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A Shock-Induced Pulsed Power Switch Utilizing
Electro-Explosion of Exploding Bridge Wire

Cong Xu , Peng Zhu , Qiu Zhang, Zhi Yang, Ke Wang, and Ruiqi Shen

Abstract—The pulsed power switch plays an important role
in a wide variety of pulsed power applications, such as plasma
science and high-pressure-impact studies. This article develops a
shock-induced pulsed power switch based on electroexplosion of
exploding bridge wire (EBW). The electrical field distribution and
electrothermal coupling of EBW are simulated using COMSOL
Multiphysics software to assess the rationality of structural pa-
rameters. Employing microelectromechanical system technology,
the switches are mass-produced with only three steps, improving
experimental efficiency and lowering the cost. Electrical tests are
conducted at a series of operation voltages varying from 600 to
1800 V, and the results indicated that peak current increases lin-
early with operation voltage, while delay time and rise time all
show a slowly declined trend. A potential conduction mechanism
is discussed for better understanding, and switch resistance is de-
scribed mathematically. Finally, microchip exploding foil initiators
are used as a test vehicle to verify the capability of the switch,
and ultrafine hexanitrostilbene (HNS-IV) pellets are successfully
detonated at 0.15 µF/1300 V after the switch is closed.

Index Terms—Electric breakdown, microelectromechanical
devices, plasma arc devices, pulse power system switches, shock
waves.

I. INTRODUCTION

THE concept of pulsed power technology was born in the
1940s, and became a reality till J. C. Martin compressed

pulse width from ∼μs to ∼ns in the 1960s [1], [2]. A pulsed
power system generally consists of capacitor or inductor-based
energy storage devices, pulsed power switches, transmission
lines, and an objective load. Of particular interest is the pulsed
power switch that transfers the energy stored in capacitor banks
through transmission lines to the objective load within tens or
hundreds of nanoseconds, which determines the output charac-
teristics of pulsed power system, and even success or failure
[3]. Therefore, there are several basic requirements on a pulsed
power switch, such as rapid closure time and low impendence
[4]–[7]. With the development of pulsed power technology, more
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and more switches have appeared, including vacuum switches,
gas switches, oil switches, water switches, magnetic switches,
laser-driven switches, photoconductive switches, semiconductor
switches, and plasma switches [8]–[15]. It is not difficult to
conclude that a switch should be open before closing, since
dielectric material is sandwiched between two conductors, and
should be closed after the dielectric material is removed or
destroyed by external energy, whether photonic, electrical, or
mechanical. Vacuum and gas switches still prevail in the pulsed
power market, though there are many problems to be solved,
such as high cost, requirement of out-gassed materials, and
accurate assembly [16]–[17]. Researchers have attempted to
planarize gas switches using microelectromechanical system
(MEMS) technology, but serious ablation and bad sealing ham-
per further development [18].

Shock-induced dielectric switches are an effective alternative
to vacuum or gas switches. By the 1980s, R. A. Graham had
done much work on the shock-induced electrical conductiv-
ity of polymers [19]. In 1986, D. D. Richardson invented a
fast-turn-ON, low-resistance switch used for slapper detonators;
it closes when the Kapton film between two conductors is
subjected to high-speed impact of a copper flyer driven by
cyclic-[CH2N(NO2)]3 (RDX) powders [17]. In 1993, D. G.
Tasker studied the electrical conductivity of Kapton film under
transverse sweeping detonation waves [20]. In 2009, T. A.
Baginski utilized the electroexplosive effect of a Schottky diode
to destroy the dielectric film between two electrodes and realize
electrical conduction [6]. However, the earlier switches either
contain energetic materials or require tedious preparation.

For this article, a kind of polymer film with high dielec-
tric strength is placed between two copper film electrodes to
withstand high voltage before switching, as shown in Fig. 1.
The top film electrode is etched in a bow tie configuration
to form an exploding bridge wire (EBW). Once the switch S
(i.e., field effect transistor) between the capacitor C1 and top
electrode closes, the EBW is heated by a small amount of energy
stored in capacitor C1, and undergoes a series of phase changes
through solid, liquid, and gas to a plasma state, producing an
electro-explosion shockwave to punch the polymer film. Then,
local failure occurs in the polymer film, resulting in the discharge
of high-voltage capacitor C2, and thousands of amperes form
and oscillate in the capacitor discharge circuit (CDC). Using
MEMS techniques, only three steps were needed: two film elec-
trodes can be prepared by magnetic sputtering and ultraviolet
lithography, and polymer film can be coated by chemical vapor
deposition (CVD). But ahead of this, electrical field distribution
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Fig. 1. Schematic representation of pulsed power switch using parylene as
insulation layer, as presented in this article.

is simulated by the COMSOL Multiphysics software to assess
the dielectric properties of the polymer film, avoiding accidental
electrical breakdown before switching. Electrothermal coupling
simulation of EBW is performed to analyze the temperature
gradient distribution before melting and estimate the energy
needed to explode the EBW. Subsequently, electrical tests are
conducted to obtain some specific parameters, such as delay
time, jitter time, rise time, and peak current, to evaluate the
electrical performance. A potential conduction mechanism is
then discussed, and a resistance model is established to describe
the dynamic switch resistance. Finally, microchip exploding foil
initiators (McEFIs) are taken to validate the capability of the
switch; whether secondary explosives can be initiated is the most
direct proof.

II. DESIGN AND SIMULATION

Due to its excellent characteristics of deposition uniformity,
dielectric strength, and survival in harsh surroundings, parylene
has been widely used as a coating material [21]. In this arti-
cle, one of the parylene family, parylene type C with nominal
dielectric strength of 220 MV/m, is chosen as the dielectric
film sandwiched between two film electrodes. In practice, it
withstands less than the theoretical voltage because of inevitable
defects in thin film and the influence of electrode shape [22],
so it is necessary to predict the electrical field distribution,
especially locally, to avoid accidental dielectric breakdowns
before switching.

The COMSOL Multiphysics software is used to estimate
the electrical field distribution under high voltage. We assume
the two film electrodes are each 3.6 μm thick, parylene C is
25μm thick, and the top electrode is perpendicular to the bottom
electrode, as shown in Fig. 1. The relationship between the
potential function ϕ and electrical field E is

E = −∇ϕ. (1)

Combined with Maxwell’s equations

∇ ·D = ρ (2)

Fig. 2. Electrical field distribution of pulsed power switch under 2000 V.
(a) Close-up view. (b) Equipotential lines at point 1. (c) Equipotential lines
at point 2.

and

D = εE. (3)

Poisson’s equation is derived as

−∇ · (ε∇ϕ) = ρ, (4)

where D is the electric displacement, C/m2; ε is the dielectric
constant, C2/N/m2; and ρ is the volumetric charge density, C/m3.
A positive voltage of 2000 V is applied on the bottom electrode
to obtain an electrical field distribution, as shown in Fig. 2(a).
Owing to the symmetry in the switch structure, the electrical
field distribution is also symmetric. It is clear that the electrical
field mainly concentrates at slices 1 and 2, especially points 1
and 2. In Fig. 2(b), the maximum value occurs at the margin of
the parylene C film, about 28 MV/m in the bottom electrode and
6 MV/m in parylene C film, which is much less than 220 MV/m.
In Fig. 2(c), the electrical field concentrates at the margin of
the top electrode as well as its counterpart area in the bottom
electrode, resulting in interior polarization in parylene C film;
however, the maximum value is only 3 MV/m. Apparently, the
thickness of parylene C is safe enough, even if there exists some
internal defects in the thin film.
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Fig. 3. Electrothermal coupling simulation of EBW of size 80 µm × 10 µm × 2 µm under sine current i(t) = 100 sin(1.57×107t).

The size of the EBW is also crucial in a pulsed power switch.
If the size is large, then the EBW will consume too much energy,
bringing some burdens to the trigger circuit. However, a small
size generates a smaller shock pressure, which is detrimental to
shock the parylene C film. Furthermore, the heating stage before
melting has an important effect on the subsequent ionization
process. The EBW is expected to be heated uniformly and
exploded synchronously. As a result, an electrothermal analysis
should be performed in the design stage. Actually, the essence
of electrothermal coupling simulation is the solution of the
transient heat conduction equation [23]

cvρm
∂T

∂t
= σe|E|2 +∇ · (k∇T ) (5)

where cv is the heat capacity of the volume of copper, J/kg/K; ρ
is the density of copper, kg/m3; T is the temperature, K; t is the
time, s; σe is the electrical conductivity, S/m; E is the electrical
field, V/m; and k is the heat conductivity, W/m/K. However, the
heat capacity, heat conductivity, and electrical conductivity are
functions of the temperature, and can be described empirically
as

cv = 0.1004T + 355.21 (6)

k = −0.0685T + 420.75 (7)

σe =
[
−4.12× 10−10 + 0.113× 10−5(T/11604)1.145

]−1

.

(8)

Moreover, the process should be in accordance with the
continuity equation of charge transport in the conductor

∇ · J = E · ∇σe + σe∇ ·E = 0 (9)

where J is the current density, A/m2. The length, width, and
height of a copper EBW are 80, 10, and 2 μm, respectively.
Assuming the current across the EBW rises to 100 A within
100 ns, it can be simplified to a sine curve

i (t) = 100 sin
(
1.57× 107t

)
. (10)

COMSOL Multiphysics was used to obtain the temperature
gradient distribution of the EBW before melting. Electrothermal
coupling results at different times are shown in Fig. 3. Fig. 3(a)
was acquired at t = 16 ns, there is a tiny rise in temperature at
this moment. With the continuous injection of current, the global
temperature of the EBW rises faster and faster, and reaches the
melting point (1358 K) at t = 36 ns, as shown in Fig. 3(f). It
should be noted that the areas adjacent to the EBW are also
affected. The temperature is highest at the interior and gradually
decreases toward the outer regions. In a word, the EBW is heated
uniformly, which differs from an exploding bridge foil, whose
temperature rise first appears at the corners; this is because the
EBW is so slim that the width effect is almost negligible.

III. EXPERIMENTAL SETUP

The pulsed power switches were fabricated on 50.8 mm ×
50.8 mm ceramic substrate using MEMS technology. Before
sputtering the bottom copper electrode, 100 nm of tungsten-
titanium layer was overcoated on the substrate. The tungsten was
used as an antiablation layer to prevent the copper layer from
being ablated by high-temperature plasmas, and the titanium was
utilized as an adhesive to bond different components. After the
deposition of 3.6 μm of copper, the electrode shape was etched
by ultraviolet lithography. Coupling agent was then sprayed on
the bottom copper layer to enhance the adhesion force of the
polymer film, and 25μm of parylene C film was coated by CVD,
which is an in situ preparation technology that contains vapor-
ization, pyrolysis of dimmer, and polymerization of monomer.
After that, the top electrode was prepared with same methods as
before, and it consists of the following layers: W/Ti-Cu-W/Ti-
Au. The gold layer was added to protect the copper layer from
oxidation. Fig. 4(a) shows the prepared samples after dicing;
36 switches were obtained at one time. Fig. 4(b) and (c) are
photographs showing individual unit and local details of EBW,
respectively. Finally, an epoxy pouring sealant was dripped onto
the EBW and cured at 65 °C for two hours, as shown in Fig. 4(d),
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Fig. 4. Photographs of prepared samples. (a) After dicing. (b) Individual unit.
(c) Local details of EBW. (d) After encapsulation.

Fig. 5. Schematic representation of the fireset used to characterize the pulsed
power switch.

to better confine the electroexplosion plasma for shocking the
parylene C film.

Before detailing experimental measurements, we should
make clear which parameters can serve as evaluation criterion to
judge whether the switch is good or not. Some parameters often
used in vacuum or gas switches, including delay time, jitter time,
peak current, and rise time, were applied to quantify the electrical
performance of the pulsed power switch [16]. Delay time is often
defined as the time from the start of trigger pulse to the start of
high-current pulse. An insulated gate bipolar transistor (IGBT),
the switch S shown in Fig. 1, was used to control the discharge of
capacitor C1, so the delay time should be counted from the start
of gate voltage to IGBT. As every switch exhibits an uncertain
delay time, jitter time is used to describe the time difference
among the switches, which is a vital indicator of switch stability.
Peak current and rise time that are the most important parameters
represent the amplitude and width of high-current pulse.

In the experimental setup, two multilayer ceramic capacitors
C1 and C2 were set to 1 μF and 0.15, respectively, and the
switch S was an IXYT80N90C3 type IGBT. The voltage and
current signals of interest were captured by high-voltage dif-
ferential probes and Rogowski coils, respectively, and recorded
using a high-speed digital oscilloscope, as shown in Fig. 5.

Fig. 6. Electrical curves of pulsed power switch at 0.15 µF/800 V. The dark
green line shows the gate voltage of IGBT, the red and blue lines represent the
EBW voltage and EBW current, and the green and magenta lines represent the
switch voltage and switch current, respectively. (a) Overall curves. (b) Local
details.

IV. RESULTS AND DISCUSSION

Fig. 6(a) is a typical plot of the firing data of the pulsed
power switch operated at 800 V, while the capacitor C1 is
charged to 200 V. The dark green, red, blue, green, and magenta
lines represent the gate voltage Ug of the IGBT, EBW voltage
U1, EBW current I1, switch voltage U2, and switch current I2
respectively. The delay time can clearly be divided into four
stages. In the first stage, a pathway forms between the emitter
and collector electrodes of the IGBT after the gate electrode
receives a trigger signal (8 V), which is labeled as t1, about
63 ns. After 70 ns (labeled as t2), the EBW voltage U1 and
EBW current I1 almost peak simultaneously. At this point, the
EBW is heated and exploded by the heat induced by the current
across it. In the third stage, surplus energy stored in capacitor C1

is continuously coupled into the copper vapors, leading to ion-
ization of copper atoms and shock pressure of tens of MPa. In
the last stage, the parylene C film is broken down under the
electro-explosion shockwave, and the switch voltage U2 drops
sharply, as shown in Fig. 6(b). After 7.2 ns (labeled as t4), the
capacitor C2 begins to discharge, and the switch current I2 flows
through the parylene C film and reaches a maximum value of
1731 A within 64 ns, which is much less than vacuum switches
and Baginski’s single shot switch (100 ns) [6]. We also found
that the switch current I2 only has one or two oscillation periods,
unlike vacuum switches, which can oscillate many times. By
solving Kirchhoff’s equation, a transient current expression can
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be obtained

i (t) =
U0

ωL
sin (ωt) e−βt (11)

where U0 is the initial voltage of capacitor C2, and ω and
β, respectively, represent the angular frequency and attenua-
tion coefficient, which are relevant to the inductance L and
resistance R of the CDC

ω =

√
1

LC
− R2

4L2
(12)

β =
R

2L
. (13)

Apparently, the smaller the inductance L, the greater the
attenuation coefficient β, and the faster the switch current I2
returns to zero. By derivation of (11)

i′ (t) =
U0

ωL

[
ωcos (ωt) e−βt − βsin (ωt) e−βt

]
. (14)

When t = 0, (14) can be simplified as

i′ (0) =
U0

L
(15)

and the inductance L can be estimated as

L =
U0

i′ (0)
. (16)

According to the peak and rise time of the switch current I2,
it can be simplified to a sine expression

i (t) = 1731 sin
(
2.45× 107t

)
. (17)

Given the initial voltage (800 V), we calculate the inductance
is 18.8 nH.

A series of operation voltages varying from 600 to 1800 V
were applied on the capacitor C2 to study the electrical perfor-
mance of the switch. Five shots were made at each data point,
and the results are plotted in Fig. 7. In Fig. 7(a), the relationship
between peak current and operation voltage is almost linear,
which means that the switch resistance is constant. When the
switch current comes to summit, we know sin(ωt) = 1, then
(11) can be simplified as

i(t)max =
U0

ωL
e−βt. (18)

If the fireset was fixed, the resistance R and inductance L
are invariable, and the angular frequency ω and attenuation
coefficient β are also invariable. Equation (18) is transformed in

i(t)max = c · U0 (19)

where c is a constant. Fig. 7(b) shows that the delay time
decreases slowly as the operation voltage increases, which re-
veals that the dielectric breakdown is also dominated by the
operation voltage. The higher the operation voltage, the higher
the polarization. Under the electroexplosion shockwave, it is
more prone to dielectric breakdown at higher electrical field.
The delay time and rise time also fluctuate up and down with
tolerances of tens or hundreds of nanoseconds, perhaps because
the ionization process and electrode ablation are unstable.

Fig. 7. Peak currents, delay times, and rise times under different operation
voltages varying from 600 to 1800 V with a step length of 200 V.

Fig. 8. Illustration of shockwave propagation after the electro-explosion of
EBW.

V. CONDUCTION MECHANISM AND RESISTANCE MODEL

After the EBW is exploded, electro-explosion shockwaves
propagate simultaneously toward the pouring sealant and pary-
lene C film with shock velocities of DS and DP , respectively, as
depicted in Fig. 8. When the shockwave in parylene C interferes
between the parylene C and the bottom electrode, a reflection
shockwave generates and propagates in the opposite direction, as
the shockwave impedance of copper (ρD)Cu is higher than that
of parylene C. However, the wave impedance of the mixture of
copper vapors and plasmas is lower than that of parylene C, and
thus a rarefaction wave occurs and unloads the shock pressure
when the reflection wave interferes between the parylene C
and copper vapors. The duration time of the shock pressure
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clearly is

t =
2dP
DP

(20)

where dP and DP are, respectively, the thickness and shock
velocity in the parylene C film. We know that the former is at
the μm level, and the latter is at the km/s level, so the duration
time is several or tens of nanoseconds, which is in accordance
with the t4 in Fig. 6(b). In fact, the switch can be considered as
a capacitor before switching, and its capacitance is obtained by

C =
εS

4πkd
. (21)

In physical experiment, it can also be measured by

C =
Q

U
. (22)

Using a simple LCR meter, the switch capacitance was easily
measured as 8.7 pF. The essence of the switching process is the
failure of capacitor. Dielectric breakdown mainly includes three
basic processes: space charge injection, treeing initiation, and
treeing expansion. Space charge generally refers to the trapped
charge, that is, the charge that stays in the dielectric after being
trapped. Traps can be caused by contamination during produc-
tion, machining, or application. Treeing breakdown occurs in
the detrapping process of trapped charge. When the external
environment provides appropriate stimulation to these trapped
charges, such as the sudden rise of high electric field, mechanical
stress or temperature, the electromechanical energy around the
charge will be released rapidly. If the detrapping time of trapped
charge is less than the relaxation time of the dielectric, the energy
is enough to break the bond of polymer composition. After the
initiation of the branch, the space charge will be distributed at
the top of the branch through the microchannel network. The
electric field at the location of the charge distribution will be
greatly enhanced, and the treeing will develop forward. Finally,
a plasma channel forms between the two electrodes, and the
switch turns on, which allows the high voltage to arc across the
two electrodes [6].

D. D. Richardson [24] found that the switch resistance is
variable, and developed a dynamic switch resistance model with
two assumptions: the switch resistance immediately drops from
infinity to some value R0; and after a certain time ts passes,
the switch resistance drops linearly from R0 to 0. L. Nappert
made corrections: the drop in switch resistance from infinity to
R0 takes some time; and the switch resistance will not reach
zero, but rather a constant value (about 0.1 Ω) [25]. For the
switch proposed in this article, the drop time from infinity to R0

can be negligible, since the polarization inside parylene C film
is established for an instant once applying high voltage to the
two electrodes. When the switch turns ON, the switch resistance
drops from R0 to R1 linearly in some time ts. After that, the
switch resistance is constant. Therefore, the switch resistance
model can be described as{

Rs (t) = R0 × ts−t
ts

+R1, 0 < t ≤ ts

Rs (t) = R1, ts < t < t1
(23)

Fig. 9. Comparison between the fitting curves (blue dashed line) and the switch
current (red solid line) obtained at 0.15 µF/800 V.

where R0 and R1 are, respectively, the resistance before and
after switching. In Fig. 6(b), the operation voltage drops linearly
from 815 to 698 V within 7.2 ns, and the current still maintains
at zero, which means that the switch resistance drops linearly
during switching.

As for the switch resistance after switching, we used a math-
ematical software such as MATHEMATICA to obtain fitting
curves. Fig. 9 presents the comparison between the fitting curves
and experimental curve obtained at 0.15 μF/800 V. Clearly, the
resistance R after switching is not invariable, even including
the inductance L. In the first quarter of the first period, the
calculated curve fits well with the experimental curve when
the resistance R and inductance L are assumed as 80 mΩ and
24 nH, respectively. In the second quarter, the resistance R and
inductance L change into 220 mΩ and 12 nH, perhaps due to the
ablation uncertainty resulting from the high-temperature plasma
arc inside the parylene C film. However, the first quarter is the
focus for researchers on pulsed power switch. In a sense, the
above resistance model is applicable.

VI. EXPERIMENTAL VALIDATION

An exploding foil initiator (EFI) is an inline flyer-initiating
device, consists of a tamper, bridge foil, flyer, barrel, and sec-
ondary explosives [26]. When high-current pulse flows through
the bridge foil, the narrowest portion will be exploded into
plasma to shear out the flyer at the edges of the barrel, and the
flyer is then accelerated inside the barrel up to several km/s
to impact high explosive, resulting in detonation [27]. With
the development of miniature and low-energy EFIs, microchip
EFIs (McEFIs) have been prepared with MEMS technology to
form a monolithic structure [28]. In this paper, McEFIs were
used as a vehicle to validate the capability of the switch. The
energy stored in the capacitor is transferred though the switch
presented in this document into the bridge foil to drive the plastic
flyer to initiate the secondary explosives, as shown in Fig. 10.
The McEFIs are made of 3.6-μm-thick bridge foil deposited by
magnetron sputtering, 25-μm-thick parylene C flyer coated by
CVD, and a 400-μm-thick SU-8 barrel patterned by ultraviolet
lithography. The ultrafine hexanitrostilbene (HNS-IV) powders
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Fig. 10. Schematic representation of the fireset used to function an exploding
foil initiator.

were prepared by microfluidic recrystallization [29]. The Bruce-
ton method, also called “up and down,” was employed to explore
the minimum initiation voltage. Finally, HNS-IV pellets were
initiated reliably above 0.15 μF/1300 V.

VII. CONCLUSION

A sandwich structure pulsed power switch based on the
electro-explosion of EBW has been introduced. Employing the
multiphysics coupling software, the electrical field distribution
and temperature gradient distribution of an EBW were obtained
to assess its feasibility and rationality. The results indicated that
25μm of parylene C film can withstand 2000 V without electrical
breakdown, and the EBW can be heated uniformly by a sine
current with amplitude of 100 A and rise time of 100 ns. Using
MEMS technology, the switches were mass-produced in only
three steps, improving experimental efficiency and lowering the
cost, which is extremely attractive for low-cost applications and
destructive tests. Electrical characterizations were conducted at
a series of operation voltages ranging from 600 to 1800 V, with
a step length of 200 V. We found that the peak current increases
in proportion with the rise of operation voltage, and the delay
time and rise time show an insignificant downward trend. The
conduction mechanism and dynamic resistance model of the
switch were established and discussed, and it was concluded that
the switch resistance drops linearly during switching, and is then
constant. Finally, McEFIs were utilized to verify the switching
capability of the switch. The bridge foil was exploded by pulse
current after the switch closed, resulting in flyer acceleration and
shock initiation. These results demonstrated the effectiveness of
the pulsed power switch.
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