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Novel Electroexplosive Device Incorporating
a Reactive Laminated Metallic Bridge
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The description and characterization of a novel, low � ring-current, semiconductor-based, scaleable monolithic
electroexplosive device is presented. The device consists of a metallic (palladium) bowtie-shaped heating element,
which has been selectively coated with a reactive metal (zirconium) to enhance ignition of a conventionalpyrotech-
nic mix. Integrated diodes provide protection against electro-static discharge events. The device was speci� cally
con� gured to allow ease of interconnect by wirebonds, conductive epoxy, or solder. The structure was fabricated
with conventional microelectronic techniques that allow for very economical manufacturing. Extensive design
validation testing was performed. Parts with <1.2A/1 ms all-� re, >0.5A/10 s no-� re at 99.999% reliability/95%
con� dence and function time to peak pressure of <1 ms were demonstrated.

Nomenclature
D1; D2 = shunting diodes
I = � ring current
Q = � ring energy
R = resistance of bridgewire
T = time period over which � ring current is integrated

I. Introduction

W ITHIN a broad variety of commercial and government ord-
nance systems, there exists an interface that uses electrical

energy to initiate an exothermic reaction (i.e., combustion, de� a-
gration, detonation).1;2 The structure,which performs this function,
is commonly referred to as an electroexplosive device (EED). A
typical EED is illustrated in Fig. 1 (Ref. 1).

The basic components of an EED are a header assembly, which
contains lead pins connected to a thin metallic wire, and a charge
holder, which containsenergeticcompounds.The thin metallicwire
is primarily resistive and commonly referred to as a bridgewire.
Actuation of the device is achieved by passing a current through
the bridgewire until the temperatureof the wire reaches the ignition
point of the priming compound.1

The utilizationof microelectronicfabricationtechniquesprovides
various advantages in the manufacturing of electroexplosive de-
vices. These advantages include the ability to construct large vol-
umes of identicaldeviceswith very repeatablecharacteristicsat low
cost, utilization of feature sizes signi� cantly smaller than what can
be achieved with conventionalbridgewire processes, and the use of
novel bridge materials to enhance ignition and integration of other
electrical components directly on a chip.1¡5

The purpose of this paper is to introduce a solid-state EED that
embodiesallof theadvantagesjustmentioned,plusdemonstratesthe
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ability to generate large amounts of highly reactive plasma at low-
voltage and low-current conditions. The device is compatible with
existing constant current � resets used to drive bridgewires while
providing a reliable (i.e., high plasma output) ignition source.

Aerospace applications include small, fast rocket motor initia-
tors and piston actuators (Data available on-line at http://www.
quanticindustries.com/Quantic/ord.htm). Further advantages of the
device,relativeto bridgewireparts, are fast functiontimes (<0:1 ms)
and low � ring energies (<300 ¹J) while being able to withstand ex-
treme electrostaticdischarge(ESD) conditions,i.e. 25,000-Vpoten-
tial on a 150-pFcapacitordischargedinto the bridge via 150 Ä. The
structure is referred to as a constant current semiconductor bridge
(CCSCB).

II. Fabrication
Starting material for the devices was h111i orientated, 300 mÄ-

cm, 610-¹m thick n-type silicon wafers polished on one side. The
waferswere cleanedand thermallyoxidizedto forma layerof silicon
dioxide(SiO2 ) on the surfacethatwas »D1 ¹m thick.The waferswere
then coated with photoresist, and the SiO2 was selectivelyetched to
form contact windows.

A layer of aluminum(»D1 ¹m) was then sputteredonto the surface
of the wafers and selectively etched to conform to the shape of the
previously etched contact windows. The remaining aluminum was
then alloyed with the silicon at 450±C for 30 min. The resulting
silicon/aluminuminterfacesformedSchottky barrierdiodes D1 and
D2 shown in Fig. 2 (Ref. 6).

A layer of titanium (»D500 ÊA)/palladium(»D2100 ÊA) was deposit-
ed over the aluminum and then selectively patterned to simultane-
ously form a butted contact with the Schottky diodes and a bowtie-
shaped ignition element (i.e., bridge).7 The titanium was deposited
� rst to act as an adhesionpromoter.Palladiumwas used for its resis-
tance to corrosion and relatively high resistivity(9.93 ¹Ä-cm). The
thicknessof the palladiumwas speci� cally chosen to result in a � nal
bridge resistance of 2 Ä (see Fig. 3). The thickness of the bridge
could easily be varied to provide any practical value of resistance
required.

A layer of titanium (»D500 ÊA)/nickel (»D1500 ÊA)/gold (»D1000 ÊA)
was thenselectivelydepositedover the aluminum/palladiumcontact
pads to provide a surface layer, which could be contacted via wire-
bonds, conductiveepoxy,or solder. The titanium was deposited� rst
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Fig. 1 Typical EED.

Fig. 2 Schottky barrier diodes.

Fig. 3 Palladium bridge.

and provides adhesion to the palladium. The nickel was deposited
next to provide a solderable surface material. The gold was then de-
posited to provide an oxidationbarrier for the nickel and can also be
used for wirebond attachment. During soldering, the gold dissolves
into the solder and thereby assists in providing a clean, oxide-free
nickel surface for solder contact (see Fig. 4).

The � nal step in fabrication was the selective application of a
layer of zirconium(»D9000 ÊA) over the bowtie-heatingelement.The
zirconiumserves two primary functions:structuralreinforcementof
the palladiumbridge and a source material for a chemically reactive
plasma. A completed device is shown in Fig. 5. A schematic side
view representationof a device is shown in Fig. 6.

Fig. 4 Titanium/nickel/gold contact pads.

Fig. 5 Complete structure.

Fig. 6 Schematic side view representation of device.
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Fabricated structures had bridge sizes of 15 £ 15 ¹m, 20 £
20 ¹m, 25 £ 25 ¹m, 30 £ 30 ¹m, 35 £ 35 ¹m, and 40 £ 40 ¹m.
Thirty devices of each size were mounted onto standard transistor
outline headers with nonconductiveepoxy. Silver-� lled conductive
epoxy was used to form a connection between the header pins and
the goldcontactpadson thedevices.A metal sleevewas weldedonto
the header to act as a charge holder. Fifty milligrams of zirconium/
potassium perchlorate was poured into the sleeve. The pyrotechnic
was then consolidated at 15 kpsi and a cup welded over the top of
the charge holder to form a hermetic seal. The devices were tested
for � ring characteristicsand ESD insensitivity.

III. Discussion
A lumped-parameter electrical-equivalentmodel of the device is

portrayed in Fig. 7. The structure consists of two diodes D1 and
D2, which are connected, in parallel across the resistance R. The
resistance of the silicon substrate was negligible and is therefore
not included in the model. A typical I-V characteristic of the se-
ries connected diodes is shown in Fig. 8. Actuation of the structure
is accomplished by forcing a current to � ow through the resistor
of suf� cient magnitude and duration to evaporate the zirconium
overcoat. The Schottky diodes were intentionally fabricated with
a breakdown voltage that is slightly higher than the maximum � r-
ing voltage induced across the bridge by the � ring current. The
high breakdown voltage of the diodes ensures that the shunting ele-
ments do not affect the � ring characteristicsof the device. The only
purpose of the diodes is to shunt current from an ESD through
the substrate, thereby protecting the bridge from transient ESD
currents.

Materials that are typicallyused to constructbowties includemet-
als, such as chromium,nickel or nichrome, or semiconductors,such
as silicon.8;9 These materials are generally heated until they vapor-
ize into plasma. The high-temperatureplasma then condenses onto
nearby � ne grain particlesof metal and oxidizer,which results in the
pyrotechnicheating to its ignition temperature.The amount of ther-
mal energy transferred to the mix is proportional to the amount of
vaporized material, which condenses from the plasma. The larger

Fig. 7 Equivalent circuit.

Fig. 8 I-V characteristic of diodes.

the amount of vaporous material that condenses, the greater the
transfer of thermal energy to the mix.

The device is initiatedby passinga current through the palladium
bridge, which results in ohmic heating of the bowtie. To increase
the mass of material available for conversion to plasma without
altering the resistanceof the device, the bridge was overcoatedwith
zirconium. The zirconium makes a poor electrical contact to the
palladium and therefore does not signi� cantly in� uence the overall
resistance of the bridge.

This results in the ability to choose the electrical characteristics
of the heating element independently of the overcoating material.
The bridge element can be fabricatedfrom any material, which pro-
vides the correct electrical properties for the chosen geometry. The
overcoat material does not even need to be electrically conductive.

The ability of the palladium bridge to initiate zirconium potas-
sium perchlorate (ZPP) was greatly enhanced by the addition of the
reactive metal (i.e., zirconium) to the bridge. The visually observed
plasma output of the bridge and its ability to ignite a pyrotechnic
across an airgap (¼1:25 mm) were signi� cantly increased by this
addition.

The composite structure transfers heat via conduction from the
palladium bridge to the zirconium overcoat. This allows for a large
thermal mass (compared to the uncoated palladium) to be heated
until the zirconium vaporizes and forms a plasma. The zirconium
layer acts as a source of a reactive metal plasma during ignition,
which provides substantial thermal output during � ring and allows
the structure to promptly initiate ZPP or other ordnance materials
(i.e., BKNO3).

Observation of the bridge during � ring shows a large plasma
event occurring in less than 50 ¹s or even faster if the bridge is
actuatedwith a current,which signi� cantly exceeds the all-� re level
(i.e., function times less than 3 ¹s have been demonstrated). As the
zirconium plasma condenses onto a particle of oxidizer, it assists
in generating an exothermic reaction. The result is a more uniform
ignitionof the mix. Firing data, which substantiatesthis hypothesis,
will be presented later in the paper.

Another advantageof the overcoat is the structural reinforcement
it provides to the bridge. The observationwas made that rapid heat-
ing and cooling of a bare bridge by repeated electrical excitation
could eventually lead to cracks as the metal suffered mechanical
fatigue and eventual failure.

This tendency was eliminated by the application of the zirco-
nium overcoat. The thick layer of metal composed of the palla-
dium/zirconium laminate is more mechanically robust than just the
thin palladiumbridge.The bridge is thereforemore resistant to frac-
ture caused by thermal and mechanical stress. No cracks were ob-
served in the laminatedbridgeafter repeatedexcitationwith currents
slightly less than (»50 mA) those required to � re the part.
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Fig. 9 Firing current vs bridge size.

IV. Firing Results
A seriesof constantcurrent � ring tests were performedon parts to

examine the all-� re and no-� re current thresholds.The all-� re level
indicates the minimum current that will actuate the device; the no-
� re level indicates the maximum current that will not actuate the
device. A conventionalBruceton test scheme was used to determine
these levels.

The test setup consisted of a constant current source, which was
switched, in series with a bridge for 1 ms. Firing events were
recorded.The resultsareportrayedin Fig. 9.The observationis made
that the � ring current of the devices is directly related to the size
(i.e., length£ width) of the bowtie. The � ring current increases as
the size of the device increases.The � ring energy Q is calculatedas

Q D
Z T

0

.I 2 ¤ R/ dt (1)

where R is the resistance of the bowtie (»2 Ä) and the time period
T over which power is integrated is 0.1 ms. (All bridges � red in less
than 0.1 ms.) A high-speed digital oscilloscope was used to mon-
itor current � owing through and voltage across the device during
� ring. The resistance of the device during a � ring event was then
numerically calculated. The change in resistance during � ring was
observedto benegligible.The smallest bridgewas the most sensitive
with a � ring energy threshold of 98 ¹J and the largest bridge the
least sensitive with a � ring energy of 288 ¹J.

The devices can reliably initiate ZPP with less than 100 ¹J of en-
ergy. It is also apparent that the � ring current scales predictably.The
relationship between bridge size and � ring current provides the ad-
vantageof being able to design and fabricatea device for a speci� ed
� ring current level. A chronological(pre� ring, � ring, post� ring) se-
ries of photographsillustratinga part being � red with a conventional
capacitivedischarge unit (2 ¹F at 30 V) is portrayed in Fig. 10. The
bridge element and a signi� cant portion of the overcoat have been
evaporated.These photographsprovide a qualitative representation
of the plasma burst during a � ring event.

V. Electrostatic Discharge
The behavior of the devices during ESD events was also investi-

gated. The test circuit is illustratedin Fig. 11. The software package
PSPICE was used to simulate what the device experienced during
ESD testing.10 A schematic representation of the lumped parame-
ter PSPICE circuit is shown in Fig. 12. Inductor L2 represents the
parasitic inductance of the test set.

Fig. 10 25 £ 25 ¹m Pd bridge with Zr overcoat � red with 2 uF at
30 V.

Devices with a bowtie size of 35 £ 35 ¹m (with/without shunting
diodes) were tested by discharging a 150-pF capacitor (charged to
25 kV) with a 150-Ä resistor in series into one pin of the part while
grounding the other pin (i.e., pin to pin). All parts without shunting
diodes failed the test and � red.

The discharge was repeated � ve times per part (with shunting
diodes). No deleterious effect (i.e., � ring or change in resistance)
was noted on any device after any tests. Samples of the 35 £ 35 ¹m
device size were then test � red and functioned normally.

Figure 13 illustrates the power and energy coupled to a part with
and without shunting diodes in place. The nonlinear characteristics
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Fig. 11 ESD test circuit.

Fig. 12 Schematic representation of PSPICE circuit.

Fig. 13 Power and energy coupled to bridge during ESD event.

of thediodesshown in Fig.8 weremodeledby thevoltage-dependent
impedancerepresentedby thePSPICE pseudocomponentGTABLE.
The values used to construct GTABLE were determined from nu-
mericalmeasurementson sample devices.The simulationillustrates
that the peak power and energy coupled to a part is on the order of
54 kW and 634 ¹J for a part without shunting diodes and 3 kW and
10 ¹J for a part with shunting diodes. Next generation devices are
being fabricated with even higher levels of ESD protection. These
deviceswill allow substantiallyless ESD current to � ow through the
bridge and therefore signi� cantly lower the coupled energy during
an ESD event.

VI. Design Validation Testing
Design validation tests were run on 612 35 £ 35 ¹m bridges as-

sembled on glass-to-metal headers loaded with consolidated ZPP
and hermeticallysealed.Three-hundred-and-twenty parts were sub-
jected to the following serial environment after initial resistance,
thermal transient, and leak-rate measurements (<1 £ 10¡6 cc/s at
1 atm He): 1) exposure to high-temperature storage of 144 h at
107±C; 2) thermal shock and humidity—6 cycles between ¡40 and
107±C with 12 h at each temperature with less than 3-min transition
between temperatures(1cycleD 24 h); and 3) randomvibrationwith
temperatureper MIL-STD-810 MethodS14:4 categoryI. Three per-
pendicular axis with 8 h at ¡40, 21, and 90±C. Broadband grms in
each axis as follows: z axis 2.209 grms , y axis 1.168 grms , x axis
0.894 grms.

Two-hundred-and-twentyparts were not subject to environments
and were tested as baseline or preenvironment parts. An addi-
tional 72 parts were tested for ESD and 1026 h of monitor current
comprising 38 cycles of 27 h duration with each cycle having 8 h at
¡40, 21, and 90±C.

The environmentally stressed parts and baseline parts were then
tested to determine all-� re and no-� re levels plus function time
beforeand afterenvironments.Prior to these tests resistance,thermal
transient, and leak rates were again veri� ed. The results of these
design validation tests were extremely positive in that parts with
<1.2A/1 ms all-� re, >0:5A/10 s no-� re at 99.999% reliability/95%
con� dence and functiontime to peakpressureof less than 1 ms were
demonstrated as shown in Tables 1 and 2.
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Table 1 All-� re (AF)/no-� re summary

AF at 1 ms, 99.999% AF at 1 ms, 99.999% AF at 1 ms, 99.999% AF at 1 ms, 99.999%
Bond/environment/ at 95% con� dence at 95% con� dence at 95% con� dence at 95% con� dence
no environment ¡40±C C21±C C90±C C21±C

Wirebond 1.037 A NA 0.583 A NA
Wirebond 1.039 A NA 0.617 A NA
Conductive epoxy 1.026 A NA 0.613 A NA
Conductive epoxy 1.040 A 0.997 A 0.613 A 0.605 A

Table 2 Time-to-peak pressure summary in 10 cc closed bomb at 1.7 A/1 ms

Mean Time-to-peak Mean time-to-peak Mean time-to-peak
output pressure/ output pressure/ output pressure/

mean output pressure mean output pressure mean output pressure
Group Bond temperature D 21±C temperature D ¡40±C temperature D C40±C

Baseline Wirebond <0.1 ms/546 psi <0.1 ms/566 psi <0.1 ms/605 psi
Post serial environment Wirebond <0.1 ms/563 psi < 0.1 ms/581 psi <0.1 ms/560 psi
Post ESD Wirebond <0.1 ms/575 psi NA NA
Post monitor current Wirebond <0.1 ms/557 psi NA NA
Baseline Conductive epoxy <0.1 ms/556 psi <0.1 ms/547 psi <0.1 ms/493 psi
Post serial environment Conductive epoxy <0.1 ms/539 psi <0.1 ms/518 psi <0.1 ms/525 psi
Post ESD Conductive epoxy < 0.1 ms/567 psi NA NA
Post monitor current Conductive epoxy <0.1 ms/invalid NA NA

VII. Conclusion
A novelmonolithicEED referredto as theCCSCB has been intro-

duced. The device consists of a palladium bridge-heating element,
which has been selectively coated with zirconium to enhance ig-
nition of a conventional pyrotechnic mix. Integrated diodes were
incorporated into the structure to protect against ESD events. The
device has demonstrated low, predictable � ring currents and ESD
insensitivity. Conventional microelectronic fabrication techniques
were used, which allow for very economical, large-volume manu-
facturing.
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