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A simple approach is proposed to realize three-dimensional (3D) prismlike Mg nanostructures,
which has several advantages over previous investigations such as suitable for mass production,
reduced impurities, tailored dimensions, and easier integration into microsystem. 3D Mg
nanostructures are realized onto silicon substrate using a conventional thermal evaporator, where the
incident angle of Mg vapor flux with respect to the substrate surface normal is fixed at 88°. The
as-prepared 3D Mg nanostructures are characterized by scanning electron microscopy, x-ray
diffraction, energy dispersive x-ray analysis, transmission electron microscopy, high-resolution
transmission electron microscopy, and surface area measurement. © 2008 American Institute of

Physics. [DOI: 10.1063/1.2883934]

Nanometal structures have received steadily growing in-
terests because of their fascinating properties and various
applications.l’2 As one of the most interesting alkaline-earth
metals, magnesium has found applications in numerous
fields such as hydrogen storage,}6 battery,7 biochemistry,8
and organic synthesis,9 where hydrogen storage has been
paid special attention. Magnesium dihydride (MgH,) con-
tains 7.6 wt % hydrogen, making it one of the most promis-
ing hydrogen storage materials. Although Mg nanoparticles
prepared by the thermal decomposition of magnesium an-
thracene and sputteringlo_12 and Mg nanocomposites syn-
thesized by high-energy milling methods'*™"® have been
intensively investigated, there are few studies on one-
dimensional (1D), two-dimensional (2D), and three-
dimensional (3D) Mg nanostructures. Recently, Li et al
have synthesized 1D Mg nanorods/wires by a vapor-
transport approach using commercially available Mg powder
and addressed their interesting applications in Mg/air battery
and hydrogen storage.w’20 However, there is no report in the
literature to realize aligned 2D/3D Mg nanostructures. It is
well-known that 2D/3D nanostructures are important compo-
nents for nanoscale devices with a variety of applications due
to their large surface areas and other unique properties.ZF24
Therefore, it will be very promising to realize 2D/3D Mg
nanostructures. In this study, the authors present a simple
approach to realize aligned 3D prismlike single-crystal Mg
nanostructures onto silicon substrate using a conventional
thermal evaporator. The as-prepared 3D prismlike Mg
nanostructures are characterized by scanning electron mi-
croscopy (SEM), x-ray diffraction (XRD), energy dispersive
x-ray analysis (EDX), transmission electron microscopy
(TEM), high-resolution TEM (HRTEM), and surface area
measurement.

The 3D prismlike Mg nanostructures are fabricated by a
conventional thermal evaporator using 99.99% pure Mg pel-
lets as the source material. The source holder is an alumina
crucible that is heated by a tungsten filament. The substrate
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is half of a 4 in. p-type (100) single-crystal silicon wafer.
Before deposition, the substrate is cleaned using acetone,
RT2 (chromic sulfuric acid mixture), thoroughly rinsed by
de-ionized water and blow dried by nitrogen. Then, the sub-
strate is placed into an oven at 200 °C for 20 min for further
drying. The substrate is mounted into a specific movable
substrate holder inside the evaporation chamber. The incident
angle of Mg vapor flux with respect to the substrate surface
normal is fixed at 88°. The distance between the substrate
and the source is about 18 cm. After the chamber is evacu-
ated to a vacuum level of 7 X 107% mbar, the evaporation of
Mg starts with a constant supply current of 23 A. The depo-
sition rate is set to be 5 A/s and the deposition time is set as
800 s typically. The temperature of the substrate is around
45 °C during the deposition. The as-deposited Mg nano-
structures on the substrate are directly characterized by SEM.
To remove the effect of the well-crystallized silicon sub-
strate, the Mg nanostructures are scratched from the substrate
and then characterized with XRD and EDX. For TEM and
HRTEM observations, the Mg nanostructures are manually
separated from the substrate, mixed with ethanol, and depos-
ited onto carbon-coated copper grids.

Figure 1(a) shows a top view SEM image of the Mg
nanostructures. Roughly, the top view surface of most of the
nano-Mg is hexagonal. Figures 1(b) and 1(c) are 30° titled
view SEM images taken at different directions confirming
the 3D structure of the nano-Mg. As shown in Fig. 1(b), the
borders of the nano-Mg are transparent due to the very small
thickness. Figures 1(d) and 1(e) are cross-sectional view
SEM images of the nano-Mg taken at different directions.
Most of the 3D prismlike Mg nanostructures are vertically
aligned along the substrate surface. The length of the
nano-Mg is around 1.2 um. There are smaller and shorter
structures among the long Mg nanostructures, as can be seen
from Figs. 1(a)-1(e). The dimensions of the Mg nanostruc-
tures can be tailored by controlling the deposition conditions.
For instance, Fig. 1(f) shows a cross-sectional view SEM
image of the Mg nanostructures with a deposition time of
400 s. The resulting length of the nano-Mg is about 0.7 um.

Atomic shadowing and adatom diffusion are the domi-
nant growth mechanisms that control the 3D prismlike Mg
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FIG. 1. SEM images of the as-prepared 3D prismlike Mg nanostructures.

nanostructures growth.25 During deposition, some initial Mg
nuclei are first formed on the substrate surface. These nuclei
produce areas that the subsequent Mg vapor flux cannot
reach directly due to atomic shadowing at high incident
angles with respect to the substrate surface normal. Under
the condition of low substrate temperature (45 °C in this
experiment) and, therefore, low adatom mobility, the adatom
diffusion is too low to fill the voids. Subsequently, isolated
long 3D Mg nanostructures along with shorter and tiny Mg
nanostructures are formed on the substrate surface, as shown
in Figs. 1(a)-1(f).

The structure and composition of the as-prepared 3D Mg
nanostructures are identified by XRD and EDX (inset), as
shown in Fig. 2. To remove the effect of the well-crystallized
single-crystal silicon substrate, Mg nanostructures are manu-
ally scratched from the substrate with a sharp knife for XRD
and EDX characterizations. The main elements seen in the
EDX spectrum are O, Mg, and Si. Si comes from the
scratched silicon substrate and O comes from MgO that is
formed at the surface of the Mg nanostructures when, taking
out of the vacuum deposition chamber, they are let in contact
with atmospheric oxygen. However, MgO is not detected by
XRD, which is mainly due to its very small thickness at the
Mg surface. This is confirmed by the subsequent HRTEM
characterization.

Figures 3(a)-3(c) show the electron diffraction patterns
of a 3D Mg nanostructure obtained on a JEOL 2010 micro-
scope running at 200 kV indicating a single-crystal structure.
They are views of the (011), (021), and (311) reciprocal lat-
tice planes for the hexagonal compact structure of Mg,
respectively. The HRTEM image in Fig. 3(d) shows clear
fringes with an interplanar spacing of 0.26 nm, which corre-
sponds to the separation between the (002) lattice planes.
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FIG. 2. XRD and EDX patterns of the Mg nanostructures.

These are aligned perpendicular to the longitudinal direction
of the 3D prismlike Mg nanostructures, which suggests that
the Mg nanostructures grow along the [001] direction. As
shown in Fig. 3(d) an ultrathin layer (~2 nm thick) is
formed on the surface of Mg after the substrate is taken out
of the vacuum chamber and kept for several weeks in air.
The interplanar spacing of about 0.21 nm of the ultrathin
layer corresponds to the distance between MgO (200) planes.
Figure 3(e) is a HRTEM image for a thicker Mg nanostruc-
ture compared to that in Fig. 3(d).

The MgO shell prevents further oxidation under ambient
conditions. For metal oxide growth, inward diffusion of an-
ions or outward diffusion of cations needs to be balanced by
electron transport from the metal-oxide interface to the oxide
surface where the adsorbed oxygen is ionized.”® At room
temperature, electron transport through the oxide layer is
done by tunneling mechanism, which decreases exponen-
tially with the increase in the oxide layer thickness. When
the layer thickness arrives to a few nanometers, the oxide
growth terminates if there are not other active transport
mechanisms. The effect on the hydrogen uptake of magne-
sium oxide formed on the Mg surface has been addressed
before.'"?” If the oxide layer is ultrathin, it will increase the
hydrogen uptake rate. This is because thin oxides form a
“patched” pattern on the surface of bulk Mg and still allow

FIG. 3. (Color online) TEM and HRTEM images of the Mg nanostructure.

Downloaded 23 Apr 2009 to 193.48.178.2. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



063123-3 Zhang et al.

hydrogen to diffuse into the bulk of Mg. It is also likely that
the formation of an ultrathin oxide layer can favor hydrogen
diffusion into the bulk of Mg by prohibiting the formation of
a “surface shell” of MgH, that further frustrates hydrogen
diffusion. However, if the oxide layer becomes thick and
compact, it will reduce or even totally block the hydrogen
uptake.

The as-prepared 3D Mg nanostructures are also charac-
terized by surface area measurement. Mg is deposited onto
silicon substrate with a deposition time of 800 s. After depo-
sition, Mg nanostructures are manually scratched from the
substrate and placed into an analysis cell for the surface area
measurement. The samples (with a mass of 2 mg) are out-
gassed under primary vacuum at 250 °C for 3 h. The kryp-
ton adsorption isotherms are determined at 77 K, by volu-
metric method, with a Micromeritics ASAP 2010M device.
The isotherms are recorded in the relative pressure range
from 0.07 to 0.33. Using the Brunauer—-Emmett-Teller
method”® and 0.21 nm? as Kr cross section, the specific sur-
face area computed from the isotherms is about 135 m?/g.
The large value of the specific surface area is mainly due to
the 3D character of the nanostructures. Another cause is the
high surface roughness of the 3D nanostructures. As shown
in Fig. 1(a), the 3D prismlike nanostructures are formed
layer by layer but with different layer cross-sectional areas,
thus, resulting in high surface roughness.

The approach employed in this study has several merits.
First, the fabrication process of the 3D Mg nanostructures
is very simple. A conventional thermal evaporator can be
directly utilized. Second, uniform 3D Mg nanostructures
can be deposited on several silicon wafers simultaneously.
Consequently, it is suitable for mass production. Third, the
nanostructures are formed by physical self-assembly under a
high vacuum and a low substrate temperature, thus, resulting
in relatively pure nano-Mg. Fourth, the dimensions of the
3D Mg nanostructures can be tailored by controlling the
deposition conditions, for instance, the deposition time.
Fifth, the 3D Mg nanostructures are realized onto silicon that
is a basic material for microelectronics and microsystem.
This will therefore open the door to integrate the nanostruc-
tures into microsystem, thus, leading to potential functional
nanodevices.

In conclusion, 3D prismlike Mg nanostructures have
been realized onto silicon substrate by thermal evaporation
under an oblique angle. This method has some merits over
previous approaches including more suitability for mass pro-
duction, reduced impurities, and tailored dimensions. SEM
observations show that most of the 3D Mg nanostructures are
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vertically aligned along the substrate surface. XRD, TEM,
and HRTEM characterizations show that the 3D nano-Mg are
hexagonal compact single-crystal structures. An ultrathin
MgO layer with a thickness of 1.5-2.5 nm is formed at the
surface of the Mg nanostructures when they are let in contact
with atmospheric oxygen. The measured specific surface area
of the 3D nano-Mg is around 135 m?/g.
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