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ABSTRACT: For small-scale energy applications, energetic materials represent
a high energy density source that, in certain cases, can be accessed with a very
small amount of energy input. Recent advances in microprocessing techniques
allow for the implementation of a porous silicon energetic material onto a
crystalline silicon wafer at the microscale; however, combustion at a small length
scale remains to be fully investigated, particularly with regards to the limitations
of increased relative heat loss during combustion. The present study explores
the critical dimensions of an on-chip porous silicon energetic material (porous
silicon + sodium perchlorate (NaClO4)) required to propagate combustion. We etched ∼97 μm wide and ∼45 μm deep porous
silicon channels that burned at a steady rate of 4.6 m/s, remaining steady across 90° changes in direction. In an effort to minimize
the potential on-chip footprint for energetic porous silicon, we also explored the minimum spacing between porous silicon
channels. We demonstrated independent burning of porous silicon channels at a spacing of <40 μm. Using this spacing, it was
possible to have a flame path length of >0.5 m on a chip surface area of 1.65 cm2. Smaller porous silicon channels of ∼28 μm
wide and ∼14 μm deep were also utilized. These samples propagated combustion, but at times, did so unsteadily. This result may
suggest that we are approaching a critical length scale for self-propagating combustion in a porous silicon energetic material.
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1. INTRODUCTION

An on-chip energetic material is a high energy density system
implemented onto or within a microscale device. This ideally
provides a large potential energy that can be accessed by
initiation with the small amounts of energy available in
microelectromechanical systems (MEMS). There are many
potential applications for on-chip energetic materials including
micropropulsion,1−5 initiation of other energetic materials,6−8

or reactive bonding9,10 because materials can be selected or
tuned to optimize gas, heat, or light production. A handful of
materials including porous silicon, nanothermites, reactive foils,
and traditional high explosives have been utilized in
conjunction with microscale systems. However, the energetic
material itself is often implemented at the millimeter scale or
greater. Ideally, for implementation and use in microscale
devices, the energetic materials should also have a characteristic
size on the same submillimeter scale. Scaling energetic materials
requires addressing several practical issues, namely the fine
patterning of energetics and heat losses during combustion at
the microscale.11

For energetic material combustion propagation, heat from
the reaction must efficiently dissipate to a neighboring region of
unreacted energetic material for it to reach its ignition
temperature and continue the reaction. When dealing with
confined or embedded energetic materials, heat transfer
properties of the surrounding materials are often superior to
those of the energetic material itself, which can result in
considerable heat loss. For small-scale energetic materials,
where total energy production is considerably less than that of a

bulk energetic material, heat loss to surrounding materials can
be enough to quench the reaction. There are limited studies
investigating combustion propagation for energetic materials
where the characteristic length scale is below 1 mm. In one
such study, Tappan et al. demonstrate propagation of lead
styphnate at <100 m/s in confined silicon-based microchannels
300 μm wide and 100 μm deep.12 In a study using similarly
sized stainless steel microchannels, an Al/MoO3 thermite
composite shows combustion propagation at a minimum cross
section of 299 μm wide and 76.2 μm deep and a hydraulic
diameter of 121 μm.13 Propagation at the smallest channel
dimension of this study is observed to be unsteady, but the
authors suggest that propagation is possible down to even
smaller length scales.
Several recent advances in patterning and printing

technologies allow for microscale application of energetic
materials onto a substrate or electrode. These methods include
deposition,12,14−20 spin-coating,21−23 or direct writing.21,24

Deposition demonstrates considerable promise due to the
simplicity of the process and vast material compatibility.
Notable studies include the microscale patterning of pentaer-
ythritol tetranitrate (PETN) through deposition on a silicon
surface using physical vapor deposition (PVD) and a silicon
oxide “lift-off” layer.12,18 A similar vapor deposition technique is
possible for hexanitroazobenzene (HNAB) deposition,14
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suggesting that this method may be suitable for a number of
explosive energetic materials. Nanothermites are patterned in a
similar method using the inherent charge of the metal and
metal oxide nanoparticles in solution to electrophoretically
deposit a film onto a charged electrode.15,16 In a tapered width
test experiment, unconfined Al/CuO films of ∼10 μm thickness
and a width variation of 400−10 μm demonstrate complete
combustion.16 Smaller scale production of energetic materials is
possible, as spin-coating techniques produce features on the
order of 1−10 μm,21,23 and inkjet printing produces samples as
small as ∼90 ng for trace explosive detection studies.24 In these
particular studies at the microscale, combustion behavior is not
explored; however, an actuation study utilizing a cobalt−
manganese-based energetic material demonstrates combustion
for samples down to ∼90 ng.25 Although this study
demonstrates combustion for a very small sample size, the
self-propagation of confined or embedded samples at such
small scales remains to be explored. Reactive nanolaminates are

another class of energetic material that commonly demonstrate
combustion propagation for film thicknesses on the order of 10
μm, but they are typically only constrained in one dimension
(thickness).26,27 In one case where two dimensions were
constrained for reactive bonding purposes, nanolaminates made
of aluminum and palladium with a total thickness of <2.5 μm
demonstrated steady propagation down to a lateral width of 20
μm.28

Another unique method for microscale energetic material
implementation is through porous silicon etching. When
combined with an appropriate oxidizer, porous silicon is an
attractive energetic material and has recently garnered
significant research attention.29−38 Patterning of porous silicon
features is performed with relative ease using standard
photolithography techniques and a protective masking layer
on the wafer surface such as silicon nitride (Si3N4)

29,33−36,39−42

or photoresist.42 The combustion process is the subject of
several comprehensive studies,35,38 demonstrating a wide range

Figure 1. (A) Fabrication steps for the porous silicon energetic material formation. (I) Initial wafer with Si3N4 protective layer (the backside
platinum electrode is not pictured). (II) Photolithography used to selectively remove Si3N4 and the gold bridge wire was applied through sputter
deposition. (III) Galvanic etch used to form porous silicon. (IV) Oxidizer applied to the sample. (B) Picture of a sample with a winding porous
silicon channel. (C) Schematic of the experimental setup for imaging of the winding porous silicon channels. The camera was placed at a slight angle
(θ) requiring a distance conversion when tracking flame travel (Supporting Information).
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of combustion performance with unconfined flame speeds in
the range of 131,38 to 3600 m/s36 for on-chip systems. Although
the planar feature size of samples for porous silicon combustion
studies is typically several millimeters or more, the utilized
microfabrication techniques are capable of producing features
on the microscale with relative ease. In the present study, we
employ a galvanic porous silicon etch technique29,35,43,44 to
implement microscale porous silicon channels on-chip. This
method allowed for variation of the porous silicon pattern,
which permitted implementation of several experiments onto a
single sample. For porous silicon channels that were ∼97 μm
wide, we investigated the propagation speed and the minimum
spacing between channels that allowed for independent
propagation. We also examined combustion propagation in
smaller channels of 28 × 14 μm. These channels were among
the smallest to demonstrate on-chip combustion propagation,
to date.

2. EXPERIMENTAL SECTION
2.1. Formation of Porous Silicon Energetic Material.

Galvanically etched porous silicon was formed on <0.01 Ω·cm
resistivity, ⟨100⟩ orientation, boron doped, p-type silicon wafers with a
double-sided silicon nitride (Si3N4) layer from Rogue Valley
Microdevices (Medford, OR). The primary steps of the on-chip
energetic material fabrication process are depicted in Figure 1A, and
detailed explanations of the galvanic etch process are detailed
elsewhere.29,43,44 In short, the galvanic porous silicon etch utilizes
the inherent charge carriers of the silicon wafer and a platinum coating
on the wafer backside to electrochemically etch the silicon when
placed in a solution of hydrofluoric acid (HF), ethanol (EtOH), and
hydrogen peroxide (H2O2). For platinum deposition, the backside
Si3N4 was removed to allow for a sputter process by LGA Thin Films,
Inc. (Santa Clara, CA, USA). The frontside Si3N4 layer was selectively
removed through a photolithography process to create the desired
pattern for porous silicon. A resulting sample after the photo-
lithography process is shown in Figure 1B. Various patterns of porous
silicon were used with the “pre-etch” channel width designed to be
either 10 or 50 μm. Although these widths were precisely designed in
the photolithography process, an undercutting effect29,45 of the etch
process increased the actual channel width, which we determined with
scanning electron microscopy (SEM). After selective removal of Si3N4,
the wafer was diced into individual strips that were placed into the
etching solution for a set amount of time depending on the desired
etch depth. The makeup of the etch solution has a significant effect on
the final porous silicon film, and in this case, the solution was a 3:1
volumetric ratio of HF/EtOH with 2.4% H2O2 added afterward.
Following porous silicon formation, sodium perchlorate (NaClO4) was
drop cast in a nearly saturated 3.2 M solution onto the wafer surface.
The solution then seeped into the pores of the porous silicon to form
the energetic composite and was dried for ∼30 min in a nitrogen
environment.
2.2. High-Speed Video Analysis. After the energetic material

dried, an electrical pulse triggered the energetic reaction through joule
heating of a patterned gold bridgewire.29,39 This same electrical pulse
simultaneously began an image capture process with a Photron
FASTCAM SA5 high-speed camera at 60 000 frames per second (fps).
A schematic of the experimental setup is provided in Figure 1C. This
figure shows that the camera placement was at a slight angle due to
space restrictions above the porous silicon samples. Due to this camera
angle, we performed additional calculations to determine the flame
travel distance; these calculations are included in the Supporting
Information. All combustion tests were performed in a nitrogen
environment due to the hygroscopic nature of NaClO4, and were
unconfined.
Flame speed analysis was performed using the individual images

taken with the high speed camera. To visually represent the flame path
through the porous silicon channels, MATLAB was used to create a
single agglomerate image of up to several thousand consecutive

images. These images were taken during the combustion process and
represent the overall flame path. The MATLAB program was used to
evaluate the individual high-speed images sequentially, where for each
image, the red, green, and blue (RGB) values were summed for each
pixel and were compared with the RGB sum of the identical pixel of
the previous image. When the pixels from one image were compared
to the next, the higher color value for each of the red, green, or blue
values was retained. This effectively kept the brightest pixels of the two
images for comparison with the next image. The result was that only
the bright features of all images were represented in one final image.
This image alteration process began a set number of images after the
ignition process, as ignition led to a larger flame that optically
saturated part of the remaining flame path.

A similar method was used to plot the flame movement through the
chip and to determine the total distance traveled as a function of time.
For each image, the location of the brightest pixel was taken as the
flame location. For this analysis a 25% threshold intensity was used to
avoid potential noise from bright areas outside of the flame path. The
location was recorded and plotted for each image to track flame
movement. These data were also fit with a Savitzky−Golay filter46 to
better represent the traveled distance.

3. RESULTS AND DISCUSSION
3.1. Demonstration of Small-Scale Porous Silicon

Combustion and Flame Tracking. The small-scale channels
were patterned on-chip in a spiral pattern to investigate the
ability of the energetic material to change direction and
propagate steadily. The width of the as-designed 50 μm wide
channels was actually 97 μm due to undercutting of the etch, as
shown in Figure 2A.
Although Figure 2A was acquired following a combustion

event, the cross-sectional dimensions of the PS channel were
the same before combustion. An agglomerate image of 1080
high-speed images of the flame propagation is shown in Figure
3A. The image collecting process for Figure 3A began at ∼1.2
ms to avoid saturation from the flame after the ignition process.
The inlay of Figure 3A is a single video frame (cropped, but at
the same scale) from this combustion event. The tracking of the
combustion front is shown in Figure 3B, depicting a continual
flame front without the presence of jumping between parallel
channels of the porous silicon. We note that in Figure 3A, in
the bottom right part of the image, a dark region exists in the
flame path. This region appears to be a section of the channel
with inconsistent burning, which may have been due to
inadequate oxidizer application in that region. The distance
traveled by the flame as a function of time is plotted in Figure
3C demonstrating a total length of ∼85 mm at an average
velocity of 4.6 m/s. The actual traveled distance for the flame
was ∼87 mm, suggesting there was some error in the flame
distance calculation; however, this error was relatively small at
2%. From the plot in Figure 3C it is observed that the flame
propagation was steady throughout the combustion process
despite the 90° bends negotiated along the propagation path.

3.2. Determination of Minimum Spacing for Porous
Silicon Combustion. To investigate the minimum allowed
spacing for independent burning of porous silicon channels, we
implemented a single winding porous silicon channel with
decreasing channel spacing, as shown in Figure 4A. On this
sample there were eight different spacings for the porous silicon
channel, which are labeled individually in Figure 4A. The
designed spacing values (ranging from 5 to 3500 μm) are
provided in Table 1. Due to the undercutting effect of the
porous silicon etch, the actual spacings were smaller than
designed. The actual spacing distance was measured using SEM
for sections 5, 6, and 7, and the spacing was consistently 66 μm
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smaller than designed. This value was used to calculate actual
spacing for the sections with larger spacing distances in Table 1.
From the flame tracking in Figure 4B it is apparent that all of

the porous silicon sections were involved in the reaction, even
at the smallest spacing, however it is not clear that the channels
with the smallest spacing burned independently. An expanded
plot of the closely packed porous silicon channels is provided in
Figure 4C. For the sections of porous silicon 1−7, it is evident
that each porous silicon channel burned independently in
Figure 4B and Figure 4C, but set 8 burned as one channel, as is
evident in Figure 4C. Inspection via SEM of section 7 and 8 in
Figure 2B and Figure 2C shows the 34 μm spacing for section
7, but also shows that the undercutting etch resulted in a single
porous silicon strip for section 8. This explains the burning
behavior for section 8 as a single strip, but also demonstrates
that independent burning of porous silicon strips is possible at a
spacing of ∼34 μm. In separate experiments, a spacing of ∼4
μm was utilized, but failed to yield independent burning.
To further demonstrate the ability of closely packed porous

silicon channels to propagate independently, we implemented
an array of winding porous silicon channels with spacing similar
to that of Figure 2A at 34 μm. Figure 5A shows a sample with
closely packed, winding porous silicon channels. It was

expected that this sample would burn independently through-
out the entire chip; however, as shown in Figure 5B, we
observed some inconsistencies in the burning path. Below the
plot in Figure 5B, images are included to demonstrate the
burning in each region. For each of the sections showing
inconsistencies (Figure 5B I, II, and IV), we observed multiple
sections burning at once. Despite these few sections with
inconsistent burning, the majority of the chip burned as
designed with the channels burning independently as in Figure
5B III. With the winding structure tested in this study, the total
flame path length was ∼0.51 m, which with a propagation speed
of 4.6 m/s could produce a burn time of up to 111 ms.

3.3. Heat Transfer for Closely Packed Porous Silicon
Channels. The simultaneous combustion propagation for the
closely packed channels in Figure 5B I, II, and IV could be

Figure 2. (A) Postcombustion SEM image of the cross-section of the
sample in Figure 4. Identical etch conditions were used for the sample
in Figure 3. (B) SEM cross-section image of sections 7 from Figure 4.
(C) SEM cross-section image of section 8 from Figure 4. We note the
spacing in section 7 and 8 was much smaller than originally designed
due to undercutting during the porous silicon etch.

Figure 3. (A) Agglomerate image of a combusting porous silicon spiral
channel with a width of 97 μm, compiled from 1080 images taken at
60 000 fps. (B) Tracked flame position throughout the combustion
process in panel A. (C) Distance traveled by the flame with respect to
time.
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caused by advection of hot particles across the short spacing
between the channels, or by heat conduction through the

substrate. Hot particle advection has demonstrated ignition of
samples at large spacing compared to the length scales of this
study.16 Although particle advection could be a concern for the
combustion of these closely packed porous silicon channels, the
independent burning of the majority of the sample in Figure 5B
leads us to believe that the embedded state of the channels
helped to prevent ignition from particle advection.
To investigate the role of heat conduction at this small

spacing, we calculated the temperature change through the
closely packed silicon channels using eq 1 for transient heat
conduction through a semi-infinite slab with a constant-
temperature boundary condition at the surface:47

α
= − +

⎛
⎝⎜

⎞
⎠⎟T x t T T

x
t

T( , ) ( ) erf
2u i s s

(1)

where, Ts is the surface temperature at the junction between
porous silicon and crystalline silicon during combustion, Ti is
the ambient temperature, Tu is the temperature at the
unreacted surface in Figure 6B, and α is the thermal diffusivity
of silicon at room temperature (9.1 × 10−5 m2 s−1).
The resulting temperature calculations are shown in Figure

6A, assuming a constant temperature for Ts at the melting point
of silicon, 1687 K. After 5 μs, the temperature at the unreacted
porous silicon surface (Tu) is at 660 K, already over the ignition
temperature of the PS/NaClO4 system under slow heating
conditions (∼537 K).48 Considering the reaction speed for the
97 μm channels is ∼4.6 m/s, an assumed 100 μm wide reaction
zone would hold Ts at this constant surface temperature for a
characteristic time of 22 μs; more than the 5 μs required to heat
an adjacent channel to its ignition temperature.
Based on this heat conduction calculation with a temperature

boundary condition of 1687 K, few, if any, of the channels in
Figure 5 ought to burn independently. The fact that we
observed most of them burn independently suggests that we
have overpredicted Ts and/or oversimplified the model. One
factor that may result in a reduced temperature at Ts is the
residue observed at Ts in Figure 2. Energy dispersive X-ray
spectroscopy (EDX) was performed on this residue during
SEM. The results show that the primary element in this residue
is silicon, although the surrounding crystalline silicon could
have skewed this result. As expected, other elements present
were Na, Cl, and O. At this time we cannot definitively
conclude the makeup of this residue, but we believe it was a
combination of unreacted porous silicon, and the reaction
products NaCl and SiO2. Assuming the residue is primarily
unreacted porous silicon, the lower thermal conductivity of the
residue would result in a temperature drop between the actual
reaction temperature and the boundary temperature Ts used in
the model. A lower Ts value would allow most or all of the
channels to burn independently, which seems plausible given
the experimental results observed. Additional analysis is
necessary to better quantify this effect, but the basic heat
transfer analysis presented here is useful to show how one may
go about designing closely packed adjacent energetic channels.
The analysis also shows that we may be near the spacing limit
for these porous silicon channels.

3.4. Combustion Propagation at Smaller Scales. With
the 97 μm wide porous silicon channels, we observed steady
burning. To investigate even smaller channels, we implemented
a designed 10 μm wide winding channel with a similar spacing
setup as that in Figure 4A. After the undercutting of the Si3N4,
the actual porous silicon channel was much wider at 28 μm

Figure 4. (A) Picture of the winding porous silicon channels designed
for testing the critical channel spacing for independent burning. (B)
The tracked flame position throughout the combustion process for the
sample in panel A. (C) Magnified view of the tracked flame position
for sections 6−8 of the spaced porous silicon channels.

Table 1. Designed and Measured Spacing Distance for Each
Section of the Porous Silicon Channel in Figure 4

porous silicon channel group designed spacing (μm) actual spacing (μm)

1 3500 3434
2 2500 2434
3 1500 1434
4 500 434
5 300 234
6 200 134
7 100 34
8 50 0
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with a nearly semicircular cross section with a radius of 14 μm,
as shown in Figure 7.
Flame tracking during combustion for this sample is shown

in Figure 7B, and the distance tracking is presented in Figure
7C. At the start of combustion in Figure 7 panels B and C, it is

clear that there was unsteady combustion propagation. This
unsteadiness may indicate the nearing of a critical dimension
for combustion propagation but could also be due to uneven
oxidizer application in this region. The current method of
oxidizer application leaves considerable residue on the surface,

Figure 5. (A) Winding porous silicon channel designed with 97 μm spacing and an actual spacing similar to that in Figure 2A. (B) The tracked flame
position throughout the combustion process in panel A. The embedded images are single images taken from the indicated positions during the flame
travel to identify the burning behavior in each section.

Figure 6. (A) Transient heat conduction model through crystalline silicon at 5 μs intervals for the model shown in Figure 6B. (B) Schematic for heat
transfer calculation during combustion for the closely packed ∼100 μm porous silicon channels from Figure 5
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and this potential source of variability should be addressed in
future studies. In Figure 7C, at t > 5 ms, the flame propagation
becomes steady at 5.2 m/s, very close to the 4.6 m/s flame
speed demonstrated for the propagation in Figure 3. It is
important to note that despite a region of unsteady propagation
at the start of combustion, the steady propagation for the rest of
the sample shows that steady propagation is possible for
channels at this length scale. Although this combustion
occurred in a much smaller channel, the flame speed is on

the same order as the flame speed through similar material at a
larger scale. We previously investigated combustion through 54
μm deep, 3 mm wide strips of porous silicon using an identical
etch solution and demonstrated a flame speed of 8.0 ± 0.6 m/
s.35

4. CONCLUSIONS
This study demonstrated combustion processes for small-scale
porous silicon channels patterned on-chip. The results were
among the smallest steady combustion propagation events
reported to-date, as we observed a 4.6 m/s propagation speed
in porous silicon channels with cross-sectional dimensions of 97
× 46 μm. For even smaller channels of ∼28 × 14 μm, the
combustion propagation started unsteadily but eventually
transitioned to a steady combustion at 5.2 m/s. The unsteady
combustion may have been due to heat losses to the
surrounding substrate but could also be due to uneven oxidizer
application. Aside from small-scale combustion, we patterned
individual channels in close proximity to investigate the spacing
limit. At a spacing of <40 μm, independent burning of 97 μm
wide porous silicon channels was still observed. This provides
the capability to introduce long flame paths, on the order of 1
m, on a ∼1 cm2 chip surface area. For applications requiring
delays, or longer burn times, this capability could be an
attractive option. First order heat transfer calculations suggest
that for porous silicon combustion we are nearing the length
scale limits for minimum spacing. While some inconsistencies
are still apparent, this technology shows the ability to drastically
reduce the on-chip footprint for energetic materials use with
MEMS while still demonstrating the ability to achieve steady
combustion events. Further studies are required to confirm the
limits of combustion for porous silicon at these length scales,
and ideally, novel ways to reduce this scale to even smaller
lengths may be realized.
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