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MEMS Switched Tunable Inductors
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Abstract—This paper presents a new implementation of inte-
grated tunable inductors using mutual inductances activated by
micromechanical switches. To achieve a large tuning range and a
high quality factor, silver was used as the structural material, and
silicon was selectively removed from the backside of the substrate.
Using this method, a maximum tuning of 47 % at 6 GHz is achieved
for a 1.1 nH silver inductor fabricated on a low-loss polymer
membrane. The effect of the quality factor on the tuning charac-
teristic of the inductor is investigated by comparing the measured
result of identical inductors fabricated on various substrates.
To maintain the quality factor of the silver inductor, the device
was encapsulated using a low-cost wafer-level polymer packaging
technique. [2007-0118]

Index Terms—Inductors, micromachining,
switches, tunable inductor, tuning.

quality factor,

I. INTRODUCTION

UNABLE 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 tuning
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
[1]-[5]. Discrete tuning of inductors is usually achieved by
changing the length or configuration of a transmission line
using micromachined switches [6], [7]. The incorporation of
switches in the body of the tunable inductor increases the re-
sistive loss and, hence, reduces the quality factor (()). Alterna-
tively, continuous tuning of inductors is realized by displacing
a magnetic core [1], [4], [8], changing the permeability of
the core [9], or using movable structures with large traveling
range [1]-[3]. Although significant tuning has been reported
using these methods, the fabrication or the actuation techniques
are complex, making the on-chip implementation difficult. In
addition, the ) value of the reported tunable inductors is
not high enough for many wireless and RF integrated circuit
applications [9], [10].
The objective of this paper is to implement small form-factor
high-(Q switched tunable inductors for the 1-10-GHz frequency
range. In this frequency range, the permeability of most mag-
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Fig. 1. Switched tunable inductor electrical model.

netic materials degrade [2], [11], making them unsuitable for
our application. In addition, small displacement is preferred to
simplify the encapsulation process of a tunable inductor. We
have developed tunable inductors based on transformer action
using on-chip micromachined vertical switches with an actua-
tion gap of a few micrometers. We use silver (Ag) because it has
the highest electrical conductivity and a low Young’s modulus
compared to other metals. To encapsulate the tunable inductors,
we employ a wafer-level polymer packaging technique. The full
fabrication process is simple and requires six lithography steps,
including the packaging steps, and is post CMOS compatible.
Using this process, a 1.1 nH silver tunable inductor is switched
to four discrete values and shows a maximum tuning of 47% at
6 GHz. This inductor exhibits an embedded () in the range of
20-45 at 6 GHz and shows no degradation in () after packaging.
The switched tunable inductor presented here outperforms the
reported tunable inductors with respect to its high embedded
quality factor at radio frequencies (1-10 GHz).

II. DESIGN

Fig. 1 shows the schematic view of the switched tunable
inductor [12]. 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). When all
switches at port two are open, the inductance seen from port one
is L;. Inductors at port two are different in size and, thus, have
different mutual inductance effect on port one when activated.
The effective inductance of port one can have 1 + n(n + 1)/2
different states, 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
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Fig. 2. SEM view of a 20 pum-thick silver switched tunable inductor fabri-
cated on an Avatrel membrane.

where L; is the inductance value of the secondary inductors,
R; represents the series resistance of each secondary inductor
plus the contact resistance of its corresponding switch, k; is the
coupling coefficient, 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. The largest change in the effective inductance occurs
when all switches at port two are on. In this case, the percentage
tuning can be found from

n+l 272 2
, bik?L2w
% tunlng = E (_R,;—FT(UQ) x 100. (3)
1=2 (2 2

From (3), it can be seen that to achieve large tuning, R;
should be much smaller than the reactance of the secondary
inductors (L;w), which requires high-Q inductors and low-
contact-resistance switches that are best implemented using
micromachining technology. For this reason, we used silver,
which has the highest electrical conductivity of all materials
at room temperature, to implement high-¢) inductors and mi-
cromachined ohmic switches. The switches are actuated by
applying a direct-current voltage to port two. The use of silver
also offers the advantage of having a smaller tuning volt-
age compared to other high-conductivity metals (e.g., copper)
because of its lower Young’s modulus.

Fig. 2 shows the SEM view of a switched tunable silver
inductor. The two inductors at port two are in series connection
with a vertical ohmic switch through a narrow spring. Springs
are designed to have a small series resistance and stiffness
< 15 N/m. The actuation voltage of the vertical switch with an
actuation gap of 3.8 ym is 40 V. This voltage can be reduced to
less than 5 V by reducing the gap size to ~0.9 ym. The close-
up view of the switch, showing the actuation gap, is shown
in Fig. 3.

III. FABRICATION

The schematic diagram of the fabrication process flow is
shown in Fig. 4.

The substrate was first spin coated with a 20 pm-thick
low-loss polymer, Avatrel (Promerus, LLC, Brecksville, OH
44141). The routing metal layer was then formed by evapo-
rating a 2 pum-thick silver layer. A thin layer (~100 A) of
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Fig. 3. Close-up SEM views of the switch, showing the actuation gap.
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Fig. 4. Packaged switched tunable inductor fabrication process.

titanium (Ti) was used to promote the adhesion between the
silver and Avatrel layers. The actuation gap was then defined
by depositing a 3.8 pm-thick plasma-enhanced chemical vapor
deposited (PECVD) sacrificial silicon dioxide layer at 160 °C.
The deposition temperature of silicon dioxide was reduced
to preserve the quality of the Avatrel layer, which provides
mechanical support for the released device. The inductors and
the switches were formed by electroplating silver onto a 20 ym-
thick photoresist mold [13]. A thin layer of Ti/Ag/Ti (100 A/
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Fig. 5. Micrograph of the switched Ag inductor, taken from the backside of
the Avatrel membrane.

300 A/100 A) was sputter deposited and served as the seed layer
for plating. The top titanium layer prevents the electroplating
of silver underneath the electroplating mold and was dry etched
from the open areas in a reactive ion etching (RIE) system. The
use of the Ti layer is especially important when the distance
between the silver lines is less than 10 gm.

The plating bath consisted of 0.35 mol/L of potassium sil-
ver cyanide (KAgCN) and 1.69 mol/L of potassium cyanide
(KCN). A current density of 1 mA/cm? was used in the plating
process. The electroplating mold was subsequently removed.
The seed layer was removed using a combination of a wet
and a dry etching process. Compared to the sputtered silver,
the electroplated silver layer has a larger grain size, resulting
in a higher wet etch rate using an H,O5 : 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 the elec-
troplated silver get etched much faster than the sputtered seed
layer that is between the walls of the thick electroplated silver.
Dry etching of silver, on the other hand, decouples the oxidation
and dissolution steps, resulting in almost the same removal rate
for the small-grained sputtered layer as the large-grained plated
silver. The silver was first oxidized in an oxygen plasma (dry
etch), and then, the silver oxide layer was dissolved in dilute
ammonium hydroxide solution. Using this etching method, the
seed layer was removed without loosing excess electroplated
silver. The device was then released in dilute buffer oxide etch.
The released device was then wafer-level packaged [14]. A
thermally decomposable sacrificial polymer, Unity (Promerus
LLC, Brecksville, OH 44141), was applied and patterned. Then,
the overcoat polymer (Avatrel), which is thermally stable at
the Unity decomposition temperature, was spin coated and pat-
terned. Finally, the Unity sacrificial polymer was decomposed
at 180 °C. The loss of silicon substrate was eliminated by
selective backside etching of the silicon underneath the device,
leaving a polymer membrane under the device. A micrograph
of an unpackaged inductor, taken from the backside of the
Avatrel membrane, is shown in Fig. 5. The highest processing
temperature, including the packaging steps, is 180 °C, and thus,
the process is post CMOS compatible.

164 - e—Nitial inductance (A) | _ |
’ = = =innerinductoron (B)
T 144 - mmmsmn O Uter inductoron(C)| - S/ |
E || — Bothon(D) /
B 12f - A .
e 1.
g
S 10+ s - g
el
=
0.8 1 " mmm— -
—_— (D) -
0.6 T T T T T
0 2 4 6 8 10 12
Frequency (GHz)
(a)
50
45 +------<-5 = TS M ]
. 40_,,,,,,,(A ,,,,,,,,,,,,,,,,,,,,,,,,,
8351/~ O m~_
- 301--4/ -3 - ~ ,,é) ffffffff
3 25 T o T T T T T T T T T T T TN T T T T T T
s 01/ e W
[e] 151 o Inneron(B) % W=\ |
10" -0 Outeron(C) _____ __(D) N |
5+----- Bothon(D) ------ —73‘(\7
0 T T T T T T T
0 2 4 6 8 10 12 14 16
Frequency (GHz)
(b)

Fig. 6. Simulated (a) inductance and (b) @ of the switched tunable inductor
on the Avatrel membrane, showing a maximum tuning of 47.5% at 6 GHz.

IV. DISCUSSION
A. Simulation Results

The tunable inductors were simulated in the Sonnet electro-
magnetic tool. Fig. 6 shows the simulated effective inductance
and @ seen from port one at four states of the tunable inductor
[state (A) is when all the switches are off]. As shown in
Fig. 6(a), a maximum inductance change of 47% is expected
at the frequency of the peak @), when both switches are on.
At low frequencies, R; is not negligible compared to L;w,
and according to (3), the percent tuning is small. At higher
frequencies, L;w > R; [2] and magnetic coupling is stronger.
Therefore, the amount of tuning increases at higher frequencies.
The outer inductor is larger in size than the inner one, and its
peak Q(L;w/R;) occurs at lower frequencies. As a result, the
outer inductor has a larger effect on the effective inductance at
lower frequencies. In contrast, the frequency of the peak () for
the inner inductor is higher. Thus, it has a larger effect at this
frequency range.

B. Measurement Results

Several switched tunable inductors were fabricated and
tested. On-wafer S-parameter measurements were carried
out using an ip8510C VNA and Cascade GSG microprobes.
The pad parasitics is not de-embedded. The test setup is
schematically shown in Fig. 7. Each switched tunable in-
ductor was tested several times to ensure repeatability of the
measurements.

Fig. 8 shows the measured inductance of a switched silver
inductor fabricated on an Avatrel membrane. The inductance
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Fig. 7. Schematic of the test setup.

N
w
!

s iNiti@l (A ') .
O — 12U TN (=) @ " B
o uteron (C) mm\””‘

------ bothon (@) ™~ —f - -

N
N
!

Inductance (nH)
©
©

o
3
,

o
1§

0 2 4 6 8 10 12
Frequency (GHz)

Fig. 8. Measured inductance showing a maximum tuning of 47% at 6 GHz
when both inductors are on.

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 of
47% at 6 GHz. The maximum tuning was achieved when both
inductors were switched on. At 6 GHz, the effective inductance
drops to 0.79 nH when the outer inductor is on and to 0.82 nH
when the inner inductor is on. The measured results are in good
agreement with the simulated response shown in Figs. 6 and 8.
The measured embedded @ of this inductor in different states
is shown in Fig. 9. As shown, the inductor exhibits a peak ) of
45 when the inductors at port two are both off. The ) drops to
20 when both switches are on. The drop of () is consistent with
(2). When any of the inductors at port two are switched on,
L. decreases while the effective resistance increases, resulting
in a drop in @ as the inductor is tuned. Fig. 10 shows the
measured () of the inductors at port two. From Fig. 10, it can
be seen that the peak @ of the inner inductor is at frequencies
> 7 GHz. Thus, the maximum change in the effective in-
ductance, resulting from switching on the inner inductor,
occurs at this frequency range (Fig. 8).

C. Effect of Q on Tuning

To demonstrate the effect of the quality factor on the tuning
ratio of the switched tunable inductors, identical devices were
fabricated on different substrates. On sample A, inductors were
fabricated on a CMOS-grade silicon substrate passivated with a
20 pm-thick PECVD silicon dioxide layer. The silicon substrate
was removed from the backside of inductors of sample B, leav-
ing behind a 20 pm-thick silicon dioxide membrane beneath the
inductors. Silicon dioxide has a loss tangent higher than that of
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Fig. 10. Measured @ of the inductors at port two on the Avatrel membrane.
Avatrel, which results in a higher substrate loss [15]. Therefore,
the @) value of the inductors on the silicon dioxide membrane
(sample B) is lower than that of the inductors on the Avatrel
membrane shown in Fig. 9.

Fig. 11 compares the effective inductance and ) of the
tunable inductors on samples A and B at two different states.

As shown in Fig. 11, the percent tuning is lower for
sample A, which has a lower (). 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 that results
from switching on the outer inductor of sample B (state B’) is
only 9.7%. Consequently, employing low-loss materials such as
Avatrel helps improve the tuning characteristic of the switched
tunable inductors.

It should be mentioned that the performance of these tunable
inductors can be improved further. The routing metal layer of
the fabricated inductors is less than three times the skin depth of
silver at low frequencies, where the metal loss is the dominant
@-limiting mechanism. Therefore, the quality factor of the
switched tunable inductors is limited by the metal loss of the
routing layer and can be improved by increasing the thickness
of this layer. A fixed inductor with identical dimension to L
but with no routing layer exhibits a record-high embedded @
of > 150 at 6 GHz [13], as shown in Fig. 12. An SEM view
of this inductor is shown in Fig. 13. The limited thickness of
the routing layer has a more pronounced effect on the () of the
switching inductors at port two, as the length of this layer is
longer at port two (as shown in Fig. 2). The @ of a 0.88 nH
inductor with identical dimensions to the inner inductor but
with no routing layer is shown in Fig. 14. This inductor, without
routing, exhibits a high embedded @ of > 140 at 6 GHz.
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Fig. 11. Measured (a) inductance and (b) embedded @) of identical tunable
inductors fabricated on (A) a passivated silicon substrate and (B) a 20 pem-thick
silicon dioxide membrane.
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Comparing Figs. 10 and 14 reveals that the metal loss is twice
as much for the inner inductor with the thin routing layer.

D. Packaging Results

Hermetic or semihermetic sealing of silver microstructures
increases the lifetime of the silver devices by decreasing its
exposure to the corrosive gases and humidity. Silver is very
sensitive to hydrogen sulfide (H2S), which forms silver sulfide
(Ag,S), even at a very low concentration of corrosive gas
[16]. The decomposition of the contact surfaces leads to an
increase of the surface resistance and, hence, to a lower @) and,
for tunable inductors, a lower tuning range. Another problem
that impedes the wide application of silver is electrochemical
migration, which occurs in the presence of wet surface and
applied bias. Silver migration usually occurs between adjacent
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Fig. 13.  SEM view of the primary inductor without the routing layer. This
inductor exhibits ¢Q > 140 at 6 GHz.
350 1.6
_ 300 +--------- bl - 1.4
8 250 f oo _ M- 12 T
& 200 T cmsvpf———e - -~ — LD 3
2 ) - 08 g
£ 10 T - 06 5
& 100 TP atadeline " - 04 T
50 F----""""""""""—"="—"—"—"-"-—"---= - 02 —
0 T T T T 0.0
0 5 10 15 20 25

Frequency (GHz)

Fig. 14. Measured () and inductance of the inner inductor without the
routing layer, fabricated on an Avatrel membrane, showing () in excess of
140 at 6 GHz.

conductors/electrodes, which leads to the formation of den-
drites 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 [17]. For the tunable in-
ductor structure presented here, the 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.

In this paper, we incorporated a semihermetic packaging
technique to prevent or lessen their exposure to the corrosive
gases and to encapsulate the tunable inductor. The preliminary
results of the packaging techniques are reported here. If neces-
sary, subsequent overmolding can provide additional strength
and resilience and ensures long-term hermeticity. Fig. 15 is
the SEM view of the packaged switched tunable inductor
and the close-up view of a broken package, showing the air
cavity inside. The inductor trace was peeled during the cleaving
process.

Fig. 16 shows the ) of two identical inductors before de-
composition of the Unity sacrificial polymer. The two induc-
tors, one packaged and one unpackaged, were fabricated on a
silicon-nitride-passivated high-resistivity (p = 1 kQ - cm) sil-
icon substrate. As expected, the undecomposed packaged in-
ductor has a lower () at higher frequencies because of the
dielectric loss of the Unity sacrificial polymer. When Unity
was decomposed and the packaging process was completed,
the two inductors were, again, measured. As shown in Fig. 17,
the switched tunable inductor showed no degradation in () after
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Fig. 15. (a) SEM view of the packaged switched inductor and (b) close-up
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packaging, indicating that the Unity polymer was fully decom-
posed. To demonstrate the effect of packaging on preserving
the @) of the silver tunable inductor, the performance of the
packaged inductor was measured after 10 months and is shown
in Fig. 18. The performance of the packaged inductor has not
changed during this period.

V. CONCLUSION

The implementation and characterization results of high-
performance switched tunable silver inductors using a fully
CMOS-compatible process have been presented. A 1.1 nH in-
ductor was switched to four discrete values and showed a tuning
of 47% at 6 GHz. The effect of () on the tuning characteristic
of the inductor has been demonstrated. Wafer-level polymer
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Fig. 17. Measured embedded @ of two identical inductors when both switches
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Fig. 18. Measured embedded @ of the packaged silver tunable inductor,
showing no degradation in () after 10 months.

packaging of the tunable inductor did not cause any additional
loss, and the performance of the packaged silver inductor did
not change after 10 months.
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