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In many industrial applications there is a need for microvalves meeting requirements
like small form factor, low weight, high flow rate, short response time and low power
consumption.  Especially for pneumatic applications, there is a need for microvalves with
a normally-closed, 3-way functionality.  In this paper, we present a microvalve which
meets the requirement described above and which is used in a gas chromatography
application due its small dead volume.  At the moment, it is used in a space flight mission
because of its resistance against mechanical vibration and variation in temperature.  The
microvalve is fabricated by silicon micromachining including a three layer full wafer bond
process.  The silicon chip stack is mounted onto a ceramic substrate which is covered by a
plastic cap.  To control the valve a low power driver electronics chip, able to convert TTL
levels to the actuation voltage of 200 V is assembled directly on top of the microvalve.  Due
to the electrostatic actuation principle and the low power electronics, the peak power
consumption of the valve is below 10 mW and the response time is less than 1 ms.  The flow
rate of the microvalve is in the range of 500 sccm and the presented version is designed to
operate in a pressure range of up to 8 bar.

1. Introduction

In many industrial fields, especially in automation, there is a trend towards
decentralisation and intelligent, stand-alone operating sub systems.  A pneumatic cylinder
containing microvalves, sensors and control electronics could be such a sub system which



58 Sensors and Materials, Vol. 19, No. 1 (2007)

is able to carry out commands independently as well as doing self diagnostics.  Ideally such
a cylinder only needs the pneumatic interfaces for the pressurized air and an electronic
interface for information exchange, but no additional interface for electrical power.  This
trend leads to the need of miniaturized components with low power consumption meeting
the requirements for industrial applications.  Microvalves for industrial, pneumatic appli-
cations must have a 3-way normally-closed functionality, a high air flow, a low leakage
rate, a short response time, a wide temperature range (–40 to 80°C) and have to operate in
the standard pressure range of 0 to 8 bar (8×105 Pa).  To work in sub systems with power
provided for example by serial interfaces the power consumption has to be as low as
possible.  To enable the integration in sub systems like pneumatic cylinders, the outer
dimensions of the valve have to be as small as possible.  Ideally the form factor should be
compatible with standard pneumatics, where the width of the valves is standardized and 10
mm is the smallest standard at present.

In the past several microvalves with different actuation principles were presented.(1–8)

All of these valves show very good properties for special applications, but up to now there
is no microvalve which meets all the requirements mentioned before.  A very important
requirement for pneumatic applications is the 3-way normally-closed functionality of the
valve.  Beside inlet and outlet port, 3-way valves embody a third port, the exhaust.  The
inlet port is connected to the pressure supply, the outlet port is connected to the load (e.g.,
a pneumatic cylinder).  The exhaust is connected to ambient.  In the normal, unactuated
state the inlet port of normally-closed 3-way valves is blocked and the outlet is connected
to the exhaust.  In the actuated state the pressure (inlet port) is connected to the outlet port
while the port to ambient is blocked.  By switching between these two states the pressure at
the outlet can be switched between supply pressure and ambient pressure which enables
pneumatic work to be performed at the outlet port (e.g., move a pneumatic cylinder).

The electrostatically driven microvalve we are presenting is the first normally-closed 3-
way electrostatically driven microvalve.  Figure 1 shows a photograph of the microvalve
with removed plastic cap.

2. Design and Layout

The design of the 3-way microvalve is an advancement of the 2-way design we
presented earlier.(9)  Figure 2 shows a cross-section of the 3-way silicon microvalve chip
fabricated by silicon micromachining.

The silicon microvalve itself consists of three layers.  The bottom chip contains the
outlet and the exhaust port.  The movable valve plate is part of the plate chip and the cover
chip contains the pressure (inlet) port.  In order to realize a normally-closed valve function
the pressure port must be sealed against an inlet pressure of up to 8 bar (8×105 Pa) in the
unactuated state of the valve.  This task is done by pre-stressing the valve plate.  The valve
seat of the pressure port is raised by a few micrometers (zp) with reference to the outer area
of the chip.  This elevation is realised by wet chemical etching of the outer area of the chip.
When mounting the cover chip to the plate chip the raised area leads to a deflection of the
valve plate and thus to a pre-stressed valve plate suspension which works as a spring.

The normally closed function is guaranteed when the restoring force of the pre-stressed
suspension is higher than the force resulting from the inlet pressure.  The electrostatic
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actuation principle was chosen for its low power consumption, independence from the
ambient temperature, fast response time and unique possibility for integration within
silicon bulk micromachining.  By applying a voltage between bottom and plate chip, an
electrostatic field is generated in the air gap between valve plate and bottom chip.  The
resulting electrostatic force moves the valve plate towards the bottom chip.  An insulation
layer prevents short circuits.  The deflection of the valve plate leads to a resulting force of
the valve plate suspension which works against the electrostatic force.  Figure 3 shows a
schematic drawing of the plate chip.

Fig. 2.    Cross-sectional, schematic view of the silicon microvalve.

Fig. 1.    Photograph of the microvalve with removed plastic cap.
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The valve plate is suspended on four elastic beams having a trapezoid shape.  The reset
force of the valve plate suspension can be calculated as follows:

Fres = k·z (1)

where z is the actual deflection of the valve plate and k is the stiffness (spring constant) of
the suspensions.  For the small deflection of the beam, which is below 5% of its thickness,
a linear spring constant can be assumed.  For the trapezium shape it can be calculated
according to the following equation:

(2)

where E is the Young’s modulus and v is Poisson’s ratio.  The geometrical parameters b1,
b2, h and l are the geometrical dimensions of the trapezium shaped elastic beams and are
shown in Fig. 3.

Fig. 3.   Schematic drawing of the plate chip.
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The electrostatic force, induced by the applied electrical field can be calculated using
the following equation:
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where ε0 is the permittivity, κair and κin are the dielectric constants for air and the insulation
layer.  Ael is the electrostatically active surface, Ue is the voltage applied, din is the thickness
of the insulation layers and s is the initial air gap height.  The equilibrium of the mechanical
reset force (eq. (1)) and the electrostatic actuation force (eq. (3)) considering eq. (2) leads
to the following equation where seff = s+din/κin is the effective air gap distance between the
electrodes (valve plate / bottom chip) and it is assumed that κair = 1.
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This equation describes the deflection of the valve plate depending on the electrical
voltage applied.  In the range 0 ≤ z/seff < 1/3 the deflection z of the valve plate is stable, for
z/seff  ≥ 1/3 the deflection is unstable(12) and the valve plate snaps down to the bottom chip
and seals the exhaust.  The solution of the cubic eq. (4) leads to the switching voltage where
the deflection gets unstable of:
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In the case of the design presented in Fig. 2 the pre-stress distance zp has to be
considered which is leading to eq. (6).
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If the voltage applied to the microvalve is higher than Us, the valve plate snaps down to the
bottom chip and seals the exhaust.  To keep the switching voltage in a reasonable range of
below 200 V the air gap distance has to be less than 5 μm, considering that k is 50 kN/m, Ael

is 15 mm2 and zp is 2.5 μm.
The force induced by the pneumatic pressure is not considered in eq. (1) because it acts

in the same direction as the electrostatic force and leads to a reduced switching voltage.
Thus, in terms of the switching voltage eq. (1) represents the worst case when no pressure
is applied to the valve.  Consequently, the valve plate suspensions have to be weak enough,
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so that the relatively low electrostatic force is sufficient to deflect the valve plate.  On the
other hand, when the maximum pressure of 8 bar (8×105 Pa) is applied and the electrostatic
field is off, the valve plate suspensions have to be stiff enough to move the valve plate back.

To minimize the forces induced by the pneumatic pressure on the valve plate, the valve
is designed in a way that the pressure difference between inlet and outlet only works on the
small area within the valve seat area.  Thus, a high pneumatic pressure can be controlled
using a relatively small electrostatic force as earlier presented by Huff et al.(5)

The flow rate of the valve is mainly influenced by the highest flow resistance in the
valve which is in the area of the valve seats and is determined by the smallest cross-section
for the air flow.  Taking the very small air gap distance into account the smallest cross-
section for the flow is determined by the perimeter length of the valve seat multiplied with
the air gap distance.  To achieve a maximum flow rate, the perimeter length of the valve
seat has to be as long as possible but keeping the enclosed area of the valve seat as small as
possible.  This approach to increase the flow rate of microvalves was already earlier
presented in refs. 18–21.  One method to increase the perimeter length while keeping the
enclosed surface constant is to use a meandered valve seat as presented in refs. 9–11.
Another method to optimise the flow rate of microvalves is to use multiple orifices and thus
to increase the ration between perimeter length to enclosed area of the valve seat.  This
approach was presented in refs. 13, 16 and 17 and could be used for further optimisation of
the microvalve presented here.

To be able to estimate the flow rate of the microvalve by analytical means, some
assumptions and simplifications are necessary.  It is assumed that the velocity of the
inflowing gas is negligible compared to the velocity at the smallest cross-section (nozzle).
Thus, a steady state expansion flow can be presumed.

Furthermore, it is assumed that the change of state is isentropic.  After ref. 14, these
assumptions lead to the following eq. (7):

ṁ A
p
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This equation describes the mass flow through a nozzle, where μM is an empirically
determined factor taking into account friction and the shape of the nozzle.  AM is the area of
the smallest cross-section (nozzle).  The absolute pressure at the inlet of the valve is p’1 and
v1=1/ρ1 is the reciprocal value of the gas density at the inlet of the valve.  ψA,2 is a
nondimensional term and calculated from the following equation:
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ψA,2 is only depending on the ratio between the absolute pressure at the outlet p’2 and the
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absolute pressure at the inlet p’1 and the adiabatic exponent γ which is the ratio of specific
heats cp / cv and depending on the type of gas (γ =1.4 for air).  ψA,2 has a parabolic shape
starting at ψA,2  = 0 for a pressure ratio p’2 / p’1 = 1.  If the pressure ratio is decreasing, ψA,2

increases up to its maximum
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at the Laval (or critical) pressure ratio of:

P Pkr L≡ =
+

⎛
⎝⎜

⎞
⎠⎟

−2
1

1

γ

γ
γ

(10)

If the pressure ratio decreases further, ψA,2 and thus the mass flow through the nozzle
stays constant.

For pneumatic valves the volume flow V̇  is used to specify the flow characteristic of
valves.  Since it depends on the actual pressure, the temperature and the density of the
medium the volume flow with reference to standard conditions (p’s, Ts see Table 1) is used.
The standard volume flow (standard flow rate) V̇S  can be calculated using the following
equation:
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The mass flow through a nozzle is the same at each position (before and behind).  The
standard flow rate depends on the density ρs, respectively the gas constant R, the tempera-
ture Ts and the absolute pressure p’s.  Using eq. (11) the standard volume flow through the
microvalve can be calculated to be V̇S  = 556 sccm (standard cubic centimetres per minute)
considering the parameters, listed in Table 1.  The area of the smallest cross-section

Parameter p´1 p´2,p´S AM μm γ R TS

(Pa) (Pa) (m2) (l) (l)         
J

kg K⋅
⎛
⎝⎜

⎞
⎠⎟         (K)

Value 7×105 1.013×105 1.125×10-8 0.6 1.4 287 293.15

Table 1
List of parameters for the calculation of the volume flow.
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(nozzle) AM in Table 1 is calculated by the perimeter length of the valve seat Pv = 3.75×10–3 m
multiplied with the air gap distance s = 3×10–6 m.  The calculated volume flow rate is valid
for the flow from the pressure port to the outlet port in the actuated state of the valve as well
as for the flow from the outlet port to the exhaust in the not actuated state of the valve.  In
this calculation only the biggest flow resistance in the area of the valve seat is taken into
account.  Further flow resistances are considered neglected.  Also, the reduction of the air
gap distance as a consequence of the inlet pressure causing a warpage of the cover chip is
not considered in the calculation.  Taking these simplifications into account, the measured
flow rate should be smaller than the calculated value.

3. Fabrication

The actual microvalve is manufactured by silicon bulk micromachining.  The three
silicon layers are structured separately by wet and dry etching technologies.  In the
following, the process steps for the three layers are described.

3.1 Bottom chip wafer
For the fabrication of the bottom chips, a double side polished (100)-oriented n-doped

silicon wafer with a thickness of 525 μm and a resistivity of  1–10 Ωcm is used.  In a first
step the wafer is coated with a silicon dioxide layer (Fig. 4(a)) acting as a mask for the
following wet-etching.  After coating both wafer sides with a photo resist, the structures of
the first mask are exposed to the top side (TS) of the wafer (Fig. 4(b)).  In the following
step, the silicon dioxide layer is removed in the exposed areas and after that, the photo resist
is removed from both sides of the wafer (Fig. 4(c)).

A 33% potassium hydroxide solution (KOH) at 60°C is used to etch the structures of the
first mask into the TS of the silicon wafer (Fig. 4(d)).  The resulting structures act as spacers
(not visible in Fig. 2) to prevent sticking of the valve plate to the bottom chip in the
microvalve.   In the next step, both sides of the wafer are coated with a double layer of
silicon dioxide and silicon nitride, acting as the mask for the following KOH-etching.  The
second mask is exposed to the bottom side (BS) of the wafer and the silicon nitride is
structured by a dry etching process.  The silicon dioxide layer which lies beneath, is
removed by a wet chemical process (Fig. 4(e)).  In the following KOH-etch process (at
80°C) deep cavities are structured into the BS of the wafer.  After that, the silicon dioxide
/ nitride double layer is removed from both sides by wet chemical etching (Fig. 4(f)).

After the deposition of a silicon dioxide layer on both sides of the wafer an the exposure
of the third mask, the valve seats are structured from the TS of the wafer using a deep
reactive ion etching (DRIE) process (Fig. 4(g)).  The silicon dioxide layer on the BS acts as
the stop layer for the DRIE process and prevents a break through in the areas of the outlet
and exhaust ports (see Fig. 2).  In the last step, the remaining silicon dioxide is removed by
wet chemical etching.

3.2 Valve plate wafer
For the fabrication of the valve plate chips, a double side polished (100)-oriented n-

doped silicon wafer with a thickness of 525 μm and a resistivity of 1–10 Ωcm is used.  In
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Fig. 4.    Schematic drawing of the process sequence for the fabrication of the bottom chips.

the first step, the wafer is coated with a silicon dioxide layer.  After exposing the first mask
to the BS of the wafer ( Fig. 5(a)), 5 μm deep cavities are KOH-etched (at 60°C) into this
side ( Fig. 5(b)).  The depth of these cavities later defines the air gap distance of the
microvalves (see Fig. 2).

After the deposition of a silicon oxide / nitride double layer on both sides, the second
mask is exposed to the TS and the double layer is opened in the exposed areas (Fig. 5(c)).
After that, a second silicon oxide / nitride double layer is deposited on both sides and the
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After that, a second silicon oxide / nitride double layer is deposited on both sides and the
third mask is exposed to the TS of the wafer.  The top silicon nitride layer is removed in the
exposed areas from the TS and on the complete wafer area on the BS using a dry etching
process.  The silicon oxide beneath is afterwards removed by wet-etching (Fig. 5(d)).  After
that,  the silicon wafer is KOH-etched (at 80°C) from the TS (Fig. 5(e)) and the fourth mask
is deposited and structured from the BS.  In the next step the KOH-etching is continued
from both sides until the skinniest area has a thickness of about 50 μm.  After that, the top

Fig. 5.    Schematic drawing of the process sequence for the fabrication of the valve plate chips.
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silicon dioxide / nitride double layer from the TS of the wafer is removed.
With this step, the silicon dioxide / nitride double layer beneath, containing the

structures of the second mask (see above) is uncovered (Fig. 5(g)).  The KOH-etching is
now continued until the valve plate and the valve plate suspensions are completely formed.
In the last step, the silicon dioxide / nitride double layer is completely removed from both
sides by wet-etching (Fig. 5(h)).

3.3 Cover chip wafer
For the fabrication of the valve plate chips, a double side polished (100)-oriented n-

doped silicon on insulator (SOI) wafer with a total thickness of 525 μm and a resistivity of
1–10 Ωcm is used.  The thickness of the buried oxide is 200 nm and the thickness of the
silicon layer on top of the oxide is 2 μm (Fig. 6(a)).

In the first step a silicon dioxide / nitride double layer is deposited on both sides of the

Fig. 6.   Schematic drawing of the process sequence for the fabrication of the cover chips.
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exposed areas (Fig. 6(b)).  In the following step, cavities are etched from the TS of the
wafer, using the wet-chemical KOH-process at 80°C.  In the next step, the second mask is
exposed to the BS.  After removing the silicon dioxide / nitride double layer in the exposed
areas of the BS (Fig. 6(c)), the KOH-etching is continued on both sides until the buried
silicon dioxide layer is uncovered.  In the following step, the silicon nitride layer on the TS
of the wafer is removed by a dry etching process.  After that, the uncovered oxide layer on
the BS and the oxide layer on the TS are removed by a wet-chemical process step (Fig.
6(d)).  In the next step, only the TS of the wafer is coated with silicon dioxide using a
PECVD-process.  After coating the BS with a photo resist, the third mask is exposed to this
side of the wafer.  This mask is used to structure the valve seats of the cover chips.
Therefore, at first, a dry etching process is used to remove the silicon dioxide / nitride
double layer which is still existing in the middle of the cover chips.  After that, the 2 μm
thick silicon layer is removed by DRIE.  This process stops at the buried oxide layer which
is in the following process step removed by dry etching.  The DRIE process is then
continued and the structures of the third mask (containing the valve seat structures) are
etched into the silicon wafer from the BS (Fig. 6(f)).  The silicon dioxide on  the TS acts as
the stop layer for the DRIE process and prevents a breakthrough in the area of the pressure
port (see Fig. 2).  The photo resist on the BS of the wafer is removed by a plasma process.
To remove the silicon dioxide on the BS a wet-etch process is used (Fig. 6(g)).

The resulting valve seat structures in the middle of the chips are raised by 2.5 μm ± 0.2
μm (zp) with reference to the outer area of the chip.

When bonding the three wafers (bottom, valve plate and cover chip wafer) together,
this raised area deflects the valve plates and thus creates the pre-stressing of the valve plate
suspensions.  The silicon nitride layer, which is on top of the valve seat structure of the
cover chips prevents a bonding of the valve seat structures to the valve plates and thus
guarantees its movability.

3.4 Full wafer bonding and packaging
After structuring, the valve plate wafer is coated with an insulation layer (silicon

dioxide) of 1 μm thickness, which is also used as the bonding layer for the silicon wafer
bonding process.  In the next step, the three wafers (bottom, valve plate and cover chip
wafer) are cleaned in order to obtain hydrophilic wafer surfaces.   A silicon wafer bond
process is used to bond the three wafers together.  In a first step of this process the wafers
are aligned and stacked one upon the other.  The mask-and bond-aligner of Electronic
Visions type AL6-2RG is used for this process step.  Then, the wafer stack is pressed
together using the full wafer bonder type EV500 of Electronics Visions, in order to bring
the wafers in contact and to pre-stress the valve plate suspensions.  In the next step, the
wafer stack is annealed at 1100°C for 3 h in nitrogen atmosphere.

A dry etch process is used, to remove the silicon dioxide from the area, where the valve
plate chip has to be electrically contacted (by wire bonding) in the following packaging
process (see Fig. 7).  After that, aluminium is sputtered to both sides of the wafer stack to
enable the electrical contacting of the valve in the packaging process afterwards.  After
mounting the wafer stack on a sawing tape, it is diced into separate chips using a dicing
saw.  To prevent water contamination from the saw, the wafer stack is covered by a
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Fig. 7.   Packaging concept of the microvalve.

transparent tape which is mounted on top.  A thorough investigation of the microvalves
showed, that water inside a microvalve after dicing is solely caused by failures from the full
wafer bond process.  This water can be optically detected in the form of small droplets at
the inner side of the tape covering the cover chip wafer during the dicing process.  Valves
which show such droplets after dicing have to be sorted out.  This is a simple method to
monitor the quality of the bonding process.

Figure 8 shows the packaging concept.  The silicon valve chip is mounted to a ceramic
substrate which contains two metal pads made by screen printing.  The bottom chip of the
valve is connected to the first pad using electrically conductive adhesive.  The plate chip is
connected to the second pad by wire bonding.  The two pads are connected to contact pins
also using electrically conductive adhesive.  The contact pins are used as the external
electrical interface to the valve.

All three pneumatic ports are at the bottom side of the ceramic substrate.  The outlet and
exhaust port of the ceramic substrate are directly connected to the outlet and exhaust of the
silicon valve chip.  The seal between the outlet and exhaust is realized by the gluing process
which is also used to mount the valve chip to the ceramic substrate and to electrically
contact the bottom chip as described above.  This seal is not shown in Fig. 8.  The pressure
port of the ceramic substrate is connected to a small channel inside the plastic cap which
conducts the pressure through a particle filter to the top side of the valve (Fig. 7).  The filter
is made of a polysulphone membrane with a pore size of 0.2 μm.  Due to the fact, that the
plastic cap is made by injection moulding, the small channel inside the plastic cap has an
opening to the side of the cap (see Fig. 7).  A steel ball is pressed into this opening in order
to close it.

The plastic cap is mounted to the ceramic substrate using snap-on connections.  A seal
between ceramic substrate and plastic cap prevents leakage.  The completely assembled
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microvalve can be mounted onto an adapter block using screws.  A flat seal between valve
and adapter block prevents leakage and “cross-talk” between the different ports.  The outer
dimensions of the valve chip are 6×6×1.5 mm3, the outer dimensions of the packaged valve
are 16×10×7 mm3.

A driver electronics which converts a 3 V input voltage into 200 V output voltage is
placed on top of the completely assembled microvalve.  The overall power consumption is
approximtely 10 mW.  Figure 9 shows the completely assembled microvalve with the
unpackaged driver electronics on top.

4. Measurement Results

To characterize a 3-way valve different measurements have to be carried out.  The
pressure values p1, p2 and p3 used in the following are pressure values relative to ambient
pressure.  Figure 10 shows the typical flow rate from the pressure port to the outlet port.

Fig. 8.   Cross-sectional view of the microvalve assembly.
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Fig. 9.   Completely assembled 3-way microvalve with driver electronics mounted on top.

Fig. 10. Measured flow rate from pressure to outlet port versus pressure at  pressure port (1 bar = 105

Pa).

Four different valves of the same type were measured.  Due to the high quality full-
wafer-bond only small variations occur between the different valves of the same type.  The
principal setup used for this measurement is shown in Fig. 11.   The measurements were
taken, with a voltage of Ue = 200 V applied to the valve.  In this state the exhaust port is
blocked by the valve plate and air flows from the pressure port to the outlet port.  Outlet
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Fig. 11.   Setup for the measurement of the flow rate from pressure port 1 to outlet port 2.

port and exhaust port are connected to ambient pressure.  The flow rate is measured at the
outlet port.  At a pressure difference of 6 bar (6×105 Pa), which is the standard pressure for
pneumatic applications, the air flow is approximately 475 sccm.

In Fig. 12 the leak rate at the exhaust port for the above mentioned state of the valve is
shown.  The setup for this measurement is shown in Fig. 13.  At a pressure difference of 6
bar the leak rate is below 1 sccm which is approximately 0.2% of the maximum flow rate.
The noise in the measurement results for higher pressures is caused by the measurement
precision of the flow meter which was used, because the leak rate of the microvalve is at the
bottom of its measurement range.  For low pressures the leak rate increases.  The reason for
this is, that the applied pressure leads to a force on the valve plate and supports the sealing
at the valve seat of the exhaust port.  Thus, if the pressure gets higher, the force on the valve
plate increases and the sealing is better.

In the basic state of the valve, with no voltage applied, the pressure port is blocked by
the valve plate.  The air flows from the outlet port to the exhaust port where the air flow is
measured.  To perform this measurement, the pressure is simultaneously applied to the
outlet port and pressure port.  Figure 13 in principle shows this measurement setup.  The
only difference is that the applied voltage is Ue = 0 V.  The maximum flow rates for the four
measured valves vary between 350 and 450 sccm (see Fig. 14).  The flow rate decreases for
pressures above 6 bar, contrary to what normally would be expected.  The reason for this is
the pressure difference between inside and outside the silicon microvalve which causes a
warpage of the cover chip and thus a reduction of the air gap distance at the valve seat and
consequently a decrease in flow rate.  The pressure inside the silicon microvalve is lower
than the applied pressure, because of internal flow resistances.
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Fig. 12.   Leak rate at exhaust versus pressure at outlet port 2.

Figure 15 shows the typical hysteresis of the electrostatic actuation principle.  The air
flow from the pressure port to the outlet port versus the applied voltage is shown.  The setup
shown in Fig. 11 is used for this investigation.  When no voltage is applied the valve plate

Fig. 13.   Setup for the measurement of the leak rate to the exhaust port 3.
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seals the pressure port.  At the switching voltage Us,1 of about 60 V the valve plate snaps in
its second stable position and seals the exhaust port.  The air flow from inlet port to outlet
port is approximately 475 sccm.  The voltage Us,2 where the valve plate moves back in its
original position is lower, because the effective distance seff between the electrodes is lower
than in the original position.  Thus the electrostatic force at a given voltage is higher.

The switching voltage Us,1 depends on the inlet pressure, because the inlet pressure
induces a force to the valve plate.  Figure 16 shows the mean values of Us,1 and Us,2 vs the
pressure at the pressure port of the four measured valves.  The variations in the measure-
ment results are caused by fabrication tolerances and the measurement accuracy.  The
pressure dependence of the switching voltage Us,1 can clearly be seen.  Us,2 also depends on
the inlet pressure.  The pressure difference between inside and outside of the silicon
microvalve causes a deformation which leads to a change in the effective distance of the
electrodes and thus to a change in Us,2.  Electrostatic charging of the dielectric, which
occurs during operation of the valve and leads to a change in the switching voltage, is a
known problem for electrostatic micro actuation units.(15)  To prevent this effect, the driver
electronics was designed in a way, that the polarity of the output voltage is reversed every
time, a voltage is applied to the valve.  If the voltage is applied for a longer period, the
polarity of the voltage is reversed every second.

In Fig. 17 the mechanical response time of the valve plate is shown.  The movement of
the valve plate was measured by using an optical distance sensor.  For this measurement,
the cover chip was removed from the valve to provide access to the valve plate.  This
investigation was carried out at atmospheric pressure.  By applying a step function input of
200 V between bottom and plate chip the valve plate moves within less than 0.5 ms.

Fig. 14. Measured flow rate from outlet to exhaust port versus pressure at outlet port (1 bar = 105 Pa).
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Fig. 16.   Switching voltages Us,1 and Us,2 versus pressure at pressure port 1.

Fig. 15.   Flow rate from pressure to outlet port vs applied voltage.
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5. Conclusion

We have presented a normally-closed 3-way silicon microvalve meeting industrial
requirements such as small size, fast switching times and low power consumption.  It was
shown that this valve is able to control the required pressure of 6 bar which is used as a
standard in industry.  The overall power consumption of the valve is less than 10 mW,
enabling the simple control of the valve using logic signals (3–5 V, ~2 mA) without an
additional power supply.

The valve chips were completely fabricated using silicon micromachining.  The 3 layer
wafer stack was bonded by a silicon wafer bond process, generating a pre-stress to the
valve plate in order to seal the pressure port against a pneumatic pressure of up to 8 bar
(8×105 Pa).  It can be seen from Figs. 10, 13, 14 and 16 that the fabrication on full wafer
level results in a very good homogeneity of the manufactured valves.
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