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Surface diffusion driven morphological instability in free-standing

nickel nanorod arrays
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Virginia 23284-2000, USA

(Received 26 March 2014; accepted 11 June 2014; published online 22 July 2014)

Metallic nanostructures are thermodynamically unstable due to the excess of energy of large
numbers of surface atoms. Morphological instability, such as Rayleigh breakup, sintering, and
coalescence, can be observed at a temperature much lower than the bulk melting point of the
metal. We study the morphological and crystalline evolution of well-aligned free-standing nickel
nanorod arrays at elevated temperatures up to 600°C. The as-deposited nickel nanorods are
faceted with sharp nanotips, which are deformed at annealing temperatures higher than 400 °C due
to strong surface diffusion. A mud-crack like pattern is formed in the samples annealed above
400°C, leading to the generation of interconnected porous structure. Meanwhile, the X-ray
diffraction reveals the recrystallization of nickel nanocrystals when annealed from 300 to 600 °C.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4884878]

I. INTRODUCTION

Metallic nanostructures in the forms of nanoparticle,
nanotube, nanorod, nanowire, and nanospring display unique
physical and chemical properties due to the geometry and
confinement effects at the nanometer scales.' In metallic
nanostructures, atoms on the surface have unsaturated bonds
and hence become more active and mobile than in the
bulk."™ The enhanced chemical activity of metallic nano-
structures has been exploited to improve the efficiency and
selectivity of several important catalytic reactions.”® The ef-
ficiency and selectivity of metallic nanocatalysts strongly
depend on the material properties, as well as the size, shape,
and the arrangement of atomic planes on the surface of the
nanostructures.’ Thus, it is ideal to maintain the geometrical
and crystalline structures of those nanocatalysts in chemical
reactions. On the other hand, the mobility of surface atoms
can modify the morphological and crystallographic struc-
tures at a moderate temperature, causing the instability of
metallic nanostructures.”

Melting-like morphological change has been reported
on a variety of metallic nanorods and nanowires when they
are subject to thermal or electromagnetic energy stimuli.'®"
Individual nanorods and short nanowires are transformed
into spherical nanoparticles driven by the surface diffusion,
while individual long nanowires can break into a series of
discrete nanoparticles with characteristic diameters and spac-
ing of the particles by diffusion.'*'*?°? For example, indi-
vidual copper nanowires with a diameter of 300nm can
fragment into nanoparticles at 700°C;'® a gold nanowire
with a diameter of 87 nm can break up at 700°C;*° and the
fragmentation temperature is 900 °C for nickel nanowires in
a diameter of 30 nm.'® The characteristic diameter and the
adjacent separation of the nanoparticles after fragmentation
are theoretically predicted based on the surface curvature
determined diffusion model.* The diameter of the fragments
D and the initial diameter of the nanowire D, can be related
as D =3.78D,, according to the model established by
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Nichols and Mullins.>* The prediction has been experimen-
tally verified in the case of copper nanowires supported on a
Si0, substrate,15 whereas deviations of the experimental
measurements from the theoretical values are also
reported.'>?® It is necessary to point out that the tempera-
tures required for the morphological transition in metallic
nanostructures are much lower than the bulk melting points
of the constituent metals. Although the melting point of a
metal nanoparticle is lower than the bulk melting point, the
deduction of the melting point is just within a few percent of
the bulk melting points, especially for the nanostructures
with a radius larger than 10 nm.'®**-* Therefore, the melting
of nanowires is not expected at the temperature that causes
dramatic morphological transformation. For arrays of nano-
rods or nanowires, the fragmentation may not be observed if
the spacing between the adjacent nanowires is less than a
critical distance. In this case, coalescence and fusion of
neighboring nanowires may take place before the break up
of individual nanowires.

The morphological instability driven by surface diffu-
sion depends on the geometry (particularly the diameter and
the aspect ratio of the nanostructures), crystalline structures,
and the supporting media of the metallic nanostruc-
tures.'*?%?52% Tt is found in experiments that nanowires
supported on a substrate require higher temperature and lon-
ger time to break up than free standing ones.”> Recently,
free standing copper nanorod arrays prepared by the oblique
angle deposition technique can fuse together and form a
continuous film after annealing at 550 °C in vacuum.'” The
temperature of the transition from porous nanorod arrays to
dense film is size dependent. It is discovered recently that
the transition temperature of copper nanorod arrays can be
lowered to 300°C if the average diameter of the copper
nanorods is reduced from about 100 nm to 50 nm."® Oblique
angle deposition technique is used to grow the copper nano-
rod arrays, where the substrate is mounted to a position to
receive deposition flux from the off-normal direction.
Therefore, the nanorods fabricated by the oblique angle

© 2014 AIP Publishing LLC
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deposition method are tilted towards the deposition source
and the separation between nanorods is comparable with
the diameter of the nanorods Dy. Thus, the fragmentation
of copper nanorods may be suppressed due to this small
spacing between the neighboring tilted nanorods. The
fundamental question is how the morphology changes in
vertically aligned metallic nanorod arrays at elevated
temperatures.

Here, we fabricate well aligned nickel nanorod arrays
on silicon substrates for the study of morphological and
crystallographic evolutions driven by surface diffusion. The
nanorods are grown by using the glancing angle deposition
technique, which is similar to the oblique angle deposition
except the substrate is rotated constantly. The as-prepared
nanorod is faceted with a characteristic sharp tip. The tips
can sustain the thermal treatment up to 300°C but are
deformed during the annealing of the samples in vacuum at
a temperature higher than 300 °C. A complex morphology is
formed after the connection of multiple nanorods at a tem-
perature high enough to initiate the breakdown of the tips.
Consequently, a mud-crack like pattern is self-organized
and a porous metallic film is resulted after thermal treatment
at 500 and 600°C. The porous metallic film may have
potential applications in catalysis, chemical sensing, battery,
and fuel cell.

Il. EXPERIMENTAL DETAILS

Nickel nanorod arrays are fabricated on native oxide
covered silicon (100) substrates in a high vacuum DC mag-
netron sputtering system, which is described in details else-
where.*® In our experiments, the standard RCA cleaning
procedures is used to clean the substrates. The glancing
angle deposition method is applied to create well-separated,
well-aligned nanorod arrays on the substrates.>* > The angle
between the central line of the target and the substrate nor-
mal is 85°, which is defined as the deposition angle. The cen-
ter to center distance between the target and the substrate is
about 15cm. When the background pressure drops below
3 x 10~ Torr, the deposition starts with an argon pressure of
3.9 mTorr and 100 W sputtering power. The heights of nickel
nanorod arrays are controlled by the deposition time, which
is set to 30, 50, and 90 min. The substrate is continuously
rotated by the stepper motor at a speed of 0.5 revolutions per
second during deposition. All the samples of nickel nanorod
arrays are imaged by a field emission scanning electron
microscope (SEM) (Hitachi SU-70) to study the morphology
of the samples. Furthermore, the X-ray diffractometer
(PANalytical MPD X’Pert pro) is used to analyze the change
of crystalline structures of the nickel nanorod arrays before
and after the annealing process.

Annealing of nickel nanorod arrays is performed in a
split-top tube furnace (Lindbergh/Blue M) at 300, 400, 500,
and 600 °C for 30 min under vacuum. The processing pres-
sure in the quartz tube is maintained at ~200 mTorr using a
mechanical pump. A continuous flow of premixed forming
gas consisting of 5% hydrogen and 95% argon gases (ultra-
high-purity grade) is used to protect the samples from oxida-
tion during thermal treatment. The flow of the gases is
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adjusted to 10 sccm using a mass flow controller (MKS
Instruments, 1179 A Mass-flo) during the process.

lll. RESULTS AND DISCUSSION

In the glancing angle deposition mode of physical vapor
deposition, shadowing effect and limited surface diffusion
are the two dominant competing mechanisms for the forma-
tion of the nanorod arrays.*>** Due to the shadowing effect
at deposition angles close to 90°, incident atoms can only
reach the very top part of the growing surface. The growth in
the area near the valley of the growing surface is terminated
due to the blocking of incident atoms, thereby creating well-
separated nanorods at large deposition angles. In glancing
angle deposition, the spacing between nearby nanorods is
deposition angle dependent. The nanorods are aligned spon-
taneously along the normal direction of the substrate when
the substrate is rotated continuously at a constant rotation
speed. Meanwhile, surface diffusion drives the newly depos-
ited atoms to an energetic favorable site to settle down. At
near room temperature, only metastable equilibrium of the
deposition can be reached by limited surface diffusion. As a
result, individual nickel nanorod grown by our technique is a
single crystal with facets, which is similar to the results
reported previously.?*-

The top-view and cross-sectional SEM images of the as-
prepared nickel nanorod arrays on silicon substrates are dis-
played in Fig. 1. In the study of the morphology of nickel
nanorods by SEM, the energy of the electron beam applied
to the samples is 5 KeV and the distance between the objec-
tive lens and the sample is about 7 mm. The top-view images
are arranged in the left column of Fig. 1, whereas the cross-
sectional images are in the right column. The SEM images in
Figs. 1(a) and 1(b) represent the short nickel nanorods pre-
pared by the glancing angle deposition in 30 min deposition
time. The SEM nickel nanorods deposited in 50 min are
shown in Figs. 1(c) and 1(d), and those deposited in 90 min
are displayed in Figs. 1(e) and 1(f). A nickel thin film is de-
posited on a silicon substrate and serves as the reference.
The representative SEM images of this reference sample are
exhibited in Figs. 1(g) and 1(h). The cross-sectional images
are taken from the freshly cleaved nickel samples. For the
SEM images shown in Fig. 1, the samples are intentionally
tilted by about 5-10° from the vertical axis of the SEM col-
umn in order to expose the top surface of the samples. Sharp
nanotips are clearly shown in the cross-sectional SEM
images of the samples deposited in 50 and 90 min. Some
large nanorods in the sample deposited in 30 min also de-
velop sharp nanotips at the top ends of the nanostructures. In
terms of morphology, the nanorod sample grown in 30 min
is similar to the nickel thin film deposited with normal inci-
dent deposition flux as shown in Figs. 1(g) and 1(h). In the
SEM images of the nickel thin film, the characteristic colum-
nar structure and long crack-like void boundaries between
nickel nanograins can be seen, which are formed due to the
limited surface diffusion and non-uniform flux in sputtering
at normal incident angle.*®

In this study, the nickel nanorod arrays with 90 min dep-
osition time are annealed in forming gas in vacuum at
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FIG. 1. SEM images of the as-prepared nickel nanorod arrays and a nickel
thin film on silicon substrates. The top-view SEM images are arranged in the
left column and the cross-sectional SEM images are shown in the right col-
umn. (a) and (b) are the SEM images of nanorods deposited in 30 min; (c) and
(d) are the SEM images of nanorods deposited in 50 min; (e) and (f) are those
deposited in 90 min; and (g) and (h) are the SEM images of a nickel thin film,
which serves as the reference. The white scale bars represent 100 nm.

different temperatures: 300, 400, 500, and 600°C. The
annealing duration is 30 min. The top-view SEM images of
the samples after annealing are shown in Fig. 2. At 300°C,
there is no significant morphological change in the SEM
images, as depicted in Fig. 2(a). When the temperature is
increased to 400 °C, the nanorods start to change some of
their features. The edges of the rods are rounded up and
some of the nanorods appear to merge together, creating
small domains of nanorods. Accordingly, the crack-like
voids are widened as can be seen in Fig. 2(b). The sharp
nanotips become blunt at this annealing temperature.
Nevertheless, every column still can be distinguished from
the top-view and cross-sectional images. At 500 and 600 °C,
most of the individual nanorods are fused with their closest
neighbors and form large domain structures, as demonstrated
in Figs. 2(c) and 2(d). The domains are divided by wide
irregular void boundaries. Small pores are also visible and
form interconnected channels inside each domain. This
porous surface pattern is similar to the so-called “mud-
cracking” pattern found in the columnar yttria-stabilized
zirconia (YSZ) thin films after sintering at high tempera-
tures.””*® It is found by modeling that the surface diffusion

FIG. 2. SEM top-view images of nickel nanorod arrays after annealed at (a)
300°C, (b) 400°C, (c) 500°C, and (d) 600 °C for 30 min. The nanorods are
deposited by the glancing angle deposition technique in 90 min at 85° depo-
sition angle.

driven neck formation and coalescence are responsible for
the mud-cracking pattern formation in YSZ thin films.>’ In
our experiment, the similar mud-cracking pattern observed
in our samples also can be explained by the neck formation
and merging during annealing process at a temperature
above 500 °C. The porous film obtained at 600 °C is denser
than the one at 500 °C, while the surface appears smoother at
higher annealing temperature due to surface diffusion.

From above results, it is clear that significant morpholog-
ical change happens at 500°C annealing temperature. We
studied the annealing effect of nanorods with different
heights at 500 °C for 30 min in forming gas. The mud-crack
like pattern is also observed in all of the nickel nanorod and
thin film samples after annealing at 500°C for 30 min, as
shown in Fig. 3. From the top-view images exhibited in the
left column in Fig. 3, the characteristic two-sized pores, i.e.,
the large inter-domain gaps and the small intra-domain pores,
are observed in the samples after heat treatment. The average
width of the inter-domain gaps increases with the increasing
heights of nanorods, while the number density of the nano-
rods enclosed in the domains seems decreasing with the
heights. As the nanorods grow in height, the diameter also
increases. The nanorods are more separated with increasing
deposition time. Therefore, the neck formation between
neighboring nanorods becomes difficult for taller nanorods
than shorter ones. From the cross-sectional images arranged
in the right column in Fig. 3, the columnar microstructure still
exists after 30 min annealing at 500°C for all the nanorod
arrays. Saw-tooth like features can be observed on the surface
of the annealed nanorod samples, whereas the top surface of
the annealed thin film is fairly flat. Furthermore, at the inter-
face near the silicon substrate, a very thin layer of continuous
film is formed, which may be due to the coalescence of very
short and small nanorods deposited near the surface of the
substrate in the early stage of the deposition. These short and
small nanorods can be found in the cross-sectional SEM
images of the as-deposited nanorod samples as shown in
Fig. 1. They are the results of shadowing effect during the
nanorod growth in glancing angle deposition.
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FIG. 3. SEM images of nickel nanorod arrays and thin film annealed at
500°C for 30 min. The top-view and cross-sectional images are arranged in
the left and right columns, respectively. (a) and (b) are the SEM images of
nanorod arrays deposited in 30 min; (c) and (d) are the images of nanorod
arrays deposited in 50 min; (e) and (f) are the results of nanorod arrays de-
posited in 90 min; and (g) and (h) are the results of the nickel thin film.

It can be observed that the average thickness of the
nickel nanorod and thin film samples is reduced by the
annealing process. The measured heights and thickness of
the samples before and after annealing are listed in Table 1.
The nanorod sample prepared in 50 min deposition shrinks
the most by 35.7% in height in all the samples, while the
nanorod samples deposited in 90 min only reduce 5.5% of
the average height of the nanorods. The shrinkage of the thin
film is small as well, by about 10%.

The as-deposited nanorods have large surface energy due
to their high aspect ratios as demonstrated in Figs. 1(a)-1(f).
The nanorods also have sharp apexes with nanoscaled radii.
Thus, the surface diffusion is strong at elevated temperatures.

TABLE I. The measured average height of the nickel nanorods and the
thickness of the nickel thin film before and after annealing at 500 °C for 30
min. The percentage of the reduction is calculated.

30 minutes 50 minutes 90 minutes Thin

nanorod  nanorod  nanorod film
Height before annealing (nm) 1355 350*10 550*=10 133=*5
Height after annealing 1005 22510 520*10 120%5
at 500 °C (nm)
Percentage of height reduction  25.9% 35.7% 5.5% 9.8%

J. Appl. Phys. 116, 043501 (2014)

The apexes are suppressed after annealing at 500 °C and the
diameters of the nanorods are increased due to the mass trans-
port through the surface diffusion. As such, surface diffusion
is the driving force of the shrinkage of nanorods in
height, dH/dt, as expressed by the Nichols-Mullins’ law,
dH/dt = AyB/R’, where A is a constant related to the geome-
try of the nanorods, B is a material based constant at a spe-
cific temperature, and R is the principal radius of the
nanorods at the apex position.*® Constant B is governed by
B =DyQ* /KT, where D; is the surface diffusion coefficient,
y is the surface energy, Q is the atomic volume of the mate-
rial, kT is the thermal energy at the temperature 7. Time de-
pendent evolution of the nanorod morphology can be
numerically simulated using the Nichols-Mullins’ law, which
is not the focus of this report and will be explored in the
future. Nevertheless, we develop a simple geometric model
to relate the change of porosity p to the change of nanorod
shapes. We assume the nanorods are cylinders with a radius r
and a height H. The cylinders are arranged in a triangular lat-
tice with a center to center separation S. The porosity p is
thus determined by p =1 — (2n/v/3) (r/S)>. It is necessary to
point out that the porosity does not depend on the height H.
In our annealing study, the radius r of the nanorods is increas-
ing with time while the separation S remains a constant
before the nanorods merge together. Therefore, the decreas-
ing of porosity is expected from this simple model.

The crystallographic change in the nickel nanorod arrays
after thermal treatment at 500°C is studied by the 6-20
X-ray diffraction (XRD) analysis. The XRD pattern of the
nanorod arrays deposited in 90 min on a natively oxidized
silicon substrate is taken from the as-deposited and annealed
samples, as shown in Fig. 4. The XRD diffractogram cover-
ing from 43 to 57° of the 20 angles shows both the diffracted
peaks due to the silicon substrate and the nickel nanorods, as
well as the trace amount of nickel silicide at the interface.
The silicon (311) at ~56.4° and silicon (220) at ~47.9° are
the non-Bragg scattering peaks from the silicon (100) sub-
strate we used in the experiments.*® The as-deposited nickel
nanorod arrays demonstrate the inevitable formation of
nickel silicide on the surface of the substrate in sputtering

b Ni(111) Si(220)

Ni,Si(102) SiE31)

Ni(200)
Ni,Si(200)

Intensity (Arb. Units)

fs-degosited

T T T T T T T T T T T T T 1

40 42 44 46 48 50 52 54 56 58
26(°)

FIG. 4. XRD patterns of nickel nanorod arrays deposited in 90 min before
and after annealing at 300, 400, 500, and 600 °C. The intensity of nickel
(111) and (200) peaks increases after annealing, indicating the growth of
grains in the samples.
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deposition, mainly due to the energetic deposition flux.*'
The intensity and the sharpness of the nickel silicide peaks
increase with the annealing temperature varying from 300 to
600 °C, while the peaks remain as the minor ones in the
XRD spectra. The intensity and the sharpness of the major
nickel peaks in the diffraction pattern shown in Fig. 4 are
enhanced after thermal treatment, which indicates the recrys-
tallization and growth of the nickel crystals accompanying
the morphological change.

The as-deposited nickel nanorods have a broad and
weak peak of nickel (111) plane located at 20 =44.7 £0.1°,
while the peak of nickel (200) located at 20 =54.6 = 0.1° is
stronger and narrower than nickel (111) peak in the samples
deposited in 50 and 90 min. The nickel (200) peak is absent
in the nanorod arrays prepared in 30 min, as shown as the
dashed line in the lower part of Fig. 5. The comparison of
the XRD pattern before and after annealing for the nanorod
samples deposited in 30 and 90 min, respectively, is pre-
sented in Fig. 5. After annealing at 500 °C for 30 min, the in-
tensity is increased significantly for both peaks of nickel
(111) and nickel (200) for all samples, as can be seen from
the XRD crystallogram in Fig. 5. The nickel XRD crystallo-
graphic peaks in all samples are analyzed in terms of the
crystallite size D by using the Debye-Scherrer equation
D = kA/(W cos 0), where k is a constant depends on the parti-
cle shape and varies between 0.89 and 1.39 rad,** 1 is the
wavelength of the incident X-ray (4 =1.542 A), W is the full
width at half maximum of the diffraction peak, and 6 is the
half Bragg angle at the center of the peak. In our calculation,
we use k=0.9 as suggested by others.'®** Table II summa-
rizes the calculated the crystalline grain size D of both nickel
(111) and (200) peaks for all the samples before and after
annealing. It is observed from the Table II that the grain size
is proportional to the sample thickness. Moreover, it is noted
that the grain size is increased in all samples after annealing.
For instant, for nickel (111) peak, the diameter grows up af-
ter annealing by 105% in nickel nanorods with 30 min depo-
sition, while only by about 26% in the 90 min sample. On
the other hand, for nickel (200) peak, the grain size increases
after annealing by 74% in 50 min deposition time, 41.5% in
90 min deposition time, and 28% in the nickel thin film.

18000
16000 -
;02 14000
5 12000
8 annealed
e 10000 A
< 8000 . Al
2 b
B 6000 - Hortan bl \,\./\‘_‘“M ;
@ ”
o 40004 as-deposited
Soaoflm 4 TN
0 30min_ _.._. ~

T T T T T T T T T
40 42 44 46 48 50 52 54 56 58 60
20(%)

FIG. 5. Selected XRD diffractogram of nickel nanorod arrays deposited in
30 min (dashed lines) and 90 min (solid lines) before and after annealing at
500 °C for 30 min. The intensity of nickel diffracted peaks increases dramat-
ically after annealing.
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TABLE II. Average grain size D in nickel nanorod and thin film samples
calculated from the (111) and (200) XRD peaks by using the Debye-
Scherrer equation.

Average Average
grain size D in  grain size D
Samples (111) (nm)  in (200) (nm)
Nanorods (30 min deposition) As-deposited 172 N/A
Annealed 35+2 92+*5
Nanorods (50 min deposition) As-deposited 25+2 54+3
Annealed 40=*1 94 +4
Nanorods (90 min deposition) As-deposited 38%1 82+*5
Annealed 48+ 1 116 =6
Nickel thin film As-deposited 24+3 68 £5
Annealed 39+2 87*5

IV. CONCLUSION

In conclusion, we have demonstrated experimentally the
evolution of nickel nanorod arrays after heat treatment. The
nanorods are deformed and connected to form a mud-crack
like porous structure after annealing at 500 °C. The pores are
interconnected due to surface diffusion. Our XRD analysis
reveals that the grain size in the porous mud-crack structure
is increased after annealing. The intensity and sharpness of
the diffracted nickel (111) and (200) peaks are enhanced by
the thermal treatment, indicating the diffusion driven recrys-
tallization of the nanorods. If the samples are annealed for
long enough time, they are expected to be solidified com-
pletely. A continuous solid thin film should be formed at the
end. However, the formation of nickel silicide may not be
neglected under such situation. Practically, porous metal
membranes are interesting for the applications in catalysis,
fuel cell, lithium-ion battery, nanoelectronics, etc.
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