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Abstract : The loss mechanisms of different passive devices (on-chip inductors and capacitors) on different sub-
strates are analyzed and compared. OPS (oxidized porous silicon) and HR (high-resistivity) substrates are used as
low-loss substrates for on-chip planar L PF (low pass filter) fabrication. For the study of substrate loss,a planar
coil inductor is also designed. Simulation results show that Q (the quality factor) of the inductor on both substrates

is over 20. Measurements of the L PF on OPS substrate give a -

3dB bandwidth of 2 9GHz and a midband inser-

tion loss of 0. 87dB at 500M Hz. The L PF on HR substrate gives a - 3dB bandwidth of 2 3GHz and a midband in-

sertion loss of Q. 42dB at 500M Hz.
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1 Introduction

To meet the needs of modern wireless commu-
nication systems,a variety of filters have been de-
veloped ,such as CM OS active ,lumped L C ,mechan-
ical ,ceramic, surface acoustic wave (SAW) , and
bulk acoustic wave(BAW) filters. SAW and ceram-
icfiltersare mostly used for intermediate-frequency
(1F) and radio-frequency (RF) modules, respec-
tively™™ . However ,they are all discrete components
and consume a cons derable area of the system chip
and require a gecific interface with integrated elec-
tronics. That isto say ,off-chip components pose an
important obstacle to the ultimate miniaturization
and portability of wireless transceivers. Therefore,
much effort has been focused on miniaturizing and
integrating off-chip devices with IC circuits'? .

On-chip L C filters are a candidate for solving
the problem®* . However ,it is quite difficult to
fabricate high-performance on-chip inductors and
capacitors with conventional IC processes. Very
high substrate loss is one of the main obstacles to
realize high Q (quality factor) passive devices™ .
Therefore ,low-loss substrate should be developed
to achieve high-performance passive filters.
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In this paper , planar-integrated L C low-pass
filters (L PF) arefabricated on OPS (oxidized por-
ous slicon)®” and high-resistivity (HR) sub-
strates® | respectively. The filter conssts of two
inductors and one MIM (metal-insulator-metal) car
pacitor. The loss mechanisms of passve devices
(inductor/ capacitor) on different substrates (low/
middle/ high redstivity substrate) are analyzed ,and
two kinds of low-loss substrate (OPY HR sub-
strate) are presented. To eval uate the effect of low-
loss substrate ,on-chip planar inductorson OPS and
HR substrates are used as device examples. Based
on the analyss,we present the desgn and fabrica
tion of the L PF. The measurements show that the
Q of RF passve components is improved on both
OPS and HR substrates and that the performance
of the L PF is promisng for RF front-end applica
tions.

2 Substrate loss analysisand compar-
ison

For on-chip RF passive devices,including in-
ductors and capacitors,the main loss mechanisms
related to substrate are substrate-eddy-current-in-
duced resi stance( Rwsy) and coupled capacitive loss
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(Cowie) through the insulating dielectric between
the device and the underlying substrate!” .
However , these two factors exert different
effects on inductors and capacitors. Figures 1 (a)
and (b) give the smplified equivalent lumped cir-
cuit model s of on-chip inductors™” and M IM capac-
itors™ respectively. In Fig. 1(a) ,Ls. is the de
sgned inductance,,Gs. models the parastic capaci-
tance between two metal layers due to the overlap-
ping winding,Rs. isthe series red stance of the in-
ductor ,including the contribution of Rewsy and ohm
resstance, Rs. is the substrate resstance, and
CowleL Fepresents the oxide layer capacitance. Reddy
is quite important to the performance of on-chip in-
ductors because it is proportional to the square of
frequency (f?) andisthe main part of Rs. ,which
iscritical to the Q of theinductor at thefrequencies
higher than about 1GHz.
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Fig.1 (& 9mplified two-port equivalent lumped mod-
d of onchip inductors; (b) Smplified one-port equiva
lent lumped model of MIM capacitors

In Fig. 1(b) ,Csc is the designed capacitance,
Rsc is the parastic series resstance,and Rs.c and
Cowlec have the same meanings as R and Cowlel
in Fig.1(a) ,respectively. Copec and Rsc can be re-
garded as the substrate charging branch ,compared
with the main branch ,conssting of Rsc and Csc.
The main branch has a better Q and less charging
time than the substrate branch ,for Rs.c is aways
larger than Rsc. At low frequencies ( below
1GHz) , both branches can be charged and dis
charged. Therefore ,the Q of the capacitor is mainly

determined by that of the substrate branch ,which
consumes more losses than the man branch. At
high frequencies,only the main branch is involved
in the charging,and the Q of the device is mainly
determined by that of the main branch.

From the analyss of the loss mechanisms of
on-chip inductors and MIM capacitors,it is clear
that the substrate plays an important roleinimpro-
ving device quality. The posshble methods are to
partly remove the substrate with wet or dry etch-
ing ,to enhance the thickness of the isolation layer ,
or smply to use HR (more than 1002 - cm) sub-
strate”™” . To remove the substrate underneath the
structure can evidently improve the device per-
formance, but additional complex and expensve
processes must be used. Usng a thick insulating
layer (oxide layer) is also promising for effectively
improving the device performance. Nevertheless,it
is difficult to get enough thick oxide by common
CVD depostion due to the low depostion rate. In
contrast ,substrate modification with OPS can eas-
ly obtain a very thick oxide layer on the order of
ten micrometers’! ,which decreases the couple ca
pacitance Cowe. Using HRS (high redistivity sub-
strate)® , we can easly obtain good device per-
formance by reducing the substrate-eddy-current-
induced resistance and increasng the RC charging
time of the substrate branch of the capacitor ,which
make the influence of substrate branch negligible.
Therefore ,both substrates used in our study have
their own merits.

The Q of inductors and capacitors are directly
related to the performance of the L PF. Figure 2
shows smulated curves of the L PF IL (insertion
loss) at 500M Hz as it varies with the Q of thein-
ductor and capacitor. Q(C) =50 indicates that Q of
the capacitor isfixed at 50 and Q of the inductor is
varied from 1 to 40. Q(L) =50 indicates that Q of
the inductor isfixed at 50 and Q of the capacitor is
varied from 1 to 40. From the two curves it can be
seen that the inductor and capacitor have amost
the same effect on the IL of L PF. However , Q of
MIM capacitors is always higher than that of on
chip inductors. Therefore,the performance of the
inductorsis usualy the main concern in L C filter
design.

To verify the effects of OPS and HR sub-
strate ,the same planar spiral inductor is desgned
and smulated on both of the substrates. Figure 3
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shows the 2 5D smulated results of the device.
The structure and substrate parameters of the in-
ductor are given in Table 1.
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Fig.3 Smulated (2 5D) resultsof the planar inductor
(a) Inductance of the inductor;(b) Q of the inductor

Table 1 Structure and substrate parameters of inductor

Type Parameters Value
Strip width/u m 36
Turn-to-turn spacing/d m 12
Structure parameters Strip thickness/d m 4
I nsulating layer thickness/d m 1.5
Coil turns 2.5
OPS thickness/ m 30

Substrate parameters |OPS substrate resistivity/ (2 - cm)[ 0.01
HR substrate resistivity/ (Q - cm)| 900

The measured L and Q of the inductor on
HR substrate are 1. 8nH at 2 4GHz and 20 0 at
2 4GHz, respectively. These results are similar
with the simulated data (L of 2 OnH at 2 4GHz
and Q of 18 6 at 2 4GHz) , and show that the
quality of passive devices is promising on these
two kinds of low-loss substrates.

3 Filter design and fabrication

3.1 Design

The design of theL PFis based on a basc min-
imum capacitor Butterworth prototype structure,
which condgsts of two series inductors and one
shunt capacitor ,as shown in Fig. 4™, Figure 4(a)
isthefilter circuit and Figure 4(b) givesa3D sche
matic view of the L PF. The desgn parameters are
shown in Table 2.

Si0,
~ Substrate

(b)

Fig.4 (a LC lowpassfilter prototype structure; (b)
Schematic view of L PF (also for 3D smulation)

Table 2 Design parameters of L PF

Parameters Value
3dB _bandwidth/ GHz 2.4
o . IL (dB @1 GHz) <2
Grcuit desgn -
Input res stance/Q 50
Output resistance/Q 50
L/nH 4.2
Cail turns 3
L design Strip width/J m 36
Turnrtoturn spacing/d m 12
Strip thickness/d m 4
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Parameters Value a minimum inductor rather than a minimum capaci-
CIpF 1.8 tor prototype'™® . Figure 7 shows the s mulated and
Top-plate thicknessi m 4 measured results of the designed L PF. The data are
Bott late thickness/| 1 .
C design ottonrplate thickness’h m also compared in Table 3.
I nsulating layer thickness/H m 1.5
Width/i m 240 :
Coil surface
L ength/d m 420

3.2 Fabrication

The fabrication process of the L PF on OPS
substrate is given asfollows. On the 40Q m slicon
substrate ,a 3@ m OPS layer is selectively formed.
To protect the OPSlayer ,S0O: and S3 N4 layers are
deposited with L PCVD. Ti (50nm) and Cu(200nm)
are then sputtered as a stick layer and a seed layer.
After that ,Cu with the thicknessof M miselectro-
plated and patterned to form the underpass of the
inductors and the bottom plate of the MIM capaci-
tor. Polyimide is spun on as a dielectric layer. After
the polyimide etching ,another layer of Ti (50nm)
and Cu (200nm) is sputtered. Finally ,Cu with a
thickness of 41 m is electroplated and patterned to
serve as the spiral coil of the inductor and the top
plate of the MIM capacitor.

The fabrication processes of the L PF on OPS
and HR substrate are smilar except for the prepar
ration of the substrate. For HR substrate ,SO: and
S3Na layers are directly deposited on the substrate
without modifying the substrate.

4 Resultsand discussion

The filter was realized in a standard 11 m 1-po-
ly ,2-metal ,CMOSprocess. Figure 5 showsthepro-
file of the modified substrate with OPS. The sur-
face of the OPS is smooth enough for further
processes of RF devices with an average coar seness
of less than 2nm. Figure 6 isa SEM photograph of
the L PF die. The entire area of thefilter is 1351 m

x 55Q m ,which can befurther reduced by applying

Fg.5 Profileof modified substrate with OPS

PS/Measured

HR/Measured

——Simulated S,; on HR substrat;
-20[ —«— Simulated Sy, on OPS substrate
—B-Measured S, on HR substrate

251 —&—Measured S,; on OPS substrate

=30 OPS/Simulated =
351 HR/Simulated
_40 ks | ey
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Fg.7 Smulated and measured results of the designed
L PF

Table 3 Smulated and measured data compari on

OPS Results HR Results
Parameters

Smu | Meas [ Smu | Meas

3dB BW/ GHz 2.6 2.9 3.0 2.3

IL/ dB @0.5GHz 0.21 | 0.87 ] 0.22 | 0.42

IL/dB @LGHz 0.49 | 1.18 ] 0.32 | 0.61

30dB BW/ GHz 9.2 17.0 7.8 8.0
Self-resonance frequency fw/ GHz| 12.6 >20 [ 11.0 ) 11.4

Measurements of the L PF on OPS substrate
give a - 3dB bandwidth (BW) of 2 9GHz and a
midband insertion loss of 0. 87dB at 500M Hz ,and
the L PFon HR substrate givesa - 3dB bandwidth
of 2 3GHz and a midband insertion loss of 0. 42dB
at 500M Hz. The smulated Sx curves are al 0 pres
ented in Fig. 7. The insertion loss of the L PF on
OPSand HRSis better than that in Refs.[3] (on
14) - cm p-type S substrate,IL >2dB at the pass
band) and [14] (on HRS,IL > 6dB at the pass
band) . The results are al so comparable to Ref. [15]
(in MCM-S Process, IL < 1dB at the pass-band) .
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The smulated and measured data show that both
OPS and HR substrates are promisng for RF pas
sve devices, such as inductors,capacitors,and LC
filters.

From the above analys s and measurements,it
can be seen that OPSis a better choice for capaci-
torsthan HRS (high resstivity substrate) ,because
it reduces Cowie ;which iscritical to the coupled car
pacitive loss of the capacitors. Nevertheless,from
the discrepancy between the smulated and meas
ured results,it is also clear that the surface quality
of an OPS layer is hard to control because the
growth of PS (porous silicon) and the oxidation of
the PSlayer are related to many environmental pa
rameters’*®*"! including current , area, and tem-
perature. HRSis a better choice for inductor fabri-
cation becauseit greatly reduces the substrate eddy
current ,which is crucial to the high-frequency per-
formance of onrchip inductors. Therefore,from an
application perspective ,HR substrate is more suit-
able for L C filters working in the radio-frequency
range.

5 Conclusion

Applicable passve filters are demonstrated
and fabricated. Both HR and modified substrates
with oxidized porous slicon(OPS) technology can
reduce the insertion loss of passve RF devices,
making L Cfilters suitablefor high frequency appli-
cations. HR substrate is more suitable for L C fil-
tersin RF applications.
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