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Abstract: The experiments described in this paper look to
further transient electronic device development by explor-
ing the fracturing capabilities of aluminum copper (II) oxide
and aluminum bismuth (III) oxide nanothermites. In partic-
ular, a quick, inexpensive test was developed that was able
to characterize the substrate fracturing capability of these
selectively deposited energetic materials. Using this test,
aluminum bismuth (III) oxide nanothermite with near stoi-
chiometric composition was shown to be an effective mate-

rial for fracturing silicon wafers of two different thicknesses
for the configuration considered. Nanothermites were de-
posited at various equivalence ratios, resulting in a range of
damage, which enables material preparation in a given
practical application to be based on the desired level of re-
sultant fracturing. This data was subsequently compared
with thrust measurements and gas shock formation in an
effort to correlate thrust production to the severity of frac-
turing produced.
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1 Introduction

There exists a pressing need to secure and control access to
certain high-value electromechanical systems. In the event
that one of these systems is compromised, there is an addi-
tional need to ensure that the device in question is ren-
dered inoperable or to limit the possibility of the device be-
ing reverse engineered. In prior literature, several attempts
have been made to create a transient electronic device;
however, most of these prior efforts either do not integrate
the electronic destruction mechanism on the microscale or
have other notable design drawbacks [1, 2]. For example,
one previously-reported method has shown that electronics
can be rendered inoperable by chemically degrading them
through selectively-released acids or corrosives [3, 4]. Like-
wise, another effort takes advantage of the substrate design
allowing for the mechanical destruction of the device [5].
Other efforts look to use energetic materials in order to de-
stroy the electronic device via an exothermic reaction of the
material [6, 7]. While each of these methods address the
need for a destruction mechanism in a transient electronic
device, there are certain, notable limitations, notably the
time scale over which the destruction takes place and the
input energy required to render the device inoperable. A
particular current challenge is to quantify the ability of a
given energetic material to fracture a given device. This pa-
per seeks to advance device protection methods by explor-
ing the use of energetic materials to fracture silicon sub-
strates through force production, rather than solely heat
generation or chemical breakdown. Specifically, nano-
thermite materials were utilized to fracture representative
substrates using a simplified support structure upon which
an electronic device could be integrated. This method pro-

vides the benefits of the chemical methods highlighted
above, but does so on a much faster time scale.

The specific objective of this paper is to investigate the
destructive capabilities of nanothermites at different stoi-
chiometries, with the aim of enabling future material syn-
thesis and system design to be based on the desired level
of substrate destruction. To this end, this work represents
the first step towards the ultimate goal of our research
team — to seamlessly integrate sensor and control elec-
tronics with selectively-deposited energetic materials, creat-
ing smart microelectromechanical transient devices, or Se-
cureMEMS.
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2 Material Preparation

2.1 Thermite Stoichiometry

Both aluminum copper (II) oxide nanothermites and alumi-
num bismuth (III) oxide nanothermites were prepared to
test the destructive capabilities of the materials. The exo-
thermic, stoichiometric reactions for both thermites are:

2Al þ 3CuO ! Al2O3 þ 3Cu ð1Þ

2Al þ Bi2O3 ! Al2O3 þ 2Bi ð2Þ

We vary the equivalence ratio of the nanothermite in
this paper, effectively changing the reactive properties of
the material in order to tailor the thrust generation,
amongst other outcomes. The equivalence ratio is defined
as

f ¼
nfuel

noxidizer

� �
actual

nfuel

noxidizer

� �
stoichiometric

ð3Þ

where n is the number of moles of each reactant [8]. Sam-
ples of nanothermite were prepared at various equivalence
ratios using the procedure detailed below in order to ob-
serve a range of destructive capabilities.

2.2 Nanothermite Preparation

To prepare the aluminum copper (II) oxide and aluminum
bismuth (III) oxide nanothermites, either copper (II) oxide
nanoparticles (Sigma Aldrich, 50 nm) or bismuth (III) oxide
nanoparticles (Nanophase Technologies Corporation,
38 nm) were mixed with aluminum nanoparticles (Novacen-
trix, 80 nm, 82 % active aluminum) and suspended in dime-
thylformamide (DMF). First, the nanoparticles were weighed
for the specified equivalence ratio amounts using an ana-
lytical scale and inserted into a 10 mL plastic syringe (BD,
Slip Tip) [9]. Then, enough DMF was added to the syringe to
make an 8 % volumetric solids loading, and Airtech Flash-
breaker 1 tape was placed over the tip of the syringe to
prevent leaking. During mixing, the syringe plunger was in-
serted to the point of leaving about 1 mL of the syringe
empty in order to allow room for mixing. The syringe was
then loaded into a custom polytetrafluoroethylene (PTFE)
holder and clamped on a LabRAM resonant mixer (Resodyn
Acoustic Mixers, Inc., Butte, MT). The syringe was mixed at
an 80 % intensity for 16 min, with the PTFE holder being in-
verted at the 8 min mark [9].

2.3 Nanothermite Deposition

Immediately after the mixing cycle was complete, the sy-
ringe was removed from the mixing holder and clamped
over a manual X�Y Stage. A 14 gauge syringe tip was
placed on the syringe to improve deposition accuracy and
repeatability. Silicon wafers of two different thickness,
300 mm or 500 mm (Ultrasil Corporation, Hayward, CA,
< 1 0 0 > Orientation), were centered under the syringe tip
on the X�Y stage. The plunger of the syringe was then
pressed until one drop of suspended nanothermite was de-
posited onto the silicon wafer (~33 mL). This volume ap-
proximation was based on the final mass of the nano-
thermite which was an average of 4.25 mg across all
samples. The deposited sample was then allowed to dry for
30 min under a heat lamp to ensure that all of the solvent
had evaporated.

3 Experimental Procedure

3.1 Substrate Destruction

The samples prepared using the methods detailed above
were tested for their fracturing capabilities. The goal was to
demonstrate a range of fracturing to the substrate for both
silicon wafer thicknesses, varying from disintegrating the
substrate to not fracturing it at all. To achieve this destruc-
tion, the samples were placed on a 3D printed fixture simu-
lating a simply-supported structure. The trough support fix-
tures were printed using a Makerbot Replicator Z18 3D
printer and standard Makerbot PLA filament with a reso-
lution 0.2 mm. A side view schematic of the experimental
set up can be seen below in Figure 1. The square wafers,
measuring 13 mm across, were centered over the trough
with 11 mm between the supports. If the support was dam-
aged during the course of experimentation, a replacement
support was used to ensure consistent boundary con-
ditions.

Figure 1. Side view schematic of the substrate destruction ex-
perimental set up.
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The samples were ignited via spark ignition using a ca-
pacitor discharge unit (Information Unlimited, Amherst, NH),
with the leads placed in contact with the sample. Due to
the minimal contact between the leads and the substrate,
the unit was assumed to not be assisting in the fracturing
of the wafer. The samples were ignited on the fixture inside
of a clear acrylic box in an attempt to gather as many rem-
nants of the substrate as possible. Videos of the reaction
were also obtained using a BW Phantom Camera V 7.3 (Vi-
sion Research, Inc, Wayne, NJ) in a schlieren imaging set up
in order to capture videos of any shock waves being pro-
duced. The schlieren imaging was performed using an Ed-
mund Optics (71-013) system which featured aluminized
spherical mirrors with a 15.25 cm diameter and a 152.5 cm
focal distance. The aperture was set at f1/32 on a Nikon ED
AF Micro Nikkor 200 mm 1:4D lens. Typically, a knife-edge is
used to block the beam, but the lens properties allowed the
camera to be placed such that the aperture could be used
as a knife-edge. This generates a schlieren with more uni-
form contrast. The images were recorded at a frame rate of
88,888 frames/s.

3.2 Thrust Experiments

Thrust measurements of duplicate samples were performed
in order to compare the trends of the fracturing data to the
trends of the thrust production from the thermite reaction.
The thrust measurements were taken using a Kistler 9215
force transducer (Kistler Holding AG, Barcelona, Spain) con-
nected to a DPO 4034 1 MHz oscilloscope (Tektronix, Inc,
Beaverton, OR) to record the thrust trace. A DET10 A photo
diode (Thor Labs, Inc, Newton, New Jersey) was used as an
external trigger source. Once the reaction took place, the
diode triggered the oscilloscope, to record the force from
the transducer, as well as the BW Phantom Camera V 7.3.
Thrust measurements were taken using the 500 mm wafers.
The layout of the thrust measurement system can be seen
in Figure 2.

4 Results and Discussion

4.1 Substrate Destruction

Aluminum copper (II) oxide nanothermite was prepared and
deposited at a stoichiometric ratio (f= 1) onto both the
300 mm and 500 mm thick silicon wafers. No fracturing of
the substrate was achieved for either thickness. CHEETAH
7.0 thermochemical code calculations predicted that near
unity stoichiometric ratios would yield maximum gas pro-
duction. Given that this stoichiometry failed to fracture the
substrate (for the volume of material used) and that it was
predicted to yield maximum thrust, no other equivalence
ratios were tested for the aluminum copper (II) oxide nano-
thermite. Aluminum bismuth (III) oxide nanothermite was
prepared and deposited at equivalence ratios of f= 1, 3, 4,
5, and 6 to achieve a range of fracturing. This range of
equivalence ratios was chosen based on CHEETAH 7.0 con-
stant pressure thermochemical calculations, which pre-
dicted a significant reduction in gas production across this
range. For each equivalence ratio, 3 samples were prepared
on wafers of both thicknesses. Four different qualitative
fracture categories were used to describe the fracturing
event. The first category, “Disintegrated”, was used to in-
dicate that no significant shards of the substrate were col-
lected. This type of fracturing would be desirable due to the
impracticality of piecing the device back together for re-
verse engineering for example. The next category, “Frac-
tured”, was used to signify that anywhere from 3–10 shards
of the substrate were collected. “Cleaved” was used to des-
ignate if the reaction event left the wafer in exactly 2
pieces. “No Destruction” was used to categorize those wa-
fers with no visible fracturing. The results of each fracturing
event for the 300 mm and 500 mm thick silicon wafers can
be seen in Tables 1 and 2.

Figure 2. Schematic of the experimental set up used for the re-
ported thrust measurements.

Table 1. Fracture event results obtained for aluminum bismuth (III)
oxide nanothermite on 300 mm thick silicon wafers.

Equivalence Ratio Sample 1 Sample 2 Sample 3

f= 1 Disintegrated Disintegrated Disintegrated
f= 3 Disintegrated Disintegrated Disintegrated
f= 4 Fractured Disintegrated Disintegrated
f= 5 Cleaved Disintegrated Disintegrated
f= 6 No Destruction No Destruction No Destruction

Table 2. Fracture event results obtained for aluminum bismuth (III)
oxide nanothermite on 500 mm thick silicon wafers.

Equivalence Ratio Sample 1 Sample 2 Sample 3

f= 1 Disintegrated Disintegrated Disintegrated
f= 3 Cleaved Disintegrated Disintegrated
f= 4 Cleaved Cleaved No Destruction
f= 5 No Destruction No Destruction No Destruction
f= 6 No Destruction No Destruction No Destruction
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Representative videos of each category of fracturing
were also obtained using the same schlieren set up de-
scribed earlier and are available in the Supplementary Mate-
rials. Still frames of each video, along with representative
before and after pictures of the silicon wafer, can be seen
below in Figures 3–6.

Figure 3 shows representative still frame images of a sili-
con wafer being disintegrated by the aluminum bismuth
(III) oxide nanothermite. Due to the nature of the disintegra-
tion, no before and after pictures were included since a
pulverized powder resulted. The time stamp does not start
exactly at the start of the reaction (t = 0) due to the delay in
the trigger from the photo diode. The substrate is reduced
to dust within 30 ms of the start of the reaction, again leav-
ing no significant remnants of the wafer to be collected. A
visible shock wave can be seen in the first frame of Figure 3,
propagating in front of the gasses being produced. It
should be noted that no visible shock wave was seen with
the aluminum copper (II) oxide samples. This could imply a
relationship between the presence of a visible shock wave
and the fracturing produced, which is discussed later in this
paper.

Figure 4 shows the representative event of a sample
which is categorized as “Fractured”. In this scenario, 3–10
identifiable pieces of the substrate were collected. Still
frames of the event along with before and after pictures of
the substrate are included. The fracturing of the wafer oc-
curred over a much larger time scale when compared to the
“Disintegrated” category, taking almost 200 ms for sig-
nificant damage to be noticed. A shock wave is also present
in the first frame of Figure 4. This type of fracturing leaves
much larger remnants of the wafer behind, opening the
possibility for it to be pieced back together. However, some
of the smaller pieces needed to reconstruct it entirely were
unable to be collected.

Figure 5 shows the representative event of a sample
which is categorized as “Cleaved”. In this scenario, only one

line of fracture resulted from the reaction of the nano-
thermite. Still frames of the cleaving event along with be-
fore and after pictures of the substrate halves are included.
The time scale of the fracturing is comparable to the “Frac-

Figure 3. Still frame images obtained from a representative event in
the “Disintegrated” fracture category. The event shown is of a 300
mm silicon wafer with aluminum bismuth (III) oxide sample at an
equivalence ratio of f= 3.

Figure 4. (a) Still frame images obtained from a representative
event in the “Fractured” fracture category. The event shown is of a
300 mm silicon wafer with aluminum bismuth (III) oxide sample at
an equivalence ratio of f= 4. (b) Image of the nanothermite on sili-
con sample prior to ignition. (c) Image of the nanothermite on sili-
con sample following the event.

Figure 5. (a) Still frame images obtained from a representative
event in the “Cleaved” fracture category. The event shown is of a
500 mm silicon wafer with aluminum bismuth (III) oxide sample at
an equivalence ratio of f= 4. (b) Image of the nanothermite on sili-
con sample prior to ignition. (c) Image of the nanothermite on sili-
con sample following the event.
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tured” scenario, once again taking approximately 200 ms for
cleaving to be noticed. It should also be noted that no visi-
ble shock wave can be seen in Figure 5, implying that a
shock wave is not necessary for fracturing to occur. While
the entire substrate was able to be reconstructed (no small
fragments), this type of damage could be useful if the de-
vice to be secured needed to be rendered inoperable, but
there was no need to protect the information on it or pre-
vent reverse engineering.

Figure 6 shows the event of a sample which is catego-
rized as “No Destruction”. In this scenario, no fracturing of
the wafer occurred during the reaction. Still frames of the
representative event along with before and after pictures of
the wafer can be seen below. Significant charring was left
on the substrate after the reaction took place. This scenario
could be beneficial for heating or shorting an electronic de-
vice, which has been shown to be effective in prior work [6].

4.2 Thrust Measurements

Thrust generation measurements were taken at each of the
equivalence ratios considered to assess the trend between
the level of substrate fracturing and thrust. Figure 7 shows a
representative thrust trace. Slight trigger delays from the
photo diode result in the visible ignition event starting be-
fore t = 0. Oscillations in the signal can be attributed to the
ringing of the test stand at its natural frequency. Figure 8
shows the average peak thrust of 5 samples of each equiv-

alence ratio with the error bars representing the maximum
and minimum peak thrust of the respective data set. As the
equivalence ratio is increased, the average peak thrust de-
creases significantly to a point where there is no significant
thrust generation at f= 6. The trend of the thrust reduction
correlates with the reduction of fracturing as might be ex-
pected.

Thrust generation comparable to the f= 5 aluminum
bismuth (III) oxide nanothermite was achieved using f= 1
aluminum copper (II) oxide nanothermite but resulted in
“No Destruction”. This can be an indication that other fac-
tors, in addition to the peak thrust generated, are causing
the fracturing. One possible factor could be associated with
the time scale over which the reaction takes place. Due to
the reaction speed of the aluminium bismuth (III) oxide
nanothermite, a shock wave is generated at the lower
equivalence ratios (f= 1–4). This shock wave was not seen
in the videos of the aluminum bismuth (III) oxide reactions

Figure 6. (a) Still frame images obtained from a representative
event in the “No Destruction” category. The event shown is of a
500 mm silicon wafer with aluminum bismuth (III) oxide sample at
an equivalence ratio of f= 4. (b) Image of the nanothermite on sili-
con sample prior to ignition. (c) Image of the nanothermite on sili-
con sample following ignition.

Figure 7. A sample thrust trace recovered from an aluminum bis-
muth (III) oxide nanothermite on silicon sample with an equiv-
alence ratio of f= 4.

Figure 8. A plot of measured thrust versus nanothermite equiv-
alence ratio for aluminum bismuth (III) oxide. Note that the error
bars encompass maximum/minimum measured thrust, as obtained
from three samples at each equivalence ratio.
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at the higher equivalence ratios (f= 5–6), likely indicating
the reaction is slowing down as the equivalence ratio is in-
creased [10]. Still frames from the videos of these shock
waves are highlighted in Figure 9. Even though both re-
actions are shown at about the same point physically with
the reactions reaching the end of the sample, the f= 3
sample is reacting approximately 5 times as fast as the f =
6 sample based on the time stamps of the frames. Note that
here the time stamps were adjusted such that t = 0 corre-
lates to the start of the visible reaction.

5 Conclusions

This paper details a quick, inexpensive test that can be used
to characterize the effectiveness of a given energetic mate-
rial to fracture a substrate. Small amounts (~3.5 mg) of alu-
minum copper (II) oxide nanothermite were tested to assess
the material’s destruction capabilities but resulted in no sili-
con wafer fracturing. In contrast, small amounts (~3.9 mg)
of aluminum bismuth (III) oxide nanothermite were shown
to be effective materials for the fracturing of silicon wafers.
Nanothermites were deposited at various stoichiometries
onto two different silicon wafer thicknesses, resulting in var-
ious forms of fracture. The destruction ranged from dis-
integrating the substrate to not fracturing the substrate at
all for the aluminum bismuth (III) oxide system. This data
was compared with thrust measurements. As expected, as
the equivalence ratio was increased, less thrust was gen-
erated, resulting in correspondingly less fracturing of the
substrate. This demonstrates the ability to selectively limit
the destruction of a substrate via tailoring of the equiv-
alence ratio of the deposited nanothermite. The fracturing
resulting from the nanothermite reaction can be used to
render a MEMS or microelectronics device inoperable. Fu-

ture steps toward creating a SecureMEMS device would re-
quire integrating the energetic material with a sensing and
initiation capability, as well as improving the deposition of
the energetic material.
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Figure 9. Still images comparing (a) a representative f= 3 alumi-
num bismuth (III) oxide nanothermite sample ignition to (b) a rep-
resentative f= 6 aluminum bismuth (III) oxide nanothermite sam-
ple ignition. A shock wave is clearly present in (a).
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