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Abstract
The interfacial contact area between the fuel and oxidizer components plays an important 
role in determining the combustion reactivity of nanothermite composites. In addition, 
the development of compact and reliable ignition methods can extend the applicability of 
nanothermite composites to various thermal engineering fields. In this study we report the 
development of a micro-chip initiator with controlled combustion reactivity using concepts 
usually applied to microelectromechanical systems (MEMS) and simple nanofabrication 
processes. The nanothermite composites fabricated in this study consisted of aluminum 
nanoparticles (Al NPs) as the fuel and copper oxide nanoparticles (CuO NPs) as the oxidizer 
accumulated on a silicon oxide substrate with a serpentine-shaped gold (Au) electrode. The 
micro-chip initiator rapidly ignited and exploded when minimal current was supplied. The 
effects of stacking structures of Al and CuO-based multilayers on the combustion properties 
were systematically investigated in terms of the pressurization rate, peak explosion time, and 
heat flow. Pressurization rates of 0.004–0.025 MPa μs−1 and heat flows of 2.0–3.8 kJ g−1 
with a commonly fast response time of less than 20 ms could be achieved by simply changing 
the interfacial structures of the Al and CuO multilayers. The controllability of combustion 
reactivity of micro-chip initiator can be made for general nanothermite composites composed 
of Al and various metal oxides (e.g. Fe2O3, CuO, KMnO4, etc). The micro-chip initiator 
fabricated in this study was reliable, compact, and proved to be a versatile platform, exhibiting 
controlled combustion reactivity and fast response time, which could be used for various 
civilian and military thermal engineering applications, such as in initiators and propulsion, 
welding, and ordinance systems.

Keywords: nanothermite composites, microelectromechanical process, aluminum,  
copper oxide, ignition, combustion property
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1.  Introduction

Thermite composites with chemical enthalpy rapidly gen-
erate thermal energy and pressure when ignited by the input 
of external energy. Nanoscale thermite composites (nTCs) 
have gained wide attention because of their highly exothermic 
reactions in comparison to macro and microscale thermite 
composites. They are generally fabricated by mixing pure 
metal nanoparticles (which act as a fuel) with metal oxide 
nanoparticles (which act as an oxidizer) in the form of pow-
ders [1–11], pellets [12–14], and thin films [15–20]. In various 
nTC formulations, aluminum (Al), a relatively stable fuel 
metal, is widely used in combination with copper oxide (CuO) 
[15, 21–23], which can release the maximum theoretical reac-
tion heat of approximately 3.9 kJ g−1 within a fraction of a 

second. In addition, both Al and CuO employed in nTC-based 
devices offer the advantages of non-toxicity and abundance. 
Al and CuO-based nTCs are well known for their relatively 
high combustion velocity and energy release rate, which are 
further accelerated at the nanoscale. Recently, the integration 
of nanoscale Al and CuO-based nTCs into micro-electro-
mechanical systems (MEMS) has been made to develop nTCs 
on a microscale chip (hereafter referred to as nTCs-on-a-
chip), which can produce various potential applications in the 
next generation of very powerful micro initiators, explosives 
or detonators for both civilian and military purposes [24–27].

To ignite the nTCs, various methods involving mechanical 
impact, flames, and hot wires have been developed [28–30]. 
The development of an effective ignition method is a very 
important requirement for precisely controlling the energetic 

Figure 1.  (a) The schematic representation of the MEMS-based processes used for fabricating the MHPs, (b) photographs and optical 
microscope images of the MHPs fabricated, and photographs of (c) the spin coating system and nTC-coated MHP and (d) pressure cell test 
system.
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properties (e.g. sensitivity, reaction rate, and energy output) 
and greatly broadening the potential applications of the 
nTCs. Among the various ignition methods, an electropyro-
technic igniter activated by minimal electrical energy input 
is very attractive and is advantageous because of the relative 
simplicity, easy handling, and compact device realization. 
The use of traditional electropyrotechnic igniters, which 
employ various bridge wires, can limit the small-scale inte-
gration of multiple nTC-based devices. Recently, microscale 
electrothermal heaters, which have been fabricated using 
MEMS-based processing, are being used as explosive initia-
tors for a wide range of civilian and military applications [23, 
31–36]. The integration of nTCs-on-a-chip enables the effec-
tive supply of high heat for multiscale device-based thermal 
engineering systems. The performances of such nTCs-
on-a-chip have been greatly enhanced; however, various 
fundamental challenges, such as explosion controllability, 
ignition reliability, and effective harnessing of heat and pres-
sure, still remain [37–40].

This study reports the design, assembly, and characteri-
zation of nTCs-on-a-chip with highly reliable ignition and 

controllable explosive reactivity. Briefly, a microscale electro-
thermal initiator platform was fabricated on a silicon substrate 
to rapidly and effectively ignite nTC-accumulated multilayers. 
Tuning of the explosive reactivity of the nTCs-on-a-chip was 
systematically investigated by varying the internal structures 
of the Al and CuO multilayers accumulated on the surface of 
the gold (Au) wire-patterned microchips. The energetic prop-
erties of a given nTCs-on-a-chip device assembled by this 
approach have been exhibited in terms of the heat flow, peak 
explosion time, and pressurization rate when ignited.

2.  Experimental methods

The microhotplate (MHP) chips were fabricated by a metal 
lift-off process, as illustrated schematically in figure  1(a). 
A photoresist mold ~1.4 μm in thickness (PR; AZ5214, 
Clariant) was first formed on an oxidized silicon substrate 
by a standard image reversal (IR) photolithography process. 
The IR process is useful for producing negatively sloped 
sidewalls in a PR mold, which makes the subsequent lift-off 
easier. Hence, the PR was spin-coated on the oxidized silicon 

Figure 2.  Thermal images of MHPs heated by applying (a) 30 V, (b) 50 V, (c) 80 V, and (d) 100 V. (e) The maximum temperature of the 
MHP as a function of the applied voltage.
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substrate at 4000 rpm for 35 s and soft-baked on a hotplate at 
95 °C for 5 min. The PR layer was then exposed to ultraviolet 
(UV) radiation with an intensity of ~20 mW cm−2 through 
a photomask using a commercially-available mask aligning 
system (MDA-400M, Midas System). The UV-exposed 
region of the PR layer was cross-linked by further baking on 
a hot-plate at 115 °C for 2.5 min. Subsequently, the processed 
PR layer was entirely exposed to the UV radiation without a 
photomask to solubilize the non-cross-linked region. Finally, 
the PR mold patterns were produced by dissolving the non-
cross-linked region using a developer (AZ300 MIF, Clariant). 
A gold (Au) layer, ~150 nm in thickness, was then depos-
ited on the prepared mold substrate containing a chromium 
(Cr) adhesion layer (~10 nm in thickness) using a thermal 
evaporation technique. Finally, serpentine-shaped MHP pat-
terns were defined by selectively removing the unnecessary 
portions of the deposited Au thin film in an ultrasonic bath 
containing acetone. Figure  1(b) shows the digital image of 
the fabricated MHP chip with an effective heating area of 
~3 mm  ×  4 mm. Voltage was applied to the fabricated MHP 
chips using a variable alternating current (ac) autotransformer 
(Variac, HCA-2SD20, Han Chang Trans Co. Ltd) capable of 
supplying an output voltage of up to ~240 V. The tempera-
ture distribution of the MHPs applied with various voltages 
was then measured using an infrared thermal camera (FLK-
TI55FT-10/20/54, Fluke).

As mentioned above, Al NPs and CuO NPs were employed 
as the fuel and oxidizer, respectively. To obtain the Al/CuO 
NP-accumulated multilayers (MLs), a spin coating process 
was used because it has the advantages of being simple and 
providing fast fabrication at atmospheric pressure, as shown 
in figure 1(c). Al NPs were dispersed in EtOH with an initial 
concentration of ~10 wt% and CuO NPs were dispersed in 
EtOH with an initial concentration of ~30 wt%. These two 

colloidal solutions were sonicated for an hour at ~660 W 
and 60 Hz. Various Al/CuO MLs were fabricated on the sur-
face of the MHPs installed on the spin coater with a rotation 
speed of ~1500 rpm. The final thickness of the Al/CuO MLs 
was fixed at approximately 50 μm and the mixing ratio was 
fixed of Al : CuO  =  30 : 70 wt%. The reason for using the fixed 
mixing ratio of Al : CuO  =  30 : 70 wt% is that it exhibited the 
best combustion properties among various Al/CuO mixing 
ratios described elsewhere in our previous studies [6, 7, 12]. 
The fabricated Al/CuO MLs were then dried in a convection 
oven at 80 °C for ~30 min. During the spin coating process, 
the Au electrode was manually masked using an adhesive 
tape to make effective electrical contact by avoiding particle 
contamination.

The explosive reactivity of the as-prepared Al/CuO MLs 
was monitored in situ using a high speed camera (Fastcam 
SA3 120K, Photron) with a frame rate of 15 kHz. A homemade 
pressure cell tester (PCT) system, as shown in figure  1(d), 
was employed to measure the pressure trace of the Al/CuO 
MLs upon the MHP-induced explosion. Briefly, the Al/CuO 
MLs formed on the MHP surface (i.e. nTCs-on-a-chip) were 
placed and sealed in a closed pressure cell and ignited by the 
MHPs supplied with sufficiently high voltage of 100 V via 
an external ac power supplier for reliable ignition and short 
response time. The pressure generated by the explosion of 
the Al/CuO MLs was measured in situ by a pressure sensor 
(Model No. 113A03, PCB Piezotronics) installed in the PCT. 
The distance between Al/CuO MLs and pressure sensor was 
approximately 2 cm. The pressure was then amplified by in-
line charge amplifiers (Model No. 422E11, PCB Piezotronics) 
and transformed into an electric signal by a signal conditioner 
(Model No. 480C02, PCB Piezotronics) with the frequency 
response of 25 kHz. The final signal was then recorded using 
a digital oscilloscope (TDS 2012B, Tektronix). To examine 

Figure 3.  SEM images of (a) Al NPs and (b) CuO NPs. TEM images of (c) Al NPs and (d) CuO NPs.
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the heat flow in the various Al/CuO MLs, differential scan-
ning calorimetry (DSC, Setaram, Model No. LABSYS evo) 
was carried out at temperatures ranging from 30 to 1000 °C at 
a heating rate of 10 °C min−1 under N2 flow. After obtaining 
the absolute heat flow data for all different Al/CuO MLs, we 
simply divided all the data with maximum value of each heat 
flow curve to relatively compare them in a graph. The total 
heat energy of Al/CuO MLs was then calculated by inte-
grating each exotherm.

3.  Results and discussion

The heating characteristics of the MHPs were measured using a 
thermal imaging camera. The infrared spectrum was measured 
at wavelengths ranging from 8 to 14 μm and the measured max-
imum temperature was up to ~1200 °C. Figures 2(a)–(d) show 
the thermal images obtained from the as-prepared MHP heated 

by applying different voltages supplied from an external power 
supplier. Here the total resistance of the Au electrode fabricated 
on MHP was measured to be ~ 38 Ω. It was observed that the 
Au-based electric lines on the surface of the MHP were concen-
trically heated, as expected. Thermal image analysis revealed 
that the maximum temperature of the MHPs linearly increased 
with increase in the applied voltage, as shown in figure 2(e).

Figures 3(a) and (b) show the SEM images of Al and 
CuO NPs. They were spherical and loosely agglomerated. 
Figures 3(c) and (d) show the TEM images of Al and CuO 
NPs. The average diameter of spherical primary Al NPs was 
80 nm, and the thickness of the oxide layer was approximately 
4 nm as shown in figure  3(c). The average diameter of the 
primary CuO NPs was approximately 100 nm as shown in 
figure 3(d).

Figure 4 shows the conceptual schematics and SEM images 
of the cross-sectional area of various Al/CuO-accumulated 

Figure 4.  Schematic and cross-sectional SEM images of the various nTC MLs assembled on the surface of silicone oxide substrates.
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MLs assembled by the above-described approach. First, a thin 
layer composed of uniform Al/CuO NP mixture was placed on 
the bottom for stable ignition in all cases. Subsequently, an Al 
layer and CuO layer were placed using a spin coating process. 
When a single Al layer and a single CuO layer (i.e. Al/CuO 
layer) were fabricated, the structure is named as a one-layer 
(1L) structure. Al/CuO/Al/CuO layer structures are termed as 
two-layer (2L) structures. When a uniform mixture of Al and 
CuO NPs were used to make a single layer, the structure is 
termed as a uniformly mixed layer (UML). The final thickness 
of all the Al/CuO MLs was fixed at approximately 50 μm,  
which corresponds to a total mass of the Al/CuO composite 
amounting to approximately 16 mg with the mixing ratio of 
Al : CuO  =  30 : 70 wt%. The thickness of Al/CuO mixture-
based initial ignition layer was approximately 15.3 μm. Then 
the thickness of the Al layer was changed from approxi-
mately 15.3 μm for 1 L to 2.5 μm for 6L. The thickness of 
CuO layer was also changed from approximately 19 μm for 
1L to 3.2 μm for 6L. Based on the thickness and total mass 
of Al/CuO multilayers, the theoretical density of the resulting 
Al/CuO multilayers was calculated to be approximately 
95  %TD. It is also noted that the number of Al and CuO 
MLs was increased with the intention of increasing the inter-
facial contact area between Al and CuO NPs and therefore, 

the explosive reaction can be changed by varying the number 
of Al/CuO MLs after the MHP ignition. Unlike the presence 
of a distinct boundary layer between Al/CuO in the different  
Al/CuO MLs, the UML consisted of homogeneously mixed 
Al and CuO NPs in a given layer and the NPs were located at 
close proximity at nanoscale. As shown in figure 4, the cross-
sectional SEM images of the Al/CuO MLs taken in the center 
of substrate showed that the Al and CuO NP-accumulated 
layers were formed with distinct boundary lines for the 
various Al/CuO MLs (i.e. 1L, 2L, and 3L structures). The vis-
ible division between layers was clear for smaller number of  
Al/CuO MLs in any location of the chip, while the vis-
ible division between Al/CuO MLs was not gradually clear 
in the case of larger number of Al/CuO MLs (i.e. 6L struc-
ture) because each layer was getting thinner. The distinct 
boundary lines were completely absent in the case of UML 
because of the initially homogeneous mixing of the Al and 
CuO NPs.

The ignition and explosive reactivity of the Al/CuO MLs 
was qualitatively measured using a high speed camera. 
Figures  5(a)–(e) show the snapshots of the peak explosive 
reactivity of each Al/CuO ML ignited by the MHP. Initially, 
several local explosion spots were present in a given nTC’s 
layer and thereafter, the diameter of the explosion-induced 

Figure 5.  Snapshots and explosive reactivities of various nTC MLs i.e. (a) 1L, (b) 2L, (c) 3L, (d) 6L structures, and (e) UML. (Here, P is 
the pressurization rate and tpeak is the peak explosion time). (f) The pressurization rates and peak explosion times of the various nTC MLs.
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flash propagation rapidly increased. The peak explosion time 
(tpeak) significantly decreased with increase in the number of 
the nTC-accumulated MLs because of the enhanced explo-
sive reactivity. The peak explosion time was measured from 
the initial ignition to the moment of formation of largest 
explosion-induced flash. With the assistance of a PCT, the 
pressurization rates of all the Al/CuO MLs were also ana-
lyzed. The pressurization rate significantly increased with 
increase in the number of the Al/CuO MLs and the highest 
pressurization rate of approximately 0.025 MPa μs−1 was 
achieved in the case of the Al/CuO-based UML. The pressuri-
zation rate was determined by dividing the maximum pressure 
by the rise time (see figure 6). Figure 5(f) shows that the peak 
explosion time significantly decreased, while the pressuriza-
tion significantly increased with an increase in the number of 
the Al/CuO MLs on account of their enhanced explosive reac-
tivity, which occurred because of the increase in the interfacial 
contact area and the decrease in diffusion distance between 
Al and CuO NPs. This suggests that the explosive reactivity 
and peak explosion time of the nTC-on-a-chip can be simply 
controlled by designing the accumulation structures of the 
nTC-based MLs.

The representative sequential snapshots obtained in the 
case of the 6L structure and the pressure traces obtained 
on ignition of the nTCs-on-a-chip with various nTC MLs 
measured using the PCT system are presented in figure 6. At 
the early stages of MHP activation, multiple small pressure 
peaks were detected at less than 20 ms because of the trig-
gering of non-uniform local explosions in a given Al/CuO 
ML. A series of snapshots of the Al/CuO MLs shown in 
figure 6(a) provide evidence for the existence of small local 
explosions prior to the major pressure rise point. As shown 

in figure 6(b), major pressure rises occurred in all Al/CuO 
MLs by rapid propagation of combustion over the entire nTC 
MLs after ~20 ms of activating the MHP. All the pressure 
traces were compared under the condition that ignition was 
occurred at t  =  0 in all cases. The major pressure peaks were 
generated at ~20 ms for UML and ~25 ms for 1L, indicating 
that the time to reach the pressure peak was shorter with an 
increase in the number of Al/CuO MLs. The relatively small 
negative pressure phases were also observed at the end of the 
explosion reactivity of Al/CuO MLs, and this is generally 
known to occur after the rapid expanding volume of the air 
blasting phenomenon [41, 42].

DSC analysis was performed to examine the effect of the 
proximity of the Al and CuO layers on the total heat energy 
of the nTCs, as shown in figure 7. Free-standing Al/CuO MLs 
formed on a nitrocellulose (NC) thin film were thermally 
analyzed using DSC. To obtain free-standing Al/CuO MLs, a 
NC polymer thin film was intentionally coated on the surface 
of the MHPs before accumulating the Al/CuO MLs. This is 
because a NC polymer thin film can be easily detached from 
the surface of the MHPs. To examine the effect of NC on 
the Al/CuO MLs, DSC of pure NC, Al/CuO, and NC/Al/CuO 
were carried out, as shown in figure 7(a). Pure NC showed an 
exothermic reaction and ignited at approximately 180–220 °C 
and the Al/CuO mixture thermally ignited at 400–450 °C. The 
presence of a NC thin film in the Al/CuO matrix was found 
to ignite the free-standing NC/Al/CuO MLs at lower tem-
peratures and promote total heat energy release. Figure 7(b) 
shows the results of the DSC analyses of the free-standing 
Al/CuO MLs with the minimal amount of NC and all the Al/
CuO MLs exhibited exothermic reactions and similar igni-
tion temperatures of approximately 180–220 °C. The total 

Figure 6.  (a) Sequential snapshots of MHP-induced ignition in six layers of Al/CuO-based nTCs and (b) the pressure traces of MHP-
ignited nTCs with different Al/CuO accumulating structures.
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heat energy increased with increase in the number of Al/CuO 
MLs. This suggests that the total energy release was lower 
for a smaller number of Al/CuO MLs because Al and CuO 
NPs were not fully reacted, and thus an increase in the inter-
facial contact area between the Al and CuO NP-accumulated 
MLs can strongly affect the total heat energy release, because 
of the improved explosive reaction caused by rapid oxygen 
supply from the metal oxide layer closely located to the com-
bustion of the fuel metal layer.

4.  Conclusions

In this work, various Al/CuO-based nTC MLs were inte-
grated on a silicon oxide substrate with serpentine-shaped 
Au electrodes to realize nTCs-on-a-chip with controlled 
explosive reactivity. The nTCs-on-a-chip were fabricated 
using a combination of MEMS-based processes and simple 
nanofabrication methods, which enabled the building of 
potentially compact and small-scale devices. Various thin 

films composed of Al/CuO-based nTCs coated with a fixed 
thickness of ~50 μm were ignited and rapidly exploded 
when a voltage was supplied to the MHPs. The nTCs-on-a-
chip assembled by the approach demonstrated the capability 
to be ignited with a high reliability of a firing maximum 
current range of approximately 8 A with a compliance of 
100 V, and a relatively fast response time ranging from 2 to 
20 ms. In addition, the device can produce pressurization 
rates ranging from 0.004 to 0.025 MPa μs−1 and controlled 
heat flows of approximately 2.0–3.8 kJ g−1 were achieved by 
simply changing the accumulating structure of the Al/CuO  
MLs. The explosive reactivity of the nTCs-on-a-chip was 
found to enhance by increasing the interfacial contact area 
between the Al and CuO NP-accumulated ML with a fixed 
total thickness, which can provide rapidly oxygen from 
the metal oxide layer closely located to the combustion of 
the fuel metal layer. The nTCs-on-a-chip realized by the 
approach detailed in this report exhibit controlled explosive 
reactivity and fast response time and can potentially be used 
in civilian and military applications.

Figure 7.  DSC plots of (a) pure NC, Al/CuO NPs, and NC/Al/CuO NPs, and (b) various free-standing Al/CuO MLs with different 
structures and minimal amount of NC thin films.
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