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(57) Abstract

A switch includes a conductive region, a membrane, and a dielectric region. The dielectric region is formed from a dielectric material
and is disposed between the membrane and the conductive region. When a sufficient voltage is applied between the conductive region and
the membrane, a capacitive coupling between the membrane nd the conductive region is effected. The dielectric material has a resistivity
sufficiently low to inhibit charge accumulation in the dielectric region during operation of the switch.




AL
AM
AT
AU
AZ
BA
BB
BE
BF
BG
BJ
BR
BY
CA
CF
CG
CH
CI
CcM
CN
CU
Cz
DE
DK
EE

Codes used to identify

Albania
Armenia
Austria
Australia
Azerbaijan
Bosnia and Herzegovina
Barbados
Belgium
Burkina Faso
Bulgaria

Benin

Brazil

Belarus

Canada

Central African Republic
Congo
Switzerland
Cate d’Ivoire
Cameroon
China

Cuba

Czech Republic
Germany
Denmark
Estonia

ES
FI
FR
GA
GB
GE
GH
GN
GR
HU
IE
IL
IS
IT
JP
KE
KG
KP

KR
KZ
LC
LI

LK
LR

FOR THE PURPOSES OF INFORMATION ONLY

Spain

Finland

France

Gabon

United Kingdom
Georgia

Ghana

Guinea

Greece

Hungary

Treland

Tsrael

Tceland

Ttaly

Japan

Kenya
Kyrgyzstan
Democratic People’s
Republic of Korea
Republic of Korea
Kazakstan

Saint Lucia
Liechtenstein

Sri Lanka

Liberia

LS
LT
LU

ML
MN
MR
MW
MX
NE
NL
NO
NZ
PL
PT
RO
RU
SD
SE
SG

States party to the PCT on the front pages of pamphlets publishing inte

Lesotho

Lithuania
Luxembourg

Latvia

Monaco

Republic of Moldova
Madagascar

The former Yugoslav
Republic of Macedonia
Mali

Mongolia

Mauritania

Malawi

Mexico

Niger

Netherlands

Norway

New Zealand

Poland

Portugal

Romania

Russian Federation
Sudan

Sweden

Singapore

rmational applications under the PCT.

Slovenia

Slovakia

Senegal

Swaziland

Chad

Togo

Tajikistan
Turkmenistan
Turkey

Trinidad and Tobago
Ukraine

Uganda

United States of America
Uzbekistan

Viet Nam
Yugoslavia
Zimbabwe




10

15

20

25

WO 00/31819 PCT/US99/25643

1

METHOD AND APPARATUS FOR SWITCHING
HIGH FREQUENCY SIGNALS

TECHNICAL FIELD OF THE INVENTION

This invention relates generally to electronic devices

and more particularly to a method and apparatus for

switching high frequency signals.

BACKGROUND OF THE INVENTION

Microelectromechanical microwave (MEMS) capacitive

switches can be used for switching high frequency signals.
Examples of microelectromechanical microwave capacitive
switches are described in U.S. patent 5,619,061 entitled,
Micromechanical Microwave Switching, which is incorporated
herein by reference. guch switches may be used for
functions such as beam steering in a phased array radar.
MEMS capacitive switches generally are low loss devices
because they include no active semiconductor components.
The lack of active semiconductor components also makes MEMS
capacitive switches relatively inexpensive.

A problem with some implementations of
microelectromechanical microwave capacitive switches is
that they show an inability to remain in a switched on
position for more than a few seconds at low frequency bias
voltages and show a bipolar response when exposed to high-
frequency bias voltages. Bipolar respohse refers to

switching on at both zero and positive bias.
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SUMMARY OF THE INVENTION

Accordingly, a need has arisen for an improved method
and apparatus for method and apparatus for dielectric
charges reduction in micromechanical microwave capacitive
switches that address shortcomings of prior methods and
apparatuses.

According to one embodiment of the invention, a method
of forming a switch includes providing a conductive region,
a membrane, and a dielectric material. The method includes
disposing a region of the dielectric material between the
conductive region and the membrane such that a sufficient
voltage applied between the conductive region and the
membrane effects a capacitive coupling between the membrane
and the conductive region. The dielectric material has a
resistivity sufficiently low to inhibit charge accumulation
in the dielectric region during application of the voltage.

According to another embodiment of the invention, a
switch includes a conductive region, a membrane, and a
dielectric region. The dielectric region is formed from a
dielectric material and is disposed between the membrane
and the conductive region. When a sufficient voltage is
applied between the conductive region and the membrane, a
capacitive coupling between the membrane and the conductive
region is effected. The dielectric material has a
resistivity sufficiently low to inhibit charging in the
dielectric region during operation of the switch.

Embodiments of the invention provide numerous
technical advantages. For example, in one embodiment of
the invention, a switch is provided that does not suffer
from bipolar operation in response toO high frequency
stimulus and does not turn off inadvertently when it should
be turned on in response to low frequency stimulus, which

are disadvantages associated with some prior devices.



10

15

20

25

30

WO 00/31819 PCT/US99/25643

Further, according to the invention, a switch is provided
that can be repeatedly activated in response to a bias
voltage having a fairly constant magnitude. Such switches
provide more reliable operation and are desirable. Other
technical advantages are readily apparent to one skilled in
the art from the following figures, descriptions, and

claims.

BRIEF _DESCRIPTION OF THE DRAWINGS

For a more complete understanding on the present
invention and the advantages thereof, reference is now made
to the following descriptions taken in connection with the
accompanying drawings in which:

FIGURE 1 is a schematic drawing illustrating a top
view of a microelectromechanical microwave capacitive
switch according to the teachings of the present invention;

FIGURE 2 is a side view of the microelectromechanical
microwave capacitive switch illustrated in FIGURE 1 in an
undeflected position;

FIGURE 3 is a schematic drawing illustrating the
microelectromechanical microwave capacitive switch of
FIGURE 1 in a deflected position;

FIGURE 4 1is a circuit diagram illustrating an
effective electrical circuit at high £frequency of the
microelectromechanical microwave capacitive switch
illustrated in FIGURES 1 through 3;

FIGURES 5A through 5C are & series of graphs
illustrating a desired response and a conventional response
for microelectromechanical microwave capacitive switches
for high frequency stimulus;

FIGURES 6A through 6C are a series of graphs showing

a desired response and a conventional response for
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microelectromechanical microwave capacitive switches in
response to a low frequency stimulus;

FIGURES 7A through 7B are a series of graphs of switch
repetition versus bias voltage illustrating an increasing
pias voltage required with switch repetitions; and

FIGURES 8A through 8C are & series of schematic
drawings illustrating the formation of electric fields
between a membrane and an electrode of the
microelectromechanical microwave capacitive switch of

FIGURE 1.

DETAILED DESCRIPTION OF THE INVENTION

The present invention and its advantages are best
understood by referring to FIGURES 1 through 8 of the
drawings, 1ike numerals being used for like and
corresponding parts of the various drawings.

FIGURES 1 through 3 are schematic drawings
illustrating one embodiment of a microelectromechanical
microwave (MEMS) capacitive switch 10 according to the
teachings of the present invention. FIGURE 1 shows a top
view of switch 10. FIGURE 2 shows a side view along the
lines 2-2 of FIGURE 1 for an undeflected position.
FIGURE 3 shows a side view along lines 2-2 of FIGURE 1 for
a deflected position.

Switeh 10 includes membrane posts 12 and 14. Membrane
post 12 and 14 are generally formed from any suitable
conductive material; however, membrane posts 12 and 14 may
also be insulative if desired. Disposed between membrane
posts 12 and 14 is an electrode 16. Electrode 16 1is
connected to, or forms a part of, a transmission line 22.
Transmission line 22 carries a high £frequency signal.
Overlying electrode 16 is a dielectric region 18. In one

embodiment, dielectric region 18 ig formed from silicon
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nitride (Si,N,). However, any suitable dielectric may be
used. As described in greater detail below, dielectric
region 18 is formed from a dielectric material having a

sufficiently low resistivity to inhibit charge accumulation

within dielectric region 18. A membrane 20 is disposed
between membrane support posts 12 and 14, as best
illustrated in FIGURE 2. Membrane 20 is connected to a
reference voltage, such as ground. According to one

embodiment, membrane 20 is formed from a conductive
material. A gap 19 exist between membrane 20 and
dielectric region 18, as illustrated in FIGURE 2. 1In one
embodiment, membrane posts 12 and 14, electrode 16,
dielectric region 18, and membrane 20 are formed overlying
a substrate 24.

If a DC bias voltage is applied to electrode 16 and
membrane 20 is held at ground, as illustrated in FIGURE 3,
membrane 20 is deflected downward, due to an electric field
created between membrane 20 and electrode 16 by the bias
voltage, until it rests on dielectric region 18. This
contact forms a capacitive coupling that effectively shorts
high frequency signals between transmission line 22 and
ground. Thus, transmission of a high frequency signal
along transmission line 22 can be prevented by application
of a bias voltage between electrode 16 and membrane 20.

FIGURE 4 is a simplified circuit diagram illustrating
an effective circuit of microelectromechanical microwave
capacitive switch 10. As illustrated, when
microelectromechanical microwave capacitive switch 10 1is
closed, signals along transmission line 22 are shorted to
ground. This closing of microelectromechanical switch 10
corresponds to the position of membrane 20 illustrated in

FIGURE 3. As described above, this positioning of membrane
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20 is effected by application of a bias voltage between
electrode 16 and membrane 20.

As described in greater detail below, the invention
recognizes that, during application of a bias voltage,
charge tends to be injected from either membrane 20 or
electrode 16 into dielectric region 18. This charge, once
injected, occupies trap sites within dielectric region 18
and creates a shielding effect that effectively lowers the
electric field between electrode 16 and membrane 20. When
the injected charge reaches sufficient levels, the
electrostatic attraction between electrode 16 and membrane
20 is neutralized and membrane 20 returns to its rest, or
up position. This results in a spontaneous and undesired
release of microelectromechanical microwave capacitive
switch 10. According to the teachings of the invention,
reducing the resistivity of the material wused for
dielectric region 18 inhibits charge accumulation and
effects a more desirable microelectromechanical microwave
mechanical capacitive switch.

FIGURES ©5A through 5C are a series of graphs
illustrating the position of a microelectromechanical
microwave capacitive switch in response to a high frequency
stimulus. Curve 26 in FIGURE 5A represents a high
frequency stimulus for a bias voltage applied between
electrode 16 and membrane 20. Curve 28 1in FIGURE 5B
illustrates a desired response of microelectromechanical
microwave capacitive switch 10. For curve 28, an "Up"
position indicates that membrane 20 is as illustrated in
FIGURE 2 and a gap 19 is maintained between membrane 20 and
dielectric region 18. In such a position,
microelectromechanical microwave capacitive switch 10
allows signals to flow along transmission line 22.

Conversely, a "Dn" position indicates that
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microelectromechanical microwave capacitive switch 10 is in
a down position, being in contact with dielectric region
18. In such a position, microelectromechanical microwave
capacitive switch 10 shorts high frequency signals to
ground and therefore halts transmission of high frequency
signals along transmission line 22.

Desired response curve 28 shows that
microelectromechanical microwave capacitive switch is in a
"Dn" position only when an appropriate bias voltage is
applied between electrode 16 and membrane 20, corresponding
to closing of the switch. Curve 30 in FIGURE 5C
illustrates a problem that occurs in some conventional
microelectromechanical microwave capacitive switches. With
operation as shown by curve 30, the switch toggles at a
rate equal to twice the desired rate. This operation is
undesirable. The invention recognizes that the behavior of
some conventional microelectromechanical microwave
capacitive switches as exhibited by curve 30 occurs due to
charge injection and accumulation, which is described in
greater detail below in conjunction with FIGURES 8A through
8C.

FIGURES 6A through 6C are a series of graphs
illustrating the operation of microelectromechanical
microwave capacitive switches in response to a low
frequency stimulus. Curve 32 in FIGURE 6A illustrates an
example of low frequency stimulus in which a positive bias
voltage applied between electrodes 16 and membrane 20
generates the desired response illustrated by curve 34,
shown in FIGURE 6B. Curve 36 in FIGURE 6C illustrates a
response resulting from some ~conventional
microelectromechanical microwave capacitive switches in
which the membrane of the microelectromechanical switch

toggles back to an up position when it should be in a down
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position. Thus, after some period of time, the membrane
returns to an "Up" position even when a bias voltage is
maintained. The invention recognizes that the behavior of
some conventional microelectromechanical microwave
capacitive switches as exhibited by curve 36 occurs due to
charge injection and accumulation, which is described in
greater detail in conjunction with FIGURES 8A through 8C.

FIGURES 7A and 7B are a series of graphs showing
switch repetitions versus bias voltage. In curve 38 in
FIGURE 7A, the voltage required to displace membrane 20
downward to contact dielectric region 18 is illustrated as
a function of the number of switch repetitions. As
illustrated, the bias voltage required to effect such
contact increases as the number of times the switch is
opened and closed increases. A more desirable response is
illustrated by curve 40 in FIGURE 7B in which the bias
voltage required to displace membrane 20 to contact
dielectric region 18 remains fairly constant after a few
switch repetitions. The behavior as illustrated by curve
38 is also attributed to charge injection and accumulation.

FIGURES 8A through 8C illustrate the generation of an
electric field between membrane 20 and electrode 16 for
three time periods: time t = 0; time t = t;, > 0; and time
t = t;, > t;. The cause of the above-described undesirable
behaviors of some microelectromechanical microwave
capacitive switches is further described in conjunction
with FIGURE 8.

For time t = 0, an external electric field due to a
bias voltage applied between electrode 16 and membrane 20
has the same magnitude as the total electric field between
electrode 16 and membrane 20 because there is no internally
generated electric field within dielectric region 18.

However, at time t,, electrical charges begin to accumulate
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within dielectric region 18. These electrical charges are
injected into dielectric region 19 due to the applied bias
voltage. These electrical charges generate an internal
electric field that opposes the externally applied electric
field. Thus, the total electric field between membrane 20
and electrode 16 1is reduced. At some time t, the total
electric field between membrane 20 and electrode 16 is
reduced to an extent that membrane 20 will return to an
"open" position. Thus, the accumulation of a charge that
is injected into dielectric region 19 by application of a
bias voltage creates an electric field opposing the
externally applied electric field generated by application
of a bias voltage. This charge accumulation is responsible
for the behavior of conventional microelectromechanical
microwave mechanical capacitive switches as exhibited by
curve 36 in FIGURE 6C.

Charge accumulation is also responsible for the
behavior of conventional microelectromechanical microwave
mechanical capacitive switches in response to low frequency
stimulation as exhibited by curve 38 in FIGURE 7A. Each
time a bias voltage is applied between membrane 20 and
electrode 16, a little more charge is injected into
dielectric region 18. This additional charge creates a
stronger electric field opposing an externally applied
electric field resulting from the bias voltage. Therefore,
to attain an electric field sufficient to displace membrane
20 to contact dielectric region 18, a greater bias voltage
is required for each successive switch repetition.

Charge accumulation is also responsible for the
behavior of conventional microelectromechanical microwave
mechanical capacitive switches in response to high
frequency stimulation as exhibited by curve 30 in

FIGURE 5C. This phenomena, which results in switching at
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twice the desired frequency, occurs due to charge
accumulation resulting from charge injection by application
of a bias voltage. Upon application of a bias voltage,
charge is injected into dielectric region 18. The bias
voltage then returns to zero at a desired time, but the
accumulated charge creates a net electric field in
dielectric region 18. This net electric field causes a
potential difference between electrode 16 and membrane 20,
which causes membrane 20 to again displace toward electrode
16. This displacement occurs even though the externally
applied bias voltage is zero. Therefore, switching occurs
at twice the desired rate. This operation is referred to
as bipolar operation.

According to the teachings of the present invention,
such problems associated with charge injection and
accumulation may be addressed by depositing dielectric
region 18 in such a way as to make it "leaky." In other
words, dielectric region 18 is deposited with a material
having an increased conductivity, or decreased resistivity,
to inhibit charge accumulation in dielectric region 18
during operation of switch 10. As used herein, according
to one embodiment, "inhibit charge accumulation" refers to
preventing charge accumulation to an extent that
microelectromechanical microwave mechanical capacitative
switches, during standard operating conditions, generally
do not exhibit bipolar response in response to high
frequency stimulus or generally do not switch to an "Up"
position when they should be in a "Dn" position in response
to low frequency stimulus, but not necessarily both. Thus
inhibition of charge accumulation occurs if one or more of
these two behaviors is generally prevented.

Forming dielectric region 18 with decreased

resistivity allows migration of the injected charges
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through dielectric region 18 and avoids charge buildup.
According to the invention, increasing the conductivity of
dielectric region 18 may be achieved in several ways:
dielectric layer 18 may be intentionally doped with an
external dopant; the internal stoichiometry may be
modified; pre or post processing steps can be introduced or
modified; or other suitable techniques that increase the
conductivity of dielectric region 18 may be utilized.
Although the particular increases from standard
conductivities associated with dielectric material used in
conventional microelectromechanical microwave capacitive
switches varies by application, bias voltage, and magnitude
of electric field, increasing the conductivity by a factor
of a 10,000 over standard values has been shown to be
particularly advantageous and produced the above-described
desirable results.

According to one embodiment of the invention, silicon
nitride (Si;N,) is deposited stoichiometrically by plasma
enhanced chemical vapor deposition. The conductivity of
SiN is sensitive to the Si/N ratio. By increasing the
silicon concentration in the film and making the film
silicon-rich, the dielectric becomes leaky and prevents
charge by accumulation problems. In one embodiment of the
invention, the resistivity of the silicon nitride used to
form dielectric region 18 was reduced from 1x10* to 1x10’
Ohm-cm. This resistivity occurs in the presence of an
electrical field having a magnitude of 200 kilovolts per
centimeter.

Although the present invention and its advantages have
been described in detail, it should be understood that
various changes, substitutions, and alterations can be made
therein without departing from the spirit and scope of the

present invention as defined by the appended claims.
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12
WHAT IS CLAIMED IS:
1. A method of forming a switch, the method
comprising:
providing conductive region;

dielectric material;

a
providing a membrane;
providing a

a

disposing region of the dielectric material between
the conductive region and the membrane such that a
sufficient voltage applied between the conductive region
and the membrane effects a capacitive coupling between the
membrane and the conductive region; and

wherein providing the dielectric material comprises
providing a dielectric material having a resistivity
sufficiently low to inhibit charge accumulation in the

dielectric region during application of the voltage.

2. The method of Claim 1 wherein providing the
dielectric material comprises providing a dielectric
material having a resistivity sufficiently low to generally

prevent bipolar operation of the switch.

3. The method of Claim 1 wherein providing the
dielectric material comprises providing a dielectric
material having a resistivity sufficiently low to generally
prevent release of the capacitive coupling while the

sufficient voltage is applied.

4. The method of Claim 1, wherein providing the
dielectric material comprises providing a dielectric
material having a resistivity less than approximately 1x10%!
ohm-cm measured in an electric field of approximately
200kV/cm.
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5. The method of Claim 1, wherein providing the
dielectric material comprises providing silicon nitride
having a resistivity less than approximately 1x10*' ohm-cm

measured in an electric field of approximately 200kV/cm.

6. The method of Claim 1, wherein providing the
dielectric material comprises providing a dielectric
material having a resistivity of approximately 1x10’ Ohm-cm
in an electric field having a strength of approximately
200kV/cm.
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7. A switch comprising:

a conductive region;

a membrane;

a dielectric region formed from a dielectric material,
the dielectric region disposed between the membrane and the
conductive region;

wherein a sufficient voltage applied between the
conductive region and the membrane effects a capacitive
coupling between the membrane and the conductive region;
and

wherein the dielectric material has a resistivity
sufficiently low to inhibit charge accumulation in the

dielectric region during operation of the switch.

8. The switch of Claim 7, wherein the dielectric
material further has a resistivity sufficiently low to

generally prevent bipolar operation of the switch.

9. The switch of Claim 7, wherein the dielectric
material further has a resistivity sufficiently low to
generally prevent release of the capacitive coupling while

the sufficient voltage is applied.

10. The switch of Claim 7, wherein the dielectric
material has a resistivity less than approximately 1x10'!
ohm-cm measured in an electric field of approximately
200kV/cm.

11. The switch of Claim 7, wherein the dielectric
material comprises silicon nitride having a resistivity
less than approximately 1x10" ohm-cm measured in an

electric field of approximately 200kV/cm.
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12. The switch of Claim 7, wherein the dielectric
material comprises silicon nitride having a resistivity of
approximately 1x10’ ohm-cm measured at approximately
200kV/cm.

13. The switch of Claim 7, wherein the dielectric
material further has a resistivity sufficiently low to
generally prevent bipolar operation of the switch and
sufficiently low to generally prevent release of the
capacitive coupling while the sufficient voltage is

applied.
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14. A method of forming a capacitive switch, the
method comprising:

providing a substrate;

disposing a conductive region overlying the substrate;

disposing a dielectric region overlying the conductive
region;

disposing a membrane over the dielectric region such
that a sufficient voltage applied between the conductive
region and the membrane effects a capacitive coupling
between the membrane and the conductive region; and

wherein disposing a dielectric region overlying the
conductive region comprises providing a dielectric material
having a resistivity that inhibits charge accumulation in

the dielectric region when the switch is operating.

15. The method of Claim 14 wherein providing the
dielectric material comprises providing a dielectric
material having a resistivity sufficiently low to generally

prevent bipolar operation of the switch.

16. The method of Claim 14 wherein providing the
dielectric material comprises providing a dielectric
material having a resistivity sufficiently low to generally
prevent release of the capacitive coupling while the

sufficient voltage is applied.

17. The method of Claim 14, wherein providing the
dielectric material comprises providing a dielectric
material having a resistivity less than approximately 1x10!
ohm-cm measured in an electric field of approximately
200kV/cm.
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18. The method of Claim 14, wherein providing the
dielectric material comprises providing silicon nitride
having a resistivity less than approximately 1x10'' ohm-cm

measured in an electric field of approximately 200kV/cm.

195. The method of Claim 14, wherein providing the
dielectric material comprises providing a dielectric
material having a resistivity of approximately 1x10’ ohm-cm
in an electric field having a strength of approximately
200kV/cm.

20. The method of Claim 14, wherein providing a
dielectric material comprises providing a dielectric
material having a resistivity sufficiently low to generally
prevent bipolar operation of the switch and sufficiently
low to generally prevent release of the capacitive coupling

while the sufficient voltage is applied.
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