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Abstract

Reactive multilayers produce exothermic reaction with definite velocity and maximum temperature after ignition, which
are the fundamental properties of the reactive multilayer systems. The generated heat with certain velocity makes it widely
used in joining, bonding in the packaging, thermal batteries and many more applications. In this work, a distinct approach
for achieving a reaction transfer between the reactive multilayers and different materials is demonstrated which can affect the
generated temperature and velocity from the self-propagating properties of the reaction. For these intensions, we fabricated
the Al/Ni reactive elements with certain separations between elements which allow to observe the reaction front transfer
and emitted temperature in the reaction chain. The created separation between reactive elements are periodical and ordered
systems with different thermal conductive properties. The temperature and definite velocity were measured by time-resolved
pyrometer and high-speed camera measurements. SEM analysis showed the characteristics of the reaction transfer between
reactive multilayer elements. It is predicted that: (I) The reaction front stops at a space with critical length; (I) Reducing heat
loss through the substrate supports reaction front propagation through spaces; (IIT) Thermal property design of the spaces
between the reactive elements enables property modification of the self-propagating reaction.

Introduction

During the last decade, reactive multilayer films have
attracted attention of the researchers due to its highly exo-
thermic reaction which can be used as a heat source in
low-temperature soldering and bonding in the packaging
of microsystems applications [1, 2]. Self-propagating reac-
tion can be perceived by enough heat released from local
mixing to heat the adjacent material and brought a self-
sustaining reaction front which moves forward through the
reactive multilayers with a typical temperature and velocity
[1-3]. The uses of integrated reactive multilayer systems in
microelectronics and micromechanical systems (MEMS) as
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a bonding material technique has lately gained more traction
and attention [4-9]. Therefore, integration processing by the
patterning or deposition of reactive films directly on silicon
or other substrate is an interesting research challenge. Since,
properties of the reactive multilayers are not only dependent
on the properties of the reactive materials but also influenced
by the properties of substrate materials such as thermal con-
ductivity, heat capacity and density on the characteristics of
the reaction of the foils [10]. It was observed that increased
thermal conductivity of the substrate material can decreases
the maximum temperature of the reaction and can ultimately
causes the reaction to quench. Effect of heat capacity and
density of the substrate material are found to be insignificant
effect on the properties of the reaction, although in critical
cases, can origin the quenching of the reaction. Heat gener-
ates after an initial ignition source by electric spark, laser
or mechanical force creates a self-propagating exothermic
reaction of the integrated reactive multilayer systems [7, 8,
11, 12]. The reactive integrated bond induces local heat to
bond the interface. Such limited temperature source may
be quenched locally over heat sinks existing on or in the
substrate material. The interaction of disconnected reactive
material reservoirs was investigated for explosion transfer
protection [13, 14], stability issues in flame propagation
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[15-18], reaction delay times in self-propagating reac-
tions[19, 20]. Most of this research was based on reactive
elements and obstacles with macroscopic dimensions.

The purpose of this investigation is to experimentally
downscale the reactive material elements and the obstacles
to microscale dimensions and see the effects of the separa-
tion between reactive material elements and the different
thermal conductive materials filling the separations between
Al/Ni reactive material blocks on a Si/SiO, substrates. As
a model system Ni/Al multilayer films with a 50 nm bilayer
thickness (atomic ratio of Al to Ni is 1:1) was deposited
by DC source magnetron sputtering on a patterned Si/SiO,
substrates. The influence of Ni/Al total thickness, the separa-
tion distances and heat loss conditions on self-propagating
exothermic reaction in structured heterogeneous multilayer
reactive material systems are investigated and discussed.

Materials and experimental techniques

Si (100) p-type doped; 1 pm wet oxidized SiO, on top of
p-type Si (SiO,/Si) is used for fabrication as shown in Fig. 1.
Initially, sample organic cleaned with Acetone, Iso-propanol
alcohol and deionize water to remove the residual impuri-
ties present in Si/SiO, substrate. Substrates were placed at
105 °C temperature for 30 min to remove the excess water
from the surface of the substrates, the HMDS coating was
done at 90 °C for 1 min. We used three types of resist. For
Sample A and Sample B: AZ1518; for Sample C, Sam-
ple D and Sample E: AZ15nxt; Sample F and Sample G:
AZ 3027 to get 3.8, 10 and 3.1 um thickness of the resist.
Then resist coated substrates were exposed with the help of
photolithography tool. Deep reactive ion etching was also
done in sample F and sample G to etch Si substrates with
the inductively coupled plasma (ICP) Pro Estrday 100 for
3.5 min to make 15 pum deep etching into the Si substrates.
After etching, liftoff was done in MLOO7 Technistripper
for 11 min. Then followed by, Ni and Al deposited by DC
magnetron sputtering (CS400 by von Ardenne), where Ni

and Al (99.99% purity, FHR) with 100 mm diameter targets
were used. Alternating layers of 20 nm Ni and 30 nm Al lay-
ers thicknesses (50 nm bilayer thickness) were deposited by
magnetron sputtering. Depositions were performed at room
temperature at a base pressure of 5x 10— 8 Torr. Final a
series of samples are prepared and summaries in Fig. 1. A
16 V electrical spark was used for the ignition of reactive
multilayers. The electrical probes were placed at the edge
of the fabricated sample. High-speed camera (FASTCAM
SA-X2) with a 50,000 fps frame rates were used to record
the front velocity of the self/propagating reaction. The high-
speed pyrometer (KLEIRER—Pyroscope 840 pyrometer)
was used to measure reaction temperature with an emissions
coefficient (g) value fixed to 1 with 10 us resolution time.
The recorded temperature was corrected after the measure-
ments using the emission coefficient determined in separate
experiments. To explore the microstructural features on the
top of the deposited reactive Ni/Al multilayers on Si/SiO,
substrates, using SEM (S-4800 HITACHI) for before and
after the reaction. The phase identification of the reacted
and unreacted Al/Ni chips were obtained from X-ray diffrac-
tion (XRD) Bruker D5000 Theta-Theta X-ray diffractometer
with Cu-Ka (1.5406 A) radiation at 40 mA and 40 kV with
Bragg—Brentano working mode.

Results and discussion

To investigate the effects of the separation of different ther-
mal conductive materials between reactive material elements
to microscale dimensions, we fabricated chiplets with inte-
grated microstructure reactive Al/Ni elements. Figure la
and b are the top and side view of the fabricated samples
to analyze the self-propagation transfer condition between
adjacent Al/Ni reactive materials elements where, Al/Ni
reactive materials act as local heat source separated by dif-
ferent thermal conductive materials.

The prepared test chip includes an ignition pad allow-
ing for two ignition points for spark ignition. The squared
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Fig. 1 aIs the top view of the prepared samples and b is the enlarged cross-section image
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reactive material elements had a side length of 200 um.
The distance between these elements was increasing with
increasing distance from the ignition pad. The change in
the distance series was the following: 1 um, 2 um, 3 um,
Sum, 7 ym, 9 pm, 11 pm, 13 pym, 15 ym, 20 um. Three
consecutive rows of elements had the same spacing. 1 and
2 in Fig. 1 are filling/capping materials which separates
the adjacent Al/Ni multilayers from the different thermal
conductive materials. Table 1 shows the summary of the
prepared samples. Figure 2 shows the microscopic images
of the prepared reactive material elements before and after
the ignition of the prepared sample A and sample B. Fig-
ure 2a and b are the before and after the reaction on sample
A where T, (total thickness of the AI/Ni multilayers)
500 nm AI/Ni. As we can see in Fig. 2a, the minimum
spaces between the two adjacent Al/Ni multilayers ele-
ment is 1 um. It means, after ignite the reactive multi-
layers, reaction front moves from one Al/Ni element to

other, starts passing over 1 um spaces between them. We
performed ignition experiment, Fig. 2b as we can see, no
self-propagation reaction was observed. On the other hand,
Fig. 2b showed the effect of the electric spark which was
used to ignite the ignition pad, but heat of Al/Ni multi-
layers couldn’t propagate further through the separation.
Resultant, we increased the total thickness to 1 um Al/
Ni multilayers. Figure 2¢ and d are the sample B where
T 1 um Al/Ni. As we can see in Fig. 2¢c, we prepared
1 um structured Al/Ni multilayers on Si/SiO, substrate,
and we achieved 1 pm minimum spaces between the two
adjacent Al/Ni multilayers element. We performed ignition
experiment, as we can see in Fig. 2d, no self-propagation
reaction was observed with 1 pm total thickness of Al/Ni
multilayers on Si/SiO, substrate. Figure 2d microscopic
images where it showed the thermal effect of the electric
spark only on the prepared sample and there is no evidence
for further propagation of the heat.

Table 1 Summary of the

Samples Substrates Trow Of deposited  Filling materials Capping materials
prepared samples AI/Ni multilayer

Sample A 1 um SiO,; 525 ym Si 500 nm Air Air

Sample B 1 um SiO,; 525 um Si 1 um Air Air

Sample C 1 um SiO,; 525 pm Si 5 um Air Air

Sample D 1 um SiO,; 525 pm Si 5 um 500 nm Cu 500 nm Cu
Sample E 1 um SiO,; 525 pm Si 5 um 1 um SiO, 1 um SiO,
Sample F 1 um SiO,; 525 pm Si 5 um 15 pm Si; 1 ym SiO, Air

Sample G 1 um SiO,; 525 ym Si 5 um 15 um Si; 1 um SiO,;  Air

1 pm PMMA

Fig.2 Microscopic images:

a before ignition and b after
ignition for the sample A where
T a1 500 nm Al/Ni. ¢ Before
ignition and d after ignition

for sample B where T,,,; 1 um
Al/Ni
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It is reported that to have self- propagation reaction from
reactive materials, the heat released by local mixing reaction
in the multilayers should be higher than the heat loss through
the surrounding area [21].

In addition, the heat balances play an important role in
reactive materials to control the self-propagating reaction.
The critical condition for not having a self-propagating reac-
tion, is when the heat generation rate equals or lower than
the heat loss rate [22]. Overall, the increased heat loss rate
from the substrate and surrounding reduces the propagation
velocity and the maximum reaction temperature [23-26], if
the critical condition is reached, reaction quenching occurs.
As a consequence, critical thickness [23-25, 27] of Al/Ni
films on Si/SiO, substrate is 5 um [26, 28].

Therefore, we started to prepare the structure with the
help of photolithography to deposit 5 um total thickness Al/
Ni multilayers. Since, total thickness of the deposition has
been increased, limitation to achieve the minimum separa-
tion resolution of the prepared structure is also affecting.
Photolithography parameter and optimized parameters have
already been demonstrated in the materials and experimental
techniques section. Figure 3a shows the SEM image of the

Fig.3 a is the top view SEM image with cross section schematic
view of the prepared sample C where, T, ; 5 um Al/Ni. b is the SEM
image of sample C after ignition. ¢ is the SEM image of sample D

4 Springer

prepared samples along with the cross section schematic
diagram, where minimum separation was achieved is 10 pm.
The changes in the separation series were following: 10 pm,
15 um, 20 pm and 25 pm. Figure 3b shows the SEM images
of prepared sample C, 5 um structured Al/Ni multilayers, as
we can see the minimum spaces between the two adjacent
Al/Ni multilayers element is 10 um. As we can see from
Fig. 3b, the reaction front stop at the first separation which
is 10 um. This 10 um spaces between the Al/Ni element, is
too much space to heat the next element. However, due to
limitation in the point of photolithography with such thick
resist it is difficult to achieve less than 10 um spaces with
these parameters between adjacent Al/Ni element. A pos-
sible solution is the increase of the thermal conductivity of
the separation by filling the separation with higher thermal
conductive materials, which could increase the chance to
ignite the next Al/Ni element.

Therefore, we covered 5 pm structured Al/Ni multilay-
ers by Cu (500 nm) and SiO, (1 pm)]. Cu and SiO, would
connect the spaces and cover the whole structured Al/Ni
multilayers as shown in the schematic diagram in Fig. 3c—f.
After the ignition experiment, we observed sample D and

Al/Ni
Sio,
Si
Capping layer

after ignition with cross section image of prepared sample D in d. e is
the SEM image of sample E after ignition with cross section image of
prepared sample E in (f).is the
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sample E, i.e. 500 nm Cu, and 1 um SiO, as capping layer
shown in Fig. 3¢ and e it stopped at the first separation. It
may be due to the critical condition reached, where the heat
generation rate equals the heat loss rate from the surround-
ing 10 um space [13]. Generally, the increased heat loss rate
reduces the maximum reaction temperature to heat the next
element [14—17], if the critical condition is reached reaction
gets quenched.

To overcome the limitation of 10 um separation, we can
achieve the less separation thickness by preparing our struc-
tured 5 um Al/Ni multilayers with the help of dry etching
of the respective substrate. Dry etching of Si of 15 um deep
reactive ion etching parameters has been described in mate-
rials and experimental techniques. Minimum resolution was
achieved by this method is 3 um width of the separation wall
after Al/Ni deposition. The change in the distance series
were as follows: 3 pm, 5 pm, 7 pm, 9 pm, 11 pm, 13 um,
15 um, 20 um. Three consecutive rows of elements had the
same spacing.

Figure 4a, is the microscopy image of the sample F before
reaction. We performed ignition experiment, no self-propa-
gation reaction was observed. However, near to the ignition
zone we found reaction affected zone as we can see in Fig. 4c
which shows the reaction transfer possible from one reactive
material element through a separation material to the next
reactive material element due to heat affected region in the
attached SEM image. Although, the separation was created
due to the side wall of etching process therefore thickness
of the wall increased. In Fig. 4c, shows the cross-sectional
view after the reaction where reaction stopped to move
forward. Since, we couldn’t get the self-propagation reac-
tion on the prepared sample. The heat balances in reactive

Cross-sectional view EE

Before reaction

€))

After reaction
(c)

Peeled off ANt multdayers

‘ ’

Before reaction zone

Fig.4 a Microscopy image of the prepared sample F where, T,
5 um AI/Ni and of the sample F before and ¢ after the reaction. b
Microscopy image of the prepared sample G where, 1 pm PMMA
resist were coated on the top of the 1 um SiO, over the prepared

[l Reaction affected

materials play an important role to have self-propagating
reaction. The important condition for a self-propagating
reaction, is when the heat generation rate is larger than the
heat loss rate [22]. So as reported in the [26, 28] PMMA or
resist which has lower thermal conductivity can modify the
heat loss condition. Since it is reported PMMA has lower
thermal conductivity than Si/SiO,, can reduce the thermal
heat loss during the ignition experiment [26]. So, we coated
PMMA as aresist by 1 um thick on the prepared structured
Si/Si0, substrate. Figure 4b shows the as deposited sample
G. We performed ignition experiment, and observed the self-
propagation reaction through the whole sample as shown
in Fig. 4d. Figure 4d shows the deformation after the reac-
tion which is due to the lattice deformation in the order of
20% due to stress change from unreacted to reacted Al/Ni
multilayers. As in Fig. 1, mentioned separation between Al/
Ni elements in x- direction. So, from the ignition experi-
ment, reaction front moves from the separation up to 20 pm
with sample G system. Finally, we successfully achieved
the self-propagation reaction through the different thermal
conductive separation. The observed reaction front velocity
of the sample G is 10.05 m/s and the maximum temperature
was 1083 °C. The measured parameters are lower than the
free standing 5 um Al/Ni multilayer foil which is 11.18 m/s
and 1169.6 °C. This difference occurred due to thermal heat
loss through the substrates and the separated walls in the
sample G. Figure 4e shows the XRD pattern of unreacted
and reacted Sample G. It shows in unreacted sample G, Al
(PDF 01-1180) and Ni (PDF 65-2865) were present. After
the reaction, it demonstrated the crystallized B2 AINi (PDF
65-5171) phase formation from elemental Ni and Al phases
from unreacted samples without any presence of secondary

! ) Reacted Sample G
* AINi v Unreacted Sample G
Al |
o Ni (e)
3 g g s
L v U s 8 g
2 | 5 Sy 2 A b
£ :
2 s
2 |2
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. g g 25 § = g
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20 ( Degree)

etched Si substrate. T, 5 um Al/Ni were deposited where d is the
microscopy image after the reaction in sample G. e XRD pattern of
unreacted and reacted sample G
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phase. It indicates that polycrystalline Al/Ni reactive multi-
layers react and produce AINi intermetallic compounds from
rapid self-propagating exothermic reaction.

Conclusions

The current study shows the effect of the thermal barriers with
different sizes in the path of the self-propagating reaction front.
This presents a unique opportunity to control the reaction front
velocity and emitted temperature by structuring the Al/Ni mul-
tilayers. The structuring of the Al/Ni multilayers by lithogra-
phy is quite a challenging process. In the current study, we
optimized the process flow for the fabrication of 5 um thick Al/
Ni multilayers on the Si/SiO, substrates. Finally, it is predicted
that: (I) The minimum separation of 3 um between the reactive
elements can stop the reaction front; (II) By controlling the
heat loss through the substrate via adding less thermal conduc-
tive substrates can propagate the reaction front through spaces;
(IIT) Designing the thermal properties of the spaces between
the reactive elements enables the modification of the properties
of the self-propagating reaction.
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