energy between the sapphire/GaN (0001)
and the Ni.®! During high temperature annealing, Ni atoms
can get enough energy and then diffuse on the surface to ag-
glomerate metal 3D islands. This fact not only affects mass
transport but also causes a re-equilibrium process to minimize
the system energy. These factors promote the achievement of
the self-assembly of Ni particles.

However, there still remain great differences between the
sapphire (0001) and the GaN (0001). (i) The Ni film on the
sapphire (0001) substrate is assembled into particles at 900 °C
compared with that on the GaN (0001) substrate at 1000 °C,
and the Ni self-assembly process on the sapphire (0001) sub-
strate loses the stage of the Ni network structure. (ii) The Ni
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particle shape is spherical for the sapphire (0001) substrate,
and truncated-cone for the GaN (0001) substrate. (iii) A Ni-N
interlayer forms between the Ni particles and the GaN (0001)
substrate. Actually, all these great differences depend strongly
on the interlayer formation. As we know, the heat of formation
of the oxide, AH, is —241 kJ/mol for Ni with O atoms, whereas
that of Al is —1054.9 kJ/mol. Since AH for Ni is about one
fifth that of Al, the Ni growth on the sapphire (0001) results
in little interaction with the substrate. This interaction is so
weak that it cannot induce a Ni—O interlayer in the as-grown

(a) (b)

[ (Y ) ]‘OO
Soedete

sapphire

Ni/sapphire (0001) system.!314] But, at the annealing temper-
ature of 800 °C, a NiO layer appears due to the Ni diffusion
between the sapphire (0001) and the Ni crystal lattice at high
temperature. As the temperature increases up to 900 °C, the
NiO has decomposed, and even joins in the self-assembly pro-
cess (see Fig. 7(d)). However, the Ni/GaN (0001) system has
strong enough interaction to form a Ni-N interlayer in the as-
grown process. The Ni—N interlayer strongly affects the mass
transport of the Ni atoms on the surface, which results in the
truncated-cone particles.

z

Si

(c)

Fig. 8. Model of the Ni self-assembly process on the different substrates: (a) GaN (0001), (b) sapphire (0001), (c) Si (111).

4. Conclusion

We attempt to apply GaN (0001), Si (111) and sapphire
(0001) substrates for Ni self-assembly using thermal anneal-
ing treatment. The results indicate that GaN/sapphire (0001)
For the Si
(111) substrate, self-assembly fails due to the formation of a
Si-N interlayer. However, for the GaN/sapphire (0001) sub-

strates, there remain great differences in the Ni self-assembly

substrates are fit for self-assembled Ni particles.

process. (i) The Ni film on the sapphire (0001) substrate is
assembled into particles at 900 °C compared with that on the
GaN (0001) substrate at 1000 °C, and the Ni self-assembly
process on the sapphire (0001) substrate loses the stage of the
Ni network structure. (ii) The Ni particle shape is spherical
for the sapphire (0001) substrate, and truncated-cone for the
GaN (0001) substrate. (iii) A Ni—-N interlayer forms between
the Ni particles and the GaN (0001) substrate. All these differ-
ences are attributed to the interlayer formation between the Ni
and the GaN/sapphire (0001) substrates. This interlayer plays

a key role in the self-assembly of Ni particles.
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