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ABStRAct

As a result of the unpredictable nature of extreme environments (including temperature, humidity, impact, 
and other factors), micro-electro-mechanical systems (MEMS) solid-state fuze control modules have an urgent 
requirement for a MEMS solid-state switch (MEMS-S3). In particular, this switch must remain stable without any 
energy input after a state transition (i.e., it must be bistable). In this paper, a MEMS bistable solid-state switch 
(MEMS-bS3) is designed that is based on the concept of producing a micro-explosion. The reliable state switching 
of the MEMS-bS3 is studied via heat conduction theory and verified via both simulations and experimental methods. 
The experimental results show that these switches can produce micro-explosions driven by 33 V/47 μF pulse energy. 
However, the metal film bridge (MFB) structures used in this switch with smaller dimensions (80×20 μm2, 90×30 
μm2, and 100×40 μm2) could not enable the switch to realize a reliable state transition, and the state transition 
rate was less than 40%. When the MFB dimensions reached 120×60 μm2 or 130×70 μm2, the state transition rate 
exceeded 80%, and the response time was on the μs-scale.
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1. INtRoductIoN
The MEMS solid-state fuze has characteristics that 

include no movable parts, high-density integration, and high 
action reliability, and represents the core development direction 
for fuze technology in the near future1. MEMS switches are 
the key elements of MEMS solid-state fuzes and are used to 
ensure both ammunition safety and logic-controlled initiation, 
but these switches need to break through technical bottlenecks 
in terms of miniaturization, high reliability, and bistability2. 
MEMS switches can mainly be divided into MEMS mechanical 
switches and MEMS solid-state switches.

The working principle of MEMS mechanical switches 
is that the switch structure completes either an “OFF-ON” or 
“ON-OFF” state transition under the action of a driving force. 
Depending on the source of the driving force, these switches 
can be divided into environmental force-driven MEMS 
mechanical switches and non-environmental force-driven 

MEMS mechanical switches.
The “spring-mass” mechanical switch based on MEMS 

technology can sense the force environment and make 
the switching state transition on that basis. Many MEMS 
mechanical switches have been reported at recent editions 
of the American Annual Fuze Conference3-6. The reported 
switches could respond to an ammunition launch overload 
or to rotary centrifugation, thus resulting in a state transition. 
Researchers are also trying to make these MEMS mechanical 
switches smart. Guo, et al. studied the integration of the 
MEMS mechanical switch with a locking mechanism7. Kim, 
et al. devised an acceleration-based switch that was capable 
of increasing its threshold acceleration;8 in this switch 
design, comb drive actuators were used to tune the threshold 
acceleration. Nie, et al. proposed a MEMS inertial electrical 
switch based on a spring-proof mass that could identify the 
drop and launch environment.9

The non-environmental forces used in these switches 
mainly include electrothermal expansion force, electrostatic 
force, and electromagnetic force. Li, et al. proposed a state 
transition based on their electrothermal expansion drive 
system; the drive displacement was 231.78 μm and the 
response time was 16 ms10. Hu, et al. subsequently increased 
the driving displacement to 508.98 μm.11 Radio-frequency 
switches have been most widely used to realize the state 
transition principle of the electrostatic drive.12-15 However, 
these switches were rarely used in fuze systems. The 
electromagnetic force for use in these switches comes from 
an electromagnetic coil. Sun, et al. 16 used a MEMS pouring 
process to manufacture electromagnetic coils that could 
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produce forces of 17–40 mN under application of a drive 
voltage of 5 V. In addition. Zhi, et al.17 proposed several types 
of planar micro-electromagnetic actuator that could produce 
an electromagnetic force density of 0.32 mN/A/mm3. Wang, 
et al. 18 proposed a planar-type micro-electromagnetic actuator 
to achieve a higher electromagnetic force density (0.96 mN/A/
mm3). Muralidharan, et al.19 proposed Shape Memory Alloy 
(SMA) bimorph actuator, which can be driven under load of 
30 mg, 45 mg and 60 mg. 

unlike MEMS mechanical switches, MEMS solid-state 
switches have no movable parts. Pennarun et al. realized an 
“ON-OFF” state transition via metal electrothermal fusing20. 
Baginski realized an “OFF-ON” state transition based on 
plasma conduction.21-23 Lou, et al. realized an “OFF-ON” state 
transition under application of a low voltage of 100 V based on 
the corona discharge principle24.

MEMS mechanical switches can cooperate with locking 
mechanisms to realize bistability. However, MEMS mechanical 
switches are generally too bulky for high density integration. 
MEMS solid-state switches can be integrated with higher 
density, but these devices cannot achieve good matching 
between their bistable states and the low-voltage drive.

With the aim of overcoming the MEMS switch bottleneck 
problem described above, a novel MEMS-bS3 is designed, 
manufactured, and tested in this paper. First, the switching 
process between switch states is designed based on the concept 
of producing a micro-explosion, and a theoretical model of 
the core structure’s working characteristics is then established 
based on heat conduction theory. Second, a Computer-Aided 
Design (CAD) model of the switch is established, and the 
Joule heat module in COMSOl Multiphysics software is 
used to perform transient simulations. The simulation results 
are then compared with the theoretical results to verify the 
accuracy of the theoretical model. The manufacturing process 
is then designed and the switch is processed based on silicon 
processing technology. Finally, the switch is tested using a 
self-built testing system.

2. dESIgN ANd pRINcIplE: MEMS-BS3

2.1 design
The MEMS-bS3 model, which is based on the rapid 

temperature rise characteristics of the metal film bridge (MFB) 
structure, is shown in Fig. 1(a) and (b). The core is composed 
of a composite structure of an MFB and an insulated comb 
electrode (conductor layer), in which the insulated comb 
electrode is incorporated in the bottom layer of the core 
structure, the MFB is located in the top layer, and a passivation 
layer is present between these two layers. Figure 1(c) shows 
the state transition process of the MEMS-bS3. The specific 
descriptions for each of the processes are given as follows:

In the initial state, the comb electrode is not conductive • 
and thus presents an insulated state, i.e., the switch is in 
the “OFF” state.
The peripheral energy storage capacitor discharges and • 
the pulse current then flows directly through the MFB.
The MFB characteristically undergoes a rapid temperature • 
rise when a large current flows through it; as a result, a 
temperature difference is generated rapidly between the 

MFB and the adjacent passivation layer, and the heat 
then diffuses from the MFB to the passivation layer. This 
heat causes both the MFB and the passivation layer to 
change from the solid state to the liquid state. Because the 
response speed of this process is on the μs-scale, it can thus 
be considered that the interface between the liquid MFB 
and the liquid passivation layer basically does not move 
during this phase transition process, and the temperature 
continues to rise under the electric heating action.
Appropriate material selection and passivation layer • 
thickness design ensure that the passivation layer reaches 
its vaporization temperature first and thus becomes gaseous 
through a phase transformation. The gas expansion 
pressure in the passivation layer area then increases to 
the point where it causes an explosion, which drives the 
upper MFB metal droplets to splash and expose the lower 
conductor layer.
The metal droplets then splash over the exposed comb • 
electrode structure and the comb electrode is turned on, 
i.e., the switch is now in the “ON” state. This switch 
state can be maintained without further energy input, and 
thus the switching state transition of the MEMS-bS3 is 
realized.

Figure 1. MEMS-bS3 model and state transition process. 
(a) component layers, (b) 3d model, and (c) state 
transition process.

2.2 principle
The MEMS-bS3 state transition must meet the following 

conditions: (1) a rapid temperature rise must occur in the 
MFB; and (2) the adjacent passivation layer must also be 
heated via heat conduction and must vaporize earlier than 
the MFB. The equivalent resistance calculation and the phase 
transition process of the MFB are studied and discussed in 
this paper. Based on heat conduction theory, temperature rise 
models of both the MFB and the adjacent passivation layer are 
established.

The relationship between the input energy and the 
temperature rise in the MFB with the heat exchange process is 
described in Eqn. (1):
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where, Q is the input energy; ρ  is the density; pc  is the constant 
pressure specific heat capacity; k is the thermal conductivity; 
and 2∇  is the laplace operator. The first term on the right 
of Eqn. (1) is the heat diffusion term, which represents the 
increase in internal energy under the action of the heat source; 
the second term is the heat conduction term; the third term 
represents the heat convection, and u


 is the current speed.

By considering the heat exchange between the MFB and the 
exterior, the temperature conduction process can be divided 
into two steps: (1) distribution of the heat inside the structure; 
and (2) heat conduction from the MFB to the lower passivation 
layer. Therefore, Eqn. (1) can be rewritten as Eqn. (2).
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where S is the cross-sectional area of the MFB, and S’ is the 
upper and lower effective surface area of the MFB. For any 
positive unit voxel in the metal bridge, the heat generation 

power is dQ
dt

. At the same time, the metal bridge dissipates 

heat with the characteristic ( ),dQ T t
dt

. After the chip is packaged,  
 
convective heat transfer is then ignored, and Eqn. (2) can be 
simplified to a one-dimensional heat conduction equation. 
The heat transfer model inside the metal bridge is as shown in  
Fig. 2.

The second step can be simplified into a one-dimensional 
heat conduction problem in the H direction. Figure 3 shows the 
heat transfer model of the passivation layer.

Figure 2. Internal heat transfer model of the MFB.

For the L-direction, the boundary conditions are 
given, and Eqn. (2) can be simplified to give Eqn. (3).
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Assuming that the heat transfer coefficient between the 
metal bridge and the passivation layer is a, Eqn. (4) is then 
obtained by integrating Eqn. (3):
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It is assumed here that all heat exchanged comes from the 
heat released by the MFB.
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The solution is then obtained by combining Eqn. (4) with 
Eqn. (5).
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where, S
p

kk =
cρ

 is the physical parameter of the passivation  
 
layer. Because the energy field in a single internal passive 
medium changes continuously with time, the derivative of 

( ),dQ T t-
dt

τ
 with respect to τ in Eqn. (6) is continuous and can  

 
be solved by performing a Taylor expansion at τ=1. The first 
term can be taken to simplify the calculation.
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When the bistable MEMS solid-state switch meets the 

Figure 3. Heat transfer model of the passivation layer.
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following condition given by Eq. (8), a reliable switching state 
can be realized.

 
( ) ( )0, ,vb vpT t T &T H t T< ≥

                   
 (8)

where vbT  is the MFB’s vaporization temperature; and vpT  is 
the passivation layer vaporization temperature.

In short, Eqn. (3) is derived from Eqn. (1) to Eqn. (2) and 
is used to calculate the temperature rise of MFB in L-direction. 
Eqn. (7) is derived from Eqn. (4) to Eqn. (6) and is used to 
calculate the temperature changes of MFB in H-direction. 
Finally, Eqn. (8) is used to judge whether the switch can change 
the state reliably.

3. MultIpHySIcS FIEld-couplINg 
SIMulAtIoNS
The multiphysics field-coupling simulations of the 

MEMS-bS3 were performed using COMSOl Multiphysics 
field simulation software. The simulation mainly calculated 
the temperature rise characteristics of both the MFB and the 
passivation layer under energy input conditions. The simulation 
results were then compared with the theoretical calculation 
results to verify the feasibility of the designed MEMS-bS3 and 
the accuracy of the theoretical model.

Figure 4(a) and (b) show the CAD model of the core 
structure of the MEMS-bS3 (i.e., the MFB, the comb electrode 
layer, and the passivation layer). The bridge area of the MFB 
had dimensions of 130×70×1 μm3 (length × width × height), 
and was made from aluminum; the thickness of the insulating 
passivation layer was 1 μm and the layer material was silicon 
dioxide; and the aluminum comb electrode had a thickness of 
1 μm and an insulation gap size of 5 μm.

The Joule heat module was used to perform the transient 
simulation analysis. As shown in Fig. 4(c) and (d), the 
temperature increases and the heat diffuses from the center of 
the metal bridge region, which can be regarded as the diffusion 
form of hot spot spherical diffusion centered on the bridge 
region.

The temperature growth values at the center point of the 
MFB and on the upper and lower surfaces of the passivation 
layer that were obtained via the multiphysics field simulations 
were extracted. A comparison was then made between the 
theoretical calculations and the simulation results for the 
temperature growth values, with results as shown in Fig. 
5. And the comparison the theoretical parameters with 
simulated was presented in Table 1. As Table 1 shows, 
theoretical calculations and simulations have the same 
parameters in MFB size, the thickness of the insulating 
passage layer and the comb electric layer. However, in 
order to be more reliable, 20 μm- thickness air layer and 20 
μm- thickness silicon substrate are added to the simulation 
model.

As Figure 5 shows, the simulations and the theoretical 
calculations of the three monitoring points show similar 
temperature growth trends, but the temperature growth rate 
obtained from the theoretical calculations is faster. This 
difference occurs because the theoretical model ignored 
both convective heat transfer and the existence of the silicon 
substrate below the comb electrode.

In the multiphysics field simulations, the time required 
for the MFB to reach its material vaporization temperature 
(2750 K) is approximately 7.9 μs; the time required for the 
upper surface of the passivation layer to reach its material 
vaporization temperature (2504 K) is 6.35 μs. The theoretical 
calculations show that the time required for the MFB to reach 
its material vaporization temperature is approximately 5.5 μs; 
the time required for the upper surface of the passivation layer 
to reach its material vaporization temperature is 4.35 μs. These 
results show that local vaporization of the passivation layer 
occurs earlier than vaporization of the MFB. According to both 
the theoretical calculations and the simulations, the timing 
of the action meets the requirements of Eqn. (8), therefore 
meaning that the MEMS-bS3 can change state reliably.

Figure 4. Multiphysics field simulation of the MEMS-bS3. (a), 
(b) cAd model, (c) temperature distribution, and 
(d) temperature contours.

Figure 5. comparison of temperature vs. time characteristics 
obtained via theoretical calculations with those 
obtained via simulations.
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4. FABRIcAtIoN
Deep reactive ion etching (inductively coupled plasma 

(ICP) etching) of the bulk silicon will inevitably reduce the 
surface smoothness of the fabricated device, thus creating 
structural inflection points in the etching region that will 
induce accumulation of static electricity. This will affect the 
function of the MEMS-bS3 to a certain extent, and the MEMS-
bS3 design proposed herein thus used a silicon-based surface 
technology. The fifteen steps involved in the process flow for 
fabrication of the MEMS solid-state switch used herein are 
listed as follows (the sequence is shown in Fig. 6):

The Si (100) substrate with a thickness of 350 μm was 1. 
prepared;
500-nm-thick SiO2. 2 layers were grown on both sides of the 
Si (100) substrate using thermal oxidation at 1050°C;

A 300-nm-thick Al layer was sputter-deposited;3. 
A photoresist (AZ6130) layer was deposited and developed; 4. 
the lithographic photoresist had a development time of 45 
s;
Wet etching of Al was used in lithographic formation of 5. 
the comb electrode conductive layer, and the photoresist 
layer was removed using acetone;
A 400-nm-thick SiO6. 2 layer was deposited by plasma-
enhanced chemical vapor deposition (PECVD);
Step 4 was repeated;7. 
Wet etching of SiO8. 2 was performed using a hydrofluoric 
acid buffer, lithographically forming the passivation and 
the electrical vias;
Step 3 was repeated;9. 
Step 4 was repeated;10. 

parameters theoretical calculations Simulations
MFB size (μm3) 130×70×1 130×70×1
The thickness of the insulating passivation layer (μm) 1 1
The thickness of the comb electrode layer (μm) 1 1
The thickness of air (μm) - 20
The thickness of silicon substrate (μm) - 20

table 1. comparison the theoretical parameters with simulated

Figure 6. Process flow for fabrication of the MEMS-bS3.
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Wet etching of Al was performed for lithographic formation 11. 
of the MFB;
A 550-nm-thick SiO12. 2 layer was deposited by PECVD;
Step 4 was repeated;13. 
Step 8 was repeated;14. 
Alloyed pads were used to form pin pads with oxidation 15. 
resistance.
Figure 7(a) shows an optical microscope image of 

the MEMS-bS3, from which it can be seen that each chip 
contained two independent composite structures composed 
of the MFB and the insulated comb electrode, and the two 
composite structures within the same chip each had the same 
structure and size. The image also shows that the composite 
MFB and insulated comb electrode structures had complete 
morphological characteristics. During processing, the 
thicknesses of the intermediate insulating passivation layer 
(i.e., SiO2) and the MFB (i.e., Al) were observed using a field-
emission scanning electron microscope (see the image in Fig. 
7(b)). The image shows that the thickness of the intermediate 
insulating passivation layer was 395 nm (the designed thickness 
was 400 nm) and the thickness of the MFB was 319 nm (the 
designed thickness was 300 nm). These results show that there 
are slight differences between the actual machined sizes and 
the designed sizes.

discharging circuit included a discharging switch, the energy 
storage capacitor, which had been charged, and the MEMS-bS3 
to be tested.

Figure 7. Images of the MEMS-bS3: (a) optical microscope 
image, and (b) field emission scanning electron 
microscope image.

5. tEStINg
Before testing of the MEMS-bS3 state transition, it was 

necessary to measure the “ON-OFF” characteristics of the 
comb electrode conductive layer and the MFB. In the initial 
state, the comb electrode conductive layer should be “OFF”, 
showing infinite resistance, and the MFB should be “ON” and 
showing a resistance of less than 5 Ω.

The MEMS-bS3 state transition testing described herein 
was performed using a self-built negative pulse discharge 
testing system. A schematic diagram of the test system is 
shown in Fig. 8.

As illustrated by the system diagram in Fig. 8, the testing 
was divided into charging and discharging components. The 
charging circuit included a DC generator, a current limiting 
resistor (1000 Ω), a Schottky diode, an energy storage capacitor 
(47 μF/35 V), and a charging switch. The DC generation device 
could provide a stable DC power supply, and the current limiting 
resistor was used to perform current limiting to prevent the DC 
generator, the Schottky diode, and the energy storage capacitor 
from being burnt by excessive charging currents. Compared 
with normal silicon diode, Schottky diode has the advantage of 
small forward voltage drop and is used in charging circuit. The 

Figure 8. Schematic diagram of the negative pulse discharge 
testing system.

A complete test sequence consisted of two processes: 
charging and discharging. During charging, the discharging 
switch was open and the charging switch was closed. The DC 
generation device charged the energy storage capacitor via the 
current limiting resistor and the Schottky diode, and the voltages 
at both ends of the energy storage capacitor were monitored 
using a voltmeter. After charging, the discharge switch was 
closed directly to turn on both the energy storage capacitor 
and the MBF on the MEMS-bS3, which allowed the capacitive 
energy to return to the negative end of the capacitor through 
the MEMS-bS3 in the form of an instantaneous negative pulse 
discharge. It should be noted here that regardless of whether 
the charging switch is “ON” or “OFF”, the test system ensures 
that the energy that is input through the MEMS-bS3 represents 
100% of the energy from the energy storage capacitor (see 
Fig.9).

Figure 9. Instantaneous negative pulse discharge.

For state transition testing setup, two groups of tungsten 
probes contacted the alloy pad of MFB layer and the alloy pad 
of insulating comb electrode respectively. The MFB layer was 
connected with the negative pulse discharge testing system to 
input the driving energy for the switch to change state. The 
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insulating comb electrode was connected with a high-precision 
multimeter to monitor the change of resistance before and after 
the testing.

State transition testing was carried out for MEMS-bS3 
devices with different bridge area sizes. 10 groups of testing 
were carried out under each working condition. The test 
conditions and the test results are presented in Table 2. The 
results in Table 2 show that the explosion occurred in all the 
MEMS-bS3s, but not all switching states were changed. The 
test results can be summarized as follows: with increasing 
bridge area size, the state switching of the MEMS-bS3 becomes 
more reliable. This is because the explosion produces metal 
droplets with random sizes and random splash arrival areas. 
According to the law of mass conservation, the smaller MFBs 
cannot provide sufficient metal materials to cause the insulated 
comb electrode to become conductive with high probability. 
It should also be noted here that the smaller bridge area heats 
up rapidly, which is not conducive to realization of the state 
transition logic of the MEMS-bS3.

During discharge testing, a high-speed camera was used 
to capture the moment of action (μs-scale) of the MEMS-
bS3 (see Fig. 10(a)). Obvious luminescence was observed, 
as shown in the figure, and this was accompanied by a slight 
sound, indicating the occurrence of the explosion. After 
discharge testing, optical microscope images of the MEMS-
bS3 were acquired as shown in Fig. 10(b), (c), and (d), from 
which it can be seen that the core structure of MFB layer has 
disappeared after the explosion, and there are many droplets of 
random size on the comb electrode structure. It demonstrates 
that the morphological characteristics of the composite 
structure of the MFB and the “insulated” comb electrode had 
changed; the changes were specifically reflected by the fact 
that metal droplets from the MFB were splashed onto the 

MFB (μm)
comb electrode

Input energypre-resistance 
(Ω) post-resistance(Ω)

80×20 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 30V/47μF
90×30 ∞ ∞ 120.8 ∞ ∞ ∞ ∞ ∞ 98.8 ∞ ∞ 30V/47μF
100×40 ∞ ∞ ∞ ∞ 76.3 ∞ ∞ 68.8 ∞ 89.5 ∞ 30V/47μF
120×60 ∞ 56.7 66.3 ∞ 62.6 58.7 ∞ 72.8 77.5 66.4 62.3 30V/47μF
130×70 ∞ 62.3 63.5 58.6 86.4 64.5 59.8 62.4 55.6 54.2 63.8 33V/47μF

table 2. test parameters and test results

Figure 10. photographs of the test process and the results. (a) 
High-speed photographic image of the device, (b) 5× 
optical microscope image, (c) 50× optical microscope 
image, and (d) 100× optical microscope image.

Switch type Mechanical 
switch9

Electrothermal 
switch11

Electromagnetic 
switch16

Electric 
breakdown 
switch24

this work

Switch status Non-solid-state
Bistable

Non-solid-state
Bistable

Non-solid-state
Bistable

Solid-state
Monostable

Solid-state
Bistable

Driving energy
3000 g
launching 
acceleration

15V
DC

5 V
DC

100 V
DC

33 V/47 μF
Pulse

Response time ms-scale ms-scale ms-scale μs-scale μs-scale

table 3. comparison with previously reported MEMS switches

comb electrode structure, thus causing the comb electrode to 
be “uninsulated”.

The comparison with previously reported MEMS switches 
is presented in Table 3. Mechanical switch9, electrothermal 
switch11 and electromagnetic switch16 are better than electric 
breakdown switch24 and this work in the acquisition of driving 
energy during state switching, but they all belong to non-solid 
switches (i.e., difficult to integrate) and have slower response 
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time. Compared with the electric breakdown switch24, this 
work has more advantages in driving energy and bistable states. 
Generally, the thermal battery on the missile can provide the 
driving energy demand of this work.

6. coNcluSIoN
In this paper, we have designed a novel MEMS-bS3 based 

on the concept of production of a micro-explosion. That was, 
the rapid temperature rise, vaporization and explosion of the 
insulating layer made the upper MFB droplets splash randomly 
on the insulating comb electrode, so as to completely change 
the state of the switch. Based on heat conduction theory, we 
have established a theoretical model for the temperature rise 
characteristics of the MFB and the passivation layer of this 
device.

Subsequently, a multiphysics field simulation analysis 
of the proposed device was carried out based on COMSOl 
software. When the same size parameters were input, the 
simulations and the theoretical calculations produced similar 
temperature rise characteristics, but the temperature rise rates 
obtained from the simulation were slower.

using these results, a 4-in silicon wafer was used to 
process the MEMS-bS3.

Finally, using a self-built negative pulse discharge testing 
system, several groups of fabricated switches were tested. 
The experimental results showed that these switches could 
produce the required micro-explosions. However, the smaller 
MFBs (80×20 μm2, 90×30 μm2, and 100×40 μm2) could not 
provide sufficient metal materials to cause the insulated comb 
electrode to become conductive with high probability, and the 
state transition rate was less than 40%. When the dimensions 
of the MFBs reached 120×60 μm2 and 130×70 μm2, the 
switches realized reliable state transitions (the state transition 
rate exceeded 80%) when driven by 33 V/47 μF pulse energy, 
and their response times were on the μs-scale.
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