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ENHANCING STABILITY AND REDUCING TEMPERATURE FACTOR
IN A MICROMECHANICAL DEVICE

The present invention relates to a method, according to the preamble of Claim 1, for
improving stability in a micro-mechanical sensor. The invention also relates to a

corresponding micro-mechanical sensor.

A method of this kind can be used in a micro-mechanical sensor that comprises a part
that is arranged to move and a fixed electrode. The parts usually contain different kinds
of materials, so that a built-in voltage is associated with the construction. The built-in

voltage typically varies as a function of time, which causes instability in the sensor.

The invention also relates to a method, according to the preamble of Claim 8, for

reducing the temperature dependence of a micro-mechanical component.

A method of this kind can be used in a micro-mechanical component, for example in a
sensor, which comprises a part that is arranged to move and a fixed electrode. The part
that is arranged to move is usually made from a semiconductor material, for example
silicon. Due to the temperature coefficient of the semiconductor material, the mechanical
properties of the component vary as a function of temperature, so that the component

also gains a significant temperature coefficient.

One object of the invention is to reduce the instability arising from the change in built-in

voltage.

A second object of the invention is to reduce the temperature coefficient of the

component.

The invention is based on connecting to the component a direct-current voltage that is

suitable relative to the built-in voltage.

According to one aspect of the invention, the stability of the sensor is improved by

connecting to the sensor a direct-current voltage that at least partly compensates for the
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built-in voltage. If the absolute value of the sum of the compensating dc voltage and the
built-in voltage is less that the absolute value of the built-in voltage, the response of the
sensor will be less sensitive to a change in the built-in voltage. If the absolute value of

the sum of the dc voltage and the built-in voltage is made very small, the stability of the

sensor will improve very significantly.

Micromechanical components usually contain different kinds of materials, so that a
built-in voltage is associated with the construction. The built-in voltage typically has a
quite significant temperature coefficient. According to another aspect of the invention, a
dc voltage is connected in series with the built-in voltage, the magnitude of which dc
voltage is selected in such a way that the effect of the temperate change of the built-in
voltage at least partly compensates for the effect that the temperature change of the

mechanical properties of the component has on the quantity given by the component.

More specifically, one method according to the invention is characterized by what is
stated in the characterizing portion of Claim 1. Another method according to the
invention is, in turn, characterized by what is stated in the characterizing portion of
Claim 8. The sensor according to the invention is, in turn, characterized by what is stated

in the characterizing portion of Claim 16.

According to the first aspect of the invention, the instability arising from a change in the

built-in voltage can be substantially reduced.

According to the second aspect of the invention, the temperature coefficient of the

component can be substantially reduced.

In the following, the invention is examined with the aid of examples and with reference
to the accompanying drawings. The examples shown are intended to illustrate the
properties of the embodiments of the invention and to investigate the theoretical
background to the invention. The examples do not restrict the scope of protection that is

defined in the Claims.

Figure 1 shows an arrangement according to one embodiment.
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Figure 2 shows an arrangement according to a second embodiment.

Figure 3 shows an arrangement according to a third embodiment.

Figure 4 shows an arrangement according to a fourth embodiment.

Figure 5 shows an arrangement according to a fifth embodiment.

Method for using differential electrodes and the compensation of built-in voltage to

improve the stability of micromechanical components.

Typically in micromechanical components the voltage being measured, or the voltage
measuring a shift is set between a fixed and a moving plate. It is also possible for there
to be fixed electrodes on both sides of a moving plate. Mainly due to differences in the
work functions of the materials, a situation arises, in which the voltage over the
electrode is determined to some extent from the so-called built-in voltage. This situation
is shown in Figure 1. In it, the moving part is made from a semiconducting material and
the second electrode from metal. Due to the difference in materials, a potential arises
over the air gap, even through voltage is not intentionally created in it. If the capacitance
of the component is measured as a function of the external dc voltage, it will be
observed that the capacitance reaches its minimum value with a voltage that deviates
from zero. This is a typical test that is made on micromechanical components. This basic

test can also be exploited in this embodiment.

In amplifiers, it is very typical for the input stage to be formed of two similar transistors,
instead of a single transistor. Thus the offset currents, and particularly the drawbacks of
their temperature dependences can be significantly reduced. This arrangement is used
nearly without exception in operation amplifiers. This embodiment presents, in the case
of micromechanical components, a procedure that is analogous to some extent. Figure 2

shows a differential arrangement in the case of the electrodes.

The pull-in point relating to micromechanical components can be exploited, for
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example, in dc or ac voltage references. The method is based on the fact that, in the case
of an ac reference, when using alternating current we can run the component to the so-
called pull-in point, or direct-current normal cases we compare the micromechanical
capacitance to the reference capacitance and, exploiting the feedback voltage, we hold
the system to the pull-in point. In this embodiment, a problem arises from the fact that
the built-in voltage sums with the reference voltage and makes the reference unstable.
Another problem is the fact that, if either or both of the electrodes becomes charged on

account of the dc voltage, the reference voltage will begin to drift.

We will assume that, in the arrangement of Figure 2, the voltage U + 1/2u is set in one of
the differential metallized electrodes and the voltage -U + 1/2u is set for the other. In this
case, u is a small voltage, which is due to the fact that we cannot invert the voltage U

with full precision. In a well-made test arrangement, /U can be brought to the level 10
- 10°°. We will assume that the effective pull-in voltage for the construction is U,,;. In this
case, the pull-in voltage refers to the voltage, which when set in both electrodes causes a

pull-in effect. We can now write the equilibrium equation in the form

202, =[(U +%u]—(Udc JFU,),.)}2 +[(—U +%u)—(Udc +U,, )T

This can be further developed to give
1
2U2% =2U° +§u2 -2u(U, +U,)+2(U, +U,,)

We will assume that the voltage Uy is adjusted so that U, + Uj; is as small as possible.
We will also assume that the total of the drift of the built-in voltage and Uy is Au. We

can now write the above equation in the form

Because both u and A u are small (w/U = 10”...10°° and Aw/Uj,; = 10™...102), the drift of

the built-in voltage, or the effect of its temperature coefficient on the reference voltage
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being measured is nearly non-existent.

As a second example, let use examine an acceleration sensor. We will assume that, in the
case of Figure 2, we are measuring capacitance using ac electricity between differential
electrodes, or against a moving electrode and either or both fixed electrodes. We can
also have a conventional arrangement, which is shown in Figure 3. In that, a ratio of the
capacitances is measured and acceleration is deduced therefrom. Let us also assume that
in both cases we adjust the dc voltage so that the effective voltage between the moving
beam and the measuring electrodes is as small as possible. The voltage required can be
determined, for example, by measuring the capacitance as a function of voltage. We can

write the total force in the form

— Co — Co 2 2
F—ma+————2(l_x)2 [Uac+(UdC+Up,.) ma+———2(l_x)2 [Uac+(Udc +Up,.) ]

The right-hand side of the equation allows for the fact that ac voltage is orthogonal
relative to dc voltage and thus the mean-time value of these voltages is zero and does not
create a force that would give rise to displacement in a micromechanical beam. If we

assume that, after compensation for built-in, Uy + Up; = u we obtain

%

2(-x)*

F=ma+ [Uazc+u2]

We notice that the voltage u creates an acceleration error

If dc-voltage is not used to compensate for the built-in voltage, variation in the built-in

voltage (in this case #) would lead to inaccuracy in the measurement
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If we assume that Up; = 1 V and the change in it 10 mV, then the differential
measurement principle and the compensation of the built-in voltage will improve the
measurement inaccuracy arising from the change in the built-in voltage by a factor of
100. We have measured built-in voltages from micromechanical components, which are
varied from 0.1 V to as much as 1 V. The effective changes in the voltage created by a
possible charging of the temperature time have been in some cases several tens of
millivolts. In the case of Figure 3, the situation is the same as that if a dc voltage were to
be set for the central moving beam. The change in the so-called built-in voltage can arise
from a change in the built-in voltage itself but also charging of the surfaces leads to the
same result. It should be noted that the micromechanical systems according to Figure 3
have been manufactured. In this case, the invention does not concern the construction as
such, but the fact that we set a voltage in the moving beam, which cancels out the built-
in voltage, in order to increase stability. Another possibility is of course to select the
materials in such a way that the built-in voltage is as small as possible, without a

compensating voltage.

The embodiment described above presents a method, in which the use of a differential
MEMS construction and compensation of the built-in voltage can substantially improve
the stability of micromechanical components. The method is extremely valuable in all
components that demand great accuracy, such as an ac or dc reference, an ac-dc rectifier,

a microwave power sensor, an angular velocity sensor, etc.

Thus the above presents a method for improving stability in a micromechanical sensor,
which comprises a part that is arranged to move and a fixed electrode, in such a way that
a built-in voltage Uy, is associated with the sensor. The stability of the sensor is
improved by connecting a dc voltage Uy to the sensor, which will at least partly

compensate for the built-in voltage Uy;.

In one embodiment, the sum of the dc voltage Uy, and the built-in voltage Uy, is
controlled towards zero. The control can be implemented, for example, with the aid of a

suitable electronic circuit.
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When controlling the sum of the dc voltage Uy and the built-in voltage Uy;, the aim can
be, for example, for the absolute value of the dc voltage Uy and the built-in voltage Uy,
to be at most 10 mV. This will already achieve good stability in many applications. In
more accurate applications, it is of course possible to aim at keeping the absolute value
of the sum lower, for example, at a value of at most 5 mV or ImV. In some other
applications on the other hand, it is equally possible to accept greater variation and the
absolute value of the sum can be kept, for example, at a value of at most 50 mV or even
100 mV.

In one embodiment, the value of the built-in voltage Uy, is measured and the magnitude
of the dc voltage Uy is set in such a way that the absolute value of the sum of the dc
voltage Uy, and the built-in voltage Uy, is at most 10 % and preferably at most 4 % of

the absolute value of the pull-in voltage of the component.

The dc voltage Uy, is connected, for example, to the part of the sensor that is arranged to
move, which can be, for example, of a semiconducting material, in which case the fixed

electrode can comprise a metal surface.

The embodiments described above can be used, for example, in a voltage reference, in
which the reference voltage U is connected to the sensor. This makes it possible to use a
fixed electrode divided into a first and a second part, in which case the reference voltage
U is connected to the first part of the fixed electrode and the inverted reference voltage

-U is connected to the second part of the fixed electrode.

In a sensor embodiment, a micromechanical sensor is implemented, which comprises a
part arranged to move and a fixed electrode. Such a sensor can be manufactured using a
suitable known method for manufacturing micromechanical sensors. The sensor
manufactured will typically have a built-in voltage Uy, According to the embodiment, a
direct-current voltage Uy, is connected to the sensor, in order to at least partly

compensate for the built-in voltage Up;.

In one embodiment, the fixed electrode of the sensor comprises first and a second part,

as well as means for leading the reference voltage U to the first part and means for
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leading the inverted reference voltage -U to the second part. The means for leading the
reference voltage U to the first part comprise a voltage source and a conductor channel
from the voltage source to the first part. The means for leading the inverted reference
voltage -U to the second part comprise the voltage source referred to above, an inverter,
and a conductor channel from the voltage source to the inverter and a conductor channel
from the inverter to the second part. It is also possible to use two separate voltage

sources, which produce with a high accuracy voltage with the same absolute value.

In one embodiment, the first and second part of the fixed electrode of the sensor are

located on the same side of the part that is arranged to move.

Use of built-in voltage and its temperature dependence in the temperature

compensation of micromechanical components.

The temperature coefficient or mechanical stresses of a micromechanical spring often
result in micromechanical components having largish temperature coefficients. This is
particularly problematic in precision components based on micromechanics. In
micromechanical components, there is typically an electrical field between the moving
silicon beam and the metal electrode. Though both electrodes can be metal, the spring is
often made from silicon. Nearly always there is more than one type of conductive
material in the construction. A voltage arises between of the conductors, due to the fact
that they have different work functions. In particular, the work function of
semiconductors differs significantly from the work function of metals. Generally this is
not a problem, because in closed conductive circuits the voltage ‘short-circuits’ and does
not interfere with measurements. The phenomenon usually only appears, if the contacts
differ in temperature, in which case the phenomenon will appear as a so-called thermo-

voltage.

Let us consider the simplified construction according to Figure 4, in which the conductor
A is formed of metal and the second electrode and spring are formed of a semiconductor
B. Because the work function of the metal A differs from the work function of the
semiconductor B, and because in the semiconductor the work function depends greatly

on the temperature, the effective voltage between the electrodes can be written in the



10

15

20

25

WO 2006/000621 PCT/F12005/000285

form
U=U,+U,+U, +al

in which U, and Uy, represent external ac and dc voltage sources, Uy, is the built-in
voltage created by the metal A and the semiconductor B, and « is its temperature
coefficient. Let us assume that we are measuring, for example, a displacement caused by

acceleration or pressure. We can write the equilibrium of forces in the form
kx(1+ BT)= F+5(l—c——)[(Udc +U,, f +2(U,, +U,,,.)aT+ch]
~X

in which F'is the ‘mechanical’ force acting on the component, C is the capacitance of the
moving part, [ is the air gap without external forces, x is the displacement of the air gap,
and f depicts, for example, the temperature coefficient of the elastic constant of silicon.

From this equation we then obtain

x =§[F(1—ﬂr)+5(l—%5[(vdc U U2 5000 +U) - A0 + UL +U3J)}

If we assume for simplicity that the ac voltage is small, we obtain

1 C

x= —[F(l— ,8T)+§(ltx—)(Udc U, +ET0a+U)

2(1 — x) (2a -B (Udc +U, )):l

k

i.e. the temperature coefficient of the offset is zero, if

U =750 Uy) ox Uy =AU,

This means that in principle a de voltage Uy, always exists, so that the temperature
coefficient of the offset is cancelled out. In this example, a temperature dependence

remains in the coefficient of the force-motion conversion, but in most applications this is
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acceptable. The necessary dc voltage, together with the built-in voltage cannot, of
course, be greater than the so-called pull-in voltage (Up;) of a vacuum, i.e.

IU «tU bl.l <U ;. The use of the method thus requires the temperature coefficient of the

built-in voltage to be sufficiently great.

Let us assume that we adjust the ac voltage in such a way that we achieve the pull-in
voltage. If we use current to control the micromechanical component, the voltage will
reach the pull-in voltage at a specific amplitude of alternating current. If the current
continues to increase, the voltage will decrease. This point can be used as the reference
of the ac voltage. In the ac reference, the pull-in point can also be achieved by
combining the ac current run and the dc voltage over the component. This can be written

in the form
Uy(+28T)=U2 +(U, +U,) +202I(U, +U,,)

in which f’ now depicts the change in the pull-in voltage due to the elastic constant (in a

good component about 30 ppm/C). The stabilized ac voltage can be written in the form
UL =0~ (U, +U, ) +2BUL -a(U, + U, )T

We note that, if

ﬂ'
U= ZE.U[ZH. -U,

then the temperature coefficient of the reference voltage will be zero. This naturally
requires the necessary dc voltage to remain less than the pull-in voltage. In addition, it
should be noted that the stability of the ac voltage will depend on the stability of the dc

voltage.

The dc reference voltage can be made using the arrangement according to Figure 4. In it,

a differential procedure is used, in which a positive reference voltage is brought to
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electrode A and a negative reference voltage with an equally great absolute value is
brought to electrode B. The voltage in the moving beam consists of a dc voltage source
and the built-in voltage. The system will reach the pull-in point, if the sum of the forces

corresponds to the force created by the pull-in voltage. We can write the equation

ZU; (1+ 2ﬁ'T) = ((Udc + M)“‘ (Udc + Ubi +M))2 + (— Udc - (Udc + Ubi + aT))2

UL(+28)=U% +uU,, +({U, +U, ) +2a1(U, +U,,)
and then obtain from it
Urzef +ul,, = U;i - (Udc +U,, )2 + Z[IB'U;I' - “(Udc +Uy; )}T

In this case too, the temperature coefficient of the dc reference voltage is zero, if

™

Udc =£-U - Ub'
(74

1

e

The temperature coefficient of the built-in voltage can be used to compensate for the
temperature coefficient of the micromechanical sensor or reference component. The
method can be used in pressure sensors, oscillators, possibly in angular-velocity sensors,
in dc and ac voltage sources, etc. Because the built-in voltage forms in the components
themselves, it compensates well for the temperature fluctuations arising in the
components. Because there is a large temperature coefficient of the work function in
semiconductors, it is probably easier to use them to manufacture components, in which
the temperature coefficient can be compensated using the temperature coefficient of the
built-in voltage. In measurements we have observed that the temperature coefficient of
the built-in voltage is in the order of 0.3 - 0.5 mV/C. For example, the temperature
coefficient of a single-crystal silicon spring is in the order of 50 ppm/C, so that it can be
compensated using the temperature coefficient of the built-in voltage. Of course, if the

temperature coefficient is large, direct compensation will not be possible.

The aforementioned use of the built-in voltage compensates the temperature coefficient

of a micromechanical component directly. The temperature coefficient of the built-in
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voltage can also be used as a temperature gauge, in such way that a separate component
is made in the micromechanical component, through the change in the capacitance or
pull-in voltage of which the temperature of the component is measured. This information
can be used, for example, to temperature compensate an angular-velocity sensor in the
same silicon base. This is a kind of indirect way to exploit the temperature coefficients

of the work functions as a temperature gauge.

The temperature dependence of a micromechanical component, which comprises a part
that is arranged to move and a fixed electrode as well as the temperature coefficient £
that derives from the temperature fluctuation of the mechanical properties of the
component, can thus be reduced using a method, in which a dc voltage U, is connected
in series with the built-in voltage Uj; of the component. The magnitude of the dc voltage
is then selected in such a way that the effect of the temperature fluctuation of the built-in
voltage Uj; at least partly compensates for the effect that the temperature fluctuation of

the mechanical properties of the component has on the quantity given by the component.

In one embodiment, the value of the dc voltage Uy, is selected in such a way that it

differs by at most 10 % from the target value that is obtained from the equation

opt _
Udc -

%(Za_ww)

in which fis the temperature coefficient derived from the temperature fluctuation of the
mechanical properties of the component, « is the temperature coefficient of the built-in
voltage, and Uy, is the magnitude of the built-in voltage. In more accurate applications,
the value of the dc voltage can be selected, for example, in such a way that the deviation
is at most 5 % and in very accurate applications in such a way that the deviation is at
most 1 %. If, on the other hand, such great accuracy is not need in the application, the

deviation can be permitted to be greater, for example, at most 20 % or 30 %.

The selection of the dc voltage can also be implemented in such a way that the value of
the dc voltage is controlled the whole time towards the target value given above. The

control can be implemented, for example, using a suitable electronic circuit.
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One further possible control criterion for the value of the dc voltage Uy, is obtained from
the sensor’s pull-in voltage. In that case, the dc voltage Uy is limited in such a way that
the absolute value of the sum of the dc voltage Uy and the built-in voltage Uy, is always

smaller than the sensor’s pull-in voltage U

The dc voltage Uy, can be connected, for example, to the part of the sensor that is
arranged to move, which is typically of a semiconductor material while the fixed

electrode comprises a metal surface.

The embodiments described above can also be used in a voltage reference, in which a
reference voltage U is connected to the sensor. In that case, a fixed electrode divided
into a first and a second part is used and the reference voltage U is connected to the first
part of the fixed electrode and the inverted reference voltage -U is connected to the
second part of the fixed electrode. Further, in one embodiment the first and second part

of the fixed electrode are located on the same side of the part that is arranged to move.
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Claims:

1. Method for improving stability in a micromechanical sensor, which comprises a part
that is arranged to move and a fixed electrode, in such a way that a built-in voltage (Uy;)
is associated with the sensor, characterized in thatthe stability of the sensor is
improved by connecting to the sensor a direct-current voltage (Uy.) that at least partly

compensates for the built-in voltage (U;).

2. Method according to Claim 1, characterized in thatthe sum of the direct-

current voltage (Uy.) and the built-in voltage (U,;) is controlled towards zero.

3. Method according to Claim 1 or2, characterized in thatthe absolute value
of the sum of the direct-current voltage (Uy.) and the built-in voltage (Up) is at most 10
mV.

4. Method according to Claim 1 or2, characterized in thatthe value of the
built-in voltage (Up;) is measured and the magnitude of the direct-current voltage (Uyc) is
set in such a way that the absolute value of the sum of the direct-current voltage (Uy)
and the built-in voltage (Uy;) is at most 10 % and preferably at most 4 % of the absolute

value of the pull-in voltage of the component.

5. Method according to any of Claims 1-4, characterized inthatthe direct-

current voltage (Uy.) is connected to the part of the sensor that is arranged to move.

6. Method according to any of Claims 1 -5, characterized inthatthe part of
the sensor that is arranged to move is of a semiconductor material while the fixed

electrode comprises a metal surface.

7. Method according to any of Claims 1 - 6 for use in a voltage reference, in which a
reference voltage (U) is connected to the sensor, characterized inthata fixed
electrode divided in a first part and a second part is used and the reference voltage (U) is
connected to the first part of the fixed electrode and the inverted reference voltage (-U)

is connected to the second part of the fixed electrode.
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8. Method for reducing the temperature dependence of a micromechanical component,
which component comprises a part that is arranged to move and a fixed electrode and
which component has a temperature coefficient (/) derived from the temperature
fluctuation of its mechanical properties, characterized in that a direct-current
voltage (Uy) is connected to the component in series with the built-in voltage (Uy;) of
the component and the magnitude of the direct-current voltage is selected in such a way
that the effect of the temperature fluctuation of the built-in voltage (Uy;) at least partly
compensates for the effect that the temperature fluctuation of the mechanical properties

of the component has on the quantity given by the component.

9. Method according to Claim 8, characterized in thatthe value of the direct-
current voltage (Uy.) differs at most by 10 % from the target value that is obtained from
the equation
vz =l(2a—ﬁU}n‘)
B
in which £ is the temperature coefficient derived from the temperature fluctuation of the
mechanical properties of the component, ¢ is the temperature coefficient of the built-in

voltage, and Uy, is the magnitude of the built-in voltage.

10. Method according to Claim 8 or9, characterized inthatthe value of the
direct-current voltage (Uy) is controlled towards the target value that is obtained from

the equation

1
Ug' =—(2a-pu,
de ﬂ b )

in which fis the temperature coefficient derived from the temperature fluctuation of the
mechanical properties of the component, ¢ is the temperature coefficient of the built-in

voltage, and Uy, is the magnitude of the built-in voltage.

11. Method according to Claim 10, characterized in that, when controlling the
value of the direct-current voltage (Uy), the direct-current voltage ( Uye) is limited in
such a way that the absolute value of the sum of the direct-current voltage (Uy.) and the

built-in voltage (U is always less than the pull-in voltage (U,;) of the sensor.
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12. Method according to any of Claims 8 -11, characterized in that the direct-

current voltage (Uy) is connected to the part of the sensor that is arranged to move.

13. Method according to any of Claims 8- 12, characterized in thatthe part of
the sensor that is arranged to move is of a semiconductor material while the fixed

electrode comprises a metal surface.

14. Method according to any of Claims 8 - 13 for use in a voltage reference, in which a
reference voltage (U) is connected to the sensor, characterized inthata fixed
electrode divided into a first part and a second part is used and the reference voltage (U)
is connected to the first part of the electrode and the inverted reference voltage (-U) is

connected to the second part of the fixed electrode.

15. Method according to Claim 14, characterized in that the first and second
parts of the fixed electrode are located on the same side of the part that is arranged to

move.

16. Micromechanical sensor, which comprises a part that is arranged to move and a fixed
electrode, and which sensor has a built-in voltage (Uy;), characterized inthata
direct-current voltage (Uy.) is connected to the sensor, in order to at least partly

compensate the built-in voltage (Uy).

17. Sensor according to Claim 16, characterized in thatthe fixed electrode
comprises a first and a second part and means for conducting the reference voltage (U)
to the first part and means for conducting the inverted reference voltage (-U) to the

second part.

18. Sensor according to Claim 17, characterized in that the first and second
parts of the fixed electrode are located on the same side of the part that is arranged to

move,
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