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Magnetron Sputtered Al-CuO Nanolaminates: Effect of
Stoichiometry and Layers Thickness on Energy Release and
Burning Rate
Mehdi Bahrami,[a] Guillaume Taton,[a] V�ronique Con�d�ra,[a] Ludovic Salvagnac,[a] Christophe Tenailleau,[b]

Pierre Alphonse,[b] and Carole Rossi*[a]

1 Introduction

Nanostructured metallic and composite materials are be-
coming essential to 21st century industries [1–3] as they
are giving the opportunity to address a number of key
technological challenges in a broad range of applications
such as energy [3,4] , environment [5], security, and medi-
cine [6] to name just a few. Among such advanced materi-
als, nanolaminates – defined as stacks of alternating ultra-
thin layers of different materials – have originated interest
due to their compatibility and enhanced properties for mi-
croelectronics and MEMS technologies. A variety of tech-
niques have been used to synthesize them, such as Atomic
Layer Deposition to deposit oxide/oxide and oxide/metal
systems [7–10], Pulsed Laser Deposition, aqueous solution
depositions to produce high-quality oxide/oxide nanolami-
nates [11, 12], Physical Vapor Deposition (PVD) to manufac-
ture metal/metal systems [13–15], and reactive metal/oxide
systems [16–20].

Reactive nanolaminates containing Al and one metallic
oxide (as CuO, Fe2O3, NiO) have attracted great interest in
the nano energetic material community [18, 19, 21–27]
since they are characterized by a high energy and power
density (superior to supercapacitors) and offer numerous
advantages over nanopowder mixing. Each deposited
metal and oxide layer can be accurately controlled in thick-
ness (from a few nanometers to several hundreds of nano-

meters) to tailor the reactivity of the energetic layer. The
purity is also particularly high since the deposition is made
at very low pressure and ambient temperature. The result-
ing energetic layer has a uniform layering and interface
placing the reactants in intimate contact, which is not the
case with any mechanical processing technique. Further-
more, the PVD method allows integrating the nanolaminate
directly on the electronic device without manipulating dan-
gerous reactants or reactive nanopowders, which makes
the process and material very safe and attractive for com-
mercial products. This new technological field called Nano-
energetics-On-a-Chip [3,27] is particularly interesting to pro-
vide on-chip tunable heat burst liberated by a low-energy
impulse with microsecond initiation response [3, 4, 27, 28] .

Abstract : This paper reports on the reaction characteristic
of Al/CuO reactive nanolaminates for different stoichiome-
tries and bilayer thicknesses. Al/CuO nanolaminates are de-
posited by a DC reactive magnetron sputtering method.
Pure Al and Cu targets are used in argon-oxygen gas mix-
ture plasma and an oxygen partial pressure of 0.13 Pa. This
process produces low stress multilayered materials, each
layer being in the range of 25 nanometers to one microme-
ter. Their structural, morphological, and chemical properties
were characterized by high resolution transmission electron
microscopy (HR-TEM), X-ray Diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS). The heat of reaction and

onset temperature were measured using differential scan-
ning calorimetry (DSC). Under stoichiometric conditions,
the reactivity quickly increases with the decrease of Al/CuO
bilayer thickness. The burning rate is 2 m s�1 for bilayer
thickness of 1.5 mm and reaches 80 m s�1 for bilayer thick-
ness of 150 nm. At constant heating rate, the Al/CuO heat
of reaction depends on both stoichiometry and bilayer
thickness. When the bilayer thickness exceeds 300 nm, the
heat of reaction decreases; it seems that only the region
near the interface reacts. The best nanolaminate configura-
tion was obtained for Al/CuO bilayer thickness of 150 nm.
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In that context, our research team has explored the sputter
deposition of Al/CuO nanolaminates [18]. Both Al (fuel) and
CuO (oxidizer) are common in MEMS and safe; also, Al +
CuO reaction is among the most exothermic one with
a maximum theoretical heat release of 3.9 kJ g�1 close to
that of TNT [29] . Previous works have been performed to
prepare and characterize Al/CuO multilayers [16, 18, 19, 30] .

In this work, the preparation of Al/CuO nanolaminates is
briefly summarized. The as-deposited nanolaminates were
characterized with a variety of ex-situ analytical techniques
(HR-TEM, XRD, STEM-EDX, XPS) to analyze the Al and CuO
layers and interface morphology as well as the chemical
nature of both layers and interface. Then it was examined
the relationship between the stoichiometry and the layer
thickness and the resulting reaction properties. For that
purpose, Al/CuO nanolaminates with different mass equiva-
lence ratios and variable Al/CuO bilayer thicknesses were
prepared and their reaction properties (heat and burning
rate) were analyzed. The Al/CuO exothermic reaction was
examined under constant heating rate using Differential
Scanning Calorimetry (DSC). The burning rate was mea-
sured with a high speed camera.

In this paper, the experimental deposition and characteri-
zation techniques are summarized in Section 2. Section 3 is
devoted to the presentation and discussion of the results.
The structural and chemical properties of the deposited
layers and the effect of stoichiometry on the released heat
of reaction and on the burning rates were successively ex-
amined. Conclusions are drawn in Section 4.

2 Experimental Methods

2.1 Materials

Al/CuO nanolaminates are magnetron sputter deposited on
silicon wafers using Al and Cu targets. Before processing,
the wafers were rinsed in deionized water baths and dried
under nitrogen flux. During the sputter deposition, the
temperature of the substrate was regulated at 10 8C and
the residual pressure in the chamber was approx. 10�5 Pa.
Thin copper oxide films were deposited by dc reactive
magnetron sputtering method under argon and oxygen
plasma at 400 W, using a Cu target (purity >99,999 %).
Oxygen partial pressure was of 0.13 Pa. Thin aluminum
films were also deposited by dc reactive magnetron sput-
tering from an Al target (purity >99,999 %) under argon
plasma at 800 W. The silicon substrate was successively ex-
posed to CuO (first layer) and Al (second layer) without
changing the chamber. After the CuO layer deposition, the
chamber was automatically pumped out to remove oxygen
in order to prevent aluminum oxidation during the Al de-
position cycle. Each layer thickness was between 50 nm
and 1 mm with a thickness accuracy of 5 nm.

To obtain free standing foils, prior to nanolaminate depo-
sition the silicon wafer was first spin coated with a layer of
photoresist and baked at 110 8C for 90 s. Then, the wafers

were rinsed in acetone to dissolve the resist. Before any
characterization, the so-fabricated and released foils were
stored at ambient conditions for one week.

The mass equivalence ratio Ø is defined according to the
following Equation (1):

Ø ¼ ðmAl=mCuOÞSAMPLE

ðmAl=mCuOÞST

ð1Þ

In this equation, mAl and mCuO stand for mass of Al and
CuO, respectively. SAMPLE indicates the actual ratio and ST
indicates the stoichiometric ratio. The stoichiometric mix-
ture fraction corresponds to 18 % of Al in mass or 33 % of
Al in volume. Fixing Al thickness at 100 nm, different thick-
nesses of CuO films were deposited to span the mass
equivalence ratio Ø from 2/3 to 4. Then, for Ø = 1, different
bilayer thicknesses were deposited to study the influence
of the bilayer thickness on the reaction properties.

2.2 Transmission Electron Microscopy – Scanning Electron
Microscopy – Energy Dispersive X-ray Spectroscopy

The morphology of CuO, and Al layers and layer interfaces
was observed by HR-TEM and STEM with a JEOL Jsm 2100F
instrument operating at a maximum voltage of 200 kV. For
HR-TEM study, the foils were not removed from the sub-
strate. TEM samples were ion-beam milled in the Gatan
PIPS (Precision Ion Polishing System). Digital images were
obtained with a CDD Gatan 794 Camera (1 K � 1 K) and the
Energy Dispersive X-ray Spectroscopy (EDXS) analyses were
performed with a SDD Bruker detector.

2.3 X-ray Photoelectron Spectroscopy

Using a Thermoscientific Kalpha equipment, XPS analyses
were performed on the surface of two bilayers: CuO-
50 nm/Al-50 nm and Al-50 nm/CuO-50 nm. The photoelec-
tron emission spectra were recorded using Cu-Ka line
(1486.6 eV) with a monochromatized source. The X-ray spot
was approximately of 400 mm. The pass energy was fixed at
30 eV with an energy step size of 0.1 eV, the dwell time is
50 ms. The spectrometer energy calibration was made
using the Au 4f7/2 (83.9 eV�0.1 eV) and Cu 2p3/2
(932.8 eV�0.1 eV) photoelectron lines. XPS spectra were re-
corded in direct N(Ec). The background signal was removed
using the Shirley method. The argon ion etching in the XPS
system was performed at 1 keV with a very low ion current
density. It gives a penetration rate of about 0.05 nm s�1.
The argon gas purity is 99.999 %. The vacuum in XPS analy-
sis chamber was about 1 � 10�9 Pa before the ion etching.
The atomic concentrations were determined with accuracy
better than 10 %, from photoelectron peak areas using the
atomic sensitivity factors reported by Scofield and taking
into account the transmission function of the analyzer. This
function was calculated at different pass energies from Ag
3d and Ag MNN peaks collected for a silver reference
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sample. The binding energy scale was established by refer-
encing the Si 2p value at 99.0 eV (�0.1 eV).

2.4 Thermal Analysis

Al/CuO exothermic reactions were characterized by DSC
with a constant heating rate of 10 8C min�1 with a Mettler-
Toledo device equipped with a HSS8 sensor and in the tem-
perature range of 30 8C to 700 8C. The flowing gas was
99.999 % argon purified by passing through an oxygen trap
(Supelco). About 10 mg of Al/CuO nanolaminates were
placed in a 40 mL platinum pan. After the first heating
cycle, the sample was cooled down to room temperature
and then heated again at the same heating rate. This
second analysis was used to correct the baseline. It is as-
sumed that the bulk heat capacity of the sample does not
change between the first and the second heating. After
thermal analysis, X-ray diffraction pattern of the sample
was collected with a Bruker D5000 X-ray diffractometer
with Cu-Ka radiation source (40 kV, 40 mA) in a 2-theta
range 20–80 deg (24 s/0.03 deg).

2.5 Burning Rate Measurements

The test bench consisted in an open tray of 60 mm length,
5 mm width, and 5 mm depth, in which the Al/CuO foils
were placed. The propagation of the flame front was re-
corded using a high speed camera SA3 photron able to
capture the visible light. Figure 1 is an example of the visi-
ble light acquired with the high speed camera with a sam-
pling rate of 25,000 frames per second. To calculate the
mean burning rate, it is assumed that the flame propagates
at constant rate.

3 Results and Discussion

3.1 Structure and Morphology of CuO and Interfaces

The HR-TEM micrograph of Figure 2(a) shows the columnar
structure of the CuO film. This columnar growth may come
from the fact that the deposition temperature is low com-
pared to the CuO melting point (1320 8C). It has been re-
ported that the structure of vapor deposited films grown
under these conditions consists typically of columnar poly-
crystalline structures with voided open boundaries [31].
The as-deposited CuO film roughness was measured at 2–
3 nm for 50 nm thick CuO film and 7–8 nm for 200 nm
thick CuO film.

During sputter deposition, an intermixing naturally
occurs between Al and CuO layers to form a diffusion barri-
er layer (see Figure 2); the thickness and chemical nature of
this diffusion barrier layer greatly depend on the deposition
conditions and can affect the reaction kinetics [32]. Inter-
estingly, the interface layers observed in our nanolaminate
foils are not symmetric. The TEM photo of Figure 2(c) corre-
sponds to the deposition of 100 nm of CuO on 50 nm thick

Al film: the resulting interface is regular in thickness with
an average thickness of approx. 4 nm (between 3 and

Figure 1. Al/CuO nanolaminates flame propagation in air.
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5 nm), and amorphous. It is likely that an AlxOy layer is
formed when O2 plasma is generated inside the chamber
just before starting the Cu sputtering; in other words, the
neat Al surface is first bombarded with O atoms or O2 mol-
ecules (before sputtering starts) and then with sputtered
Cu from the Cu target. It is also noted that this interface
formed after sputtering of CuO onto Al is thicker than the
native Al oxide. This effect has been seen in powder mix-
tures of Al/Cu2O. Moddeman et al. found that the thickness
of the oxide layer on Al powders was increased when com-
pacted with Cu2O powder [33]. The HR-TEM photo of Fig-
ure 2(b) corresponds to the interface formed by the sput-
tering of Al onto CuO, which appears overall ill-defined and
most likely composed of a mixture of Al, Cu, O. An interface
layer narrowing at some points is also observed, certainly
because it is difficult to obtain a conformal interface on the
highly textured and irregular CuO surface.

Two-dimensional STEM-EDX analysis was performed with
Al-100 nm/CuO-200 nm/Al-100 nm foils deposited on native
oxidized silicon substrate. The EDX elemental mappings of
Al, Cu, O, and Si (Figure 3) confirm the presence of each ex-
pected elements in each layer. It is also seen that the densi-
ty of oxygen atoms is higher at the interface regions con-
firming the hypothesis of oxygen trapped at the interface.
It is also noted that the oxygen atoms are not homogene-
ously distributed over the thickness of the CuO layer. The
EDX spectrum of the interfacial layer clearly confirms the
presence of Cu, Al, and O atoms. However, STEM-EDX anal-
ysis cannot give any precise information about the origin

of the oxygen atoms trapped at the interface: are they
coming from the O2 plasma just before depositing the CuO
from Cu target or do they migrate from the CuO layer to
the interface? This second possibility appears to be the
most probable since both interfaces (when Al is deposited
on CuO and inversely) have high densities of oxygen.

3.2 Chemical Analysis of Al/CuO and CuO/Al Bilayers

For the chemical study, the O 1s, Al (2p and 2s), Cu 2p, and
Si 2p spectra were acquired on both Al/CuO and CuO/Al bi-
layers and as a function of etch time. Both chemical profiles
are given in Figure 4(a) and (b). Cu LMM was used to con-
firm the state of Cu.

3.2.1 Al on CuO

On the surface, in region I of Figure 4(a), XPS spectra con-
firm Al metal at 72.7 eV (2s at 117.8 eV) and Al oxide
(Al2O3), which is at 75.4 eV (2s at 120.2 eV). The aluminum
surface is oxidized and has also carbon contamination (<

Figure 2. HR-TEM micrographs of (a) the CuO/Al nanolaminates
showing the columnar grain structure of the CuO layer (dark part)
and the grains in the Al layer (lighter contrast) ; (b) sputter-deposit-
ed Al onto CuO; (c) sputter-deposited CuO onto Al.

Figure 3. Elemental mapping (EDX) of O, Al, Cu, and Si in 100 nm-
Al/200 nm-CuO/100 nm-Al nanolaminates deposited on Si sub-
strate and the corresponding spectrum at the interface.
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8 % At-%) (not represented in the graph). In region II, [Al
oxide]/[Al metal] ratio decreases and quickly the Al oxide
concentration [Al oxide] disappeared. Al becomes more
metallic at 72.7 eV (2s at 117.8 eV). There is also a few
copper, which appears to be linked to Al atoms at 933.7 eV.
Then, the intermixed interface can be split into two re-
gions: region III is a mix of Al oxide (2s at about 120 eV)
and Al metal (2s at 117.8 eV) with a major proportion of Al

metal. The Cu 2p spectrum indicates mainly unoxidized Cu
(932.7 eV). In region IV [Al oxide] decreases (2s at 118.6 eV),
which is caused by the diminution of the concentration of
oxygen atoms. Cu is present in copper oxide form with
[Cu]/[O]>1.5 (932.4 eV). In region V, Cu is still present in
the form of copper oxide with [Cu]/[O] of about 1.3
(932.5 eV). Some oxygen atoms seem to have migrated
from CuO to the interface to bond with Al. No aluminum is
detected in the copper oxide phase. Finally, in the last
region VI, Cu oxide concentration decreases and Si sub-
strate appears in majority at 99.0 eV.

3.2.2 CuO on Al

At the surface, in region I, XPS spectra involve CuO at
933 eV. Then, in region II, the oxide stoichiometry changes
and becomes copper-rich with a [Cu]/[O] ratio equal at 1.4
(932.4 eV). The region III is composed of copper-rich oxide
with a [Cu]/[O] ratio <2 and of an alumina-based oxide
(AlOx) (932.5 eV). In region IV, Al2O3 is found in major pro-
portion at 75.5 eV (2s at 120.2 eV), some copper oxide with
[Cu]/[O]>2 at 932.5 eV and Al metal at 72.6 eV (2s at
117.8 eV). Then in region V, Al metal is found in major pro-
portion at 72.6 eV (2s at 117.8 eV) and some traces of Al2O3

at 75.5 eV (2s at 120.2 eV). The copper oxide concentration
decreases to zero. In last region VI, the Al concentration de-
creases and the Si substrate appears in majority at 99.0 eV.

3.3 Effect of Stoichiometry and Bilayer Thickness on Heat of
Reaction at Constant Heating

To evaluate quantitatively the effect of Al/CuO stoichiome-
try on the thermal decomposition, different samples with
mass equivalence ratio from 2/3 (fuel poor) to 4 (fuel rich)
were analyzed by DSC. In this section, the Al film thickness
is fixed at 100 nm and the total mass of Al is kept constant
for all samples. For each value of the mass equivalence,
three samples were tested and the average value is given
in the graph of Figure 5.

All materials released heat upon thermal heating. The
main exothermic peak is observed in the range of 590–
615 8C (onset is around 400 8C) for Ø = 1 and 2. Minor exo-
thermic peaks are also detected at lower temperatures. The
weak exothermic peak observed in the range of 250–300 8C
(especially visible for Ø = 1) could be due either to recrystal-
lization of native AlxCuyOz interface or caused by the reduc-
tion of CuO known to occur near 200 8C. Lee et al. [34]
have reported that CuO starts to decompose into Cu2O at
around 200 8C under vacuum annealing. The weakly low
exothermic peaks can play a role in the ignition phenom-
ena (which appears to be the case for Ø = 2). Umbrajkar
et al. [35] and Ermoline et al. [36] have proposed that Cab-
rera-Mott kinetics describes the low temperature redox re-
action (from ambient to 327 8C) in fully dense Al/CuO nano-
composite. These DSC results are in agreement with DSC
data published by Stamatis et al. [37] with a reaction tem-

Figure 4. Chemical profile as a function of the Ar+ bombardment
time in (a) Al/CuO bilayer; (b) CuO/Al bilayer; interface corresponds
to region between III and IV.

Figure 5. DSC curves of Al/CuO nanolaminates heated at
10 8C min�1 and for different equivalence ratios.
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perature of 600 8C for Al-rich Al-CuO nanothermites. For
fuel-rich samples, the DSC curves, recorded during the
second heating ramp, show an endothermic peak corre-
sponding to the melting of Al in excess (see Figure 6). It is
noticed that for 100 nm-Al/100 nm-CuO foils (Ø = 2), this
peak is observed at lower temperature than for 100 nm-Al/
50 nm-CuO (Ø = 4) foils. The melting temperature is signifi-
cantly lower than the bulk aluminum melting temperature
(660 8C). For 100 nm-Al/100 nm-CuO samples, an endo-
therm at 548 8C that corresponds to the eutectic tempera-
ture of Al-Cu system is noted.

The total heat of reaction, calculated by integrating the
DSC curves over the time (in the 400–600 8C range) and
normalized with respect to the sample mass, is plotted as
a function of Ø in Figure 7. Interestingly, it becomes obvi-
ous that the experimental data are not in complete agree-
ment with the calculated ones, since the maximum is ob-
tained for Ø = 2; however they follow the same trend. This
could be due to the fact that interface contribution is not
taken into account in calculation but also because sput-
tered copper oxide is not pure cupric oxide over the foil
thickness as described in Section 3.2.

The low measured heats of reaction are due to incom-
plete reaction during the DSC scans, as seen in the XRD
data of scanned samples. Figure 8 gives the XRD patterns
of reacted foils (after the DSC). The indexed peaks corre-

Figure 6. DSC second heating curves of Al/CuO nanolaminates
heated at 10 8C min�1 and for different equivalence ratios.

Figure 7. Heat of reaction as a function of the equivalence ratio.

Figure 8. XRD patterns on reacted foils (after DSC experiments).
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spond to the tetragonal khatyrkite CuAl2 phase (I4/mcm
space group, a = 0.607 nm and c = 0.487 nm). For stoichio-
metric ratio Ø = 1, CuAl2 and also Cu2O and Cu9Al4 are de-
tected. Al2O3cannot be detected since it is amorphous. In
XRD pattern, Al peaks seen in the as-deposited foil [18]
remain only in fuel rich samples. They are no longer pres-
ent for Ø = 1 and 2/3. To complement XRD studies, Raman
spectra (see Figure 9) were recorded on reacted foils (Ø = 1)
to confirm XRD analysis and detect amorphous alumina.
The characteristic phonon frequencies of CuAl2 (at 103 and
260 cm�1) and Cu2O (at 226 cm�1) and those of amorphous
Al2O3 at 416, 625 and 765 cm�1 are observed.

To assess quantitatively the effect of bilayer thickness on
the thermal decomposition, DSC analyses on stoichiometric
Al/CuO samples with different individual Al film thicknesses,
or bilayer thicknesses were performed. For each experi-
ment, three samples were tested and the average value is
given in the graph of Figure 11.

The DSC curves of Figure 10 clearly show that the heat
of reaction is affected by the thickness of Al. At constant
heating rate, the heat of reaction generated by Al/CuO re-
action decreases when thickening the Al layer above
100 nm. The highest reactivity is obtained for bilayer thick-
ness of 150 nm (Al-50 nm/CuO-100 nm). For the thickest bi-
layers (Al-500 nm/CuO-1 mm), only 10 % of the theoretical
heat of reaction is released and the endothermic aluminum
fusion peak seen after 600 8C proves that all the bulk alumi-
num did not react at low temperature. It seems that only
the region near the interface reacts below 600 8C. The best
configuration is obtained for bilayer thickness of 150 nm. In
that case, the experimental heat of reaction reaches 40 %
of the theoretical value, which is 3.1 kJ g�1.

In Figure 11, the heat of reaction calculated by integrat-
ing the DSC curves in the range of 400–600 8C over the
time, divided by the sample mass are plotted. The maxi-
mum value is obtained for bilayer thickness of 150 nm
(50 nm-Al/100 nm-CuO). This enhanced reactivity for stoi-
chiometric nanolaminates being composed of ultra-thin Al
and CuO layers could be attributed to the very short time
needed for Al and O to travel through their respective
layers and through the diffusion barrier layers before react-
ing together.

3.4 Effect of Stoichiometry and Bilayer Thickness on Burning
Rate

The graph of Figure 12 giving the burning rate as a function
of bilayer thickness shows that the burning rate decreases
from 80 m s�1 (obtained for 150 nm thick bilayer) to
1.5 m s�1 for the thickest bilayer. These burning rates are
well below those reported for nanopowder mixing. For ex-
ample Weismiller et al. [38] have measured burning rates of
several hundreds of m s�1 in an open burning tray for
Al/MoO3 mixture. Dikici et al. [39] have measured flame
speed of 285 m s�1 for Al-80 nm/MoO3-44 nm mixture. Ap-

Figure 9. Raman spectra on reacted foils – as illustration Ø =
1 sample is given. The three black curves correspond to three dif-
ferent points on the sample.

Figure 10. DSC curves of Al/CuO nanolaminates heated at
10 8C min�1 and for different are detected.

Figure 11. Heat of reaction as a function of bilayer thickness.
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person et al. [40] have reported combustion rates of 1500–
2300 m s�1 for CuO nanorod mixed with Al nanoparticles.
However, Weihs et al. [17] have measured, for sputtered
Al/CuOx, a combustion rate of 1 m s�1 for a foil thickness of
1 mm, which is in good agreement with our results.

4 Conclusion

Al/CuO nanolaminates were sputter deposited and their
structural, morphological, and chemical properties were
characterized by high resolution transmission electron mi-
croscopy, X-ray diffraction, X-ray photoelectron spectrosco-
py, and STEM-EDX. The interface formed upon Al deposi-
tion on CuO layer induces a penetration of Al atoms into
the CuO layer, leading to Cu2 + reduction and formation of
a Cu-Al-O mixture with an irregular thickness not exceeding
5 nm. XPS showed that the interface is a mix between
Al2O3·AlOx and Cu mainly unoxidized. The interface formed
upon CuO deposition on Al layer is regular in thickness
(about 4 nm). A very thin Al2O3 layer is probably formed
when O2 plasma is generated inside the chamber just
before starting the Cu sputtering. This interface grows with
the CuO deposition. This interface is mainly composed of
Al2O3, copper oxide, and Al metal. It is also noted that this
interface, formed when CuO is sputtered on Al, is thicker
than the native Al oxide. Besides, CuO is easily reduced
close to the interface to form alumina or Al-O-Cu mixture.
It was also observed that copper atoms (from copper oxide
layer) migrate easily, through the intermixed interface layer,
into the Al layer and remains into the Al film bonded to Al
atoms.

It could be experimentally observed that the optimum
equivalence ratio for sputtered deposited Al/CuO nanolami-
nates is 2. It is possible to tailor the burning rate as desired
just by adjusting the Al/CuO bilayer thickness. For the stoi-
chiometric nanolaminates (Ø = 1) the reactivity quickly in-

creases with the decrease of bilayer thickness. The burning
rate was of 2 m s�1 for 1500 nm thick bilayer and reached
80 m s�1 for the 150 nm thick bilayer. The maximum heat of
reaction is obtained for Ø = 2 and not 1, as expected. This
is probably due to oxygen diffusion from CuO to the inter-
face where the density of oxygen atoms is important. Final-
ly, this paper demonstrates the possibility to easily adapt
the Al/CuO nanolaminates reactivity by changing the layer
thickness. These Al/CuO nanolaminates can also be directly
integrated onto MEMS devices so that they can be used in
a broad spectrum of pyrotechnic applications. The fabrica-
tion process and the tunable performance could therefore
find many useful applications in future energetic micro-ac-
tuation systems.
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