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MICRO-ELECTROMECHANICAL
SWITCHED TUNABLE INDUCTOR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. provisional appli-
cation entitled “Micromachined Switched Tunable Inductor”
having Ser. No. 60/868,810, filed Dec. 6, 2006.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with government support under
agreement ECS-0348286 awarded by the National Science
Foundation. The Government has certain rights in the inven-
tion.

BACKGROUND

The present invention relates generally to tunable induc-
tors, and more particularly, to microelectromechanical sys-
tems (MEMS) switched tunable inductors.

Tunable inductors can find application in frequency-agile
radios, tunable filters, voltage controlled oscillators, and
reconfigurable impedance matching networks. The need for
tunable inductors becomes more critical when optimum tun-
ing or impedance matching in a broad frequency range is
desired. Both discrete and continuous tuning of passive
inductors using micromachining techniques have been
reported in the literature.

Discrete tuning of inductors is usually achieved by chang-
ing the length or configuration of a transmission line using
micromachined switches. The incorporation of switches in
the body of the tunable inductor increases the resistive loss
and hence reduces the quality factor (Q). Alternatively, con-
tinuous tuning of inductors may be realized by displacing a
magnetic core, changing the permeability of the core, or using
movable structures with large traveling range. Although sig-
nificant tuning has been reported using these methods, the
fabrication or the actuation techniques are complex, making
the on-chip implementation of the tunable inductors difficult.
In addition, Q of the reported tunable inductors is not suffi-
ciently high for many wireless and RF integrated circuit
applications.

Therefore, there is a need for high-performance small
form-factor tunable inductors. Also, to overcome the short-
comings of prior art tunable inductors, an improved design
and micro-fabrication method for tunable inductors is neces-

sary.
BRIEF DESCRIPTION OF THE DRAWINGS

The various features and advantages of the present inven-
tion may be more readily understood with reference to the
following detailed description taken in conjunction with the
accompanying drawings, wherein like reference numerals
designate like structural elements, and in which:

FIG. 1 illustrates an electrical model of an exemplary
switched tunable inductor;

FIG. 2 is a SEM view of a 20 um thick silver switched
tunable inductor fabricated on an Avatrel™ polymer mem-
brane;

FIG. 3 is a close-up SEM view of the switch, showing the
actuation gap;

FIGS. 4a-# illustrate an exemplary method for fabricating
a packaged switched tunable inductor;

10

15

20

25

30

35

40

45

50

55

60

65

2

FIG. 5 is amicrograph of the switched silver inductor taken
from the backside of the Avatre]™ membrane;

FIG. 6a and 65 are graphs that illustrate simulated induc-
tance and Q of a switched tunable inductor on Avatre]™
membrane, respectively, showing a maximum tuning of
47.5% at 6 GHz;

FIG. 7 illustrates measured inductance showing a maxi-
mum tuning of 47% at 6 GHz when both inductors are on;

FIG. 8 illustrates measured embedded Q showing the Q
drops as the inductor is tuned;

FIG. 9 illustrates measured Q of the inductors at port two
on Avatrel™ membrane;

FIG. 10a and 104 illustrate measured inductance and
embedded Q, respectively, of substantially identical tunable
inductors fabricated on passivated silicon substrate (A), and
20 um thick silicon dioxide membrane;

FIG. 11a is a SEM view of an exemplary packaged
switched inductor and FIG. 1154 is a close-up SEM view of a
package showing the air cavity inside;

FIG. 12 illustrates measured embedded Q of two substan-
tially identical inductors, before decomposition, one pack-
aged and one un-packaged;

FIG. 13 illustrates measured embedded Q of two substan-
tially identical inductors when both switches are off, one
packaged and one un-packaged;

FIG. 14 illustrates measured embedded Q of the packaged
silver tunable inductor, showing no degradation in Q after
about 10 months; and

FIGS. 15a and 155 illustrate exemplary multi-turn induc-
tors in accordance with the current disclosure.

DETAILED DESCRIPTION

Disclosed are small form-factor high-Q switched tunable
inductors 10 for use in a frequency range of about 1-10 GHz.
In this frequency range, the permeability of most magnetic
materials degrades, making them unsuitable for use at low RF
frequencies. Also, small displacement is preferred to simplify
the encapsulation process of the tunable inductors 10. Tun-
able inductors 10 are disclosed based on transformer action
using on-chip micromachined vertical switches with an
actuation gap of a few micrometers. Silver (Ag) is preferably
used since it has high electrical conductivity and low Young’s
modulus compared with other metals. To encapsulate the
tunable inductors 10, a wafer-level polymer packaging tech-
nique or method 30 (FIG. 4) is employed. The fabrication
method 30 is simple and requires only six lithography steps,
including packaging steps, and is post-CMOS compatible.
Using this method 30, a reduced-to-practice 1.1 nH silver
tunable inductor 10 is switched to four discrete values and
shows a maximum tuning of 47% at 6 GHz. This inductor 10
exhibits an embedded Q in the range of 20 to 45 at 6 GHz and
shows no degradation in Q after packaging. The disclosed
switched tunable inductor 10 outperforms reported tunable
inductors with respect to its high embedded quality factor at
radio frequencies.

Design

FIG. 1 shows a schematic view of an exemplary switched
tunable inductor 10. The inductance is taken from port one,
and a plurality of inductors at port two (secondary inductors)
are switched in and out (two inductors in this case). Inductors
may be one-turn or multi-turn having spiral or solenoid con-
figurations and the switches are micromachined. Inductors at
port two are different in size, and thus have a different mutual
inductance effect on port one when activated. The effective
inductance of port one can have 1+n(n+1)/2 different states,



US 7,847,669 B2

3

where n is the number of inductors at port two. In the case of
two inductors at port two, four discrete values can be
achieved.

The equivalent inductance and series resistance seen from
port one are found from

n+l

i=

1
bk 12 0? W

R? + 1202

]b;:Oorl

n+l

Reg =Ry + E

=2

2
bRk L Liw* @

b=0orl
R+ 12c?

where L, is the inductance at port one; L, is the inductance
value of the secondary inductors; R, represents the series
resistance of each secondary inductor plus the contact resis-
tance of its corresponding switch; k; is the coupling coeffi-
cient; b, represents the state of the switch and is 1 (or 0) when
the switch is on (or off), and w is the angular frequency.

In equations (1) and (2), the parasitic capacitances are not
considered. If the parasitic capacitances are taken into
account, it can be shown that the equivalent inductance seen
from port one when all of the switches at port two are open

(Leq(ojf-sl‘ate)) is giVen by

w? (3)
n+l ] - —
(‘)%R'
E 2 i
Legioff—starey = Li| 1 + ki - >
— @ @ Wi
= — +—
) 2 2
OF wig; Wsgi W

where Q,=L,®/R, is the quality factor of the secondary induc-
tors; W, s defined as

1 4
WsR = —————
VLi(Ci + Cowi)

where C, denotes the self-capacitance of each inductor and
C,,,,; is the off-state capacitance of its associated switch. If
secondary inductors are high Q and have a resonance fre-
quency much larger than the operating frequency (0w<<wgg,),
L. y(op stare) €a0 be approximated by

®

Legoff —state) Ly

ntl 5
WUWSR] [
R+ E ktzﬁ ~
- WyR; — W

i=1

In this case, the largest change in the effective inductance
occurs when all switches at port two are on and the percentage
tuning can be found from

6
NI ©

7(&2 o) x 100
=)

% tuning =

i

From equations (5) and (6) it can be seen that to achieve
large tuning, R, should be much smaller than the reactance of
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the secondary inductors (L,w), which requires high-Q induc-
tors and low-contact resistance switches that are best imple-
mented using micromachining technology. For this reason, as
disclosed herein, silver, which has the highest electrical con-
ductivity of all materials at room temperature, is used to
co-implement high-Q inductors and micromachined ohmic
switches using a low-temperature fabrication process. The
switches are actuated by applying a DC voltage to port two.
The use of silver also offers the advantage of having a smaller
tuning voltage compared to the other high conductivity met-
als (e.g., copper) because of its lower Young’s modulus. How-
ever, it is to be understood that the disclosed switched tunable
inductors can be made of other metals such as gold and/or
copper at the expense of lower quality factor and smaller
tuning range.

FIG. 2 shows a scanning electron microscope (SEM) view
of a silver switched tunable inductor 10. The inductors at port
two are in series connection with a micromachined vertical
ohmic switch through a narrow spring as illustrated in the
schematic view of FIG. 1. The two vertical switches of FIG.
2 include first and second plates. Inductors may be one turn as
illustrated in FIG. 2 or multi-turn as illustrated in FIGS. 154
and 154. FIG. 15aq illustrates an exemplary embodiment of a
planar spiral multi-turn inductor. FIG. 155 illustrates an
exemplary embodiment of an out-of-plane solenoid inductor.
Springs are designed to have a small series resistance and
stiffness. The actuation voltage of the vertical switch with an
actuation gap of 3.8 um is 40 V. This voltage can be reduced
to less than 5 V by reducing the gap size to ~0.9 pm. A
close-up view of the switch showing the actuation gap is
shown in FIG. 3.

Fabrication

A schematic diagram illustrating the process flow of an
exemplary fabrication method 30 for producing an exemplary
inductor 10 is shown in FIGS. 4a-%. A substrate 11 is provided
31. The substrate 11 is spin-coated 32 with a thick low-loss
dielectric 12 such as polymer 12 (20 um in this case), such as
Avatre]™ (available from Promerus, LLC, Brecksville,
Ohio), for example. A routing metal layer 14 is formed 33 by
evaporating a thick silver layer 14 (2 um in this case), for
example. A thin adhesion layer 13 (~100 A°) such as titanium
(Ti), for example, may be used to promote the adhesion
between the routing metal layer 14 (silver layer 14) and the
polymer layer 12. An actuation gap 20 is then defined by
depositing 34 a layer of plasma enhanced chemical vapor
deposited (PECVD) sacrificial silicon dioxide layer 15 at
160° C. (3.8 um thick in this case). The deposition tempera-
ture of silicon dioxide layer 15 was reduced to preserve the
quality of the polymer layer 12, which provides mechanical
support for the released device. Inductors and switches are
formed 35 by electroplating silver 17 into a photoresist mold
16 (20 um thick in this case). A thin layer 18 of Ti/Ag/Ti (100
A°/300A°/100 A°) is sputter deposited to serve as a seed layer
18 for plating. The top titanium layer of the seed layer 18
prevents the electroplating of silver 17 underneath the elec-
troplating mold 16, and may be dry etched from open areas in
a reactive ion etching system (RIE). The use of the titanium
layer is important when the distance between the silver lines
is less than 10 um.

An exemplary plating bath consists 0f0.35 mol/L of potas-
sium silver cyanide (KAgCN) and 1.69 mol/LL of potassium
cyanide (KCN). A current density of 1 mA/cm® may be used
in the plating process. The electroplating mold 16 is subse-
quently removed 36. The seed layer 18 may be removed 37
using a combination of wet and dry etching processes. Com-
pared to sputtered silver, the electroplated silver layer 17 has
a larger grain size resulting in a higher wet etch rate using an
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H,0,:NH_OH solution. The hydrogen peroxide oxidizes the
silver and the ammonium hydroxide solution complexes and
dissolves the silver ions. When wet etched, the thick high-
aspect ratio lines of electroplated silver 17 etch much faster
than the sputtered seed layer 18 that is between the walls of
thick electroplated silver 17. Dry etching silver on the other
hand, decouples the oxidation and dissolution steps resulting
in almost the same removal rate for the small-grained sput-
tered layer 18 as the large-grained plated silver 17. The silver
is first oxidized in an oxygen plasma (dry etch) and then the
resultant silver oxide layer is dissolved in dilute ammonium
hydroxide solution. Using this etching method, the seed layer
18 is removed 37 without losing excess electroplated silver
17. The device 10 is then released 38 in dilute hydrofluoric
acid.

The released device 10 is then wafer-level packaged 41-43
(FIGS. 4e-4g). This may be done as disclosed by P. Mona-
jemi, et al., in “A low-cost wafer-level packaging technol-
ogy,” IEEE International Conference on Microelectrome-
chanical Systems, Miami, Fla. January 2005, pp. 634-637, for
example. A thermally-decomposable sacrificial polymer 21,
Unity® (available from Promerus LL.C, Brecksville, Ohio,
44141), is applied and patterned 41 (FIG. 4e). Then, the
over-coat polymer 22 (Avatrel™), which is thermally stable
at the decomposition temperature of the decomposable sac-
rificial polymer 21, is spin-coated and patterned 42 (FIG. 4f).
Finally, the sacrificial polymer 21 is decomposed 43 at 180°
C. (FIG. 4g). As discussed in the P. Monajemi, et al. paper, the
resulting gaseous products diffuse out through a solid
Avatrel™ over-coat 22 with no perforations. The loss caused
by the silicon substrate 11 may be eliminated, if necessary, by
selective backside etching 44 (FIG. 44), to form an optional
backside cavity 24, leaving a polymer membrane 12 under the
device 10. Alternatively, the loss caused by the silicon sub-
strate 11 may be eliminated, if necessary, by selective etching
50 of the substrate before encapsulating the device (FI1G. 4d"),
to form an optional cavity 51 under the device 10. A micro-
graph of an un-packaged inductor taken from the backside of
the Avatrel™ polymer membrane 12 is shown in FIG. 5. The
highest processing temperature, including the packaging
steps, is 180° C. and thus the process is post-CMOS compat-
ible.

Regarding materials that may be employed to fabricate the
inductor 10, the substrate 11 may be silicon, CMOS, BiC-
MOS, gallium arsenide, indium phosphide, glass, ceramic,
silicon carbide, sapphire, organic or polymer. The dielectric
layer 12 may be silicon dioxide, silicon nitride, hafnium
dioxide, zirconium oxide or low-loss polymer. The conduc-
tive layers may be polysilicon, silver, gold, aluminum, nickel
or copper.

Simulation Results

The tunable inductors 10 were simulated in the Sonnet
electromagnetic tool. FIGS. 6a and 65 shows the simulated
effective inductance and Q seen from port one at four states of
the tunable inductor (State (A) is when all the switches are
off). As shown in FIG. 64, a maximum inductance change of
47% is expected at the frequency of the peak Q, when both
switches are on. At low frequencies, R, is not negligible com-
pared to L,w and, according to equation (6), the percent tun-
ing is small. At higher frequencies, L,w>>R, and magnetic
coupling is stronger. Therefore, the amount of tuning
increases at higher frequencies. The outer inductor at Port 2 is
larger in size than the inner inductor at Port 2, and its peak Q
occurs at lower frequencies. As a result, the outer inductor has
a larger effect on the effective inductance at lower frequen-
cies. In contrast, the frequency of the peak Q for the inner
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inductor is higher. Thus, the inner inductor at Port 2 has a
larger effect at this frequency range.
Measurement Results

Several switched tunable inductors 10 were fabricated and
tested. On-wafer S-parameter measurements were carried out
using an hp 8510C VNA and Cascade GSG microprobes. Pad
parasitics were not de-embedded. Each switched tunable
inductor 10 was tested several times to ensure repeatability of
the measurements.

FIG. 7 shows the measured inductance of a switched silver
inductor 10 fabricated on an Avatrel™ polymer membrane
12. The inductance is switched to four different values and is
tuned from 1.1 nH at 6 GHz to 0.54 nH, which represents a
maximum tuning 0f47% at 6 GHz. The maximum tuning was
achieved when both secondary inductors were switched on.
At 6 GHz, the effective inductance drops to 0.79 nH when the
outer inductor (the larger inductor at Port 2) is on, and 0.82 nH
when the inner inductor (the smaller inductor at port 2) is on.
The measured results are in good agreement with the simu-
lated response as shown in FIGS. 6 and 7. The measured
embedded Q of'this inductor 10 in different states is shown in
FIG. 8. As shown, the inductor 10 exhibits a peak Q of 45
when the inductors at port two are both off. The Q drops to 20
when both switches are on. The drop of Q is consistent with
Equation (2). When any of the inductors at port two are
switched on, L., decreases while the effective resistance
increases resulting in a drop in Q as the inductor 10 is tuned.
FIG. 9 shows the measured Q of the inductors at port two.
From FIG. 9, it can be seen that the peak Q of the inner
inductor (smaller inductor at port 2) is at frequencies >7 GHz.
Thus, the maximum change in the effective inductance result-
ing from switching on the inner inductor occurs (smaller
inductor at port 2) at this frequency range (FIG. 7).

Effect of Q on Tuning

To demonstrate the effect of the quality factor on the tuning
ratio of the switched tunable inductors 10, substantially iden-
tical devices were fabricated on different substrates 11. On
sample A, inductors 10 were fabricated on a CMOS-grade
silicon substrate 11 passivated with a 20 pm thick PECVD
silicon dioxide layer. The silicon substrate 11 was removed
from the backside of the primary and secondary inductors of
sample B to enhance their Q, leaving behind a 20 um thick
silicon dioxide membrane beneath the inductors. Silicon
dioxide has a higher loss tangent than Avatrel™ polymer 12,
which results in a higher substrate loss. Therefore, the Q of
inductors on a silicon dioxide membrane (sample B) is lower
than that of inductors on an Avatrel ™ polymer membrane 12
as shown in FIG. 8.

FIG. 10 compares the effective inductance and Q of the
tunable inductors 10 on samples A and B at two different
states. As shown in FIG. 10, the percent tuning is lower for
sample A that has a lower Q. The inductance of sample A
changes by 36.8% at 4.7 GHz when the outer inductor is
switched on (State A"). At this frequency, the tuning resulting
from switching on the outer inductor of sample B (State B') is
only 9.7%. Consequently, employing low-loss materials such
as Avatrel™ polymer helps improving the tuning character-
istic of the switched tunable inductors 10.

The performance of the tunable inductors 10 may be fur-
ther improved. The routing metal layer 14 of the fabricated
inductors 10 is less than three times the skin depth of silver at
low frequencies, where the metal loss is the dominant Q-lim-
iting mechanism. Therefore, the quality factor (Q) of the
switched tunable inductors 10 is limited by the metal loss of
the routing metal layer 14 and can be improved by increasing
the thickness of this layer 14.
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Packaging Results

Hermetic or semi-hermetic sealing of silver microstruc-
tures increases the lifetime of the silver devices by decreasing
its exposure to the corrosive gases and humidity. Silver is very
sensitive to hydrogen sulfide (H,S), which forms silver sul-
fide (Ag,S), even ata very low concentration of corrosive gas.
The decomposition of the contact surfaces leads to an
increase of the surface resistance, hence, to a lower Q and for
tunable inductors a lower tuning range. Another problem that
impedes the wide use of silver is electrochemical migration
which occurs in the presence of wet surface and applied bias.
Silver migration usually occurs between adjacent conductors/
electrodes, which leads to the formation of dendrites and
finally results in an electrical short-circuit failure. The failure
time is related to the relative humidity, temperature, and the
strength of the electric field. For the structure of the tunable
inductor 10 disclosed herein, a possible location of failure is
between the switch pads only when the switch is in contact.
When off, there is an air gap between the switch pads which
blocks the path for the growth of dendrites.

A semi-hermetic packaging technique may be used to pre-
vent or lower their exposure to the corrosive gases, and to
encapsulate the tunable inductor 10. If necessary, subsequent
over-molding can provide additional strength and resilience,
and ensures long-term hermeticity. FIG. 11a is a SEM view of
the packaged switched tunable inductor 10 and a close-up
view of a broken package is presented in FIG. 115 showing
the air cavity 23 inside. The inductor trace was peeled during
the cleaving process.

FIG. 12 shows the Q of two identical inductors 10 before
decomposition of the sacrificial polymer 21. The two induc-
tors 10, one packaged and one un-packaged were fabricated
on silicon nitride-passivated high-resistivity (p=1 kQ-cm)
silicon substrate 11. The un-decomposed packaged inductor
10 has a lower Q at higher frequencies because of the dielec-
tric loss of the Unity® sacrificial polymer 21. When the
Unity® sacrificial polymer 21 was decomposed and the pack-
aging process was completed, the two inductors 10 were
measured again. As shown in FIG. 13, the switched tunable
inductor 10 showed no degradation in Q after packaging,
indicating the Unity® sacrificial polymer 21 was fully
decomposed. To demonstrate the effect of packaging on pre-
serving the Q of the silver tunable inductor 10, the perfor-
mance of the packaged inductor 10 was measured after ten
months and is shown in FIG. 14. The performance of the
packaged inductor 10 did not change during this time period.

Thus, improved microelectromechanical systems
(MEMS) switched tunable inductors have been disclosed. It
is to be understood that the above-described embodiments are
merely illustrative of some of the many specific embodiments
that represent applications of the principles discussed above.
Clearly, numerous and other arrangements can be readily
devised by those skilled in the art without departing from the
scope of the invention.

What is claimed is:
1. A microelectromechanical tunable inductor apparatus
comprising:
a substrate;
a dielectric layer disposed on the substrate;
a first conductive layer disposed on the dielectric layer;
a second conductive layer comprising:
a primary inductor;
aplurality of secondary inductors positioned in proxim-
ity to the primary inductor, the plurality of secondary
inductors including a first secondary and a second
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secondary inductors, the primary inductor positioned
between the first secondary and second secondary
inductors; and

a plurality of micromechanical switches coupled to the
plurality of secondary inductors, each switch having
an actuation air gap, and wherein each switch is
switched onand off to change the effective inductance
of the primary inductor; and

an outer protective member that contacts the dielectric
layer and encapsulates the inductors and switches inside
a cavity.

2. The apparatus recited in claim 1 wherein the substrate is
selected from a group including silicon, CMOS, BiCMOS,
gallium arsenide, indium phosphide, glass, ceramic, silicon
carbide, sapphire, organic and polymer.

3. The apparatus recited in claim 1 wherein the dielectric
layer is selected from a group including silicon dioxide, sili-
con nitride, hafhium dioxide, zirconium oxide and low-loss
polymer.

4. The apparatus recited in claim 1 wherein the conductive
layers are selected from a group including polysilicon, silver,
gold, aluminum, nickel, and copper.

5. The apparatus recited in claim 1 wherein the outer pro-
tective member comprises a polymer.

6. The apparatus is claim 1 wherein the primary inductor
and the secondary inductors are planar spiral inductors.

7. The apparatus in claim 1 wherein the primary inductor
and the secondary inductors are out-of-plane solenoid induc-
tors, wherein the out-of-plane solenoid inductors are not
interwound.

8. The apparatus in claim 1 wherein the secondary induc-
tors are multi-turn inductors.

9. The apparatus in claim 1 wherein the substrate com-
prises a cavity formed under the conductive layers to reduce
the substrate loss.

10. The apparatus recited in claim 1 wherein the switches
have an electrically isolated actuation port formed using the
first conductive layer.

11. A microelectromechanical tunable inductor apparatus
comprising:

a substrate;

a dielectric layer disposed on the substrate;

a first conductive layer disposed on the dielectric layer
forming a routing for inductors and first plates of a
plurality of vertical micromechanical switches;

a second conductive layer comprising:

a primary inductor;

aplurality of secondary inductors positioned in proxim-
ity to the primary inductor; and

second plates of the plurality of vertical micromechani-
cal switches that are coupled to the plurality of sec-
ondary inductors by way of suspended conductive
springs, each switch having an actuation air gap, and
wherein each switch is switched on and off to change
the effective inductance of the primary inductor; and

an outer protective member that contacts the dielectric

layer and encapsulates the inductors and switches inside

a cavity.

12. The apparatus recited in claim 11 wherein the switches
have an electrically isolated actuation port formed using the
routing layer.

13. The apparatus recited in claim 1 wherein the switches
are coupled to the secondary inductors by way of suspended
conductive springs.

14. The apparatus recited in claim 11 wherein the substrate
is silicon.
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15. The apparatus recited in claim 11 wherein the conduc-
tive layers are silver.

16. The apparatus recited in claim 11 wherein the outer
protective member comprises a polymer.

17. The apparatus in claim 11 wherein the primary inductor
and the secondary inductors are planar spiral inductors.

18. The apparatus in claim 11 wherein the secondary
inductors are multi-turn inductors.

19. The apparatus in claim 11 wherein the substrate com-
prises a cavity formed under the conductive layers to reduce
the substrate loss.
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20. The apparatus in claim 17, wherein the primary induc-
tor and the secondary inductors are concentric.

21. The apparatus of claim 11, wherein the effective induc-
tance of the primary winding depends upon the number of
switches that are switched on.

22. The apparatus of claim 11 wherein the primary inductor
and secondary inductors are out-of-plane solenoid inductors,
wherein the out-of-plane solenoid inductors are not inter-
wound.



