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(57) Abstract: A method for
operating a micromechanical element
(16) contain-ing metal or an alloy
comprises cooling the mechanical
element (16) to a temperature lower
than the normal operating tempera-ture
of the micromechanical element (16)
and operating the mi-cromechanical
element (16) at the temperature lower
than the normal operating temperature
of the micromechanical element (16).
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Method and device for operating a micromechanical element

Description

The present invention relates to the operating of a microme-
chanical element, and more specific to the operating of a de-
flectable micromechanical element containing a metal or an al-

loy.

Microelectromechanical systems (MEMS) comprising one or more
deflectable micromechanical elements arranged on a chip are
nowadays used in many applications. To give an example, micro-
electromechanical systems comprising one or more micromirrors
are used for the spatial modulation of a light or an UV radia-
tion beam (ultraviolet radiation beam) in image generating de-
vices. For applications in the UV spectral region and in par-
ticular in the deep UV spectral range where most other materi-
als are no longer reflective, aluminum is preferably used as
material for the micromirrors because of its good optical re-

flection properties in this spectral region.

Furthermore, the use of aluminum is advantageous because stan-
dard processes known in the semiconductor industry can be used
for the deposition and the structuring of the micromechanical
elements avoiding the need of a special technology for manu-
facturing the micromechanical elements and allowing the inte-

gration into a semiconductor manufacturing process.

In typical systems, the micromirror is shaped as a thin plate
which is deflectable arranged on the chip. In operation, ra-
diation from a suitable radiation source is impinging on the

micromirror and is reflected back to a projection surface.
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Furthermore, an electrical signal is applied to the micromir-
ror causing a deflection of same in response to the applied
electrical signal. The deflection of the micromirror changes
the phase of part of the reflected beam resulting in a spatial

modulation of the reflected beam at the projection surface.

To obtain a stable operation, the deflection of the micromir-
ror has to be controlled to a high degree of accuracy. There-
fore, good mechanical properties and in specific a good elas-
tic behavior are required for the material of the flexible
elements such as hinges or torsional bars mechanically con-
necting the micromirror to the chip in such a way that the mi-

cromirrors can deflect appreciably.

In view of the above described mechanical requirements, the
operation of microelements made of aluminum causes problems
since microelements made of aluminum are known to behave in a
non-elastic manner during the operation of same. To give an
example, a deflected spring made of aluminum is not returning
to its original position after being released from a deflected
position in which it was kept for a longer time. Furthermore,
if a constant force is applied to a spring made of aluminum or
an aluminum alloy, the deflection dincreases with time. This
known effect has time constants in the order of minutes to

several hours and is partially reversible.

Details of the mechanical properties of aluminum with respect
to tension and stress relaxation can for example be found in
H. Lee, et. al., "“Stress Relaxation of Free-Standing Aluminum
Beams for Microelectromechanical Systems Applications”, Ap-
plied Physics Letter, Vol. 76, No. 23, June 5 2000, pages
3415-17.
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Mechanical properties of aluminum thin films used for MEMS ap-
plication are described in S. Brown "“Observations of Low-Cycle
Fatigue of Aluminum Thin Films for MEMS Applications”, Micro-
ElectroMechanical Structures for Materials Research, sympo-

sium, 1998, pages 81-6.

The above described mechanical operation problem of the micro-
mechanical element made of aluminum can be evaded by a non-
analog operation of same wherein the position of the deflected
micromechanical element i1s not required to be exact and varia-
tions of the element’s deflection are allowed within a certain
range or where end positions are determined Dby mechanical

stops.

However, for certain applications, an analog mode of operation
of the micromechanical element is mandatory. So far, no satis-
fying solution eliminating the above-described mechanical op-
eration problems is known in the art for the analog mode of

operation.

One approach to reduce the problem for analog operation at
least to an acceptable level is to use a low—-duty cycle opera-
tion for the MEMS-device wherein a long time deflection of the
micromechanical element is avoided by deflecting same only for
a small time period. However, low-duty cycle operation is re-
stricted to a certain class of applications excluding applica-
tions requiring a static operation of the micromechanical ele-

ment.

Another approach to improve the performance of analog operated
MEMS-devices is to form the micromechanical element of an alu-
minum alloy instead of pure aluminum. Depending on the compo-

sition of the alloy, a certain improvement of the mechanical
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properties can be achieved by the replacement of pure aluminum
with an aluminum alloy. However, although the mechanical op-
eration is improved by forming the micromechanical element of
an aluminum alloy, the mechanical problems are only reduced to

a certain level but not solved.

So far, a stable operation of a micromechanical element made
of aluminum or an aluminum alloy in applications which require

a high accuracy of deflection is not known.

Starting from this prior art, it is the object of the present
invention to provide a method and a device which enable an im-
proved operation of a micromechanical element containing a

metal or an alloy.

This object is solved by a method according to claim 1 and a

device according to claim 12.

According to the present invention an improved operation for a
micromechanical element made of a metal or an alloy, or a
sandwich of at least two layers of dissimilar materials,
wherein at least one is a metal or an alloy, 1is achieved by
cooling the micromechanical element to a temperature Ilower
than the normal operation temperature. By cooling the microme-
chanical element to a temperature lower than the normal opera-
tion temperature, an improved mechanical behavior of the mi-
cromechanical element is obtained resulting in a more stable
operation compared to the operation of the micromechanical

element at the normal operation temperature.

During the application of a constant force, the cooled micro-
mechanical element maintains its deflected position with a

better accuracy. Furthermore, a residual deflection observed
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in the normal temperature operation when the micromechanical
element is released from a state in which same was deflected
for a prolonged time is reduced by cooling the micromechanical

element.

The present invention provides a method for operating a micro-
mechanical element containing a metal or an alloy, the micro-
mechanical element being arranged on a chip and being deflect-
able. The method comprises the steps of cooling the microme-
chanical element to a temperature lower than the normal oper-
ating temperature of the micromechanical element and operating
the micromechanical element at the temperature lower than the

normal operating temperature of the micromechanical element.

Furthermore, the present invention provides a device for oper-
ating a micromechanical element containing metal or an alloy,
the micromechanical element being arranged on a chip and de-
flectable. The device comprises cooling means thermally con-
nected to the micromechanical element and operable to cool the
micromechanical element to a temperature lower than the normal
operating temperature of the micromechanical element. Further-
more, the device comprises operating means for operating the
micromechanical element while same is cooled to the tempera-
ture lower than the normal operating temperature of the micro-

mechanical element.

In one embodiment of the present invention, the micromechani-
cal element is a micromirror containing aluminum or an alumi-
num alloy. In operation, a UV radiation which is impinging on
the micromirror is reflected by same and directed to a projec-
tion surface. The reflected radiation is modulated by an elec-
trical signal applied to the micromirror by the operating

means.
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In a preferred embodiment, the inventive step of cooling the
micromirror during the operation of same is achieved by means
of one or more Peltier elements placed in a direct contact
with the surface of the chip. Preferably, the micromirror is
cooled to temperatures between +10° C and 25° C to avoid a
condensation of moisture contained in the air surrounding the

chip.

In another embodiment the chip is arranged so that it 1is

cooled by circulating gas or a liquid such as water.

In still other embodiments the chip is arranged in an air-free
surrounding or in an environment comprising air with a low de-
gree of moisture or some other controlled atmosphere. In these
embodiments, an operation of the micromechanical element at
lower temperatures is enabled since a condensation of moisture

is avoided or shifted to lower temperatures.

Preferred embodiments of the present invention are described
in the following with respect to the attached drawings in

which

Fig. 1 shows a block diagram of a device for operating a

chip; and

Fig. 2 shows a diagram comprising deflection measurement data
of micromirrors made from an aluminum alloy at differ-
ent ambient temperatures during deflection-relaxation

cycles.

In Fig. 1, a device 10 for operating a micromechanical element

according to a preferred embodiment is shown. The device 10
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comprises mounting means 12 for mounting a chip 14. In the de-
scribed embodiment, the chip 14 comprises a microelectrome-
chanical system (MEMS) including a micromechanical element 16
made of a metal or an alloy. The micromechanical element 16
includes for example a micromirror comprising a thin metal
plate which is deflectably arranged on the chip 14. Operating
means 18 are connected via an electrical connection 20 to the
micromechanical element 16 for applying an operating signal to
the micromechanical element 16. An electrostatic field is gen-
erated between a counter electrode 22 and the micromechanical
element 16 in response to the operating signal causing the mi-

cromechanical element 16 to deflect.

In the preferred embodiment, the counter electrode 22 is ar-
ranged on the chip opposite to the micromechanical element 16
and connected to ground. However, it i1s intended in other em-
bodiments to apply other constant voltages or electrical sig-
nals to the counter electrode 22 1in order to generate the
electric field. Furthermore, in one embodiment, the microme-
chanical element 16 is connected to ground and an electric
field is generated by an electrical signal applied to the
counter electrode. Preferably, the counter electrode 22 is ar-
ranged close to the micromechanical element 16 to achieve a

high electrostatic field.

The device 10 comprises cooling means 24 operable to cool the
micromechanical element 16 to a temperature lower than the
normal operation temperature of the micromechanical element
16. The cooling means 24 is thermally connected to the micro-
mechanical element 16 wvia a thermal conductor 26. The thermal
conductor 26 can be any suitable thermal conductor, such as a
massive metal block, a thermal-conducting gas, air, or liquid.

Furthermore, cooling means 24 can be any suitable heat sink
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operable to achieve a heat transfer via the thermal conductor
26 from the micromechanical element 16 to the cooling means

24.

In one embodiment, cooling means 24 includes a Peltier element
which is directly mounted on a surface of the chip 14. In this
embodiment, heat from the micromechanical element 16 is con-
ducted to the cooling means 24 via the surface of the chip 14

connected to the Peltier element.

The direct transmission of the heat from the chip 14 to the
Peltier element enables in one embodiment the cooling of the
micromechanical element 16 below 10° C without a condensation
of the moisture of the surrounding air by arranging the chip
and the Peltier element in a vacuum or a controlled atmosphere
(e.g., a dry gas). In this embodiment, the chip 14 and the
Peltier element are placed in a suitable air tight housing
which is evacuated thereafter, or filled or flushed with a

controlled atmosphere (e.g., a dry gas).

For applying a predetermined temperature to the micromechani-
cal element 16, a temperature controller 28 is connected via a
temperature control signal connection 30 to the cooling means
24. Furthermore, a temperature sensor 32 1is thermally con-
nected to the micromechanical element 16 to sense the tempera-
ture of the micromechanical element 16 and to provide a tem-
perature signal indicative of the temperature of the microme-
chanical element 16 via a temperature signal connection 34 to
the temperature controller 28. The temperature sensor and the
cooling means, respectively, are connected to the chip on

which the micromechanical element, the mirror, is arranged.
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In the following the operation of the device 10 will be de-
scribed with respect to a preferred embodiment wherein the mi-
cromechanical element 16 is a micromirror made of aluminum or
an aluminum alloy used for a spatial modulation of UV radia-
tion, and where the flexible elements that mechanically con-
nect the micromirror to the chip are integrated parts of the

micromirror.

In operation, at least a part of the micromirror 16 is illumi-
nated by a suitable generator for UV radiation such as an ex-
cimer laser with a radiation in the UV spectral region and

preferably with a radiation in the deep UV spectral region.

The UV radiation is directed to the micromirror 16 and im-
pinges on same. Thereafter the radiation is reflected by the
micromirror 16 due to the high degree of reflection provided
by the micromirror’s material containing aluminum or an alumi-

num alloy and is directed to a projection surface.

In one embodiment the micromirror 16 is used for maskless mi-
crolithography. In this embodiment the projection surface is
the surface of a wafer covered with a photo resist layer and
the reflected beam defines regions on the photo resist layer
which are to be removed after a developing process. Other em-
bodiments include the use of the micromirror for projection

devices and for image generating systems.

An operating signal generated by the operating means 18 is ap-
plied via the connection 20 to the micromirror 16. In response
to the applied operating signal, an electrostatic force is
generated between the micromirror 16 and the counter electrode

22 which 1s connected to ground. In one embodiment, the mi-
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cromirror 16 comprises a free standing aluminum plate deflect-

ably connected to the chip 14 via a spring.

The electrostatic force acting on the micromirror 16 deflects
the micromirror 16 in response to the applied operating sig-
nal. The deflection of the micromirror 16 changes the phase of
part of the reflected beam resulting in a spatial modulation

of the reflected beam at the projection surface.

For controlling the temperature of the micromirror 16, the
temperature controller 28 generates a temperature control sig-
nal in response to the temperature signal provided by the tem-
perature sensor 32. The temperature controller 28 applies the
temperature control signal via the temperature control signal
connection 30 to the Peltier element to cause same to apply a
predetermined temperature to the micromirror 16 which is lower

than the normal operation temperature of the micromirror 16.

In operation, if no cooling by the cooling means is provided,
the normal operating temperature of the micromirror 16 is
about 50° C due to the heat dissipation of the electric cir-

cuitry on the chip.

By cooling the micromirror 16 during the operation of same to
a temperature lower than the normal operation temperature of
the micromirror 16, a more accurate and stable deflection of
the micromirror 16 is obtained compared to the operation at
the normal operation temperature, as will be described in more

detail below.

In the following, the influence of the micromirror’s tempera-
ture on the mechanical properties is explained with respect to

Fig. 2. In Fig. 2 measurement data of the electrostatic de-
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flection of micromirrors made from an aluminum alloy are
shown. The micromirrors were subjected to different ambient
temperatures and for each temperature two cycles of deflection

and relaxation were performed.

In the first cycle, the micromirrors were electrostatically
deflected for three hours by the application of a constant
voltage to the micromirrors and then released by turning off
the applied voltage for one hour. Thereafter, in the second
cycle, the procedure of deflecting for three hours and releas-
ing for one hour was repeated. The deflection of the mirrors

was monitored by means of a white-light interferometer (WLI).

In the diagram of Fig. 2, the y-axis shows the deflection Az
of the micromirrors relative to the starting position in nm.
Furthermore, the x-axis shows the time t after starting the

first relaxation cycle.

With respect to the measurement data indicated by triangles,
the deflection of the micromirrors for a temperature of 50° C

will be described in the following.

As can be seen from Fig. 2, after applying the constant volt-
age at the starting time t = 0 h, the deflection of the mi-
cromirrors almost instantly increases from 0 nm to about 50
nm. Thereafter, a rapid increase in deflection from 50 nm to
about 80 nm followed by a slower increase in deflection from
80 nm to about 105 nm can be observed during a time period of
three hours in which the constant voltage is applied to the
micromirrors. After turning off the applied voltage, the mi-
cromirrors are released from their deflected state causing the
deflection of the micromirrors to instantly decrease to a po-

sition of about 45 nm followed by a rapid decrease to about 32
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nm. Within the one hour of relaxation, the residual deflection

of about 32 nm is only reduced by a small amount.

After applying in the second cycle at the time t = 4 h again
the constant voltage, the deflection of the micromirrors at
the temperature of about 50° C returns to about 80 nm followed
by a rapid increase to about 105 nm and further increases
slowly to about 122 nm during the time period of three hours,
in which the constant voltage is applied in the second cycle.
At t = 7 h, when the applied voltage is turned off in the sec-
ond cycle, the deflection of the micromirrors subjected to the
temperature of 50° C instantly returns to about 55 nm, rapidly
decreasing to 40 nm and showing a slight decrease within one

hour after the release of the micromirrors.

As is apparent from the measurement data, the mechanical prop-
erties of the micromirrors subjected to the temperature of
about 50° C do not allow a stable operation since same show a
high residual deflection after the release of same and a sig-
nificant increase of the deflection during the application of

a constant voltage.

With respect to the measuring data indicated by dots, the be-
havior of the micromirrors subjected to a temperature of about
25° C will now be described. After applying the same voltage
as in the measurement at 50°C, the deflection of the micromir-
rors instantly rises to about 52 nm, followed by a rapid in-
crease to 70 nm and a slower increase during the three hours
in which the applied voltage was kept constant to about 80 nm.
After releasing the deflected micromirrors, the deflection of
same returns instantly to about 25 nm, rapidly decreasing to
about 10 nm, showing a slight additional reduction during the

relaxation of a period of one hour in which no voltage was ap-
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plied. After applying the constant voltage in the second cycle
at t = 4 h, the deflection instantly rises again to about 60
nm, followed by a rapid increase to about 80 nm, showing a
slight increase during the period of three hours in which the
constant voltage was applied in the second cycle. After re-
leasing the micromirror at t = 7 h, an instant decrease in de-
flection to about 25 nm is followed by a rapid decrease to the
same residual deflection of about 10 nm that was observed af-
ter the first cycle and only a very small additional decrease

is observed within the period of one hour of relaxation.

The mechanical behavior is significantly improved at 25° C
compared to 50° C because of the small variations during the
application of the constant voltage and the reduced residual

deflection after releasing same from the deflected state.

With respect to the measuring data indicated by squares, the
mechanical behavior of the micromirrors at a temperature of
about 10° C is now explained. After applying the constant
voltage, the micromirror at the temperature of 10° C instantly
deflects to about 50 nm, which rapidly increase to about 60
nm. During the three hours in which the constant voltage is
applied, the deflection of the micromirrors is then maintained
within a range of 5 nm. After turning off the applied voltage,
the micromirror at the temperature of 10° C instantly returns
to about 8 nm deflection, rapidly decreasing to almost exactly
the starting position of 0 nm deflection and maintains there
with almost no variations. After applying the constant voltage
a second time at t = 4 h, it instantly deflects to about 52
nm, rapidly increasing again to about 60 nm and maintains

there with the same stability as in the first cycle.
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In conclusion to the performed measurements described above,
the mechanical behavior of the micromirrors made from a alumi-
num alloy can be significantly improved by cooling the mi-
cromirrors to a temperature lower than the normal operating
temperature. A significant improvement of the mechanical be-
havior was observed for the temperature of 25° C and an almost
perfect mechanical behavior with small variations of the de-
flection in the deflected state and no detectable residual de-
flection a short time after release was observed at the tem-

perature of 10° C.

Again referring now to the device 10 of Fig. 1, in view of the
above discussion, a more accurate positioning and stable op-
eration of the micromirror 16 can be provided by cooling same

during the operation.

The above discussion of the measurement data of Fig. 2 sug-
gests to subject the micromirror 16 to a very low temperature,
since 1t was observed that the mechanical behavior improves

with decreasing temperature.

However, if the chip 14 is subjected to surrounding air, a
limited temperature range from +25° C to +10° C is preferred
to avoid a condensation of moisture contained in the air on
the micromirror 16, as will be described below. The condensa-
tion has to be avoided since water droplets condensed on the
chip are not only reducing the reflection properties of the
micromirror 16 in optical applications but are also a source
of contamination and can cause the mirrors to stick to the
substrate. Furthermore, chemical reactions and in specific
oxidation of components arranged on the chip is promoted by
condensed water droplets. Depending on the moisture of the

surrounding air, the condensation for a typical degree of
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moisture starts at a temperature of about 10° C resulting in a
lower limit for a preferred temperature range. Furthermore,
the upper limit of the preferred temperature range is at about
25° C since at this temperature significant improvements of
the micromechanical behavior are achieved, as explained above.
Consequently, 1f the micromechanical element 16 is used in air
and no additional means are provided to shift the condensation
to a lower temperature or to avoid the condensation, a pre-

ferred temperature range for the operation of the microme-

chanical element 16 extends from *£10° C to *25°C.

The operation at lower temperatures as low as -10° C or even
less is enabled if the chip is placed in a moisture free cham-
ber. This is achieved for example by an air tight housing, in
which the chip 14 is arranged and wherein a vacuum or a con-

trolled atmosphere (e.g., a dry gas) is provided.

Furthermore, if the chip is surrounded by air, an operation at
lower temperatures without a condensation of moisture can be
obtained by reducing the degree of moisture of the surrounding
air. This can for example be achieved by providing suitable

chemicals such as silicat gel near the chip 14.

Although in the preferred embodiment the use of a chip com—
prising a micromirror containing aluminum is described, the

present invention is not restricted to this particular use.

Rather, the present invention is directed to the operation of
any deflectable micromechanical element containing any metal
or alloy. Furthermore, the chip can comprise of one or more
micromechanical elements operable in optical or non-optical

applications.
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In the above description of preferred embodiments, elements
made of a metal or a metal alloy were described. However, the
present invention is not limited to such embodiments. The pre-
sent invention is also applicable to micromechanical elements

containing an alloy that contains non-metals, e.g., silicon.
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Claims

Method for operating a micromechanical element (16) con-
taining a metal or an alloy, the micromechanical element
(16) being arranged on a chip (14) and being deflectable,

the method comprising the following steps:

cooling the micromechanical element (16) to a temperature
lower than the normal operating temperature of the

micromechanical element (16); and

operating the micromechanical element (16) at the tempera-
ture lower than the normal operating temperature of the

micromechanical element (16).

Method according to claim 1, wherein the micromechanical

element (16) comprises aluminum or an aluminum alloy.

Method according to claim 1 or 2, wherein the step of op-
erating the micromechanical element (16) comprises the
step of deflecting the micromechanical element (16) in
response to an electrical signal applied to the microme-

chanical element (16).

Method according to any one of claims 1 to 3, wherein the

micromechanical element (16) is a micromirror.

Method according to claim 4, wherein the step of operat-
ing the micromechanical element (16) further comprises
the step of illuminating at least a part of the microme-

chanical element (16) by a radiation.
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Method according to claim 4 or 5, wherein the radiation

is an UV radiation.

Method according to any one of claims 1 to 6, wherein the
temperature lower than the normal operating temperature

is between +10° C and 25° C.

Method according to any one of claims 1 to 7, wherein the
step of cooling the micromechanical element (16) com-

prises the following steps:

sensing the temperature of the micromechanical element

(16); and

controlling the temperature of the micromechanical element
(16) in response to the sensed temperature of the micro-

mechanical element (16).

Method according to any one of claims 1 to 7, wherein the
step of cooling the micromechanical element (16) com-
prises the step of operating a Peltier element mounted on
the chip (14) for cooling the micromechanical element
(16) to a temperature lower than the normal operating

temperature of the micromechanical element (16).

Method according to any one of claims 1 to 9, further
comprising the step of arranging the micromechanical ele-
ment (16) in an air-free environment or in air comprising

a low degree of moisture.

Method according to claim 10, wherein the tTemperature
lower than the normal operating temperature is between

-10° C and 25°C.
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Device for operating a micromechanical element (16) con-
taining metal or an alloy, the micromechanical element
(16) being arranged on a chip (14) and being deflectable,

the device comprising:

cooling means (24) thermally connected to the microme-
chanical element (16), the cooling means (24) operable to
cool the micromechanical element (16) to a temperature
lower than the normal operating temperature of the micro-

mechanical element (16); and

operating means (18) for operating the micromechanical
element (16) while same 1is cooled by the cooling means
(24) to the temperature lower than the normal operating

temperature of the micromechanical element (16).

Device according to claim 12, wherein the cooling means
(24) is operable to cool the micromechanical element (16)

to a temperature between -10° C and 25°C.

Device according to claim 12 or 13, wherein the chip (14)
further comprises a counter electrode (22) arranged to
generate an electrostatic field between the micromechani-
cal element (16) and the counter electrode (22) in re-
sponse to an electric signal applied to the micromechani-
cal element (16), the electrostatic field causing a de-

flection of the micromechanical element (16).

Device according to claim 14, wherein the operating means
(18) comprises means for applying an electrical signal to
the micromechanical element (16) for causing a deflection

of the micromechanical element (16).
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Device according to any one of claims 12 to 15, wherein

the micromechanical element (16) is a micromirror.

Device according to claim 16, further comprising a radia-
tion source for illuminating at least a part of the mi-

cromirror (16) by radiation.

Device according to claim 17, wherein the radiation is an

UV radiation.

Device according to any one of claims 12 to 18, wherein a
plurality of micromechanical elements (16) is arranged on

the chip (14).

Device according to any one of claims 12 to 19, wherein
the cooling means (24) comprises one or more Peltier ele-

ments.

Device according to claim 20, wherein the cooling means

(24) is arranged on a surface of the chip (14).

Device according to any one of claims 12 to 21, wherein
the micromechanical element (16) is arranged in an envi-
ronment free of air or in air comprising a low degree of

moisture.

Device according to any one of claims 12 to 22, further
comprising temperature controlling means (28, 32) con-
nected to the cooling means (24) for controlling the tem-

perature of the micromechanical element (16).
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24. Device according to any one of claims 12 to 23, wherein
the micromechanical element (16) contains aluminum or an

aluminum alloy.
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