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Abstract : A novel M EMS induct or consisting of a planar single crystalline silicon spiral wit h a copper surf ace coat2
ing as t he conduct or is p resented. Using a silicon2glass anodic bonding and deep etching f ormation2and2release

p rocess , a 40μm2t hick silicon spiral is f ormed , w hich is suspended on a glass subst rate t o eliminate subst rate loss .

The surf aces of t he silicon spiral are coated wit h highly conf ormal copp er by elect roless plating t o reduce t he resis2
tive loss in t he conduct or ,wit h t hin nickel f ilm plated on t he surf ace of t he copper layer f or f inal surf ace p assiva2
tion . The f abricated induct or exhibits a self2resonance f requency higher t han 15G Hz ,wit h a quality f act or of about

40 and an inductance of over 5n H at 1113 G Hz. Simulations based on a comp act equivalent circuit model of t he in2
duct or and p arameter ext raction using a characte ristic2f unction app roach are car ried out , and good agreement wit h

measurements is obtained.
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1 　Introduction

There has always been great interest in p ursu2
ing inductors wit h a high quality factor ( Q) ,large
inductance ( L ) , and high self2resonant f requency
(SRF) . Inductors play a key role in wireless radio
f requency ( RF) f ront2end circuit ry ,particularly in
resonators for low p hase2noise voltage cont rolled
oscillators. They are also used as filter component s
and reactive impedance matching element s.

In recent years , many loss reduction tech2
niques based on M EMS ( micro2elect romechanical
systems) technology have been adopted to improve
t he performances of RF inductors. To reduce sub2
st rate lo ss and parasitic capacitances , suspended
st ruct ures achieved using deep etching[1 ,2 ] or t hree2
dimensional lit hograp hy[ 3 ] are adopted. To reduce
series resistance and t hus resistive loss ,t hick metal
elect roplating or elect roless plating have been used

to form a thick metal wire or a coating layer as a
conductor [ 2 ,3 ] . To obtain a large L value , solenoid

coil const ructions have been fabricated[4 ,5 ] . M EMS
inductors wit h a Q of several tens ,L of several n H ,
and SRF of 10 to 20 GHz have been reported[2 ,3 ] .

We propose a novel M EMS inductor with a
Cu2coated t hick crystalline silicon spiral suspended
on glass subst rate. The silicon spiral is fabricated
in bulk crystalline silicon subst rate bonded to a
glass subst rate t hrough silicon anchors using bulk2
silicon micromachining ,with a t hickness of several
tens of micrometers , as t he 40μm2t hick sample
p resented here. A highly conformal Cu2coating lay2
er is t hen formed on every side of t he spiral by
elect roless plating. Due to the reduction of resistive
loss and the elimination of parasitic capacitances
and subst rate lo ss ,t he fabricated inductor exhibit s
excellent characteristics at high f requencies. The Q

of t he inductor reaches about 40 and L over 5n H at
1113 GHz , wit h an SRF higher t han 15 GHz. Fur2
t hermore ,t he suspended single crystal silicon spiral
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with a t hickness exceeding several tens of microm2
eters may exhibit bet ter mechanical p roperties ,
such as a higher rigidity , t han suspended metal or
deposited polysilicon spirals wit h thicknesses of
only a few micrometers ,which makes t he st ruct ure
insensitive to mechanical vibrations ,and may effec2
tively suppress t he p hase noise due to f requency
jit ter induced by random st ructural vibrations in
certain applications.

2 　Fabrication

Toget her with elect roless plating technology ,a
silicon2glass anodic bonding and deep etching for2
mation2and2release p rocess[6 ] was used to manufac2
t ure the inductor . Figure 1 schematically depict s
t he main step s of t he fabrication process. The bot2
tom elect rodes , consisting of sp ut tered Au/ Pt/ Ti

Fig. 1 　Sequence of the main step s of the silicon2glass

anodic bonding and deep etching formation2and2release

process combined with elect roless plating for fabricating

the inductor

(130/ 50/ 30nm) , were formed on t he areas of the
glass subst rate f rom which 130nm were etched a2
way. Bulk crystalline silicon subst rate was first
etched by inductively coupled plasma ( ICP) to form
silicon anchors wit h a dept h of 10μm. The etched
silicon subst rate was t hen at tached to t he glass
subst rate by anodic bonding t hrough t he anchors.
The bonded silicon subst rate was thinned by KO H
wet etching and t hen milled by ICP deep dry etch2
ing f rom t he back to form a 40μm2t hick single crys2
talline silicon spiral . The anchors also serve as e2
lect rical joint s between t he suspended silicon spiral
and t he bot tom elect rodes on t he glass subst rate.
Finally ,elect roless plating was carried out to form
a highly conformal Cu coating layer on the silicon

spiral surfaces ,wit h nickel (Ni) t hin film plated on
t he surface of t he Cu layer for final surface passiva2
tion. The suspended st ruct ure enabled t he metals
to be plated on every side of t he silicon spiral . Dur2
ing t he elect roless plating , Cu and Ni were selec2
tively deposited on t he silicon and metal surfaces
but not on t he glass surface. In t he fabrication
process , only t hree p hotolit hograp hy masks were
needed. This p rocess has been demonst rated to be
cont rollable and rep roducible. With t his p rocess ,
M EMS variable comb capacitors can also be pro2
duced , and monolit hic inductor2capacitor circuit s
can be formed in combination wit h t he inductors.

During t he formation of high quality t hick Cu
coating on t he surfaces of t he silicon spiral t hrough
elect roless plating ,surface p ret reat ment and activa2
tion are critical . The surface pret reat ment consisted

of H2 SO4 + H2 O2 immersion for cleaning followed
by isot ropic oxygen plasma bombardment for f ur2
t her cleaning and surface roughing for bet ter adhe2
sion between t he plated Cu and the silicon sur2
faces[ 7 ] .

Af ter t he p ret reat ment , surface activation was
carried out with H F + PdCl2 (150ml/ L + 012g/ L ) ,
using palladium chloride as a catalyst . During t he
activation ,t he native oxide layer was first st ripped
f rom t he silicon surfaces with hydrofluoric acid ,
and t hen palladium particulates were deposited as
catalytic centers. The oxide and glass surfaces ,
however , are immune f rom t he palladium particu2
late deposition. Based on experimental investiga2
tion ,t he optimal activation time is found to be be2
tween 30s and 1min.

The recipe for t he Cu elect roless plating solu2
tion we adopted is as follows :Cu (Π) sulfate penta2
hydrate ( CuSO4 ·5 H2 O , 7g/ L ) as oxidation a2
gent ,formaldehyde ( HCHO ,5ml/ L) as reduction a2
gent ,2 ,2’2dipyridyl (25ml/ L) as brightener ,ethylene2
diaminetetraacetic acid ( EDTA ,15g/ L) as complexing
agent ,and RE2610 (2. 4mg/ L) as surfactant. Potassi2
um hydroxide ( KO H ,18g/ L) was used to adjust the
p H value of the plating solution. The plating tempera2
ture was about 60 ℃. Figure 2 shows a cross2sectional
scanning electron microscope (SEM) image of the con2
ductor ,which consists of Cu2coated thick silicon. It can
be seen that a highly conformal Cu coating layer with
thickness up to 900nm can be achieved on the silicon
spiral surfaces through a 10min plating process.

Our Ni elect roless plating process was similar
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Fig. 2 　SEM cross2sectional image of the conductor ,

which consist s of Cu2coated thick crystalline silicon

to t hat for Cu elect roless plating. The recipe for Ni
elect roless plating we adopted is as follows :Ni sul2
fate hexahydrate (NiSO4 ·6 H2 O ,19g/ L) as oxida2
tion agent , sodium hypop hosp hite ( Na H2 PO2 ·
H2 O ,20g/ L) as reduction agent ,and t risodium cit2
rate dihydrate ( C6 H5 Na3 O7 ·2 H2 O , 20g/ L ) as
complexing agent . Ammonia solution was used to
adjust t he p H value of t he plating solution. The
plating temperat ure was also about 60 ℃. The dura2
tion of t he Ni plating and t he corresponding surface
pre2activation was 1min.

Figure 3 is an SEM view of one of t he fabrica2
ted inductors wit h 315 t urns. The conductor con2
sisting of a 40μm2t hick single crystal silicon spiral
with Cu surface coating is suspended on glass sub2

Fig. 3 　SEM picture of the fabricated 3152turn inductor

　a : suspended conductor consisting of a thick silicon

spiral with Cu2coating ; b : Cu2coated silicon anchor ; c :

Cu2coated Au/ Pt/ Ti bottom elect rode ; d : glass sub2
st rate

st rate. The spacing and widt h of the silicon spiral
are about 20 and 10μm ,respectively. The use of in2
sulating glass subst rate eliminates subst rate lo ss ,

and t he Cu coating on t he silicon spiral reduces t he
series resistance.

3 　Characterization

3. 1 　Measurement

On2wafer testing was performed wit h an HP
8510C network analyzer and Cascade 9000 ground2
single2ground on2wafer p robes ,and two2port S2pa2
rameters were obtained. The two2port Y2parame2
ters deduced f rom t he S2parameters were then used
to calculate Q and L of t he inductor ,which are de2
fined as[ 8 ]

Q =
Im (1/ Y11 )
Re (1/ Y11 )

(1)

L =
Im (1/ Y11 )

ω
(2)

where Y11 is t he short2circuit inp ut admit tance of
t he inductor . De2embedding of t he Y2parameters
f rom t he test pads was carried out according to t he
equation[ 9 ]

Yde2embedded = [ ( Y - Yopen ) - 1 - ( Yshort - Yopen ) - 1 ] - 1

(3)

　　The measured Q and L of two fabricated in2
ductors with different surface Cu t hicknesses are il2
lust rated in Figs. 4 (a) and ( b) , respectively. One
inductor has a t hin Cu coating layer of 400nm ,and
t he ot her has a t hick Cu coating layer of 900nm. It
is apparent t hat t he t hick Cu2coated inductor ex2
hibit s a higher Q t han t he t hin Cu2coated inductor ,
mainly due to t he greater reduction in t he series re2
sistance of the conductor . As shown in Fig. 4 (a) ,Q
values as high as 3817 and 1011 at 1113 GHz are re2
alized for t he former and lat ter , respectively. From
Fig. 4 ( b) , t he t hick Cu2coated inductor shows a
slightly lower L t han t he t hin Cu2coated inductor ,
as p redicted p hysically ,and t he L of t he inductors
reaches over 5n H at 1113 GHz. In addition ,an SRF
higher t han 15 GHz is achieved for the inductors ,
which is mainly due to the elimination of subst rate
capacitances by using glass subst rate. The glass
subst rate also improves t he inductor Q and L at
high f requencies.

3. 2 　Modeling

Due to t he elimination of subst rate lo ss , t he
lumped element equivalent circuit for t he p resent
RF M EMS inductor can be simplified f rom t he
asymmet ric single2π model to a series branch Y s
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Fig. 4 　Measured Q (a) and L (b) of the inductors with

thick and thin Cu coatings

containing L s , Rs , and Cs
[10 ] . U sing t he de2embed2

ded S2parameters and a characteristic2f unction ap2
proach [10 ] ,we carried out model parameter ext rac2
tion based on t he compact equivalent circuit . It can
be verified t hat

Ys =
1 - ω2 L s Cs + jω Rs Cs

Rs + jωL s
(4)

The real and imaginary part s of Eq. ( 4) can be
writ ten as

1
Re ( Ys )

= Rs +ω2 L 2
s

Rs
(5)

Im ( Ys )
ω = Cs -

L s

Rs
Re ( Ys ) (6)

　　Based on t he measured S2parameters ,t he line2
ar slope of 1/ Re ( Y s ) as a f unction of ω2 in Eq. (5)

yields L 2
s / Rs . Similarly , t he linear slope of

- Im ( Y s ) /ωas a f unction of Re ( Y s ) in Eq. (6) can
be used to derive L s / Rs , and in combination wit h
L 2

s / Rs derived f rom Eq. (5) , L s and Rs can be ob2
tained. Furt hermore , Cs can be obtained f rom Eq.
(6) if we know L s and Rs . This met hod for ext rac2
ting inductor model parameters takes into account
t he asymmet ry of the inductor .

　　The ext racted model parameters for t he t hick
Cu2coated inductor are as follows : L s = 3131n H , Cs

= 010214p F , and Rs = 512Ω. As shown in Fig. 5
(a) , t he fit between measurement and simulation
for L is within 1 % root2mean2square (RMS) devia2
tion over t he broad f requency range of 011 ～
15 GHz ,indicating high precision of t he model pa2
rameters. The fit between measurement and simu2
lation for Q is wit hin 10 % RMS deviation for f re2
quency between 8 ～ 13 GHz , where Q peaks , as
shown in Fig. 5 (b) .

Fig. 5 　Simulated L (a) and Q (b) of the inductor with

thick Cu coating 　The solid lines represent simulations

based on parameter ext raction with a compact equiva2
lent circuit model ,and the dashed lines are based on EM

numerical simulations.

The inductor with a thick Cu coating layer was
also simulated numerically by an elect ro2magnetic
( EM) simulator ,with t he conductor approximated
by a uniform Cu layer . The simulated L is about
50 % over2estimated compared to the measure2
ment ,and t he simulated Q at about 1113 GHz f re2
quency at which Q reaches t he maximum , is con2
sistent with the measurement ,as shown in Fig. 5.
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4 　Conclusion

A novel M EMS inductor wit h high Q and L at
high f requencies has been fabricated and character2
ized. The fabrication involves a silicon2glass anodic
bonding and deep etching formation2and2release
p rocess combined wit h Cu elect roless plating to re2
alize a Cu2coated t hick crystalline silicon spiral sus2
pended on glass subst rate. The highly conformal
and uniform Cu coating layer on every side of the
silicon spiral leads to significant reduction of the
resistive loss in t he conductor . The suspended con2
ductor on insulating glass subst rate eliminates sub2
st rate loss and parasitic capacitances. The fabrica2
ted inductor exhibit s an SRF higher t han 15 GHz ,
with a Q of about 40 and an L over 5n H at
1113 GHz. Modeling based on ext racted parameters
and analytical simulation fit s t he measurement s
well .
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表面镀铜悬浮厚单晶硅螺线 MEMS 电感 3

吴文刚1 ,­ 　李 　轶1 　黄风义2 　韩 　翔1 　张少勇2 　李志宏1 　郝一龙1

(1 北京大学微电子学研究院 微米/ 纳米加工技术国家级重点实验室 , 北京　100871)

(2 东南大学无线电系 射频与光电集成电路研究所 , 南京　210096)

摘要 : 报道了一种由悬浮在玻璃衬底上的表面镀铜平面单晶硅螺线构成的新型 MEMS 电感 ,可消除衬底损耗及
减小电阻损耗. 采用一种硅玻璃键合2深刻蚀成型释放工艺并结合无电镀技术制作该电感 ,形成厚约 40μm 的硅螺
线 ,在硅螺线表面镀有高保形厚铜镀层 ,在铜镀层表面镀有起钝化保护作用的薄镍镀层. 该电感的自谐振频率超过
15G Hz ,在 1113 G Hz 下 ,品质因子达到约 40 ,电感值超过 5n H. 基于该电感的简化等效电路模型 ,采用一种特征函
数法进行了参数提取 ,模拟结果与测量结果符合得很好 .

关键词 : M EMS 电感 ; 悬浮螺线 ; 表面镀铜 ; 品质因子 ; 建模与参数提取 ; 射频
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