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Abstract: Energetic materials that are synthesized at the nanoscale can have improved performance in terms
of ignition, reaction rate. In this work, we present a convenient method to synthesize an Al/NiO based nano
energetic material (nEM). Two-dimensional NiO nano honeycomb is realized by thermal oxidation of Ni thin
film deposited onto silicon substrate by thermal evaporation. Then Al is thermal evaporated inside the NiO
honeycomb to realize nanostructured Al/NiO layer. This method has advantages over previous investigations
including lower ignition temperature, enhanced intimacy of contact between reactants, and good compatibility
with silicon technologies.
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A 4-inch 0.5 mm thick p-type silicon wafer is
used as the substrate. The wafer is first cleaned with
acetone and then chromic sulfuric acid mixture. After
the acid cleaning, the wafer is thoroughly rinsed using
de-ionized water and blow-dried with nitrogen gas. For
further drying, the wafer is put into an oven at 200 °C
for 20 minutes. A 200 nm thick Ni thin film is
deposited onto the silicon wafer by conventional
thermal evaporation at a vacuum level of 7 × 10-6 mbar
and the wafer temperature is around 45 °C during the
evaporation process. The Ni thin film on the silicon
wafer is placed on a quartz boat, which is positioned in
the center of a quartz tube that is mounted inside a
horizontal tube furnace. A nitrogen gas flow is
introduced into the quartz tube at 2000 sccm to remove
the air inside the furnace. After 20 minutes, the
nitrogen gas flow rate is changed into 400 sccm and at
the same time, an oxygen gas flow at 100 sccm is
introduced into the furnace. The Ni thin film is heated
at 450 °C for 2 hours inside the furnace. After the
furnace is cooled down to room temperature, the
silicon wafer with the oxidized Ni thin film is taken
out for the next process. The oxidized Ni thin film is
put into a thermal evaporator, where Al is evaporated
onto the oxidized Ni thin film. The Al is evaporated at
5 × 10-6 mbar and the wafer temperature is around
30 °C during the evaporation.
The as-prepared Al/NiO based nEM on silicon
substrate are directly characterized by scanning
electron microscopy (SEM) and X-ray diffraction
(XRD). The heat of the reaction of the Al/NiO based
nEM is determined by differential thermal analysis
(DTA) and differential scanning calorimetry (DSC).
DTA is carried out from 20 to 1000 °C at 15 °C/min
under a 99.995 % argon gas flow. 6.35 mg of the
Al/NiO based nEM is scratched from the silicon wafer

1. INTRODUCTION
It has been found recently that energetic materials
produced at the nanoscale present improved
performances especially in terms of ignition
temperature and reactivity. Therefore, nano energetics
is a very new research area for energetic material [1].
Substantial methods have been investigated to
synthesize nano Energetic Materials (nEMs) including
physical mixing of nano powders of fuel and oxidizer,
sol-gel, aero-gel, atomic layer deposition, sputtering
multi-layer foils of oxidizer and fuel, realization of
porous silicon based nEMs, embedding an array of
Fe2O3 nanowires inside an Al thin film, and molecular
self-assembly of fuel and oxidizer [2-11]. In recent
times, Al/CuO nanowire based nEM has been
synthesized by integrating nano Al by conventional
thermal evaporation with CuO nanowires grown from
Cu thin film being electro-deposited onto a silicon
substrate. This approach has the advantages to get
intimate contact between Al and CuO, reduced
impurities and easier integration into micro-electromechanical systems (MEMS) [12]. In further work
performed by the same group, the Al/CuO nanowire
based nEM has been integrated onto a thin film
Au/Pt/Cr microheater fabricated onto a Pyrex-7740
glass substrate to realize a highly integrated microinitiator [13].
In this paper, we present the process of fabrication
of Al/NiO nanothermite directly onto a silicon
substrate. This approach not only inherits the
advantages in reference [12], but also has the
advantage of lower ignition temperature.

2. EXPERIMENTS
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for the DTA testing. DSC is performed from 20 to
700°C at 5 °C/min under a 99.999 % nitrogen gas flow
with 2.3 mg Al/NiO based nEM.

3. RESULTS
3.1 SEM Characterization
Figure 1(a) shows a 30o tilted view SEM image of
the oxidized Ni thin film. After the thermal oxidation
the thin film becomes porous and honeycomb-like
structure is formed with a wall thickness of 50-150
nm. It is also shown by experiments that relatively
uniform nano honeycomb can be formed all through
the entire thin film surface deposited on a 4-inch
silicon wafer. Consequently, the process described in
this work is suitable for batch fabrication and mass
production. Figure 1(b) is a cross-sectional view SEM
image of the thermally oxidized Ni thin film. It is
shown that some of the nano holes extend through the
entire thin film. And the oxidized thin film thickness is
increased by more than two times compared to the
deposited Ni thin film because of the nano
honeycomb-like structure created.

Fig. 1: SEM images of the oxidized Ni thin film at 450
o
C for 2h: (a) 30o tilted view and (b) cross-sectional
view.
The 30o tilted view and cross-sectional view SEM
images of the nano honeycomb after Al deposition is
shown in Fig. 2 (a) and (b), respectively, where the
average thickness of the thermally evaporated Al is
210 nm. It can be clearly seen that the Al is intimately
integrated with the nano honeycomb, which results in
the intimate interfacial contact between the Al and the
nano honeycomb. The as-prepared material is
characterized by XRD (not shown here) and Al and
NiO are confirmed to be the only components of the
material.
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Fig. 2: SEM images of the oxidized Ni thin film at 450
o
C for 2h after Al integration: (a) 30o tilted view and
(b) cross-sectional view.

Fig. 3: DSC plot of the exothermic reactions of the
Al/NiO based nEM.

3.2 DSC and DTA Characterizations
Figure 3 shows the exothermic reactions of the
Al/NiO based nEM characterized by DSC. It is shown
that there are two major exotherms associated with the
thermite reactions. The first exotherm is with an onset
temperature of around 400 °C and the second one is
with an onset temperature of around 530 °C, which are
below the melting temperature of bulk Al (~ 660 °C).
Therefore, the Al/NiO based nano energetic composite
seems to react before the melting of Al. This suggests
that the two exotherms are caused by the thermite
reactions between the Al and the NiO nano
honeycomb structures, which are based on the solidsolid diffusion mechanism. Consequently, the ignition
temperature of Al/NiO based nano thermite composite
is significantly reduced by creating nano-structured
NiO honeycombs. The increased surface energy of the
NiO nanohoneycomb structures and nano Al enhances
their reactivity and stimulates the reduced ignition
temperature. The exothermic reactions of the Al/NiO
based nEM are also characterized by DTA (not shown
here). Combination of DSC and DTA allows roughly
estimating the total heat of the reaction of the Al/NiO
based nEM to be around 2200 J/g. The value is below
the theoretical heat of the reaction (3400 J/g) between
Al and NiO. The low heat of the reaction is mainly due
to two factors. One is that the gases used for DSC and
DTA contain some oxygen that oxidizes the
evaporated Al during the heating process. The other is
that the masses of NiO and Al in the Al/NiO based
nEM are not at the stoichiometric ratio.

3.3 XRD Characterization after Thermite Reaction
Figure 4 shows the XRD pattern of the Al/NiO
based nEM after thermite reactions. The reaction
products are Al2O3, Ni, NiO, and SiO2, which are
corresponding to the reaction: 2Al + 3NiO → Al2O3 +
3Ni. SiO2 is due to the oxidation of Si scratched from
the silicon substrate. The peaks of NiO are probably
caused by the redundant unreacted NiO or the
oxidation of the reaction product Ni.

Fig. 4: XRD pattern of the Al/NiO based nEM after
thermite reactions
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4. CONCLUSION
Al/NiO based nano energetic material has been
synthesized by integrating Al with NiO nano
honeycomb grown from Ni thin film deposited onto a
silicon substrate by thermal evaporation. The Ni thin
film is changed into porous NiO nano honeycomb
structure after the thermal oxidation. Al is intimately
integrated with the NiO nano honeycomb by
conventional thermal evaporation, which results in
improved interfacial contact between the Al and the
NiO nano honeycomb. DSC testing shows that the Al
reacts with the NiO nano honeycomb with an onset
temperature of around 400 °C, which is below the
melting temperature of Al (~ 660 °C for bulk). This
suggests that the thermite reactions are based on the
solid-solid diffusion mechanism. The total heat of the
reaction of the thermite reactions is estimated to be
about 2200 J/g by combining DSC and DTA tests. The
as-synthesized Al/NiO based nano energetic material
has several advantages including lowered ignition
temperature, enhanced interfacial contact, and easier
combination with MEMS.
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