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Abstract
A novel one-shot valve made using MEMS (Micro-Electro-Mechanical System) technologies has been
designed, fabricated and characterized. The operation of the device is temperature dependent. It
consists in a channel obstructed by a part made of a low melting point alloy. The valve is normallyclosed and opens when the ambient temperature is higher than the melting temperature of the alloy.
The device has been tested for several characteristics. It can withstand pressures up to 24 MPa in
the closed state. Its leakage rate is below 2 × 10−10 mol.s−1 which is the limit of our measurement
system and its temperature sensitivity is better than 3 ◦ C. This device can have applications in
small systems which require gas handling such as portable fuel cells or mini rockets for example.
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I.

INTRODUCTION

By designing devices which simultaneously sense environmental parameters and act on a system, it is possible to avoid a complex aggregation of sensors, controllers
and actuators. This solution is usually achieved by using ’smart materials’. Several examples using hydrogels
and MEMS (Micro-Electro-Mechanical System) technologies have been reported [1–3]. These include micro-valves
and micro-lenses which are sensitive to the pH, temperature or glucose concentration of a surrounding medium.
Other materials have also been used to fabricate one-shot
micro-valves. For example, Griss et al have used expandable micro-spheres to fabricate normally-open one-shot
micro-valves [4]. Above 60 ◦ C, the micro-spheres expand
and obstruct a channel in which they are enclosed. In the
macro-world, low melting point alloys are commonly used
for one-shot valves, either for safety purpose or assembly
[5, 6]. A channel is obstructed by the low melting point
alloy which liquefy above its melting temperature, therefore releasing the channel under the action of a pressure
difference. In this paper, we present a micro-version of
these devices. The down-sizing allows to include the device into portable gas systems such as portable fuel cells,
mini rockets or mini gas turbines.

II.

DESIGN

The basic design of the device is similar to the macroscopic devices presented in the introduction. A scheme
of the cross-section of the device in the closed state is
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shown in Fig. 1. The total dimensions of the device are
3 × 3 × 0.3 mm3 . It consists in a silicon wafer perforated
through its thickness by a channel. The channel is obstructed on its top by chromium and copper layers on
which a low melting point alloy is fixed. The channel is
circular with a radius of 50 or 100 µm. The alloy part
possesses a square base from 300 to 600 µm width depending on the devices. Its height is typically around 80
µm.
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FIG. 1: Scheme showing the cross-section of the device in
the closed position; Tm is the melting temperature of the low
melting point alloy; T is the ambient temperature.

The working principle of the device is as follows. A
scheme of the cross-section of the device in the opening
position is shown in Fig. 2. When the ambient temperature is below the melting temperature of the alloy, this
last is solid. The alloy part is therefore a thick, rigid
part adhering to the silicon wafer via the chromium and
copper layers. As a result it presents a high resistance to
pressure differences across the channel and a low leakage
rate. When the ambient temperature is above the melting
temperature of the alloy, this last becomes liquid. The
resistance to pressure differences is therefore determined
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FIG. 2: Scheme showing the cross-section of the device while
opening; Tm is the melting temperature of the low melting
point alloy; T is the ambient temperature.
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by the one of the chromium and copper layers and is far
lower than that of the thick alloy part.

III.

FIG. 3: Illustration of the fabrication process. a) Aluminum
deposition and patterning; b) Chromium and copper deposition; c) Su8 deposition and patterning; d) Etching of the
channel; e) Low melting point alloy deposition.

FABRICATION

The fabrication process starts with a 300 µm thick
double-side polished silicon wafer. An aluminum layer
is thermally deposited on the back-side and patterned by
photo-lithography and metal etching (Fig. 3-a). This
aluminum layer is to serve as a mask for deep-RIE (Reactive Ion Etching). On the front side, chromium and
copper layers (around 200 nm thick each) are deposited
by sputtering (Fig. 3-b). By using a 2 µm thick su8
photo-resist (su8-2, Microchem), the copper layer is covered except on a square pattern centered with the pattern
of the channel (Fig. 3-c). Using the aluminum layer on
the backside, a channel is etched all-through the thickness of the wafer by using deep-RIE (Fig. 3-d). The
wafer is then dipped into a beaker containing two phases:
on the bottom, the melted alloy and on the top, diluted
HCl (pH ∼ 1). The alloy is composed of Bi, Sn, Pb, Cd
and In with a melting temperature of 47 ◦ C (LMA-117,
Small Parts, Inc.). The temperature of the solution is
kept at 55 ◦ C. The diluted HCl etches the copper oxide
naturally present at the surface of the copper layer. Due
to the different interface tensions of the solder and the
materials of the sample (su8, silicon and aluminum), the
solder only coats the copper parts (Fig. 3e). This process
is detailed in [7]. Each sample is then separated from the
wafer.
Results from the fabrication process are presented in Fig.
4. Fig. 4-a shows a quarter of 3 inch wafer after fabrication on which most of the copper parts are coated with
the alloy. Fig. 4-b shows a SEM micrograph of a crosssection of one device. The maximum height of the alloy
part is around 80 µm. Fig 4-c and d show the device in
the closed and open positions respectively. The open position shows remaining alloy on the copper layer as well
as the channel clearly released. The device was opened
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FIG. 4: a) Front side of a quarter of 3 inch wafer after fabrication. The alloy parts are clearly seen. Bar length is 1 cm;
b) SEM micrograph of the cross section of one device. Bar
length is 400 µm; c) Optical micrograph of the front side of
one device in the closed position. Bar length is 200 µm; d)
Optical micrograph of the front side of one device after being
opened. Bar length is 200 µm.

at 60 ◦ C with a pressure difference of 2.5 ×105 Pa.
IV.

EXPERIMENTAL CHARACTERIZATIONS

Several characteristics of the device have been evaluated
experimentally. The design of the experimental set-up is
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basically similar to the one reported in [8]. However, in
these experiments, the experimental set-up is placed into
a chamber which temperature and relative humidity are
controlled. All the measurements have been performed
with a relative humidity of 50 %.

Sample no
0 1 2 3 4
Width of alloy (µm)
0 400 400 500 600
Opening pressure (kPa) 157 120 128 160 140

TABLE I: Opening pressure for different size of the alloy.
Sample 0 corresponds to Cr and Cu layers with no alloy.
A.

Leakage rate
C.

The leakage rate is measured using the V∆P method
which consists in monitoring the pressure decay of a constant volume of gas connected to the device [9]. The
measurements are performed with hydrogen which, because of its low molar mass (2 g.mol−1 ), is a good choice
to measure tiny physical leaks. The leakage rate of the
device for a pressure difference of 2 × 105 Pa is found
to be similar to the leakage rate of the packaging and is
2 × 10−10 mol.s−1 , which corresponds to 7 years per liter
of hydrogen. The leakage rate of the device is therefore
below this value and is better than most of those of previously reported micro-valves [8]. The experimental set-up
needs to be improved to investigate further the leakage
rate.

B.

Maximum pressure

It is important to know the maximum pressure which
can be withstood by the device in the closed state as
this device can serve as a safety valve for high pressure
tanks. The maximum pressure that can be withstood by
the device is related to the force applied on the solder by
the gas:
Fg = ∆P πRc2 ,

(1)

and the force of adhesion of the chromium layer to the
silicon wafer:

Fa = α Wa2 − πRc2 ,

(2)

with ∆P , the pressure difference across the channel,
Rc the radius of the channel, α the adhesion coefficient
of the chromium layer to the silicon wafer and Wa the
width of the alloy part.
A tungsten wire (2 mm long and 120 µm in diameter)
connected to a traction machine is introduced into the
channel and pushes the alloy part until rupture. The
maximum force before the chromium layer is detached
from the silicon wafer is 0.77 N. Using the geometry of the
device and equations 1 and 2, it is possible to calculate the
adhesion coefficient α. With a channel radius of 100 µm
and width of alloy of 412 µm, the adhesion coefficient is:
α = 5.6×106 N.m−2 . This device can therefore withstand
a maximum pressure difference of 24 MPa.

Opening pressure

When the ambient temperature is above the melting
point of the alloy, this lasts becomes liquid. In this state,
two forces oppose the pressure difference across the channel: the mechanical resistance of the chromium and copper layers, the tension of the air/melted alloy interface.
The mechanical resistance of the chromium and copper
layers is measured on a sample without the alloy part.
The membrane is modeled by an homogeneous membrane
clamped at its edges. From [10], the fracture strength is
given by:
σf =

3∆P Rc2
,
4t2

(3)

where t is the thickness of the membrane. From the experiments, a membrane of radius 100 µm, thickness 400
nm is broken by a pressure difference ∆P = 157000 Pa,
which gives σf = 7 GPa. Equation 3 can be used to design the specific opening pressure of the valve by changing
the thickness and radius of the membrane. The effect of
the surface tension can be estimated by using the following formula:
∆P = 2

σ
,
Rb

with ∆P the over-pressure needed to create a gas bubble
of radius Rb with an interfacial tension σ [11]. The
tension of the alloy/air interface has been reported to
be 0.55 N.m−1 [12]. With a bubble radius equal to the
radius of the channel, the over-pressure to create the gas
bubble is calculated to be only ∆P = 11000 Pa and can
be neglected.
Finally we compare the opening pressure for several devices with different size of solder. The radius of the channel is kept constant at 100 µm. The results are shown in
Tab. I. We can see that the opening pressure is merely independent on the presence and size of the alloy part. The
discrepancies between the opening pressures can be explained by the difference in the thickness of the chromium
and copper layers deposited by sputtering.
D.

Temperature sensitivity and time response

It is important to know the sensitivity of the opening
with respect to temperature, i.e. if the device will
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the device opens 33 s after the ambient temperature has
reached 47 ◦ C. From this we can deduce that the time
response of the device is below this value. The experiment reported in Fig. 5 exhibits a combination of the
temperature sensitivity and time response of the device.
More accurate characterizations are needed in order to
separate these two phenomenons. However, this experiment gives maximum limits for these two characteristics.
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FIG. 5: Temperature sensitivity of the device. Input pressure and temperature as a function of time with increasing
temperature. The output pressure is 101 kPa.

response quickly to a change in the ambient temperature
and how different the opening temperature is from the
melting temperature of the alloy.
The device is placed under a pressure difference of 1.5 ×
105 Pa at 20 ◦ C. The ambient temperature is then raised
at a rate of 0.1 ◦ C.s−1 . The temperature and input pressure in the device as a function of time are reported in
Fig. 5. The drop in the input pressure indicates the
opening of the valve and occurs at 49.7 ◦ C. The melting
point of the alloy is, according to the manufacturer, 47
◦
C. From this measurement we can deduce that the temperature sensitivity of the device is below 3 ◦ C. Moreover,
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