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" INDUCTOR-CAPACITOR RES'ONA_NT RF SWITCH
" BACKGROUND OF THE INVENTION
(1) Field of the Invention

The invention relates to a microelectronic mechaniéai
switch (MEMS)_deQice aﬁd method of fabrication, and more
particularly, to an inductor-capacitor resonant radio
freqﬁency (LCR RF) switch and a method'of_fabricating a LCR

RF switch.
(2) Description of the Prior Art

Generally, RF switches,'consisting'of solid gtate
deyiées, such as diodes and field—éffect transistors (FET),
are used in gommunication systems applications; For very
high frequeﬁcieé of'abqut 1 GHz, these diode and FET
dgviceé are typically fabricated using expensi#e GaAs
technology. However, RF switches fabriéatedlusing diodes
and FET deviceé demonstrate high ihsértion loss and low
'iSOlation Qhen the working'frequency'ekceedg 1 GHz. 1In
addition, the value of the isolation decreases with

frequency.' i
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Recently, microelectronic.mechaniéal (MEMS) technelogy 
has Been ﬁsed for the fabrication of RF switches. A MEMS
SWitch-features significant advantages in its small size ae
ﬁeasured ip the operating wavelength. MEMS has potentially
lower costs since IC batch processing can be used. As an
ekample, a microelectroniclﬁechanical switch (MEMS) may be
constructed thch uses electrostatic force fo flex a thin
membrane and thereby cause tﬁe switch to be opened or
closed. Such devices are fabricatea with dimensions in the

range of 100’s of mierona and can be intedrated onto an

integrated circuit device. Since an electrostatic force is

used, the switch can be controlled using only a voltage and

very little, or no, current. Therefore, it consumes
virtually no power. This is an important advantage for
portabie communication systems, such as hand-held mobile
phones or other wireless communication devices,_where power-.
cohsumption_is recognized as a significant operating -

limitation.

Referring now to Fig..1l, an MEMS device is illustrated

in cross section. There is shown, in highly simplified

_form, a MEMS switch over which the preaent invention is an

improvement. It is to be underskood in this regard that no



portion of Fig. 1 is admitted to be prior art as to the
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present invention. Rather, this highly simplified diag;am
is provided in an effort to provide an improved
uﬁderstanding-of the problems which are overcome by the

invention.

In this example, the deviqe.is fabricated on. a
suBstrate_105 An insulating layer 12 overlies the
substrate 10 to isolate the switch from the substrate 10.
A metal microsfrip 14 overlieé,the dielectric layer 12.
The metal microstrip 14 may be designed to carry a

. microwave signél, for example. A dielectric layer 18
overlies the metal microstrip 14. A bridge structure is
.formed by the coﬁbination of the bridge posts 22 and the
membrane -26. The bridge posts 22 are formed stradd;ing the
metal microstrip 14. Tbe membréne 26 is fixed to the
'bnidge posts 22 at éach end. -The bridge poéts 22 and
membrane 26 may comprise metallic méterials. The membrane
26 is very thin such that an electrostatic force can cause
it to flex. The distance between the membrane 26 and the

dielectric .layer 18 is an air gap.

This MEMS device has two states of operation. 1In the

UP state, the membrane 26 is susﬁended above the dieléctric
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layer 18 as shown. In this state, there is very little
cépacitive coupling between the bridée structﬁre aﬁd the.
metal microstrip 14. At microwave frequencies, the small
'qapacitor between the bridge structure 22 and 26 and the
metal microstrip 14 forﬁs a large impedance value.
_Thérefore, very little of the @icrowavé energy is

transferred into the bridge structure 22 and 26.

Referring now to Fig. 2, the DOWN state of operation
of thé MEMS device is shown.l If a sufficiently large, DC
bias voltage exists befween the membrane.26 and the metal
microstrip 14, the electrostatic force will cause the thin
membrane 26 to flex toward the miqfostrip 14.. At maximum
deflection, the membrane 26 contacts the dielectric layer
18 as shown. 1In this state, the capacitive coupling
between the microstrip 14 and the bridge structure-22 and
26 is much higher than in the non-flexed state. The large ~
capacitance forms a much smaller impedance value for the .
microwave signal. .Therefore, much of the microwave energy-:

is conducted into the bridge structure 22 and 26.

As can be seen, the MEMS device functions as a -
variable capacitor on the microstrip 14 node of the

circuit. When the membrane is ih the Up stéte, the switch
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_is OFF. The signal flowing on the microstrip 14 continues -

to flow along the microstrip 14. When the membrane is
down, due to the DC bias, the switch is ON. The signal is
redirected through the capacitor and into the bridge

membrane 26 and posts 22.

The figure of merit for the MEMS device is the ratio
of the insertion.loss in the DOWN state and the isolation
during the UP state. The MEMS exhibits very low ipsertion
loss and very high isolation. The resonant frequeﬁéy éf thei
MEMS device determines the particular frequency at which
the high isolation can be achieved. The resonant frequency
depends upon the éapacitance in the DOWN state and the
small inductance of the bridée structﬁre. Noté that. the
area of the capacitor formed between the memﬁrane 26 and.
the microstrip 14 in the DOWN statée is proportional to the
érea of the bridge cantacting the dielectric layer 18,

which is, in turn, proportional to the contact length Ll.

Referring now to Fig. 3, an equivalent circuit model

for the MEMS device is shown. - In this model, the MEMS

device is configured as a shunt switch. The bridge posts

are connected to ground. The microstrip is modeled as the

1

lumped impedance elements % 48. "' The MEMS bridge is modeled
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és a variable éapacitor Co 52, a series inductance L;'SG and
a series resistance R; 60. The variable capacitor Cp 52
represents the aforementioned variabie'capacitive coupling
due the défléction 6f the membrane. The series inductance
Ly 56 and series fesistance Rs 60 are.due to the physiéal
charaéteristics of fhe membrane and bridge posts. When the
MEMS switch is in the UP state, Cp 52 is small, and most of
the microwave energy is conductea past the switch. When
the MEMS switch is in thé DOWN state,'C@ 52 is large, and
ﬁost of tﬁe microwave energy is conducted through the

switch to ground.

Note that, in the DOWN state, the series capacitance Cp

" 52 and the series inductance 1, 56 result in a series

resonant frequency given by:
o = 1/(Lbe) 1/2.

Typically, the MEMS device can bé optimized for useful
operating frééuencieé of greater than aboqt 5 GHz.
However, for f;équency bands below 5 GHz, this MEMS device
exhibits too low of an isolation. This is because the

bridge inductance_Lbis usually very small and is not

~adjustable.



_Finally,.the fabricafion technique for this MEMS
capacitor RF switch is difficult to control. One
fabrication technique is to spin on a photoresist layer
prior to the deposition of the thin membrane layer. The
photoresist layer is tﬁen removed to form. the deflection
égp. Unfortunately, it is very difficult to uniformly
control the thickness of spun on photoresist. The yield of
qualified MEMS devices in a wafer will therefore be

limited.

Several prior art approaches disclosé MEMS. devices and
methods to form MEMS devices. Z.J. Yao et al,
“Micromachined Low-Loss Microwave Switches,” IEEE Journal
'of Microeléctromechanical Systems, Vol. 8, Na. 2, June
1999, pp. 129—134, dis;loses an MEMS device for microwave
applications. A capacifively—cohpled switch-is formed
'-where a dielectric layer separates a bottom electrode from
a suspended membrane. J:.B. Muldavin et al, “High—Iéolation
_'Inductivély—Tunéd X~-Band MEMS Shunt Sﬁitches,” 2000 IEEE
MTT-S International Symposium Digest, June 2000, pp. 169-
'172,_discl§ses an inducﬁively—tuned.MEMS device. Straiéht
tiansmission lines are ﬁsgd to add inducfance to the shunt-

configured, MEMS switch circuit ﬁetween the bridge and



éround. U.S. Patent 5;619,061 to Goldsmifh et al teaches
various configurations of micromechaniqal microwave .
switches. Dieléctric,_metallic, and.combination membranes
are disclosed. Both direct coupling aﬁd capacitive
coupling are taught. U.S. Patent 6,069,540 to Eeienz et al
discloses a MEMS device with a pivot pin structure. A

- rigid beam is used to imfrove_reliability. U.S. Patent
5,380,921 t§ Tham et al teaches a switched capacitor bank
formed using MEMS technology. U.S. Pafent 6,074,890 to Yao
et al discloses a MEMS device wﬁere the motion of a signal
device is coupled to the motion of a slave device. The
:préferged.fabrication useé‘a backside dry etch to-release
the suspended MEMS aevices and mechanical couplers. U.S.
Patént 6,020;564-to Wang et al teaches a MEMS device wheré
the'acfuation voltage is reduced by leveraging é small
actuating beam movement info a large ldngitudinai beém
movement. U.S. Patent 5,578,976 to Yao teaches a MEMS
dévicg with a cantilevered beam fabricated from dielectric

‘material.
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SUMMARY OF THE INVENTION

A principal object of the present invention is to
provide an effective and very manufacturable MEMS-based
inductor—capacitdr resonant RF switch and method of

fabrication.

A further object of the present invention is to
provide a MEMS-based inductor-capacitor resonant RF switch
by combining a MEMS variable capacitor and a spiral

inductor.

A yet further object of the present invention is to
combine a MEMS variable capacitor and a spiral inductor to
thereby create an inductor-capacitor resonant RF switch

with improved operating characteristics below 5 GHz.

' Another further object of the present invention is to

_improve the operating characteristics of a MEMS variable

capacitor by adding an upper electrode to increase
capacitive coupling between the membrane and-the

microstrip.



Another further object of -the present invention is to
apply the inductor-capacitor resonant RF switch in a

shunting configuration.

Another’ further object of the present invention is to
apply the inductor-capacitor resonant RF switch in a series

~configuration.

Another further object of the present invention is to
- apply the inductor-capacitor resonant RF switch in a

mulfiple—channel, series configuration.

Another further object of the present invention is to
provide a method of fabricating a microelectronic

mechanical switch device with improved uniformity.

Another yet further object of the present invention is~
to provide a method of fabricating a microelectronic

mechanical switch device using a dual damascene process.

In accordance with the objects of this invention, a
new inductor-capacitor resonance RF switching device is
achieved. The device comprises a mic¢roelectronic mechanical

switech and a spiral inductor. THe microelectronic
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mechanical switch compriseé, first, a_first dielectric
layer overlying a substrate. A down electrode oveflies the
first dielectric layer. A second dielectric layer overlies
'the-down electrode. An up elec;rode may overlie the down
electrbde with the second dielectric layer therebetween. A
'bridge bogt overlies the first dielectric layer and does
.not.contact the down.electrgde or the ﬁp electrddef
Multiple Eridge posts may be ﬁsed. Finally, a meﬁbrane is
suspended over said down electrode. At least one end of thé
.membrane is fixed to the fop.of a bridge post. An |
électrostatic potential between the membrane and the down
eléctrode will cause the membrane to flex down toward_tﬂe
down-electrode. This flexing of the membrane will cause
‘the capacitance of the swi;ching deeice to ﬁary. The
spiral inductqr cbmprisesla-metal line configured in a
spiraling pattern with a first end connecﬁed to a bridge

post and a second end forming an output node.

Also in accordance-with.the objects of this invention,
a neW'mulfiple chanﬁel, series conf%gured LCR-RF switchihg
circuit is achieved. fhe circuit comprises a plurality of
MEMS capacitor and spirél inducfor pairé. In each pair, 5
first énd of each spiral inductof is connected to é bridge

post of each .MEMS capacitor. Thé down electrodes of all

11



the MEMS capacitors are conﬁected to é single iﬁput signal.
A second end of each spiral inductor forms a plurality of
output signals. Activation of én& MEMS capacitor in any
pair causes the input signal to flow to the output signal

for the pair.

Also in acéordancé with the objects of this invention,
a new method to fabricate a microelectronic mechanical
switch dévice is achieved. A down electrode is provided
- overlying a substrate with a first dielectric layer
therebetween. A second dielectric layer is provided
overlying the down electrode layer. A first silicon
dioxide layer is deposited overlying the second dielectric
layer. A silicon nitride layer ié deposited overlying the
,_fi;ét silicon dioxide layer. A second silicon dioxide
layer_is deposited overlying the silicgn nitride layer. The
second silicon dioxide layer, the silicon nitride layer,
the first silicon dioxide-layér, and the second dielectrié
layer are patterned to form deep trenches for planned
bfiqge posts. The seéond silicon dioxide 1ayef and thé
silicon nitride layer are patterned to form shallow
trenches: for the planned membrane. The shallow trencheé
connect to the deep trenches. A metal layer is deposited

dvérlying the second silicon diokide layer, the silicon

12



nitiide layer, tﬁe first silieon:dioxide layer, aﬁd the
second dielectric leyer to fill the deep ftrenches anq the
shallow trenches. The ﬁetal layer is.polished down to the
silicon nitride layer to complete the bridge pests and £he
membrane. The second silicon dioxide layer, the silicen
nitride layer and the first eilicon dioxide layer éie
‘etched away to release the'meﬁbrane and to complete the
microelectronic mechaﬁical switch device in the manufacture

of the integrated circuit device.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings forming a material part

of this description, there is shown:

Figs. 1 through 3 schematically illustrate a prior art’

MEMS device.

Figs. 4 and 5lschematica11y illustrate, in cross.
sectional representation, a first preferred embodiment of

the MEMS capacitor of the present invention.

13



- Fig. 6 illustrates in top view a first preferred

embodiment of the LCR-RF switch of the present invention.

Fig. 7 illustrates schematically the equivalent
circuit model of LCR-RF device of the present invention

appliéd in a shunt configuration.

‘'Fig. 8 illustrates schematically the equivalent
circuit model of LCR-RF device of the presenf invention

applied in a séries configuration.

Fig. 9 illustrates schematically the equivalent
circuit model of a plurality of LCR-RF devices of the
present invention applied in a multiple channel, series

configuration.

Figs. 10 and 11 illustrates a second preferred
embodiment of the LCR-RF switch of the present invention

wherein a -single bridge post is used.

Fig. 12 illustrates a top view of the MEMS capacitor
of the LCR-RF switch of the present invention wherein

alternative cross sections are labeled.

14



Fig. 13 illustrates a general cross sectional
representation of the MEMS capaciﬁor at the first stage of .
the preferred embodiment of the method of fabrication of

the present invention.

" Figs. 14a, 15a, 16a, 17a, 18a, 19a, 20a, and 2la
illustrate the A-A cross section of the.MEMS device at
stages in the preferréd method of fabrication of the

present invention.

Figs. 16b, 18b, 20b, and 21b illustrate the B-B cross
section of the MEMS device at stageé in the preferred

method of fabrication of the present invention.

Figs. 16c, 18c, 20c, and 21c illustrate the C-C cross
section of the MEMS device at stages in the preferred

method of fabrication of the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The LCR-RF switch device of the present invention is
applied in a shunt configuration, a series cénfiguration,

and a multiplé channel, series cAnfiguration. Two

15



preferréd embodiments of the device are disclosed. In thé
first preferred embodiment, a bridge.étructure with two’
bridge'posts is described. 1In the éecond embodiment, a
single post bridge strﬁcture is described. A preferred
-embodiment of the method of forming the LCR-RF switch is
'describedf It shoulé be clear to those experienced'in the
art that the present inventibn can be applied and.extended

without deviating from the scope of the present invention.

The LCRTRF switch of the present invention comprises
ﬁwo comppnehts: alnovel-MEMS capacitor device and a spirél
inductor. The novel combination of the MEMS cépaditor
device and the inductor facilitates the formation of an
LCR-RF switch with improyed-fréquency'response
.characteristics. The unique features of the device of the
present invention, in its two embodiments, will be
.described. The unique features of the method of
fabricating the device will be described in a section

following.'

Referring now more pafticulariy to Fig. 4, there is
illustrated a cross-section of a partiélly completed
integrated circuit device of the first preferred .

embodiment. More particularly, a'cross section of the first

16



embodiment of the uniqué MEMS‘capacitér device of the LCR~
RF s&itéh is illustrated. Several important features of the
present invention are shown. The MEMS capacitor is a
switching device that uses the membrane fléxing principle
of operation as outlined in the prio; art device. A
‘substrate 80 may comprise a semiconductor wafer and may
.further comprise monocrystalline silicon. This substrate 80
méy éléo further comp;ise a thick dielectric material, such
as silicon dioxide, or a low-k material. For simplicity of
illustration, the substrate 80'i$ shown as a monolithic
layer. 1In practice, a plurality of active and passive
dévices, layers, and connective lines may be formed in the

‘substrate 80 prior to the formation of the LCR-RF device.

A first dielectric layer- 84 overlies the substrate 80.
The first dielectric léyer 84 electrically isolates the
substrate from the rest of the MEMS structure. A down
electrode_92.overlieé the first dielectric layer 84. "The
‘down electrode 92 acts as the signal inpuf line for the
LCR-RF device. " The down electréde 92 préferably cbmprises
a metal layer. An inferle&el dielectric layer 838 overlies
the first dielectric layer 82 and isolates the down
electrode 92. This configuration of the interle&e}

'_ﬁdielectric layer 88 facilitates the formation of the down

17



electrode 92 by a damascene process. The dielectric layers
84 and 88 are chosen to have qiffercnt etching rates with
”respect to cach other. Dielectric layers 84 and 88
prefercbly,comprise silicop nitride and silicon dioxide,
respectively. A second dielectric layer 96 overlies the
down electrode 92. The second dielectric-layer 96 is the
capacitivé coupling.dielectric for the-MEMS capacitor, The
second-dielectric'layer 96 preferably comprises silicon
nitride that has a thickness of between about 300 Angstroms

“and 2,000 Angstfoms.

A particularly important feature is the up electfode
~100. The up electrode 100 overlies the down clectrode 92
with the second dielectric layer 96 therebetween. The up
electrode 100 provides a conductive plate to increase thé
effective capacitance of the MEMS capacitor in the flexed
‘stafe. Further, the capacitance of the MEMS capacitor in
the flexed state can be carefully designed and controlled.
by the area of tﬁe up electrode iOO to thereby cause
resonance at a specific frequency. The area cf the up
electrode is proportional to length L2. Finally, the up

e;ectrode'lOO preferably comprises a metal layer.

18 .



Another,important_feature,of the'present inveption is
the bridge structure 120. iﬁ the bridge strﬁcture 120 of
fhe.present invention, a single metal layer 120 forms the
two bridge posts 118 and the membrane 122. _The novel
bridge structure 120 may be formed using a dual damascene
process as-will be describea in the method of.fabrication.
In.additien;.the thin membrane 122.has a preferred
thiekness of betweee about 5;060 Angstroms and 25,000

Angstroms. -

If the voltage potential between the down electrode 92.
and the membrane 122 is less tﬁan-the minimum activation
voltage, then the MEMS capacitor device is in the UP state
as ehown in Fig. 4. In the UP state, the capacitive
coupling between the membraﬁe 22 and the down electrode 92
is at a minimum-due,to the large air gap 123 between the
membrane 122 and the up electrode 100. At microwave
frequenciee, the small.eapacitance between the bridge
strﬁcture 120 and the down electrode forms a large.
imﬁedance value.. Therefore, very little of the microwave
energy.is trensferred into the bridge structure 120 from

the down electrode.
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Referring now to Fig. 5, the DOWN stété of the MEMS
capacitor is shown. le achieve DOWN state, a sufficiently:
large DC bias is created betwéeh the down electrode 92 and
‘the membrane i22. This bC bias may be applied in addition
to a high frequency-signal flowing on the down electrode-
92. The DC voltage causes the thin membrane 122 to flex

toward the down electrode 92 due. to electrostatic force.

At full flexure, the membrane 122 contacts the up
electrode 100. This is a particularly important feature of
the present invention. As can be seen, the contacting
surface area.betwéen the membfane 122 and.the up electrode
100 is rather small. This was also true.for the MEMS
capacitor of Fig. 2. However, the unique up electrode 100
of the present invention creates a large top plate to
‘greatly increase the length L2, and, therefore, the area of
capacitive coupling between the membrane 122 and the down
electrode 92. The DOWN state capacitance of the MEMS
capacitor of the present invention is theérefore much

greater than that of a comparable device of Fig. 2.

Referring now to Fig. 6, a top view of the LCR-RF
switch device is illustrated. The LCR-RF switch in the

present invention is formed by the novel combination of the

20



MEMS capacitor,qf Fig. 4 with a sbiral induétor. In this
illustration, the LCﬁ—RF éwitch is in a-shunt
éonfigﬁrétion. The membrane 122, supported on the posts
118, crosses over the up electrode 100. The down
electrode, ﬁot shown, underliés the'up electrode 100. The
.ﬁicrostrip line 125 is connected to the down electrode.

The microstrip line 125 carries the high frequency signal.

One of the posts.llé is connected to the spiral
inductor 124. The spiral inductor 124 comprises a metal
line configuréd in a spiraling pattern witﬁ a first end
._connecfed to the bridge“post 118 and a second end forming
an output nodé. Iﬁ this caée, the second end of the spirél

inductor is donnected to ground 128.

When tﬁe membraﬁe is the UP state, thé signal_flowiﬁg
through the microstrip 125 is unaffected by the switch due
to the minor capaéitive coupling of the UP state. However,
-in the DOﬁN'state, fhe increaséd'capacitive_coupling
channels the micfowave éignal into the mgmbfane 122 and.the
bridge posts 118. The signa; flows through.the'spiral
inductor 124 to ground 128. The switch effectively shunts
the signal to ground. In the préferred embodiment, the

:DOWN state Capacitancé varies beéween about 10 fF and 30
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pF. 1In the preferred embodiment, the spiral inductor Valué

is between about 1 nH and 30 nH.

‘Referring now to Fig. 7, an equivalent éircuit médel
of the LCR-RF switch of the present invention configured as
a shunt circuit is illustrated. The microstrip is modeled
~as two lumped impedance elements'io 148. The MEMS capacitdr
is modeled as a variable capacitor Cp, 152 in series with a
bridge inductor L, 156 and a bridge résistance Ry, 160. The
spiral inductor is modeled as an inductor ILg 164 and an
inductor resisfance Rs 168. fhe'first end of the spiré;.
iﬁdUCfor-is ﬁied to the MEMS cgpacitor bridge post, and the

"second end of the spiral indﬁctor is tied to ground 144.

" The novel features of the'pfesent invenﬁién LCR-RF
switch are demonstrated by the model. First, the MEMS
capacitor achieves a higher DOWN state capacitance C, 152 ’
due to the up eleqtrodé. Second, the spiral inductor adds
a much larger inﬁuctbr Ls 164 to the shunting path.
Therefore, the resonant frequency of the LCR-RF switch can
be reduced tq.below the 5 GHz range. This makes the LCR-RF
switch extremely useful for communications applicatiéhs.

Further, the inductor L, 164 can be carefﬁlly designed to a

specific size and tightly controlled in the fabrication
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process. Therefore, the optimum resonant ffequency can be
targeted préciselyﬁ The preferred.resonant frequency in

DOWN state of between about 1 GHz and 100 GHz.

Refe;ring now to Fig; 8, an equivalent circuit model
-Qf the LCR—Ré switch of the presenf invention'configured as
a sefies circuit is_illgstrated.. In this case, only a
first segment of the'microsfrip line is tied the MEMS
cabacitof. A second microstrip line 190 is tied to the
. output of the spirél inductor. The microstrips are modeled
as two lumped impedance elements éo 188 and 190. The MEMS
_ capgcitor is modeled as a va¥iable capacitor Cp, 192 in
series with a Eridge inductor im 196 and a bridge resistanée
R, 200. The spiral inductor is modeled as an inductor Ls
ZQ4 and an inductor resistance R; 208. The first end of the
spiral inductor is aéain tied to the MEMS capacitor bridge
post. However, the second end_of the épiral inductor is

. tied to the second segment of microstrip 190.

_In the series configuration, the LCR-RF switch permits
thé signal to pass from thelfirst segment'188 to the second
‘segment 190 only when the MEMS capacitor is in the DOWN
state. In the UP state, the small capacitive coupling of

the MEMS capacitor does not permftlthe signal to flow.
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Reférring néﬁ_to Fig. 9, an,equivalgnt circuit model
-of-a'plurality.of LCR—RF switchés of thé present inQentiQn
configured in a multiple channel, series circuit is
illustrated. A separate LCR—RF.switch is used fof each
_chénnel of a selector circuit-of size gn.”-The input
segment of the microstrip line 188 is tied all of the MEMS
capacitors. fhe output microstrip lineé 260, 261, 262,-and
263 are tied to the outpﬁts of separate spiral-induCtors.
The micréstrips are modeled as lumped imbedande eiements Zg
| 188, 260, 261, 262, and 263. The first channel MEMS
capacitor is modeled as a variable capacitor Cm_192 in
series with a bridge inductér'Lm_196 and é bridge
resistance Rp; 200. The first chanqel spiral inducto¥ is.
modeled as an inductor Lﬂ_204 and an inductor resisténce Rs1
208. Tﬁe second channel MEMé capacitof is modeled as a
variable éaéacitor t%z 212 in series with a bridge inductor
Lpz 216 and a bridge resistance Rpz 220. The second cﬁannel
'spiral inductor is modeled as an inductof Lsz 224 and an.
inductor, resistance Rez 228. The “nth” channel MEMS
capacitor is modeled as a variable capacitor CQ,232 in-
series with 'a bridge inductor Ly, 236 and a bridge

resistance Ry, 240. The-“nthf channel spiral inductor is
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modeled as an inductor Lg, 244 and an inductor resistance Rgp

-

248.

In the multiple channel, series configuration, the
LCR-RF switches permit the input. signal to pass thréugh to
any output segmeﬁt when the MEMS capacitor for that channel
is in the DOWN state. In the UP.state, the small
capacitive éoupling of the'MEMS capacitors-do not permit

the signal to flow to that -channel.

Réferring now to Fig. 10, a second preferred
.émbédiment of the pfesent inveﬁtion is_illustrated. In
#hié embodiment, the membrane 441 is supported upon a
single bridge post 442. Once again, the device is .
zfabricated overlying a substrate 400. A first dielectric
layer 404, preferabiy comprising silicon nitride, overlies
the substrate 400. A down eleétrode 412 overlies the first’
.  dielectric layer 404. The down eiecfrode 412 preferably .
"comprises a metal layer. The down electrode 412 may.
additionally comprise a microstrip iine useful for carrying
- a microwave signal. An interlevel dielectric layer 408
overlies the first dielectric layer 404..'The interlevel
dielectric-layer 40é facilitates the formétion of the down

electrode 412 using a damascene ﬁrqcess. A second
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aielectric layer 416-ovetlies the dowﬂ eiectrode 412. The
‘'second dieléctric layer 416 p;eferably compri;es silicon
nitride. An important feature is the up eiectrode 429.
The up electrode 450 overlies the down electrode 412 with

the second dielectric layer 416 therebetween.

Another important feature of this embodiment is the
bridge structure 440. In the bridge strﬁctuie 441 of-the
' present invention, a single metal layer 440 forms the |
éingle bridge post 442 and the meMbrape 441. The novel
bridge structure 440 may be formed using a dual damascene
"process as will be described_iﬁ the method of fabrication.
In addition, the thin membréne 441 has-a preferred
thickness of betﬁeen'about 5,000 Angstroms and 25,000

Angstroms.

The theory of operation of the single pbst device is:
the same as for the two posg device of'Figs. 5 and 6. If
the voltage pofential between the down electrode 412 aﬁd
the membrane 441 is less than'thé minimum actiﬁation
%oltagé, then the'MEMS.capacitor device is in the UP state.
In the UP sfate; the capacitiﬁe coupling between the
membrane 441 and the down electrode 412 is at a'minimum dué

to the large air gap 443 between‘the membrane 441 and the

26



‘ub electrode 420. At ﬁicrowave fréqﬁehcies, the.sﬁall
cépacitaﬁce between the bridge structure 440 and the down
eléctrode 412 forms a iérge imﬁedance valqe. Therefore,
~ very little of microwave energy is-transfer:ed into the
"bridge structure 440-ﬁr6m the down electrode 412. A large
DC bias voltage Eetween'the dowg electrode 412 and the
_ﬁembrane 441 will céuse the membrane 441 to flex toward the
down electrode 412 due té electrostatic force. The
meﬁbrahe'44l will contact the up electrode 4é0 at- full -
flexure. The up electrode 420 provides a large top plate
for the membrare-to-down electrode capacitor to thexeby'

~increase the DOWN étate capacitance.

Referriné now to Fig. il, the tép view of'the secénd
.preferred embodiment MEMS capacitor of the LCR-RF sﬁitch is
shown. The membrane 441 is supported by the post 442 sﬁch:
that the meﬁbrane is suspended over the up electrode 4é0.

The down electrode 412 and microéthip are combined.

Referring now to Figs. 12 through 21c, thé.preferred
method of fabricating the LCR-RF switdh.of the present
_invention is illﬁst;ated, More particularly, a method to
form the MEMS capacitor of the LCR—RF switch is describea.

The spiral inductor may be fgbriéated using any patterned'
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metél layer techniqhe, inciﬁding those illustrated in this_
-embodiment. A dual damascene method for forming the briﬁge
structure,'compriéing posts énd a_membrane, is achieved;..
The damascene process is also applied to the formation of
--the_down electrode and up electrode. However, this is not

a crucial aspect of the fabrication method.. .

:Referring particulérly to Fig._12, a top view of thg
'MEMS capacitoi of the LCR-RF sﬁitch of'the preseﬁt
invention is illustrated. Thé bridge structure comprises
tﬁo posts 542 supporting a membrane 541. The membrane 541
is suspended over the up,eleéfrode 524, Thg down -
eleétrode,-not showﬁ, underlies.the-ub electrode_524 with a
jdielectric_laygr therebetween. A metal microstrip line 543
connects to the down eleétrode. Ih Fig. 12, three
alternative cross secfions are labeled as A-A, B-B, and
Cc-C. In'the-figures that follow, thosé figures that bear
the suffix “a,” sudh as Fig. 1l6a, show éross section A;A,
fhose begrihg “b” show cross section B-B, and thése'bearing

“¢” show cross section C-C.

Reférring'particularly to Fig. 13, a general cross-
section islillusfrated. A substrate 500 is'prbvided.

Preferably, the substrate 500 codprises a semiconductor
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material, such as monocrystalline siliéon.--Thié sﬁbétraté‘
is preferably covered with a thick dielecfric material and,
more preferably, with a silicon dio%ide of low-k materiélf
The fabrication method is intended to facilitate
integration of the LCR-RF switch onto a ultré—large scale

' integration (ULSI) circuit. Fof simplicity, substrate-SOO
.is sho&n as a single-layer. In prgctice, the subsﬁréte 500
iﬁéy contain a ﬁlurality of layers, devipes, and conhecfive
‘lines forméd prior_to the.beginning of the fabficafion

method of the present invention.-

A.first dielectric layer 504 is deposited overlyiﬁg.
the substrate 500.  The first dielectric layer 504 is used
to separate.and electricélly isolate the .subsequently
formed down electrode from the substraté 500. The fi;st
dielectric layer 504 preferably compriseé silicoﬁ nitride.
A first.inter%evel dielectric 1ay§? 508 is deposited
oyerlying the first dielectric layer 504. The first
interlevel dielectric layer 568.laterally isqlates dbwn_
eléctrodes.-.In'the preferred eﬁbodiment, the first

. interlevel dielectric léyer 508 éomprises silicon dioxide.._

Referring now to Fig. l4a, cross section AfA.is -

illustrated for the next step. ,ﬂhé first_interlevel
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dielectric layér-508 is pattérned to form trencheg for ;he
down electrodes. By choosing silicon nitridg for-the first
dielectric layéf 504 and silicon dioxide for the first
interlevel dielectric.layer 508, a selective etching
process may be used. The first dielectric layér 508 can

act as an etching stop.

Referring now to.Fig. 1Sa, a down electrode metal
layer 512 ié deposited 6verlying the first interlevel
‘dielectric layer 508 and filling the £renches. The down
electrode-metal layer 512 is then polished doﬁn to the top
surface of the firét‘interlevel dielectric layer 508 to
theréby:compiete the down electrodes 512.. The dowﬁ

electrode metal layer 512 preferably comprises copper.

Referring now to Fig. 16a, the up electrode 524:
overlies the dowﬁ electrode 512 with the sééond dielectfic
layer 516 tﬁefebetweén. The second dielectric layer 516 is
deposited overlying:-the first dielectric iayer 503 ana the
down electrode 512. The second. dielectric layer 516
preferably comprises'siliconlnitride. A metal layér 524 is
then déposited overlying the second dieleétric'layer 516.

This metal layer 524 is then patterned, -or etched, to form

i
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" the up electrode 524. The up electrode 524 preferably

comprises Al, Ta, Ti, or W.

Referring now to Fig. 16b, the B-B cross section is
illustrated. Note that the down electrode 512 is present

but the up electrode 524 is not present.

Referring now to Fig. 16c, the C-C cross section is
illustrated. Note that the down electrode 512 is pfesent

but ‘the up electrode 524 is not present.

~3eferring now to Fig. 17a, important featufes of the

. present invention aré illuétfated. As a first'impértant
.feature, a first silicon dioxidg layer 528 is deposited
overlyiné the up electrode 524 and the second dielectric
layer 516. The fir;t silicon &ioxide layer 528 establishes
thé height of the air space between tﬁe subsequently formed ~
meﬁbrane.and the up'electrode 524. The first silicon
dioxide layer 528 is preferabl& deppsited by chemical vaﬁor
qepdsitioﬁ (CVD) to a thickness of between about 5,000
Angstroms .and 45,000'Angs£rom$. The use of a removable

_ first.silicon dioxide layef 528 is advantageous because'it
can.be deposited.to a very controiled thickness.acrosslthe

wafer and results in uniform dieﬁyield.
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As a second impértant featﬁre, a silicon.nitridé layer
532 is ‘deposited errlying the firét éilicon dioxide layer
528. The silicon nitride'layer 532 will providé a_stop
laYér for et;hihg the-subsequehtly deposited secpnd-silicbn
dioxide layer 534. The silicon nitride layer 532 is
.prefefably.deposited by a CvD process to'a tﬁickness of'

between about 300 Angstroms and 2,000 Angstroms.

As a third important feature, a second silicon dioxide
l;yer 534 is deposited overlying the siiicon nitride layer_
532. The.second silicon dioxide layer 534 will establish
the thickness. of the subsequently fo;med membrane. The.
sécond silicon dioxide layer 534 is preferably deposited by
a CVD process to a thiékness qf between about 5,000

"Angstroms and 45,000 Angstroms.

ﬁeferring now.to.Eig; 18a, an important feature of the
Ppresent invention is illustiated. ?he-seg§nd silicon.
dioxide layer 534, the silicon nitride layer 532, the  first
silicon dioxide layer 528, and the second dielectric layer
516 are patterned to form.deep trenches for the planned
bridge pbsts.. A photolithogrééhy-and etch sequence may Ee

used to pattern the trenches. Folr example, a photoresist

32



layer, not sho&n, is depositéd.overlying the second silicon
‘'dioxide laye; 534 and then.exposed.to actinic light through
1a mask. The.photorésist layer is then devé;oped to remove a
part of thé photorésist layer; A'dry etch mgy then be
performed to remove the éecbnd siliéon dioxide layer 534,
the siliéon_nitride layer 532,_the'first silicon dioxide
layer 528,.and the'secénd die;ectric layer where exposed by
the photofésist. The reméining photoresist is then
'strippeq away. Note that the silicon niﬁride‘layer 532 and
the second dielectric layef 516 may act etéhing stops for
the sééond silicon dioxide ;ayer 534 and the first silicon
dioxide layer'528, respectively. Finally, it is important
to notelthat thése'deep treﬁchesgmay also comprise trenches

for planned : microstrip lines or spiral inductor lines.-

Referring now to Fig. 18b, the B-B cross section is
illustrated for this stage. Note that the bridge post

trenches are present.

Referring now to Fig. 18c, the C-C cross section is
‘illustrated for this stage. Note first that the bridge
poét trenches are also present. In addition, note that a

trench 539 for a planned microstrip has been etched during

. l
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the bridge. post patterning stép{ This trench 539 will

éffectively extend the microstrip layer 512.

Referring now to Fig. 19a; aﬁ important feature of the
bresent_invenfion ié illustrated. The sgcpnd s;licon
dioxide layer 534 and the silicon hitfide layer 532 are .
patterned to form shalléw treﬂches qu'fhé planned
'memb;ane. The silicon nitride layer 532 may be usea as an
etching stop for the dry. etching ofnthe second silicon
.dioxide layer 53?. The first siliéon dioxide layer 528 may
beiused as an etching stop for the dry etching of the
siliéon nitride layer 532. Note'that the seébnd silicon
. dioxide layer 534 and the silicon nitride layer 532 are
only etched wheré the membrane is planned. In this way,. .
both the membréne and the bridge posts may be formed by a

damascene technique. '

Referring now to Fig. 20a an importént feature of fhe
present invention i; illustrated. A metal layer 540 is
deposited_overlying the.sécond silicon dioxide .layer 534,
the silicon nitride layer 532, amd the first silicon
dioxide layer 528, and filling the trenches. The metal
layer 54b_fills both the shailow membrane trenches and the

deep bridge post tfenches. Furthér, if microstrip trenches
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or if spiral inductor trenches are present, these trenches
are filled as well. The metal layer 540 may-cqmprise, for

.example, copper or copper alloy. 

The metal layef 540.is then polished down to the top
'suiface of the second silicon dioxide layer 534 to form fhe
membrane and the bridge posts from a éommon metél layer
540.- Preferably, a chemical mechanical polish is used for
the polishing down process. The method is dual damascene
since a single metal deposition fills both types of
trénches. Further, this process can be integrated with up
metal processing for an UiSI device. This polishing dowﬁ
step also completes any microétrip lines or spiral.

inductors in. the process.

Referripg now to Fig. 20b, the B-B cross section for
this stage is shown. The bridge posts 540 are completed.
. Because the second silicon dioxide layer 534 and the
silicon nitride layer 532 were not etched in this area, no

"membrane is formed.

Referring now to Fig. 20¢, the C-C cross -section for
this stage is shown. The bridge posts 540 and the

microstrip line 540 are formed bf the metal deposition and
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polish down. No membrane is formed because the second
silicon dioxide layer 534 and the silicon nitride layer

were not patterned in this area.

Referring now to Fig. 21la, .another important featurg
of the present:invention is illustrated;. The second
silicon dioxide layer 534, tﬁe_silicoﬁ nitride layer 532
~and the first siliéon dioxide layer 528 are etched éway to
_ cémplete the MEMS capacitor device. This forms a void
underlying the membrane 541 and adjacent to the bridge
posts 542. The membrane 541 is freed to flex under
electrostatic force. Further; the up electrode 524 is
éxposed so that the membrane 541 and the up electrode 524
méy contact at full flexure. The second silicon dioxide
layer 534, ‘the silicon nitride layer 532 and the first
‘silicon dioxide layer 528 may be removed by a dry etching
sprocess that is isotropic, or non—directional, in

character.

Referring now to fig. 21b, the B-B cross éection is
illustrated. The removal of the second silicon dioxide
layer 534,_the silicon.nitridé layer 532 and the first
.silicon aiOXide layer 528 ieavés the free standing bridge

posts 542. ' |
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Referring to Fig. 21c, the.CrC cross section is
illustrated. The removal of the second silicon dioxide
layer 534, the silicon nitride layer 532 and the first
silicon dioxide layer 542 leaves éhe bridge posts 542 and

the micfostrip 543.

The advantages of the present invention may now be
summarized. First, a novei LCR-RF device ié achigvéd. This
deviée combines a MEMS capacitor with a spiral iﬂductor to
create a microwave switch with a precise resonant
frequency. Second, the LCR-RF switch can be designed for
operation in the regime between.about 1 GHz and 5 GHz where
.a larger ;apacitance and "inductance is needed. ~Third, the
LCR-RF switch can be constructed using a éingle post or a
double post bridge structure. fourth, the LCR-RF dévice
can be configured for shunting or for series operation.
-.Fifth, é plurali;y of LCR-RF devices can be combined to
.form a multiple channel, series circuit. Sixth, a methdd
for fabricat%ng the LCR-RF switch is described. The method
is compatible with dual damascene upper metal processing
ana ULSI processing. The dual damascene process for

forming the bridge posts and membrane of the MEMS capacitor

37



produces devices -with better yield and uniformity than the

prior art.

As shown in the preferred embodiments, the present
invention provides a very manufacturable LCR-RF device and
a.method of fabrication in the manufacture of an integrated

circuit device.

While the invention has beeﬁ particularly shown and
désc;ibed with refe;ence-to the preferred embodiments
thereof, it will be understood by ‘those skilled in the-art
that various chaﬁéeé in form and details may be ﬁade‘
without departing from the spirit and scope of'the

invention.
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CLAIMS

1. A inductor4dapacitor resonance RF switching device
éomprising:
"a microelectronic mechanical_switch comprising:
a first dielectric layer overiying
spbstrate;
a down electrode qverlying said first dielgctrié'
: iayer; |
| a second dielectric layer overlying said down
electrode;
a bridge post overlying said first dielectric
layer but not overlying said down electrode; and
a membrane suspended over said down electrode
:Whefein'one end of said membrané is fixed to the top
Bf said bridge post, wherein an electrostatic
potential between said membrane and said down
electfode will cause said membrane to flex down toward
said down eléctrode,-and whereiﬁ said flexing of said
membrane will cause the capacitance of said switching
device to vary; and
"a spiral’inductor'comp;ising a metal line configured
in a spiraling pattern with a first end connected to
said bridge post and a second end forming an output

node.
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2. The device according to Claim 1 further comprising:

an input signal line connected to said down electrode;
and
a ground reference connected to said output node to

thereby form a shunt configuration.

3. The device according to Claim 1 further comprising:
. an input signal line connected to séid down electrode;
and |
an outpgt signal line connected to said output node

to thereby form a series configuration.

4. The dévice according to Claim 1 further comprising an up
electrode wherein said up electrodé overlies said down
electrode with séid second dielectric layer therebetweeﬁ
and wherein said flexing downward causes said membrane to

contact said up electrode.

5. The device according to Claim.l wherein said membrane

and said bridge post comprise metal.

6.'Ihe device according to Claim’1l wherein said membrane
has a. thickness of between about 5,000 Angstroms and 25,000

Angstroms.
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7. The device according to Claim 1 wherein -said membrane
and said bridge post are formed by a dual damascene

process.

8. The device according to Claim 1 furfher comprising a
second bridge post wherein said second bridge post is
opposite said bridge post and wherein a second end of said
membrane is fixed to the top of said second bridge post
such that the combination of said bridge post, said second -

bridge post, and said membrane forms a bridge profile.

"9, The device according to Claim 1 wherein said capacitance

value in DOWN state is between about 10 fF and 30 pF.

10. The device according to Claim 1 wherein said spiral

inductor value is between about 1 nH and 30 nH.

11. The device according to Claim 1 wherein said
capacitance and said spiral inductor create a resonant

-frequency in DOWN state of between about 1 GHz and 100 GHz.

12. A inductor-capacitor resonance RF switching device

" comprising:
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a microelectronic mechaﬁical switch comprising: .

a first dielectric layer overlying a
"substrate;

a down eleétrode overlYing said first dielectric
layer; | |

| a second dielectric layer overiying said down
eiectrode;

ah.up electrode overlying said doﬁn electrode
with said second dielectric layer therebetween;

a bridge post overlying éaiq fir$t dielectric
léyer but not overlying said down eléctrode and said
up electrode; and

é membrane suspendédlover séid up electrode
wherein sne end of said membrane is fixed to top of
said bridge post, wherein an electrostatic potential
between said membrane and said down electrode will
cause said membrane fo flex QOwn toward said down
electrode, whefein said flexing downward causes said
membrane to contact said up electrode, and wherein
' said flexing of said membrane will cause the
capacitance of sdid LCR~-RF switching device to wvary;

and
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a spiral inductor comprising a metal line configured
in a spiraling pattern with a first end connected to said

bridge post and a seéond end forming an output node.

13. The device_according to Claim 12 furtﬁér comprising:
an input signal liqé connected to said down electrode;
'and
~a ground reference connected to said outpuf'nqde to-

thereby form a shunt configuration.

14. The device acéofding to Claim 12 fuftﬁe;_comprising:

an input signal line connected gd said down e;ectrode;
and |

an output signal liﬁe connected to said output node

to théreby form a series configuration.

15. The device according to Claim 12 wherein said membrane

and said bridge post comprise metal.
16. The device according to Claim 12 wherein said membrane

has a thickness of between about 5,000 Angstromé and 25}000 .

Angstroms.
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17. The device according to Claim 12 wherein said membrane
and said bridge post are formed by a dual damascene

process.

18. Tﬁe device acéording to Claim.12_further comprising a
second bridge post wherein said second bridge post is
opposite said bridge post and wherein a second-end of said
membrane is fixed to the top of said second bridge post
such that the coﬁbination of said bridge post, said seqond

bridge post, and said membrane forms a bridge profile.

19. The device according to Claim 12 wherein said

capécitance in DOWN state is between about 10 fF and 30 pF.

20. The device according to Claim 12 wherein said spiral

inductor value is between .about 1 nH and 30 nH.

21. The device according to Claim 12 wherein said
cadpacitance and said spiral inductér create a resonant

frequency in DOWN state of. between abbut 1 GHz and 100 GHz.

. 22. A multiple channel, series-configured, switching

circuit comprising a plurality of MEMS capacitor and spiral



N OB

indﬁctor.pairs,.wherein'iﬁ eaéh said pair, a first end of.
each said spiral inductor is connected to a bridge post of
each said MEMS capacitor, .wherein down eieétrodes of all
~said MEMS capacitors are connected to a single-input
signal, Qherein a second end of each said spiral  inductor -
forms a plurality of output siénals, énd wherein activation
of any said MEMS capacitor in any said pair causes- said

input signal to flow to said output signal for said pair.

23. The circuit according to Claim 22 wherein each said

MEMS capacitor has an up electrode.

24. A method to forﬁ a  microelectronic mechanicai_switch
‘device in the manufacture of an integrated circuit device
comprising:

providing "a down electrode.overlying a substrate with
a first dielectric layer'therebetween; )

providing a second dieiectric layer overlying said
down electrode layer;

. forming an up electrode oveflying said second

dielectric'layer;

depositing a first silicon dioxide layer overlying

~said up electrode and said second dielectric layer:;
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depositing a silicén nitride layer overlying séid
fifst silic§n oxide layer;

‘depositing a second silicon didxide layer overlying
said éilicon nitride layer;

patterning said firsf silicon dioxide layer, said
silicon nitride layer, said first silicon dioxide layer,
and said seéond dielectric layer to form deep trenches fof
planned bridge.posts;

patterning said second silicon dioxide layer and said
silicon nitride layer to fofm shallow trenches for planned
membrané wheréin said second silicon dioxide layer and said

'ISilicon nitride layer are etched through to saiﬁ first

silicon dioxide layer and wherein'said-shallow trenches
connect to said deep trenches;

depositing a metal layer overlying said second silicon
dioxide layer, said silicon,nitride layer, said first
silicon dioxide layer, and said second dielectric layer to
fill said deep trenches and said sﬂalléw frenches;

polishing down said metal layer to said secona silicon
dioxide layer to complete séid bridge posts and said
membrane; and

| etching awéy saild second silicon dioxide layer, said

silicon nitride layer and said first silicon dioxide layer
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to release said membrane and to complete said
microelectronic mechanical .switch device in the manufacture

of said integrated circuit device.

‘25. The method according to Claim 24 wherein said'first_
silicon dioxide layer is deposited to a thickness of

between about 5,000 Angstroms and 45,000 Angstroms.

26. Tﬁe method according to Claim 24 wherein said silicon
nitride layer is .deposited to a thickness of between about

300 Angstroms- and 2,000 Angstroms.

' 27. The method according to Claim 24 wherein said polishing

down is by a chemical mechanical polish.

28. The method accofding to Claim 24 wherein said membrane
has a thickness of between about 5,000 Angstroms and 25,000

Angstroms.

29. The method according to Claim 24 wherein said step of
patterning said second silicon dioxide layer, said silicon
nitride layer, said first silicon dioxide layer, and said

second dielectric layer to form deep trenches for planned
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bridge ‘posts further comprises forming deep trenches for

. p;anneq microstrip lines,.wherein_said step of depositing a
metal layér further comprises filling said deep trenches’

" for planned microstrip lines, and wherein said step of
polishiné down said metal layer further comprisés

completing said microstrip lines. .

30. The method according to Claim 24 whereinfsaid step of
patterning said second silicon dioxide layer, said silicon
nitride léyer, said first silicon dioxide layér, and said
second dielectric layer to form deep trenche; for planned
bridge posts further comprises forming.deep trenches for.
planned spiral inductbrs, wherein said step of depositing a
metal layer further comprises filling said deep trehches
for planned spiral inductors, and wherein said step of
polishing down said metél layer further comprises |

completing said spiral inductors.
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