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Abstract

The ignition of Al/CuO multilayered material is studied experimentally to explore the effect of heating surface
area, layering and film thickness on the ignition characteristics and reaction performances. After the description
of the micro-initiator devices and ignition conditions, we show that the heating surface area has to be properly
calibrated to optimize the nanothermite ignition performances. We demonstrated experimentally that a heating
surface area of 0.25 mm? is sufficient to ignite a multilayered thermite film of 1.6 mm wide by a few cm long,
with a success rate of 100%. A new analytical and phenomenological ignition model based on atomic diffusion
across layers and thermal exchange is also proposed. This model considers that CuO first decomposes into
Cu,0, the oxygen diffusing across Cu,O and Al,Os layers before reaching the Al layer where it reacts to form
Al,Os. The theoretical results in terms of ignition response times confirm the experimental observation. The
increase of the heating surface area leads to an increase of the ignition response time and ignition power
threshold (go/no go condition). We also evidence that for any heating surface area, the ignition time rapidly
decreases when the electrical power density increases until an asymptotic value, named minimum response
ignition time, which is a characteristic of the multilayered thermite itself. At the stoichiometric ratio (Al
thickness is half of CuO one), the minimum ignition response time can be easily tuned from 59 us to 418 ms by
tuning the heating surface area. The minimum ignition response time increases when the bilayer thickness
increases. Not only this work gives a set of micro-initiator design rules to obtain the best ignition conditions and
reaction performances but it also details a reliable and robust MEMS process to fabricate igniters and it brings
new understanding of phenomena governing the ignition process of Al/CuO multilayers.

[. INTRODUCTION

Nanothermite materials capable of long-term chemical energy storage are beginning to play an important role as
heat-producing materials. Thermites undergo oxidation-reduction reactions in which a fuel reduces a metallic
oxide, producing molten metal, oxidized fuel and heat release, following the general equation:

A+ MO - A0 + M + AH,. (1)
where A is the fuel, in most cases aluminum, M is the reduced metal, and A H,. is the heat of reaction.

Due to their highly exothermic nature, thermite reactions can also generate substantial amount of gas (metal and
oxide molecules *). Over the last two decades, the majority of nanothermites have consisted in powder
mixtures “® made of aluminum nanopowder mixed with various oxidizers (MoOs;, CuO, WO;, Fe,0Os, 150,
Bi,0;) and multilayered into two dimensional structures 2. These multilayered structures are produced mostly
by sputter-deposition of aluminum and metal oxide layers (mostly CuO) and constitute a promising alternative
to nanopowders for on-chip integration. They are amenable to lithographic patterning and integration with other
microelectronic fabrication processes. Al/CuO multilayers, in specific structure and chemical conditions, can
exhibit tunable fast high temperature reaction zones making them good candidates as heat sources for many
application areas including micro-actuators 3, brazing ** as well as those normally associated with conventional
energetic substances as rapid fuses and micro-initiators ***°, Whatever applications, harvesting the heat of
multilayered thermite reactions entails the film ignition in an efficient and reliable manner. Given its high
reaction rate as well as its high reaction temperature (2000 - 2800 K), only a small fraction of the thermite film
surface has to be heated to its ignition temperature to trigger the self-sustained combustion reaction. Micro-scale
electro-thermal heaters ***° are a simple way to ignite thermite thin films. A current passing through a thin
metallic resistance produces a local heating by Joule effect that can ignite the thermite within a fraction of ms
depending on the electrical power. Once ignited, the thin thermite film reacts, produces intense light (also called
flame) ejecting hot particles over several millimeters. Note that once ignited, the reaction is self-sustained and
the flame propagates without the need of external energy. . Using simple hot wire initiator, our team
demonstrated the possibility to ignite Al/CuQO thermite with a success rate of 100 % with only 80 uJ firing
energies and ignition response times less than 70 ps **. Using a bridge wire initiator, Staley et al."> demonstrated
the ignition of Al/Bi,O3; nanothermite with a success rate of 100 % over a 30 to 80 pJ range of firing energies
and ignition response times ranging from 4 ps to 100 ps.

Whereas the initial quantity of nanothermite material heated to its ignition temperature as well as the heating
ramp and layering (bilayer spacing) should influence the ignition time, firing energies and reaction
performances, these have never been quantified, neither experimentally nor theoretically. In this work, the
ignition of Al/CuO multilayered nanothermite is analyzed experimentally to quantify the effect of heating
surface area, heating rate (electrical power) and layering on the ignition characteristics and reaction
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performances (flame intensity and energy release). The objective of this paper is therefore twofold. Considering
ignition through a simple hot wire, we aim at: 1) rationalizing the impact of heating conditions (heating surface
area and rate) and layering on Al/CuO multilayers ignition characteristics, 2) providing and analyzing the main
parameters (nanothermite film thickness, bilayer spacing, heating surface area) affecting the ignition regime and
providing optimized condition to guide the micro-initiator designers.

A first topic of this paper is a brief review of the ignition chip fabrication and ignition conditions. Then, the
Al/CuO multilayered nanothermite ignition time and reaction characteristics (flame intensity and rate of energy
release) are evaluated by characterizing the ignition point and measuring the emitted visible light intensity as a
function of the heating surface area, electrical power/heating rate and layering. Finally, an analytical and
phenomenological 1D ignition model based on the heat equation coupled with mass transport equations inside
the multilayer film is introduced to rationalize the experimental results and discuss the main influencing
parameters.

IIl. EXPERIMENTAL DETAILS

A. Fabrication of micro-initiators

This part describes the process flow for the fabrication of a 2 x 2.6 mm2 micro-initiator integrating Al/CuO
multilayers. A 500 pm thick 4-inch glass substrate is cleaned with oxygen plasma at 800 W during 5 min to
remove surface contaminations. Then a 50 um thick adhesive transfer tape from 3M VHB Corporation and a
127 pm thick DuPont Kapton HN polyimide film (Dupont Corporation) are laminated onto the substrate.
Negative nLof photoresist (AZ nLof 2035, MicroChem Corporation, USA) is then spin coated and patterned
using photolithography. 350 nm thick titanium and 300 nm thick gold layers are evaporated onto the surface and
patterned to define the Ti electrical resistance and Au electrical pads. Finally, 1.6 x 1.6 mm2 Al/CuO multilayer
films are sputter deposited, as described in **, on the micro-initiator directly in contact with the Ti electrical
resistance. Multilayer deposition always begins with CuO and finishes with Al.

Figure 1 summarizes the main process steps.

Adhesive transfer tape Ti/Au evaporation and patterning Sputter deposition of
and Kapron laminations Al/CuO nanothermites and
patterning

FIG. 1. 3D schematic views of main process steps.

As shown in Figure 2, three shapes of heater are considered to study the influence of the heating surface area
(Sheating) ON Al/CuO ignition and reaction intensity. The heaters 1, 2 and 3 feature heating surface areas of 1.04
mm2, 0.805 mm?2 and 0.25 mm?, representing 62 %, 31 % and 10 % of the nanothermite surface area,
respectively. Photos in Figure 2 clearly show the Ti resistance (clear grey), the gold electrical pads, and square
Al/CuO film on top.
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FIG. 2. Photos of the different heating resistance designs with their surface areas (a) heater 1, (b) heater 2 and (c) heater 3.
Photos are taken after the deposition of Al/CuO nanothermite film. The resistance is clearly seen due to the transparency of
the thin Al/CuO multilayers.

Note that heater 2 has a different shape than heater 1 and 3 that are directly comparable, with a rectangular
model shape. Indeed, we found appropriate to consider the different heater shape standard to many applications
and exhibiting an intermediate surface area.

B. Experimental setup

A micro-positioner (Karl Suss PA200) is used to connect each micro-heater resistance pad to be fired. A
photodiode (VISHAY photodiode, reference BPV10) polarized at 3.3 V placed in front of the thermite at 4 cm is
used to analyze the light intensity from the AI/CuO film reaction. A constant current from 0.1 to 1.75 A (with a
compliance of 20 V) is applied through the electrical pads for 10 s. The resulting current for each fired
nanothermite initiator is measured by a current probe (Tektronix TCP 0020) connected to a digital oscilloscope
(Tektronix DPO 4054). The current emitted by the photodiode illuminated by the Al/CuO thermite reaction is
measured through a dummy resistance of 1 kQ. The current follows an exponential law with the irradiance. It
reaches a maximum of 70 pA under 1 mW/cm? at 950 nm. Figure 3 gives a schematic view of the experimental
setup.

(b)

(a)
-------- .

Microinitiator

Oscilloscope

FIG. 3. (a) Schematic view of the electrical setup used to characterize the micro-initiators and (b) photo of the micro-initiator
during one measurement.

For each electrical input current, the voltage and photodiode current are recorded as a function of time.
Importantly, we define ignition response time (ignition time) as the delay between the beginning of the current
pulse and the apparition of the photodiode signal as shown in Figure 4. For each input current, measurements
are repeated 5 times and the average value is plotted.



lll. RESULTS

When a current pulse is supplied to the thin film micro-heater, locally, the nanothermite film heats up locally by
Joule effect until its ignition temperature. Then the chemical reaction Al/CuO takes place producing intense
light and hot particles spread to a distance of several millimeters. The heating rate is tuned by varying the level
of electrical current supplied to the heating resistance to obtain electrical powers ranging from 600 mW to 20 W.

The reaction of the nanothermite film is then observed using a photodiode to detect the light emission.

Traces in Figure 4 are raw electrical curves recorded for heater 1 during the ignition tests, together with the the
visible light emission intensity versus time. Switching the input power, the preset current (black curve) flows
through the heating resistance, the voltage is stabilized to 5 V (blue curve) and the photodiode signal (red curve)
is null. At the ignition point, the current rapidly drops to zero, the voltage reaches 20 V (compliance) and the
photodiode intensity increases. This photodiode intensity plot is typical of experiments in O, atmosphere
exhibiting a sharp rise shortly after the ignition followed by a gradual decay to the background intensity level.
For the particular test in Figure 4, the photodiode signal rising time is ~ 0.4 ms and the width of the signal is ~ 6
ms.
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FIG. 4. Raw electrical curves (current, voltage and photodiode signal) recorded for heater 1 supplied with a fixed current of
1 A. Hatched area represents the integration area.
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The Al/CuO nanothermite ignition characteristic is then analyzed by measuring the ignition response time and
the light intensity signal which gives an image of the instantaneous energy release and flame temperature.
Then, the integral of the photodiode signal normalized with respect to the thermite mass gives information about
the total energy liberated during the thermite reaction. Therefore, the photodiode intensity signal is integrated
against time, normalized with respect to the thermite film mass.

A. Influence of the heating surface area on the ignition time and reaction intensity

Here the nanothermite film is made of 5 bilayers of Al and CuO being 100 nm and 200 nm thick, respectively.
In Figure 5, the ignition response time (t;gn;ri0n) IS plotted against the electrical power, P (current multiplied by
voltage), and the electrical power density (P/Speqting) for the three different heating surface areas.
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FIG. 5. Ignition times as a function of (a) the electrical power density and, (b) the electrical power for the three different
heaters. The red curve corresponds to power law fitted curve.

All curves show similar trend: the ignition response time decreases with increasing electrical power (or
electrical power density), following a power law, and reaches an asymptotic value corresponding to the
minimum ignition response time. Fitting the experimental data by a power law (red curve in Figure 5 (a)), we

P P

-1.76
) . The firing energy density (Ejgnition) Calculated by tgnition X —— is
Sheating

f|nd . tignition = 124(

Sheating
P

-0.76
therefore = 124( ) . In our Al/CuO multilayered system, the minimum firing energy density is

heating
obtained for the maximal electrical power the resistance can sustain.

From Figure 5 (b), we observe that the minimum ignition response time greatly depends on the heating surface
area. It is 474 + 46 ps, 115 + 14 ps and 59 £ 3 ps for the heaters 1, 2 and 3, respectively. The minimum ignition
response times varied from 418 + 67 ms at 757 mW to 474 + 46 ps at 19 W for heater 1, from 118 + 19 ms at
668 mW to 115 + 14 s at 22 W for heater 2 and from 16 + 5 ms at 449 mW to 59 + 3 us at 20W, for heater 3.

Note also, that below a minimum electrical power, called the ignition power threshold or no fire condition, no
ignition occurs whatever the duration of the applied electrical energy. This is simply explained by the fact that,
below this ignition power threshold, the electrical firing energy supplied to the micro-heater is not sufficient to
compensate the energy lost by conduction through the substrate, radiation from the exposed surface and
convection in the air, in order to heat the Al/CuQ thin film up to its ignition temperature. The threshold greatly
depends on thermal environment

The ignition power threshold is also affected by the heating surface area: it is of 757 mW, 668 mW and 449 mwW
for the heaters 1, 2, and 3, respectively. The ignition power threshold is reduced by 41% when the heating
surface area is divided by 4.

Finally, the firing energy to ignite the nanothermite is equal to 8.97 mJ (18.92 W, 474 ps), 2.54 mJ (22.09 W,
115 ps) and 1.19 mJ (20.10 W, 59 us), for the heaters 1, 2, and 3, respectively.

Figure 6 gives the emitted visible light photocurrents and the integrated photodiode signal normalized with
respect to the nanothermite mass, as a function of the electrical power for the three different heaters and heating
surface areas.
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FIG. 6. (a) Visible light emission intensity and (b) integrated photodiode signal (in arbitrary unit) as a function of the
electrical power and for the three different heating surface areas.

The visible light emission intensity generated by the reaction of the 5 Al/CuO bilayers (Figure 6 (a)) does not
vary with the electrical power and is not so much affected by the heater surface area. Measurements give 154 +
54 pA, 123 + 26 pA and 189 £ 41 pA respectively for heaters 1, 2 and 3.

The same observation holds for the integrated photodiode signal, which is not affected by the heating surface
area. The integrated values are equal to 9.37 £ 1.8 a.u, 7.3 + 0.7 a.u and 7.8 = 3.1 a.u for heaters 1, 2 and 3,
respectively. The 27 % variations of the integrated values are attributed to the measurement dispersion and not
the influence of heating surface area.

B. Influence of the number of bilayers and layering on the ignition time and reaction intensity

In this section, we only consider the chip with the heater 1, on which nanothermite films of different thicknesses
are deposited. For all samples, the stoichiometric ratio is respected, i.e. the CuO thickness is twice that of the Al
thickness.

1. Number of bilayers

Nanothermites with three different thicknesses are deposited on heater 1: 5, 10 and 15 bilayers of Al and CuO
being 100 nm and 200 nm thick, respectively.

Figure 7 shows the ignition time as a function of the electrical power and Figure 8 (a) and (b) give the visible
light emission intensity and integrated photodiode signal for 5, 10 and 15 bilayers. Note that, for comparison,
curves in Figure 8 (b) are normalized with respect to the nanothermite mass.
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FIG. 7. Ignition times as a function of the electrical power considering nanothermite films with 5, 10 and 15 bilayers. The
bilayer thickness is 300 nm.

The ignition time decreases with increasing electrical power down to asymptotic values of 474 + 46 ps, 294 +
16 pus and 20 + 5 us for 5, 10 and 15 bilayers, respectively. The measured ignition power thresholds are
measured at 756 mW, 575 mW and 483 mW for 5, 10 and 15 bilayers, respectively. For a given input electrical
power, the ignition time is the smallest for 15 bilayers. At 10 W, the ignition response time is equal to 556 + 28
us, 438 + 32 ps and 283 + 10 us for the 5, 10 and 15 bilayers, respectively. We note a decrease of 21 % when
the bilayers number is doubled (from 5 to 10 bilayers) and of 49 % when the bilayers number is tripled (from 5
to 15 bilayers).
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FIG. 8. (a) Visible light emission intensity and (b) integrated photodiode signal as a function of the electrical power for 5, 10
and 15 bilayers. The bilayer thickness is 300 nm.

As expected, stacking more bilayers increases the visible light emission intensity but does not affect the overall
reaction performances since the photodiode intensity normalized with respect to the nanothermite mass, is
almost constant (see Figure 8(b)). When the bilayers numbers varies from 5 to 15, the emitted visible light
photocurrent varies from 217 + 40 pA to 629 + 121 pA, whereas the normalized integrated photodiode signal
ranges from 10 + 1 a.u to 7 = 3 a.u. We note a slight decrease of the visible light emission intensity for 15
bilayers. This could be explained by considering the contribution of radiative losses which increase with flame
temperature. The raw photodiode intensity, not normalized to the thermite film mass, is 2.35 times greater for
the 15 bilayer films than those measured for 5 bilayers. A hotter flame, increasing the radiative losses and
penalizing the generated heat per unit of mass could explain this result.

2. Layering
Here, we consider heater 1 on which three different nanothermite films, with a total thickness of 1.2 um, are
deposited. The first sample is made of two 600 nm thick bilayers (600 nm). The second one is composed of four
300 nm thick bilayers (300 nm) and the last one is constituted of eight 150 nm thick bilayers (150 nm).



Figure 9 gives the ignition time as a function of the electrical power and Figure 10 (a) and (b) give the visible
light emission intensity and integrated photodiode signal for bilayer thicknesses of 150, 300 and 600 nm.
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FIG. 9. Ignition times as a function of electrical power for the different bilayer thicknesses. The total film thickness is held
constant at 1.2 pm.

The experimental ignition time decreases when the bilayer thickness decreases: it is of 182 + 2 us and 972 + 60
ps for bilayers being 150 and 600 nm thick, respectively. This corresponds to an increase of 186 % when the
bilayer thickness is doubled from 150 nm to 300 nm and an increase of 87 % when it is doubled again from 300
nm to 600 nm. For a fixed power, the ignition time is the smallest for the thinnest bilayer.

The ignition power thresholds are measured at 700 mw, 966 mW and 1000 mW for the bilayer thicknesses of
150, 300 and 600 nm.
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FIG. 10. (a) Visible light emission intensity and (b) integrated photodiode signal as a function of electrical power for the
different layerings. The total film thickness is constant at 1.2 um.

Increasing the bilayer thickness affects the visible light emission intensity but does not affect the integrated
photodiode signal. The visible light emission intensity is equal to 244 + 38 YA, 130 + 88 YA and 92 + 20 A for
the bilayers thicknesses of 150, 300 and 600 nm. The visible light emission intensity is divided by almost 2
when the bilayer thickness varies from 150 to 300 nm and is divided by 1.4 when the bilayer thickness varies
from 300 to 600 nm. The normalized integrated photodiode signals values are equal to 12 + 4 a.u, 12 + 4 a.u and
13 + 3 a.u for the bilayer thicknesses of 150, 300 and 600 nm.

As illustrated in Figure 11, the bilayer thickness affects the rate of energy release but it does not affect the total
heat of reaction, which only depends on the thermite mass. When bilayer thickness decreases, the visible light
emission intensity increases but the photodiode signal duration diminishes.
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FIG. 11. Comparison of the photodiode signals obtained for the different bilayer thicknesses (150, 300 and 600 nm).
IV. DISCUSSION

We have investigated the main parameters influencing ignition time and Al/CuO reaction as the heating surface
area, the number of reactant bilayers and their thicknesses. At a given electrical power, we show that the

minimum ignition response time (t{g;’{};’?gﬁ” ) is affected by both the heating surface area defined through the
resistance design and nanothermites film layering. t{’;;'{;?i’;l,‘l" decreases rapidly with the heating surface area and
bilayer thickness. t/™mun decreases slightly when the nanothermite film thickness increases.

ignition
The AI/CuO reaction, characterized herein by the integrated photodiode signal, is not affected by the heating
surface area and bilayer thickness but, as expected, it increases rapidly with the thickening of the nanothermite
film. The energy released by the reaction is only fixed by the nanothermite mass and is not influenced by the
heating surface area. In order to rationalize these findings, we propose a new 1D model taking into account both
thermal exchange and species diffusions/reactions into the thermite layers inspired from a famous approach
from the mid 1960’s (so-called Deal and Grove model) initially used to treat thermal oxidation of silicon *'.

In the literature, modeling effort associated to multilayered systems concerned essentially bimetallic systems
(mostly Al/Ni), in which only a few papers focused on ignition'®?* among a majority of investigations related to
propagation phenomena®2’". However, dealing with oxido-reduction thermite reactions imposes major changes
mostly due to the non-trivial role of chemical reactions.

The model is based on atomic diffusion between layers (mass transport equation) and thermal diffusion (heat
equation) along the film made of stacks of Al, CuO and alumina interfaces which are formed during the
deposition process (see Figure 12). In this approach, we assume that CuO first decomposes into Cu,O, the
oxygen diffusing across Cu,0O and Al,Os layers before reaching the Al layer where it reacts increasing the Al,O5
thickness. Figure 12 (c) shows the variation of oxygen concentration across the layers.
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ing ignition process. The white dash line in the (c) image corresponds to the oxygen concentration in the layers.

Other model’s assumptions are as follows :

1. The temperature variations across the multilayer are ignored because the thermite film is thin ( ~um). The
time to reach thermal equilibrium (ptxc)l&) is always much lower than the ignition times. py, c;, A; and
t
w are the density, heat capacity, thermal conductivity and thickness of the nanothermite film. For example,
for a 1.2 pm thick nanothermite, the thermal equilibrium time (3.8 us) is more than 2 decades smaller than
the experimental minimum ignition time (~500 ps).
2. The thermal conductivity, density, and heat capacity are independent of temperature and composition of the
multilayer film. The average density, heat capacity and thermal conductivity are therefore calculated as:
PcuoXWcuo+tpPArXwai
= 2
Pe Wcuotwal ( )
¢ = CCuO>;/WCuC:—+CAlXWAl (3)
cuotwal
WartWeuo _ WAl , Wcuo
WartWeuo _ WAl 4 Wcuo 4
At Aal + Acuo (4)
With p;, ¢;, 4; and w; the density, heat capacity, thermal conductivity and thickness of the i species, Al and
CuO.
3. The diffusion coefficients are temperature dependent with activation energies and the values are reported in
supplementary files SI-1.
4. The ignition is simulated by imposing a rectangular temperature profile of 1150 +/- 100 K at the end of the
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thermite. Although the theoretical ignition temperature strictly depends on the structure of the multilayers,
only three initial temperatures, namely of 1050, 1150 and 1250 K, have been modelled. Ignition
temperature of 1150 +/- 100 K has been determined experimentally from the Titanium resistance against
time profile (See SI-2). A negative peak prior the ignition is seen and corresponds to the Ti phase transition
from (hcp) phase to (bcc) phase occurring at T = 1150 K %, This initial profile has a width equal to the
heater dimension to represent the different heating surface area conditions. The initial volume held at 1150
K iS Sheater X W;. The rest of the multilayer is initially at ambient temperature.



1. Mass transport

The mass transport (Eq. (5).) is calculated using the oxygen flux across CuO, Cu,O and Al,Os. The flux
approximation is frequently used in the literature for oxidation modeling purposes *'.

¢ = DCuZO(CCuO/ﬁ/uzO_CCuZO/A1203) _ D 41,05 (Ccuy0/41,03=Caly03/A1) — UCA1203/AL- )
Cuy0 WAl,03

C;/; are atomic concentrations (in %) of atomic O at interfaces i/j, D; are the diffusion coefficients of oxygen in
species i and w; is the layers i thickness. v is the Al oxidation reaction rate. The concentrations C;,; are limited
by the oxygen solubilities into i and j. Although this solubility limit is very low in perfect crystals, it can become
important in polycrystalline sputter deposited layers containing many defects and grain boundaries. Therefore,
an atomic solubility limit of 10 % has been used in the calculations. We have further shown that higher
solubility limits (up to 100 %) in Cu and copper oxides do not influence the results. The rapid mixing at high
temperatures may induce non equilibrium phases that are not well known today. In our model, we have taken all
physical phase changes into account and neglected all structural and chemical phase changes Mass transport is
only computed in half of a bilayer, as shown in Figure 12, and identically reported in the whole film by
symmetry considerations.

2. Thermal equation
P

The heat equation (Eq. (6).) considers three main phenomena (i) the external heating by Joule effect ( ) in
heating

W/cmz, (i) the exothermic nanothermite reaction Q in J/cm?® per Al resulting from atomic intermixing and, (iii)
the heat losses mostly by radiation o x T* in W/cmz2. All other losses are negligible with respect to the high
electrical powers supplied by the titanium resistance and good insulation of the nanothermite film.

P

(thctXWt+pR><cRXWR)Z—:= +n><QdW2#—J(T4—T;). (6)

Sheating

p:, ¢ and w; are the density, thermal capacity and total thickness of the thermite, respectively. pg, cg and wyg
are the density, thermal capacity and thickness of the resistance. o is the Stefan Boltzmann constant, n is the
number of bilayers and T, is the ambient temperature taken at 300 K. Q is 3 times the usual heat of reaction
found in the literature, namely 63 ki/cm®, since here, it is normalized to the Al volume and not thermite one.

Table I gives the values for each parameter taken for the calculations.

TABLE I. Values of the parameters used in Eq. (6).

Parameter Value Unit
Pt 5x10° kg.m*
[ 654 Jkgt.K?
w, 1.2x10° m
Pr 4540 kg.m*
Cr 522 Jkgt.K?
Wr 350x10° m
P 20 W
Sheating 1.04x10° ; 8.05x10°"; 2.51x10°" m?
c 5.6704 W.m?K™*
T, 300 K
Wa 200x10° ; 100x10 ; 50107

Next, we chose to distinguish the heating time (¢, ) that corresponds to the delay to heat the nanothermite to
its ignition temperature (1150 K) and the reaction time (¢, ) that corresponds to the time the material takes to
react after being heated at its ignition temperature.
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As the overlap between the two phenomena can be neglected, we determine independently, t,.q: and
t,eqct from Eq. (6). solved in two steps, removing successively Q and i

Sheating '
Removing Q in Eq. (6). leads to the following analytical solution of ¢, :

1 1+aXTigni _
theat T to = Tor [ln (1_aXTiZniZ> + 2 tan~'(a X Tygni) |- (7
With
1/4
2X0o
a= <s P +2><¢TT“11') ' ®)
heating
P 4
_ Sheating Ta (9)
PEXCEXWi+PRXCRXWR'
Tignie = 1150 + 100 K, (10)
_ 1 1+axTy _1
to = ann [ln (1—a><Ta) +2 tan™"(a x Ta)]' (11)

The reaction time is computed as follows. For each nanothermite total thicknesses (w;) and bilayer thickness,
Eq. (6). is solved removing the Joule effect (5 i ) and searching the inflexion point where the temperature

heating
increases rapidly indicating the onset of self-sustained reaction. The equation (6) is solved using a finite

difference scheme which relies on the discretization of the domain with a uniform Cartesian grid of mesh size 3
pm along the lateral dimension over 3 mm. The discretized equation is then integrated using the Euler method
with a variable time step ranging 10™ and 10**s. To illustrate the method, we consider a nanothermite film
made of eight 150 nm thick bilayers. The application of 1150 +/-100 K to the nanothermite film, activates the
atomic interdiffusion thus producing heat, leading to an increase of the temperature coupled with a thickening of
alumina layer. Figure 13 gives the temperature against time and alumina thickness against time evolution in the
nanothermite for two heating surface areas: 1.04 mm? (heater 1) and 0.25 mm2 (heater 3). We clearly observe
that both the temperature and alumina thickness remain almost constant until a certain time, called reaction time,
and then increase very rapidly after this point : the ignition is achieved since the reaction is self-sustained.

(a) (b)
O ALO, thickness A Temperature O ALO, thickness A Temperature
05 2 m 500 15 - 200
= < = : <
2 104 | 12000 3 2 10 j 12000 3
@ | b L X =
= | = E 1 =
= ® 2 =
£ g k= g b
& 5 i 11500 & o 5 11500 &
~ ’ 7] i} j @
< | P = < | _ =
0 ; : : 1000 0 - - 1000
0.0 50x10° 1.0x10° 1.5x10° 2.0x107 0 1x10° 2x107 3x10°
Time (s) Time (s)

FIG. 13. Time dependence of the alumina thickness and temperature at the bottom of the thermite for a thermite composed
of 8 hilayers of thickness 150 nm (a) deposited on heater 1 (heating surface area of 1.04x102 cm?). (b) deposited on heater 3
(heating surface area of 2.51x10° cm?).

13



3. Numerical results and comparison with experiments

treace 1S @ function of the bilayer thicknesses (see Table Il) and their composition as shown in graph of Figure
14.

._
<

<
e

|

4 6 8 10
Stoichiometry ¢

Reaction time t __(s)
react
=)
—_—8
— gF—

._.
<

<
\S]

FIG. 14. Reaction time as a function of stoichiometry (layering). The bilayer and total thickness are fixed at 150 nm and 1.2
pm, respectively. The stoichiometry is calculated as 2 x WAI/WCuO .

At this point, to compare these data with experimental results, we need to combine the two calculated times,

thear@nd t,.qc:. Neglecting the overlap between the two phenomena, the ignition time can be considered as the
sum of the two above delay times:

tignition ~ theat + treact-’ (12)

Table 11 reports the calculated and experimental values of the ignition time for 3 bilayer thicknesses (150 nm,
300 nm and 600 nm).

TABLE II. Theoretical and experimental values of the ignition time for three bilayer thicknesses (150 nm, 300 nm and 600
nm). Ignition temperature is taken at 1150 K. Al thickness is half of the CuO one and the total film thickness is 1.2 pum.
Heating surface area is 1.04 mm?2 (heater 1).

Experimental Theoretical times (ps)
Bilayer ignition time
thickness (nm) (us) theat treact tignition
150 1822 13 228
300 520 + 13 214 190 404
600 972 £ 60 310 524

The theoretical ignition time increases when the bilayer thicknesses increase. This tendency follows the
experimental measurement shown in the section B.2 and reported in the second column of Table II.
For bilayer thicker than 300 nm, the ignition response time is mostly governed by species diffusion through

layers (theqr < treact )- Whereas ignition response time is governed by the heating rate and surface area for very
thin bilayer (teqr > treact)-

The discrepancies between experimental and theoretical values can be easily explained by the theoretical
approximation. Firstly, the nanothermite heat of reaction Q(T") depends not only on the temperature, but also on
the history of the layers after the sputtering process. Thermal cycles and annealing processes even at low
temperature definitely alter the structure of the layer and the heat of reaction. In particular, structural changes
occur during first heating step, which is not considered in the model. Secondly, we only consider in this model
oxygen diffusion. In the reality, the ignition mechanism should be more complex and a couple effect of O and
Al diffusion through the layers. And, thirdly, the thermite parameters are supposed homogeneous and are
calculated following several assumptions as no temperature dependence, which also adds possible errors in
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comparison with real material.

V. CONCLUSIONS

Standard MEMS technology and magnetron sputtering technology were used to prepare micro-heaters with
Al/CuO multlayered film. When current is supplied to the heating resistance, the Al/CuO nanothermite ignites
and a violent exothermic reaction produces intense light. The methods of fabrication are scalable to different
sizes of devices and could therefore find many useful applications in future energetic micro-actuation systems.

As a conclusion of this study, we showed that the minimization of the heater surface area is one solution to
optimize micro-igniter performances and electrical-chemical conversion yield. Only a small surface of the
multilayered thermite has to be heated to its ignition temperature determined at 1150 +/- 100 K to trigger the
self-sustained combustion reaction. We demonstrated that a heating surface area of 0.25 mm? is enough to ignite
a multilayered thermite being 1.6 cm in width and of any length since once ignited at one extremity, the reaction
is self-sustained and the flame propagates without the need of external energy. For an imposed electrical power
above the ignition threshold point, the increase of the heating region leads to an increase of the ignition time.
The minimum experimental ignition time is 59 + 3 ps for heating surface area of 0.25 mm? and increases up to
474 + 46 ps (x7) when the heating surface is multiplied by 4. The ignition threshold power also increases with
the heating surface area: it is 757 mW for the 1 mm? heating resistance and decreases to 449 mW for 0.25 mm?
heating resistance. For any heating surface areas, the experimental ignition response time rapidly decreases
when the heating rate increases until an asymptotic value, named minimum ignition time, which is a
characteristic of the multilayered thermite structure. The layering greatly influences the minimum ignition time:
increasing the bilayer thickness results in an increase of the minimum ignition time. This latter is equal to ~1 ms
for a bilayer thickness of 600 nm, whereas it is less than 200 us for the same mass of thermite having a bilayer
thickness of 150 nm. Also, the threshold ignition power is measured at 700 mW and 1000 mW for the bilayer
thickness of 150 and 600 nm, respectively.

A new 1D analytical and phenomenological ignition model based on atomic diffusion across layers and thermal
exchange has been proposed considering that CuO first decomposes into Cu,O, the oxygen diffusing across
Cu,O and Al,O3 layers before reaching the Al layer where it reacts to form Al,O;. The theoretical results
confirm the experimental data but discrepancies exist due to the simplicity of the model.

SUPPLEMENTARY MATERIAL

See supplementary material for the values of the diffusion coefficients used in the mass transport model and for
Ti resistance-time profile.
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