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Abgract : A novel M EMS inductor consisting of a planar single crystalline silicon spiral with a copper surface coat-
ing as the conductor is presented. Using a siliconrglass anodic bonding and deep etching formation-and-release
process,a 4Q mrthick silicon spiral is formed,which is suspended on a glass substrate to eliminate substrate |oss.
The surfaces of thesilicon spiral are coated with highly conformal copper by electroless plating to reduce the resis-
tive loss in the conductor ,with thin nickel film plated on the surface of the copper layer for final surface passiva-
tion. The fabricated inductor exhibits a self-resonance frequency higher than 15GHz ,with a quality factor of about
40 and an inductance of over 5nH at 11 3GHz. Simulations based on a compact equivalent circuit model of thein-
ductor and parameter extraction using a characteristic-f unction approach are carried out ,and good agreement with

measurements is obtai ned.
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1 Introduction

There has always been great interest in pursu-
ing inductors with a high quality factor (Q) ,large
inductance (L) ,and high self-resonant frequency
(SRF) . Inductors play a key role in wireless radio
frequency (RF) front-end circuitry ,particularly in
resonators for low phase-noise voltage controlled
oscillators. They are also used asfilter components
and reactive impedance matching elements.

In recent years, many loss reduction tech-
nigues based on MEMS ( micro-electromechanical
systems) technology have been adopted to improve
the performances of RF inductors. To reduce sub-
strate loss and paradtic capacitances, suspended
structures achieved using deep etching!*? or three
dimensional lithography'® are adopted. To reduce
series red stance and thus res stive loss,,thick metal
electroplating or electroless plating have been used
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to form a thick metal wire or a coating layer as a
conductor’®®'. To obtain a large L value, solenoid
coil constructions have been fabricated*® . MEMS
inductorswith a Q of several tens,L of several nH ,
and SRF of 10 to 20GHz have been reported®** .
We propose a novel MEMS inductor with a
Cu-coated thick crystaline slicon spiral suspended
on glass substrate. The dlicon spira is fabricated
in bulk crystalline slicon substrate bonded to a
glass substrate through dlicon anchors usng bul k-
slicon micromachining ,with a thickness of several
tens of micrometers, as the 4Q nrthick sample
presented here. A highly conformal Cu-coating lay-
er is then formed on every sde of the spiral by
electroless plating. Due to the reduction of resstive
loss and the elimination of parasitic capacitances
and substrate loss,the fabricated inductor exhibits
excellent characteristics at high frequencies. The Q
of theinductor reaches about 40 and L over 5nH at
11 3GHz,with an SRF higher than 15GHz. Fur-
thermore ,the suspended single crystal silicon spiral
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with a thickness exceeding several tens of microm-
eters may exhibit better mechanical properties,
such as a higher rigidity ,than suspended metal or
deposited polyslicon spirals with thicknesses of
only afew micrometers,which makes the structure
insendtive to mechanical vibrations,and may effec
tively suppress the phase noise due to frequency
jitter induced by random structural vibrations in
certain applications.

2 Fabrication

Together with electroless plating technology ,a
slicon-glass anodic bonding and deep etching for-
mation-and-release process® was used to manufac-
ture the inductor. Figure 1 schematically depicts
the main steps of the fabrication process. The bot-
tom electrodes, consisting of sputtered Au/ Pt/ Ti
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Fig.1 Sequence of the main steps of the slicon-glass
anodic bonding and deep etching formation-and-release
process combined with electroless plating for fabricating
the inductor

(130/ 50/ 30nm) ,were formed on the areas of the
glass substrate from which 130nm were etched a
way. Bulk crystalline dlicon substrate was first
etched by inductively coupled plasma(ICP) to form
silicon anchors with a depth of 1 m. The etched
silicon substrate was then attached to the glass
substrate by anodic bonding through the anchors.
The bonded slicon substrate was thinned by KOH
wet etching and then milled by ICP deep dry etch-
ing from the back to form a4Q nrthick sngle crys
talline silicon spiral. The anchors also serve as e
lectrical joints between the suspended slicon spiral
and the bottom electrodes on the glass substrate.
Finally ,electroless plating was carried out to form
a highly conformal Cu coating layer on the slicon

spiral surfaces,with nickel (Ni) thinfilm plated on
the surface of the Cu layer for final surface passivar
tion. The suspended structure enabled the metals
to be plated on every sde of the silicon spiral. Dur-
ing the electroless plating,Cu and Ni were selec-
tively deposted on the dlicon and metal surfaces
but not on the glass surface. In the fabrication
process,only three photolithography masks were
needed. This process has been demonstrated to be
controllable and reproducible. With this process,
MEMS variable comb capacitors can also be pro-
duced, and monolithic inductor-capacitor circuits
can be formed in combination with the inductors.

During the formation of high quality thick Cu
coating on the surfaces of the slicon spiral through
electroless plating ,surface pretreat ment and activar
tion are critical . The surface pretreatment cons sted
of H2S04 + H202 immersion for cleaning followed
by isotropic oxygen plasma bombardment for fur-
ther cleaning and surface roughing for better adhe-
son between the plated Cu and the dlicon sur-
faces” .

After the pretreatment ,surface activation was
carried out with HF + PdCl, (150ml/L + 0. 2g/L) ,
using paladium chloride as a catalyst. During the
activation ,the native oxide layer was first stripped
from the dlicon surfaces with hydrofluoric acid,
and then palladium particulates were deposited as
catalytic centers. The oxide and glass surfaces,
however ,are immune from the palladium particu-
late depodtion. Based on experimental investiga
tion ,the optimal activation time isfound to be be-
tween 30s and 1min.

The recipe for the Cu electroless plating solu-
tion we adopted is asfollows:Cu(1) sulfate penta
hydrate (CuSOs - 5H.O,7g/L) as oxidation a
gent formaldehyde (HCHO ,5ml/L) as reduction a
gent ,2,2' -dipyridyl (25ml/L) as brightener ,ethylene-
diaminetetraacetic acid (EDTA ,15¢g/ L) as complexing
agent ,and RE610 (2.4mg/ L) as surfactant. Potasd-
um hydroxide (KOH ,18¢/L) was used to adjust the
pH vaue of the plating solution. The plating tempera
ture was about 60 . Fgure 2 shows a cross sectiond
scanning electron microscope (SEM) image of the con-
ductor ,which condsts of Cu-coated thick dlicon. It can
be seen that a highly conforma Cu coating layer with
thickness up to 900nm can be achieved on the dlicon
iral surfaces through a 10min plating process.

Our Ni €electroless plating process was smilar
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FHg.2 SEM cross sectional image of the conductor ,
which congsts of Cu-coated thick crystalline slicon

to that for Cu €electroless plating. The recipe for Ni
electroless plating we adopted is asfollows:Ni sul-
fate hexahydrate (NiSOs - 6H20,19¢g/L) asoxida
tion agent, sodium hypophosphite (NaH:PO: -
H.0O ,20g/L) as reduction agent ,and trisodium cit-
rate dihydrate (CsHsNasO; - 2H.O,20g/L) as
complexing agent. Ammonia solution was used to
adjust the pH value of the plating solution. The
plating temperature was al so about 60 . The dura
tion of the Ni plating and the corresponding surface
pre-activation was 1min.

Figure 3isan SEM view of one of the fabrica
ted inductors with 3 5 turns. The conductor con-
ssting of a 4 m-thick single crystal slicon spiral
with Cu surface coating is suspended on glass sub-

FHg.3 SEM pictureof thefabricated 3 5 turn inductor

a: suspended conductor conssting of a thick slicon
spiral with Cucoating; b: Cu-coated slicon anchor ; c:
Cucoated Au/ Pt/ Ti bottom electrode; d: glass sub-
strate

strate. The spacing and width of the dlicon spira
are about 20 and 1 m ,respectively. The use of in-
sulating glass substrate eliminates substrate loss,

and the Cu coating on the silicon spiral reduces the
series res stance.

3 Characterization

3.1 Maeasurement

On-wafer testing was performed with an HP
8510C network analyzer and Cascade 9000 ground-
sngle-ground on-wafer probes,and two-port Spa
rameters were obtained. The two-port Y-parame-
ters deduced from the Sparameters were then used
to calculate Q and L of the inductor ,which are de-
fined as®!

_Im(1/ Y1)

Q= Re(1/ Yu) (1)
_Im Y.

L = o (2)

where Yu is the short-circuit input admittance of
the inductor. De-embedding of the Y-parameters
from the test pads was carried out according to the
equation'®
Ydeemvedded = [ (Y= Yopen) o Yenor - Y open) '1]'1
(3)
The measured Q and L of two fabricated in-
ductors with different surface Cu thicknesses areil-
lustrated in Figs. 4(a) and (b) ,respectively. One
inductor has a thin Cu coating layer of 400nm ,and
the other has a thick Cu coating layer of 900nm. It
is apparent that the thick Cu-coated inductor ex-
hibits a higher Q than the thin Cu-coated inductor ,
mainly due to the greater reductionin the seriesre-
sistance of the conductor. As shownin Fig.4(a) ,Q
values as highas 38 7 and 10. 1 at 11. 3GHz are re-
alized for the former and latter ,respectively. From
Fig. 4 (b) ,the thick Cucoated inductor shows a
dightly lower L than the thin Cu-coated inductor ,
as predicted physcaly ,and the L of the inductors
reaches over 5nH at 11 3GHz. In addition ,an SRF
higher than 15GHz is achieved for the inductors,
which is mainly due to the elimination of substrate
capacitances by usng glass substrate. The glass
substrate also improves the inductor Q and L at
high frequencies.

3.2 Modding

Due to the elimination of substrate loss,the
lumped element equivalent circuit for the present
RF MEMS inductor can be smplified from the
asymmetric singleTl model to a series branch Ys
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Fig.4 Measured Q (a) and L (b) of theinductors with
thick and thin Cu coatings

containing Ls,Rs,and G"”. Using the de-embed
ded Sparameters and a characteristicfunction ap-
proach!™ ,we carried out model parameter extrac-
tion based on the compact equivalent circuit. It can
be verified that

1-WLC+jWR G
- Re +jW Ls 4
The real and imaginary parts of Eg. (4) can be
written as

Ys

2

1 > Ls
Re(vl) ~ e *t@ o (5)
m(%a = G- LRe(V) 6)

Based on the measured S-parameters,the line
ar dope of 1/ Re(Ys) as afunction of @’ in Eq. (5)
yields L%/ R.. Smilarly, the linear dope of
- Im(Ys)/w as afunction of Re(Ys) in Eq. (6) can
be used to derive Ls/ Rs ,and in combination with
L%/ Rs derived from Eq. (5) ,Ls and Rs can be ob-
tained. Furthermore, Cs can be obtained from Eg.
(6) if we know Ls and Rs. This method for extrac-
ting inductor model parameters takes into account
the asymmetry of the inductor.

The extracted model parameters for the thick
Cu-coated inductor are asfollows:Ls =3 31nH ,Cs
=0 0214pF,and Rs =5 X2. As shown in Fig. 5
(a) ,the fit between measurement and sSmulation
for L iswithin 1 % root-mean-square (RMS) deviar
tion over the broad frequency range of QO 1
15GHz ,indicating high precison of the model pa
rameters. The fit between measurement and s mu-
lation for Q is within 10 % RMS deviation for fre-
quency between 8 13GHz, where Q peaks, as
shownin Fig.5(b) .
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Fig.5 Smulated L (a) and Q (b) of theinductor with
thick Cu coating The solid lines represent simulations
based on parameter extraction with a compact equiver
lent circuit model ,and the dashed lines are based on EM
numerical smulations.

The inductor with a thick Cu coating layer was
also smulated numerically by an electro-magnetic
(EM) dsmulator ,with the conductor approxi mated
by a uniform Cu layer. The smulated L is about
50 % over-estimated compared to the measure-
ment ,and the smulated Q at about 11 3GHz fre-
quency at which Q reaches the maximum,is con-
dstent with the measurement ,as shownin Fg.5.
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4 Conclusion

A novel M EM Sinductor with high Qand L at
high frequencies has been fabricated and character-
ized. The fabrication involves a dlicon-glass anodic
bonding and deep etching formation-and-release
process combined with Cu electroless plating to re-
alize a Cu-coated thick crystalline slicon spiral sus
pended on glass substrate. The highly conformal
and uniform Cu coating layer on every sde of the
silicon spiral leads to significant reduction of the
resstive lossin the conductor. The suspended con-
ductor oninsulating glass substrate eliminates sub-
strate loss and parasitic capacitances. The fabrica
ted inductor exhibits an SRF higher than 15GHz,
with a Q of about 40 and an L over 5nH at
11 3GHz. Modeling based on extracted parameters
and analytica smulation fits the measurements
well.
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