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Abstract : The loss mechanisms of diff erent p assive devices ( on2chip induct ors and cap acit ors) on diff e rent sub2
st rates are analyzed and comp ared. O PS (oxidized p orous silicon) and H R ( high2resistivity) subst rates are used as

low2loss subst rates f or on2chip planar L PF (low p ass f ilte r ) f abrication. For t he study of subst rate loss , a planar

coil induct or is also designed. Simulation results show t hat Q (t he quality f act or) of t he induct or on bot h subst rates

is over 20 . Measurements of t he L PF on O PS subst rate give a - 3dB bandwidt h of 219 G Hz and a midband inser2
tion loss of 0187dB at 500M Hz. The L PF on H R subst rate gives a - 3dB bandwidt h of 213 G Hz and a midband in2
sertion loss of 0142dB at 500M Hz.
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1　Introduction

To meet t he needs of modern wireless commu2
nication systems ,a variety of filters have been de2
veloped ,such as CMOS active ,lumped L C ,mechan2
ical , ceramic , surface acoustic wave ( SA W ) , and
bulk acoustic wave (BA W) filters. SAW and ceram2
ic filters are mostly used for intermediate2f requency
( IF) and radio2f requency ( RF) modules , respec2
tively[1 ] . However ,t hey are all discrete component s

and consume a considerable area of t he system chip
and require a specific interface wit h integrated elec2
t ronics. That is to say ,off2chip component s pose an
important obstacle to t he ultimate miniat urization
and portability of wireless t ransceivers. Therefore ,
much effort has been focused on miniat urizing and
integrating off2chip devices wit h IC circuit s[2 ] .

On2chip L C filters are a candidate for solving
t he problem[3 ,4 ] . However , it is quite difficult to
fabricate high2performance on2chip inductors and
capacitors wit h conventional IC processes. Very
high subst rate loss is one of t he main obstacles to
realize high Q ( quality factor ) passive devices[5 ] .
Therefore ,low2lo ss subst rate should be developed
to achieve high2performance passive filters.

In t his paper , planar2integrated L C low2pass
filters (L PF) are fabricated on O PS (oxidized por2
ous silicon ) [6 ,7 ] and high2resistivity ( HR ) sub2
st rates[8 ] , respectively. The filter consist s of two
inductors and one MIM (metal2insulator2metal) ca2
pacitor . The loss mechanisms of passive devices
(inductor/ capacitor) on different subst rates (low/
middle/ high resistivity subst rate) are analyzed ,and
two kinds of low2lo ss subst rate ( O PS/ HR sub2
st rate) are p resented. To evaluate t he effect of low2
lo ss subst rate ,on2chip planar inductors on O PS and
HR subst rates are used as device examples. Based
on the analysis ,we present t he design and fabrica2
tion of the L PF. The measurement s show that t he
Q of RF passive component s is improved on bot h
OPS and HR subst rates and t hat t he performance
of t he L PF is p romising for RF f ront2end applica2
tions.

2　Substrate loss analysis and compar2
ison

　　For on2chip RF passive devices ,including in2
ductors and capacitors , t he main loss mechanisms
related to subst rate are subst rate2eddy2current2in2
duced resistance ( Reddy ) and coupled capacitive loss
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( Ccouple ) t hrough t he insulating dielect ric between
t he device and t he underlying subst rate[ 9 ] .

However , t hese two factors exert different
effect s on inductors and capacitors. Figures 1 ( a )

and ( b) give the simplified equivalent lumped cir2
cuit models of on2chip inductors[10 ] and MIM capac2
itors[11 ] , respectively. In Fig. 1 ( a) , L s L is t he de2
signed inductance , Cs L models t he parasitic capaci2
tance between two metal layers due to t he overlap2
ping winding , Rs L is t he series resistance of the in2
ductor ,including t he cont ribution of Reddy and ohm
resistance , Rsi L is t he subst rate resistance , and
Ccouple L rep resent s the oxide layer capacitance. Reddy

is quite important to t he performance of on2chip in2
ductors because it is p roportional to t he square of
f requency ( f 2 ) and is t he main part of Rs L ,which
is critical to t he Q of t he inductor at t he f requencies
higher t han about 1 GHz.

Fig. 1　(a) Simplified two2port equivalent lumped mod2
el of on2chip inductors ; ( b) Simplified one2port equiva2
lent lumped model of MIM capacitors

In Fig. 1 ( b) , Cs C is t he designed capacitance ,

Rs C is t he parasitic series resistance ,and Rsi C and

Ccouple C have the same meanings as Rsi L and Ccouple L

in Fig. 1 (a) ,respectively. Ccouple C and Rsi C can be re2
garded as t he subst rate charging branch ,compared

with the main branch ,consisting of Rs C and Cs C .

The main branch has a bet ter Q and less charging

time than t he subst rate branch ,for Rsi C is always

larger t han Rs C . At low f requencies ( below

1 GHz) , bot h branches can be charged and dis2
charged. Therefore ,t he Q of t he capacitor is mainly

determined by t hat of t he subst rate branch ,which
consumes more losses t han t he main branch. At
high f requencies ,only the main branch is involved
in t he charging ,and t he Q of the device is mainly
determined by t hat of t he main branch.

From t he analysis of the loss mechanisms of
on2chip inductors and MIM capacitors , it is clear
t hat the subst rate plays an important role in impro2
ving device quality. The po ssible met hods are to
partly remove the subst rate wit h wet or dry etch2
ing ,to enhance the t hickness of t he isolation layer ,
or simply to use HR (more t han 100Ω·cm) sub2
st rate[12 ] . To remove t he subst rate underneat h t he
st ruct ure can evidently imp rove the device per2
formance , but additional complex and expensive
processes must be used. U sing a t hick insulating
layer (oxide layer) is also p romising for effectively
improving t he device performance. Nevert heless ,it
is difficult to get enough t hick oxide by common
CVD deposition due to the low deposition rate. In
cont rast ,subst rate modification wit h OPS can easi2
ly obtain a very t hick oxide layer on the order of
ten micrometers[7 ] ,which decreases t he couple ca2
pacitance Ccouple . U sing HRS ( high resistivity sub2
st rate) [8 ] , we can easily obtain good device per2
formance by reducing the subst rate2eddy2current2
induced resistance and increasing the RC charging
time of t he subst rate branch of the capacitor ,which
make the influence of subst rate branch negligible.
Therefore ,bot h subst rates used in our st udy have
t heir own merit s.

The Q of inductors and capacitors are directly
related to the performance of t he L PF. Figure 2
shows simulated curves of the L PF IL ( insertion
loss) at 500M Hz as it varies wit h the Q of t he in2
ductor and capacitor . Q( C) = 50 indicates t hat Q of
t he capacitor is fixed at 50 and Q of the inductor is
varied f rom 1 to 40. Q ( L ) = 50 indicates t hat Q of
t he inductor is fixed at 50 and Q of t he capacitor is
varied f rom 1 to 40. From t he two curves ,it can be
seen that the inductor and capacitor have almost
t he same effect on the IL of L PF. However , Q of
MIM capacitors is always higher t han t hat of on2
chip inductors. Therefore , t he performance of t he
inductors is usually t he main concern in L C filter
design.

To verify t he effect s of OPS and HR sub2
st rate ,t he same planar spiral inductor is designed
and simulated on bot h of t he subst rates. Figure 3
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Fig. 2　IL of L PF changes with the quality factor Q of pas2
sive devices

shows t he 215D simulated result s of t he device.
The st ruct ure and subst rate parameters of t he in2
ductor are given in Table 1.

Fig. 3　Simulated (215D) result s of the planar inductor

　(a) Inductance of the inductor ; (b) Q of the inductor

Table 1　Structure and subst rate parameters of inductor

Type Parameters Value

St ructure parameters

St rip widt h/μm 36

Tur n2t o2tur n spacing/μm 12

St rip t hickness/μm 4

Insulating layer t hickness/μm 1 . 5

Coil tur ns 2 . 5

Subst rate para meters

O PS t hickness/μm 30

O PS subst rate resistivity/ (Ω·c m) 0 . 01

H R subst rate resistivity/ (Ω·c m) 900

　　The measure d L a nd Q of t he i nduct or on

H R subst rate a re 118n H at 214 G Hz a nd 2010 a t

214 G Hz , resp ectively. These results a re si mila r

wit h t he si mulate d data ( L of 210n H at 214 G Hz

a nd Q of 1816 a t 214 G Hz ) , a nd s how t hat t he

qualit y of p assive devices is p romisi ng on t hese

two ki nds of low2loss subst rates .

3　Filter design and fabrication

3. 1　Design

The design of t he L PF is based on a basic min2
imum capacitor But terwort h p rototype st ructure ,
which consist s of two series inductors and one
shunt capacitor ,as shown in Fig. 4[13 ] . Figure 4 (a)

is t he filter circuit and Figure 4 (b) gives a 3D sche2
matic view of t he L PF. The design parameters are
shown in Table 2.

Fig. 4　(a) LC low2pass filter prototype st ructure ; (b)

Schematic view of L PF (also for 3D simulation)

Table 2　Design parameters of L PF

Parameters Value

Circuit design

3dB bandwidt h/ GHz 2. 4

IL (dB @1 GHz) < 2

Input resistance/Ω 50

Outp ut resista nce/Ω 50

L design

L/ n H 4 . 2

Coil tur ns 3

St rip widt h/μm 36

Tur n2t o2tur n spacing/μm 12

St rip t hickness/μm 4
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Para meters Value

C design

C/ p F 1 . 8

Top2plate t hickness/μm 4

Bottom2plate t hickness/μm 1

Insulating layer t hickness/μm 1 . 5

Widt h/μm 240

L engt h/μm 420

3. 2　Fabrication

The fabrication p rocess of t he L PF on O PS
subst rate is given as follows. On t he 400μm silicon
subst rate ,a 30μm O PS layer is selectively formed.
To protect t he OPS layer ,SiO2 and Si3 N4 layers are
deposited with L PCVD. Ti (50nm) and Cu (200nm)

are then sp ut tered as a stick layer and a seed layer .
After t hat ,Cu wit h t he t hickness of 1μm is elect ro2
plated and pat terned to form t he underpass of the
inductors and t he bot tom plate of t he MIM capaci2
tor . Polyimide is sp un on as a dielect ric layer . After
t he polyimide etching , anot her layer of Ti (50nm)

and Cu ( 200nm) is sp ut tered. Finally , Cu wit h a
t hickness of 4μm is elect roplated and pat terned to
serve as the spiral coil of t he inductor and t he top
plate of t he MIM capacitor .

The fabrication processes of t he L PF on O PS
and HR subst rate are similar except for the p repa2
ration of t he subst rate. For HR subst rate ,SiO2 and
Si3 N4 layers are directly deposited on t he subst rate
without modifying t he subst rate.

4　Results and discussion

The filter was realized in a standard 1μm 12po2
ly ,22metal ,CMOS process. Figure 5 shows t he pro2
file of t he modified subst rate wit h OPS. The sur2
face of t he OPS is smoot h enough for f urt her
p rocesses of RF devices wit h an average coarseness
of less t han 2nm. Figure 6 is a SEM p hotograp h of
t he L PF die. The entire area of t he filter is 1350μm
×550μm ,which can be f urt her reduced by applying

Fig. 5　Profile of modified subst rate with OPS

a minimum inductor rather t han a minimum capaci2
tor p rototype[13 ] . Figure 7 shows t he simulated and
measured result s of t he designed L PF. The data are
also compared in Table 3.

Fig. 6　SEM photograph of the L PF die

Fig. 7　Simulated and measured result s of the designed

L PF

Table 3　Simulated and measured data comparison

Parameters
OPS Result s HR Result s

Simu Meas Simu Meas

3dB BW/ GHz 2. 6 2. 9 3. 0 2. 3

IL/ dB @0. 5 GHz 0. 21 0. 87 0. 22 0. 42

IL/ dB @1 GHz 0. 49 1. 18 0. 32 0. 61

30dB BW/ GHz 9. 2 17. 0 7. 8 8. 0

Self2resonance f requency f SR / GHz 12. 6 > 20 11. 0 11. 4

Measurement s of t he L PF on OPS subst rate
give a - 3dB bandwidth (BW) of 219 GHz and a
midband insertion loss of 0187dB at 500M Hz ,and
t he L PF on HR subst rate gives a - 3dB bandwidt h
of 213 GHz and a midband insertion loss of 0142dB
at 500M Hz. The simulated S21 curves are also pres2
ented in Fig. 7. The insertion loss of t he L PF on
OPS and HRS is bet ter t han t hat in Ref s. [ 3 ] (on
14Ω·cm p2type Si subst rate , IL > 2dB at t he pass2
band) and [ 14 ] (on HRS , IL > 6dB at t he pass2
band) . The result s are also comparable to Ref . [15 ]
(in MCM2Si Process , IL < 1dB at t he pass2band) .
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The simulated and measured data show t hat bot h
OPS and HR subst rates are p romising for RF pas2
sive devices , such as inductors ,capacitors , and L C
filters.

From t he above analysis and measurement s ,it
can be seen t hat O PS is a bet ter choice for capaci2
tors than HRS (high resistivity subst rate) ,because
it reduces Ccouple ,which is critical to t he coupled ca2
pacitive loss of t he capacitors. Nevert heless , f rom
t he discrepancy between t he simulated and meas2
ured result s ,it is also clear that t he surface quality
of an OPS layer is hard to cont rol because the
growt h of PS (porous silicon) and t he oxidation of
t he PS layer are related to many environmental pa2
rameters[7 ,16 ,17 ] , including current , area , and tem2
perat ure. HRS is a bet ter choice for inductor fabri2
cation because it greatly reduces the subst rate eddy
current ,which is crucial to t he high2f requency per2
formance of on2chip inductors. Therefore ,f rom an
application perspective , HR subst rate is more suit2
able for L C filters working in t he radio2f requency
range.

5　Conclusion

Applicable passive filters are demonst rated
and fabricated. Bot h HR and modified subst rates
with oxidized porous silicon (OPS) technology can
reduce t he insertion loss of passive RF devices ,
making L C filters suitable for high f requency appli2
cations. HR subst rate is more suitable for L C fil2
ters in RF applications.
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低损耗衬底上实现无源低通滤波器 3

方　杰1 　刘泽文1 ,­　赵嘉昊2 　陈忠民1 　韦　嘉1 　刘理天1 　李志坚1

(1 清华大学微电子研究所 , 北京　100084)

(2 清华大学材料科学与工程系 , 北京　100084)

摘要 : 分析比较了不同种类衬底上无源器件 (片上电感和电容)的损耗机理 ,在 OPS (氧化多孔硅)和 HR (高阻硅)

低损耗衬底上分别实现了片上低通滤波器.为了研究衬底损耗 ,设计了平面螺旋电感 ,其 Q值在两种衬底上的仿真
结果都超过了 20.在 OPS衬底上的低通滤波器实测 - 3dB带宽为 219 GHz ,通带插入损耗在 500M Hz为 0187dB ;

在 HR衬底上的低通滤波器实测 - 3dB带宽为 213 GHz ,通带插入损耗在 500M Hz为 0142dB.

关键词 : LC低通滤波器 ; 低损耗衬底 ; 片上电感 ; RF
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