IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 12, DECEMBER 2000 2415

On-Chip Spiral Inductors Suspended over Deep
Copper-Lined Cavities

Hongrui Jiang, Ye Wang, Jer-Liang Andrew Yeh, and Norman C. Tien

Abstract—A silicon micromachining method has been devel- these methods, which consumes more device area. In addition,
oped to fabricate on-chip high-performance suspended spiral these approaches do not diminish the electric and magnetic cou-
inductors. The spiral structure of an inductor was formed with  ing among the devices, which might introduce large crosstalk.
polysilicon and was suspended over a 3gm-deep cavity in the - . .
silicon substrate beneath. Copper (Cu) was electrolessly IOIateoIApa.tterned metal shield can bg inserted beneath the inductor to
onto the polysilicon spiral to achieve low resistance. The Cu plating Provide an electromagnetic shield and to reduce the crosstalk
process also metallized the inner surfaces of the cavity, forming [4], [13], but the benefit is counteracted by the loss induced
both a good radio-frequency (RF) ground and an electromagnetic ithin the inserted shield itself.
shield. High quality factors (Qs) over 30 and self-resonant v address the issues described above concurrently by

frequencies higher than 10 GHz have been achieved. Study of theb ildi ded induct it h bott
mechanical properties of the suspended inductors indicates that dilding a SUSPENded INCUCIor over a cavity WHose ROLom

they can withstand large shock and vibration. Simulation predicts Plane and sidewalls are metallized with copper (Cu) [14]-[16].
a reduction of an order of magnitude in the mutual inductance The deep cavity substantially reduces the electromagnetic

of two adjacent inductors with the 30um-deep Cu-lined cavity coupling and the parasitic capacitance between the inductor
from that with silicon as the substrate. This mpllca_ltes very small and the silicon substrate, thus increasigand f... The
crosstalk between the inductors due to the shielding effect of the . S . :
cavities. polysilicon spiral inductor is electrolessly plated with Cu for
small series resistance. The same plating process coats the
Index Terms—Electroless copper plating, electromagnetic gjjicon pottom plane and sidewalls of the cavity with Cu as
shielding, integration of surface and bulk micromachining, . .
microelectrical mechanical system (MEMS), on-chip inductor, Wef”’ prowd!ng both a good _RF groun_d and an electromagnetlc
Q factor, radio-frequency (RF) device, silicon micromachining, Shield that isolates the device from its environment. Provided
suspended coil. that the cavity is deep enough, the eddy current induced in this
metal shield by the magnetic field generated in the inductor
will be small, and so will be the resulting power loss. The
Cu-lined cavity does provide electromagnetic shielding. The
N-CHIP inductors are valuable components in radio-freelectromagnetic field generated by the inductor cannot pene-
quency (RF) circuits, which have widespread applicationgate deep into the Cu surface because of the exponential decay
in wireless communication systems [1]-[3]. Current on-chip inhat the electromagnetic waves undergo when propagating into
ductors typically have low quality factofg?s), lack good RF a conductor. The depth of such penetration can be described
grounds, have characteristics dependent on the substrate gegynthe skin depth, which will be discussed in length in later
etry [4] and electromagnetic coupling with the surrounding amsections. For RF frequencies higher than 1 GHz, the skin depth
bient, and have low self-resonant frequendigs;) [5]. Many is on the order of Jum. Therefore, the electromagnetic field
techniques have been developed to reduce the substrate iggsractically confined within the cavity, and the coupling to
and/or parasitics due to the substrate, such as using a hightiie-ambient is very small. Metal routing is also easily realized
sistivity silicon substrate [1], [6], silicon on sapphire [7], [8],oy exposing silicon and polysilicon wiring for Cu deposition.
silicon on glass [9] or quartz [10], etching away the silicon suliFig. 1 shows the schematic of the cross section of a Cu encap-
strate under the device [11], [12], and building the inductor onsaulated inductor. Polysilicon is chosen as the structural material
thick silicon-oxide layer [S]. Among these methods, removinfpr two reasons. First, polysilicon is a stiff material [17] that can
the silicon substrate beneath the inductor minimizes the sujetter withstand environmental shocks and vibrations. Second,
strate loss and parasitic capacitance. However, the mechanjgsiysilicon surface micromachining is well established and has
robustness of the inductor structure is a concern and additiott@ flexibility to construct complex structures [18].
fabrication steps, such as bonding a low-loss superstrate to the
circuit area, may be required to improve the mechanical robust- II. FABRICATION

ness [11]. Metal ground lines are placed around the inductors in ) , .
The inductors described above were fabricated at the Cornell

Nanofabrication Facility (CNF). Fig. 2 shows the scanning elec-
tron micrograph (SEM) image of a typical rectangular inductor.
A schematic of the process flow is given in Fig. 3. The whole

I. INTRODUCTION

Manuscript received March 20, 2000; revised August 22, 2000.
H. Jiang, Y. Wang, and N. C. Tien are with the School of Electrical and Co

puter Engineering, Cornell University, Ithaca, NY 14853 USA. fabrication procedures can be divided into three major phases:
LJS.]'.A:L. A. Yeh s with Advanced Integrated Photonics, Inc., Fremont, CA 94538 1) creation of the sacrificial silicon-oxide blocks in the areas
Publisher Item Identifier S 0018-9480(00)10768-9. where the cavities are to be defined;

0018-9480/00$10.00 © 2000 IEEE



2416 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 12, DECEMBER 2000

] «SiN

Silicon-nitride
isolation
Cu-encapsulated

polysilicon

Fig. 1. Schematic of a copper-encapsulated polysilicon inductor suspende «Si0,

over a copper-lined cavity beneath.

L (—SiOz

O e Fimm

T —————— U
CArP0LY  ind TIAMEATEMATIEH

Fig. 2. SEM image of a suspended rectangular spiral inductor.

2) construction of the inductor structures through two-layer
polysilicon surface micromachining;
3) electroless Cu plating for the purpose of metallization. f)
The processing details are related below.

Fig. 3. Schematic of the fabrication process flow: (a) deposition and
. . patterning of isolation silicon nitride; (b) etching narrow beam-and-trench
A. Creation of SiQ Blocks structures for the sacrificial silicon-oxide block by DRIE; (c) thermal oxidation,

In the areas of the deep cavities beneath the inductors, saglifon-oxide deposition, and CMP to form the sacrificial block; (d) deposition
_ - iy . . §1nd patterning of the first pol_ys[llcoq_structu_ral layer; (e) _dgposﬂlon and
ficial silicon-oxide blocks were first formed, onto which the depatternlng of the second sacrificial silicon-oxide and polysilicon structural
vice structures were constructed. The approach to the formatigfrs; and (f) RTA, HF release, and electroless Cu plating.
of such blocks was etching deep narrow beam-and-trench struc-
tures out of bulk silicon and subsequently transforming such sithorough thermal oxidization of the silicon beams at 11680
icon structures to silicon oxide. was then performed for 5 h. Afterwards, a:.8-thick LPCVD

First, a 650-nm-thick low-pressure chemical-vapor-depositsdicon oxide was deposited at 90C to completely seal the
(LPCVD) silicon-nitride film was grown on the silicon substrat@penings left after thermal oxidation. LPCVD silicon oxide was
at the temperature of 850C [Fig. 3(a)]. This film served as chosen because of its high conformality. The SEM image of the
the isolation layer. The areas where the sacrificial silicon-oxiadeoss section of a silicon-oxide block thus formed is shown in
blocks were to be defined were then opened by removing this $tlg. 4. Ripples on the surface after the sealing of the openings by
icon-nitride isolation layer through fluorine-based reactive iosilicon oxide are clearly shown. In the blocks there existed some
etch (RIE). The patterns of the first metal routing lines werair gaps owing to the bending of the oxidized beams. These air
formed as well in this step by etching away the silicon nitridgaps affected neither the following processing procedures nor
and exposing the silicon substrate. the performance of the inductors after the removal of the sacrifi-

The 301:m-deep sacrificial silicon-oxide blocks were thertial silicon oxide. Next, chemical mechanical polishing (CMP)
created. First, we etched 30n-deep beam-and-trench strucwas performed to planarize the silicon-oxide surface [Fig. 3(c)].
tures using deep reactive ion etch (DRIE) [Fig. 3(b)]. The widthEhis silicon-oxide film also acted as the first sacrificial layer in
of the beams and the trenches were 1 ané®, respectively. the surface micromachining process described below.
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B. Construction of the Inductor Structures Fig. 5. Focus ion beam micrograph of the cross section of a

We produced the inductor structures [Fig. 3(d) and (ejprrer-encapsulated polysilicon strip.
through a conventional two-layer polysilicon surface micro-
machining process, where two po|ysi|icon |ayers served as m@lladlum (Pd) activation film was formed onto them. This Pd
structural materials. activation film served as the base metal for Cu deposition later.
A photolithography step was first used to pattern and etch apilicon nitride surfaces, on the other hand, were not activated
chor openings, through which the inductor structures were fix€§ing this step; therefore, they would remain inactive to Cu
onto the silicon-nitride isolation layer. The first L&n-thick deposition and would provide isolation. The devices were fi-

p-type LPCVD polysilicon film was then deposited at 620, nally dipped in a base solution t_hat contained cupric _sulphate
in situ doped with diborane (B4s) as the boron source. An a_md formaldehyde as the reduction agent. The following reac-
LPCVD silicon-oxide layer with the thickness of 250 nm walon occured [15]:
deposited, patterned, and utilized as hard masks for etching i+ | 2HCOHO + 40H™ = Cu + H, + 2H,0 + 2HCOO ™.
polysilicon layer underneath. Thermal annealing at the temper-
ature of 1000°C for about 1 h was performed after the de- The structures were first released in HF to remove the sac-
position of this masking silicon-oxide to release the interfacigificial silicon oxide, followed by electroless Cu deposition de-
stresses between different deposited films. Then the first polysiFribed above [Fig. 3(f)]. The exposed silicon and polysilicon
icon layer was etched, by chlorine-based RIE, to form the spirg§uctures, including the routing lines, spiral inductors, over-
and the second-level metal wiring. passes, and inner surfaces of the cavity beneath, were plated

Next, a second 3:m-thick LPCVD silicon-oxide film was with Cu. Saturation was observed after long depositions over
deposited as the second sacrificial layer, followed by a phg? min. For 15 min of plating at 60C, the thickness of the
tolithography step to pattern vias. Then the second polysilic&t! deposited onto spiral strips was 0/4%. A self-assembled
structural film was deposited and patterned, in the same way ga@nolayer (SAM) of octadecyltrichlorosilane {€OTS) was
scribed above, to construct the third-level metal wiring and t posited onto _the Cu structures to protect them from corrosion
overpasses, which connected the input and output ports ac 4 Thelz_res%st_lvfr)]/p (f)f the plat(t-:-)d Cu V\I’:alg ”?easure‘: :ﬁ be 2.1
the spiral traces and the cavity edges to probing pads on ~¢M. F1g. 5 1S the Tocus-ion-beam (FIB) Image of the cross
verges of the cavities. The manufacture of the inductor struse-Ct'On of a polysilicon coll fu!ly encapsulated with Cu. As is
tures concluded with a rapid thermal annealing (RTA) step ar arly demonstrated, the plating was conformal.
the temperature of 110TC for 90 s to minimize the stress gra-
dient. I1l. DESIGNASPECTS

A complete inductor consists of the polysilicon spiral, over-

C. Electroless Cu Plating passes, the cavity beneath and the copper electrolessly plated
The final phase in the fabrication of the inductors was electr@0to the spiral, overpasses, and the inner surfaces of the cavity

less Cu plating. This is a low-temperature process (5580 (Fig. 6). The rectangular shape of the spiral was adopted for

that introduces little thermal stress and is compatible with Itbe inductors because of the convenience in simulation using fi-

techniques as a postprocess procedure. nite-element method (FEM). Physical parameters that are used
The plating procedures started with a wet activation stefo, describe a rectangular inductor include:

where the silicon and polysilicon surfaces were stripped of the number of turns of the spiral;

native silicon oxide by hydrofluoric (HF) acid and a catalytic, thickness of the polysilicon strip;
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the overpasses could avoid the strong magnetic field in the cen-
tral region of the spiral.
The spacing between two adjacent parallel stsipgas set to
be 3 or 4um based on two factors. First, the smalleis, the
larger the magnetic coupling between the strips, and thus the
larger inductance given the layout area, while the interwinding
capacitance between the strips is reported to have negligible
effect upon the inductor performance [22]. Second, variation
in the fabrication process and mechanical shock and vibration
from the environment, as discussed later, demand a certain
spacing tolerance. Taking these two factors into account,
nominal s of 3 or 4 um was adopted. After the conformal Cu
plating, the effectives would drop to 2 or 3um.
The widthw of the polysilicon strips is another important pa-
TABLE | rameter of an inductor. In general, wider strips have smaller se-
VALUES OF THE PARAMETERS OF THE . . . .
INDUCTORS DESIGNED AND FABRICATED ries resistance?,. However, largerw inevitably causes larger
device area and parasitic capacitance to the substrate. Further-

mvial2

Fig. 6. Schematic of the plan view of a rectangular spiral inductor.

Parameters | Ind] Ind2 Ind3 more, simulation by Cranincket al. [21] shows that too wide
1 g 2 ; a strip can produce very large resistance, due to skin effect, at
VSV ((5 nn;)) 3 3 7 high frequencies. Consequently, we opted for relatively narrow
d (um) 125 75 125 strip widths. The actual width of the inductor strip was increased
£; (um) 1.5 by about 1.5:m, twice the thickness of the plated Cu, after Cu
W, (Um) 18 plating.
d. (Lm) 30
(m) 0.75 B. Thickness of Plated Cu
d. (M) 30
Lliox, (nH) 18 % 3.0 Low series resistanc®, of the inductor, including two over-
G, (fF) 13.1 16.0 28.9 passes, was achieved by plating the polysilicon spiral with Cu.
Rilignz (©) 2.7 3.7 8.4 We simulated?, with varied Cu thickness The results fomd2

are shown in Fig. 7(a) as an example. The effectim@as more
than doubled because Cu was deposited onto all sides of the

d Iengt_h of the Innermost polysilicon strip (.)f. the spl_ral; polysilicon strip. The following discussion applies to the other
s spacing between adjacent parallel polysilicon strips, . .
. o T two inductors as well, although data are not shown. Observing
w width of the polysilicon strip; . : . .
. thick f1h d ited: Fig. 7(a), we can conclude that the thicker the deposited Cu is,
d déc tf??)sfs';r?e c; .ct:o.pper eposited; the smallerR; is. However,R, is not reduced linearly with,
dc cIoZest distanc\ellgétween the spiral and the edge of %sgoecially at frequencies higher than 10 GHz, where dramatic
€ cavity: P 9 InCrease inRk, is observed from Fig. 7(a). This phenomenon is
VY again due to the skin effect. The skin depth can be calculated by
W width of the overpasses.
The values of the parameters of the three inductors designed and 17 2.3
fabricated, labeledndl, Ind2, andInd3, are listed in Table I. 6= 4/ TS = ﬁ pm

In this section, we explain in detail how these parameters were
determined. An FEM simulator, Microcosm MEMCAD [20],wherep is the resistivity of the plated Cu, measured to be 2.1

was utilized extensively to this end. pS2-cm; s the permeability, equal tér x 10~7 H/m; and f
is the frequency in gigahertz. For a frequency range from 1 to
A. Design of the Spiral 10 GHz, which is of most interest in wireless communication,

For most applications in wireless communications, the ré-varies from 0.7 to 2.3um. Hence¢ of 2 um should be rea-
quired inductance is around a few nanohenries. To reach tiffable. However, as discussed in the previous section, only a
inductance range, three to seven turns in the spiral were needBigkness of 0.75:m was reached during the Cu plating. The
The thickness of the polysilicon films was chosen to be 1.5 achl_evemgnt of thicker deppsned Cuisthe goa_l of f_uture work.
um, which is common in polysilicon surface micromachining, Simulation results of the inductandeof Ind2 with different
The length of the innermost polysilicon stefwas chosen to be ¢ @nd.f are shown in Fig. 7(b). As can be sednshows slight
75 or 125.m. The area occupied by a spiral ranged from 15(@riation around 10% and is not very sensitive to either f.

x 150 um? to 250 x 250 um?. Larged was used because thel he insensitivity ofl. to f is consistent with the results reported
innermost turns of the spiral would have enormous resistan®¥, Yueet al. [13].

owing to the eddy current generated in them at high frequen- , ,

cies, and their contributions to the inductance would be small&s Pesign of the Cavity

well [21]. For the same reason, vias between the first and second he deep Cu-lined cavity beneath the inductor provides elec-
polysilicon layer were offset from the center of the spiral so th&tomagnetic shielding and small parasitic capacitance. On the
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Fig. 7. Simulated (aR. and (b)L of Ind2 with varied thickness of plated Fig. 8. Simulated (a) self- and (b) mutual inductances of pairs of identical
copper. inductors versus the cavity depth.

other hand, the level of difficulty in the creation of such a cavitiribute of these image currents should be stressed, however, be-
rises as the depth increases. Therefore, a compromise mustdugse they merely provide a handy way of understanding the
made, and a reasonable cavity de@tlwas found. redistribution of magnetic field owing to the Cu shield. Unlike
To investigate the shielding effect quantitatively, we studiggal currents such as eddy currents, these virtual image currents
the mutual inductances between and self-inductances of paiésnot incur power dissipation.
of identical inductors juxtaposed 28n apart at the frequency The second interesting phenomenon is that mutual inductance
of 1 GHz. Fig. 8 gives the simulation results with varigd A M between two adjacent identical inductors changes not only in
couple of observations are noteworthy. First, the self-inductaneaue but in sign as well [Fig. 8(b)]. To better understand this,
L increases as,. increases. To understand this phenomenonyite simulatedy/ using different types of substrate, including air
may be convenient to introduce the concept of virtual image cyequivalent to not having any substrate at all), silicon (resistivity
rents of the original one flowing in the spiral with respect to th& £2-cm), and Cu, all positioned,;2m under the inductors, com-
Cu cavity surfaces, similar to that well known in electrostaticpared with 30xm-deep Cu-lined cavities beneath the inductors.
These image currents, along with eddy currents induced in fhiee results are outlined in Table 1l. When the two inductors are
shield, produce their own magnetic fields opposite to the osaspended in the aifif stems solely from the magnetic cou-
generated by the original spiral. Hence, the total magnetic figiting between the two spirals. When a substrate is under the
is reduced and the inductance is decreased from the nominaldpirals, image and eddy currents in the substrate also contribute
ductance of the spiral itself. Ag. increases, this reduction isto the magnetic coupling to the other spiral. This effect, while
less severe because the distance between the original spiralhargt weak in the case of silicon, is most conspicuous with Cu
the image and eddy currents increases; thus there is less cubstrate, where the combined effect changes the sifgthafd
pling in between. As shown in Fig. 8(a), whépnis around 30 dramatically reduces its absolute value.dsncreases, the ef-
»m, L levels off for all three of the inductors. The virtual atfect of the image current becomes less significant because it be-
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TABLE 1l D. Mechanical Robustness
MUTUAL INDUCTANCES OFPAIRS OF IDENTICAL INDUCTORS WITHDIFFERENT . i
SUBSTRATES BENEATH Because the inductors were suspended, mechanical robust-

ness must be considered. Since the spiral is composed of many

M (pH) Air Silicon Cu Cu cavity strips, we investigated this issue starting with a simple beam.
substrate substrate . . . .
Tndl 557 26 04 29 Given a cantilever beam with a lengthbf, a width of ¥, and
Ind2 272 253 6.7 4.9 a thickness off;, the stiffness constaitin the direction ofI;,
Ind3 -110.2 -108.0 12.9 53 is given by
EW,T?
k==t (1)
120 [ e 4Ly
L < i 5 ] where £ is the Young's modulus. Permutation bf, W, and
100 || e indd feeeee o e S T, in (1) gives the stiffness constants of the beam in the direc-

tions of W, andL, as well. IfL, > W, > T;, which is true

in our structures, the beam is most prone to bending in the di-
rection of 7}, andk calculated in (1) is the smallest among the
three stiffness constants. For a worst case study, we wilkuse
given in (1).

Because the Young’'s modulus of Cu is 130 GPa [23], very
close to that of polysilicon, which is approximately 150 GPa
[24], the difference between the Young’s moduli of these two
materials can be neglected when we study the mechanical
property of the inductors. Cu itself, however, is not suitable as

Parasitic capacitance (fF)

oL .. , e \ b . L , e the structural material because its yield strength, approximately
0 10 20 30 40 50 0.26 GPa [25], is considerably lower than that of silicon, which
Cavity depth (um) is about 7.0 GPa [17]. An estimation bftan then be calculated

by assumingt’ ~ 150 GPa,W, = 15 ym, L; = 200 zm, and
Fig. 9. Simulated parasitic capacitances of the inductors versus the cavjty ~» 3.5 ;m, including 1.5:m of polysilicon and J:m of Cu
depth. at each side of the strip, which yields thats 3 N/pm.

The mass of the inductor is given by

comes weaker. At a certain depth, around 2089 as indi-
cated in Fig. 8(b) M drops to zero as the contributions from _ _ o o
the spiral, image, and eddy currents cancel outJAmcreases Wherep; is the density of polysilicon, which is 2.33 g/érfe4];
further, the contribution from the spiral becomes more and mofeis the density of Cu, which is 8.94 g/¢rf23]; andLi. is the
dominant andy/ changes sign again, back to the case of an “ajfetal length of the polysilicon strips of the spiral. The mass
substrate. The explanation above is qualitative, and further, &0 be reasonably estimated by assuniing ~ 5 mm and,
tensive simulation is needed for the full understanding of thdain.w ~ 15 um, ¢ ~ 1 um, andt, ~ 1.5 um, which yields
phenomenon. thatm =~ 1.6 ;9. Suppose the device undergoes a shock that

Summarizing the results given in Fig. 8, we chaseto be amounts to an acceleratian= 20 g, where “g” is the gravita-
30 um. As shown in Table II, with the Cu-lined cavity/ is tional acceleration, or 9.8 n¥/sThe virtual force experienced
reduced tremendously compared with “air” or silicon substrafgy the device is” = ma ~ 0.3 pN. Such a force will cause
by almost a factor of 20, in the caselofi3to a few picohenries, @ Strip to bend by = F//k ~ 0.1 um. Since the above calcu-
and is two to three orders of magnitude smaller than the self-fgfion is conservative, as long as the dimensions of the spiral,
ductances. Therefore, the magnetic coupling between inductgf®ecially the thickness of and the spacing between the strips,
is expected to be extremely small. are kept much larger than O.dn, the change in the geometry of
Fig. 9 gives the parasitic capacitana@s with d. varying the inductor, and thus in its characteristics such as inductance,
from 3 to 50,m for all three inductors. At 3gum, C,, is al-  Will be negligible. o _
ready decreased significantly, and not much improvement carf\nother figure of merit is the mechanical resonant frequency
be accomplished by increasidgfurther. The self-resonant fre- Of the inductorfx, which can be roughly calculated by
guencyf,es Of an inductor can then be estimated by 1 [k

TR = 5\

m= (2pct + psts)Ltotw

1 Using the values already obtained, we fifigl = 7 kHz. Given
2\/LC,’ that the environmental vibrations are generally much smaller
than 1 kHz, such vibration should not affect the inductor.

~
fres ~

AssumingC), = 30 fF andL =~ 5 nH, we havef.., =~ 10 GHz, )

indicating a wide functional frequency range of the inductor§: Design of Overpasses

Finally, the closest distance between the spiral and the cavityin our structures, the overpasses mechanically suspend the
edgesi. was prescribed to be the samedasi.e., 30um. inductor spirals. The critical issue in the design of overpasses,
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therefore, rests in the vias that connect the overpasses and 40 T - - y -
spiral. To ensure good connection, large 4@ x 10 xm vias
were used. As a result, the width of the overpassgsvas
designed to be 1@&m, leaving room for alignment tolerance
during the process. As already shown in the discussion abo
this width is sufficient for a reasonably large shock.

Ind1
Ind2

35r Ind3 | T

30|
25t
20t

IV. CHARACTERIZATION
15|

Quality factor

After the fabrication of the inductors, on-wafer testing
was performed with an HP8510C network analyzer and F 10}
COPROBE coplanar ground-signal-ground (GSG) probe
We deembedded the shunt parasitics due to the testing p 8}
using open pads next to the device under test (DUT) [2€ | 000e00? oK
The two-port circuit parameters were then converted from tt 0 PR
measureds-parameters. Frequency (GHz)

One approach to studying the behavior of the inductors is to
utilize a simplified equivalent circuit model composed of a fewig. 10. Measured)-factors by the conventional definition.
lumped elements, typically including an inductor, a series re-
sistor, and a few capacitors and resistors to account for the sub-
strate coupling and loss [1], [4], [10], [27], [28]. Due to the over-
simplicity of these models, more complicated ones are proposed
for the better understanding of the inductors [26], [29]. Because

8 10 12

TABLE Il
MEASURED Qyax, fmaxs AND frcs

of the peculiarity of our structure, especially the influence of the Indl Ind2 Ind3
cavity beneath the inductor, the extraction method@athould Oviax 23 36 30
be model independent. We first applied the conventional defini- f;;"((ggz)) 17657 2'2 18601
tion of Q as given in [1] re : ' '
Im(Y11) . . .
Qeonv = — Re(Viy) Equally feasible, by examining the rate of change in phase of the

new device’sy1;, another equivalent quality fact@,n. can be

whereY, is the short-circuit input admittance of the inductorfound from [31]
This definition has an undesirable characteristic adrops

to zero atf,.., which can be understood by studying the tanta- a¢ — 2CQplia — LY (wo + bw) — LY (wo — 5‘”)'
mount definition in [30] dwl,, wo 26w
Qe = 2 (W] = [We)) These two definitions of) are more suitable in evaluating the
cony Pliss performance of an inductor when it is used in circuits such as

S — . . bandpass filters and equalizers.
wherelV,,, andiV. are the average magnetic and electric energy Fig. 10 shows)...., of the three inductors versus frequency.
stored in the inductor ané;.s is the power dissipation. The Taple |1 itemizesQumayx, the measured maximumg, fuasx, the

original definition ofQ, Qrea1, given in frequency at whichQ reaches the maximum, antk,, where
- Im(Y11) becomes zero, for each of the inductors. As demon-
Qrenl = 2w (Win| + [Wel) strated() as high as 36 anl..; as high as 10.7 GHz have been
FPaiss achieved ) of Ind1is notably lower, probably due to its nar-

- - rower strips. We have also applied the other two definitions of
should be applied instead. Hencefat, whereW,,, equalsv., Q. Q345 andQ,u., to Ind2 as an example. As shown in Fig. 11

Qconv 0iVES zero bu@),..; is much larger. In order to geta better[14]’ the maximum of25q5 reaches a high 84 and that@f,..

picture of th_e p_erformance of the inductor DQ%JS’ we tOOk_ 46. At the f,.s of 6.6 GHz, when the capacitance of the added
amore apphcatlon.-orlenlted apprpach. In thls method, an 'd? al capacifor is zerdysqp andQpn. remain larger than ten,

capac!tor IS numencglly mserteq n shunt with f[he inductor. B|¥1dicating still good performance. It should be pointed out that
scanning the capacitance of this ideal capacitor, the reson taddingthe ideal capacitor, energy stored in it would be intro-

frequ%ng)éf % of ;he_ d‘:a'ce will bebswebrf[t as \é\’i” [3t1](.j A_‘t ee:ﬁhduced into the total energy in the two elements while the power
fo, @3- andwidtii f3qs can be obtained by studying Cdissipation is still only due to the inductor. This accounts for the

short-circuit current transfer function of the new device (see tl}ﬁ : -
; . ) ; uch largem ... observed than the conventional definition at
inset of Fig. 11} H}, . (J3qp can then be defined as in [14] ger

frequencies other thafl... However, as figures of merit, these
wo two @s indicate the maximum performance accomplishable for
a circuit that incorporates the given inductor [30].

QzaB = .
Awsgp
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% ; : - - ' - [2]

8or C Inductor

70 Y = Y/ 1

1 (4]

(3]

m

60|

50|
(5]

40+

Quality factor

1 (6]

30

20}

(71

Frequency (GHz) (8l

Fig. 11. Q-factors ofInd2 by different definitions [14].
[0l
V. CONCLUSION

10
We have developed and employed a silicon microma-[ ]

chining fabrication method to build monolithically on silicon
high-performance on-chip spiral inductors. The devices wer
constructed using two-layer polysilicon micromachining and
were suspended over 30n-deep cavities formed in the silicon [12]
substrate. Electroless Cu plating was performed to metallize
the polysilicon device structures for low series resistanceyis)
The same Cu deposition process coated the inner surfaces of
the cavities, which formed good RF ground, and electric an({.lm]
magnetic shielding. The deep cavities diminish the electric
and magnetic coupling, and the parasitic capacitances between
the devices and the silicon substratg-factor over 30 and
fres higher than 10 GHz have been demonstrated. Mutual
inductance between a pair of identical inductors placeg@5 [16]
apart drops by as much as a factor of 20 to a few picohenries
with the Cu-lined cavities, compared with that with silicon [17]
substrate 2um beneath. Consequently, the magnetic couplin
among inductors is reduced significantly, and so will be th 18
crosstalk. This fabrication method can be extended to make
other high-performance on-chip passive components, such &I
tunable parallel-plate capacitors and transformers [32], for
more extensive applications. It can potentially be integrated
with conventional CMOS technologies as well. Eg}
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