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Abstract—A systematic method to improve the quality @) Once the silicon substrate is removed, other factors that also
factor of RF integrated inductors is presented in this paper. The degrade the inductors performance become relevant and must
proposed method is based on the layout optimization to minimize be taken into account. Among them, magnetically induced cur-
the series resistance of the inductor coil, taking into account . . '
both ohmic losses, due to conduction currents, and magnetically rgnt; -on the inductor coil (Eddy C‘,J”e”ts) [9] could be the mpst
induced losses, due to Eddy currents. The technique is particu- Significant. These currents are directly dependent on the time
larly useful when applied to inductors in which the fabrication varying magnetic flux through the metal strip used to fabricate
process includes integration substrate removal. However, it is the inductor spiral. The direct consequences of these currents are

also applicable to inductors on low-loss substrates. The method a4 ency dependent losses, which increase as the metal strip
optimizes the width of the metal strip for each turn of the inductor width increases ’

coil, leading to a variable strip-width layout. The optimization o . .
procedure has been successfully applied to the design of square N the usual case of a spiral inductor fabricated using a con-

spiral inductors in a silicon-based multichip-module technology, stant width metal strip, the influence of magnetically induced
complemented with silicon micromachining postprocessing. The |osses is much more important in the inner turns of the coil,
obtained experimental results corroborate the validity of the |\ nare the magnetic field reaches its maximum. According to
Por;) goggfjm_rr ierﬁgggio?g {égtng(;f, a?&ublzaruz\': hti)glsgr ?ﬁ;i'leod this, some authors proposed the (_elimination of the central turns
predicted for a 20-nH inductor working at 3.5 GHz. The latter is 0 reduce losses [9]. However, this is not the best procedure to
up to a 60% better than the best results for a single strip-width improve the inductor) factor.
inductor working at the same frequency. The objective of this paper is to find a systematic method to
Index Terms—inductor layout optimization, integrated RF  Optimize the integrated inductor layout in order to reach max-
inductor, silicon micromachining for RF applications, silicon imum the@ factor, with the analysis of the inductor coil se-
RFIC's. ries resistance. Both ohmic losses, related to conduction cur-
rents, and magnetically induced losses, related to Eddy cur-
I. INTRODUCTION rents, are taken into _account in our analysis. Section Il is de-
. voted to illustrate the influence of these losses on the inductor’s
O NE OF THE key factors that determines the performanggsrformance by comparing experimental measurements and nu-
of RF integrated circuits (RFIC's) is the availability ofyerical simulation using an electromagnetic planar solver. In
good quality integrated inductors. Unfortunately, parasitic e&ection |1, the layout optimization method is presented. Sec-
fects, such as coupling capacitance and losses related tofhg |v is devoted to illustrate the application of the method to
integration substrate, affect these components, degrading thg¥ gesign of square spiral inductors in a silicon based multi-
performance. These unwanted effects are particularly import%ﬂﬁp-module (MCM-D) technology complemented with silicon
using silicon substrates [1], [2]. o _ micromachining post processing. This section also shows the
Recently, the use of silicon micromachining techniques to rgptained experimental results, which corroborate the validity of

move the integration substrate underneath the planar induct@fs proposed method. Finally, Section V summarizes the con-
has significantly increased both the inductor self-resonant figysions.

guency and quality@) factor [3]-[6]. Silicon micromachining

techniques have also been used to provide individual shielding II. INDUCTOR'S LOSSESANALYSIS

and self-packaging of transmission lines and other RF compo- ) ) o )
nents and circuits [7], [8]. As a consequence of all this, the con-The overall integrated inductor losses can be divided into

cept of RF micromachining is becoming more widely utilizedWo main contributions [6]: integration substrate losses and strip
in the field of RFIC design. metal losses, both of which are discussed in detail in this sec-

tion.

A. Substrate Losses
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Fig. 2. Cross view of the integration substrate underneath the inductor
structure after silicon removal.
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Fig. 1. . Top-view photograph of a four-and-one-half-turn square spiral = 15 ‘ |l ‘ ‘ ‘

RF integrated inductor, performed using silicon-based MCM technology, £ | ‘ “ ‘i\

complemented with silicon micromachining postprocessing. The light square » J j \ Tl

in the center corresponds to the area where silicon has been removed. 2 10 L “ /| J\ ;
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of substrate loss is the inductive coupling. Due to the planar ge- = 5 ‘\ \ H }
ometry of the inductor, the magnetic field penetrates deep into : il | |
the silicon substrate, inducing currents loops and related losses. g 0 1] e

These effects are particularly important for large-area induc- T; J - i

tors. Fortunately, the development of silicon micromachining .5- -5 | } | Ll

techniques, compatibles with standard silicon technologies, has = A L] 7‘ i

overcome this problem. .10 J i |
To illustrate this point, consider the electrical behavior 0,1 1 10

of the inductor shown in Fig. 1. The inductor structure is a
four-and-one-half-turn square spiral formed using thee metal Frequency (GHz)
levels MCM_[.) silicon-based teChnOIOQy'. The mdUCtpr coil I'Icfig.S. Equivalentinductance of the structure shown in Fig. 1. Dot—dashed line
performed using the top metal leval/3), with sheet resistance o rresponds to data before silicon removal. Continuous line corresponds to data
of 20 mt2. The metal strip of the coil is 3@m wide and the after etching of the silicon substrate.
turn-to-turn spacing is 2@m. At the center of spiral, a via
connects thelM 3 level with the next metal leveM2 (same  The scattering parameters of the inductor have been mea-
sheet resistance d43), then a 30um-wide metal strip crosses sured in the range from 50 MHz to 10 GHz using an HP8720C
underneath the coil to allow external access. Two RF padé&ctor Network Analyzer. The on-wafer measurements have
ground—signal—-ground (GSG) are located on the left- ab@en made using a couple of ACP-40 GSG air coplanar micro-
right-hand sides, which are connected to the outer turn of theobes from Cascade Microtech Inc., Beaverton, OR. In order to
coil and to the crossing strip, respectively. Top and bottom Rietthe measurement reference planes at the probe tips, a line—re-
pads are not connected in this case. A ground ring construcflett—match (LRM) calibration procedure has been used. The
by interconnectingV/1, A2, and M3 metal levels surrounds standards required for the calibration process are included in an
the inductor structure. Finally, etching windows are definedRM ISS 101 190 (GSG) impedance standard substrate, also
on the backside of the wafer to remove the silicon substrdtem Cascade Microtech Inc.
underneath the inductor coil. The photograph shown in Fig. 1Fig. 3 shows the inductor equivalent inductance and Fig. 4
has been obtained using both front and back illuminatiothe inductor@ factor, both extracted from the measurements of
which allow us to see the area where silicon has been removkd scattering parameters. Data obtained before and after silicon
as a lighter square. substrate removal are compared in these figures. As we can see,
Fig. 2 schematically depicts the cross section of the integr@moving the substrate leads to an increase in the self resonant
tion substrate underneath the inductor. It is composed of thifeequency (evaluated as the frequency at which the equivalent
p-type silicon layers, in which thickness and resistivities arenductance cross zero) and in the maxim@nfactor of the in-
375um, 0.012cm; 16,:m, 10Q2cm and 4um, 1Q2cm; respec- ductor. The former parameter changes from about 7 GHz, before
tively. Over them are a silicon dioxide layer am thick and silicon removal, to more than 10 GHz after etching. Much more
three polyimide layers 44m thick. M1 metal level lays on the important is the increase in th@ factor. Its maximum value
silicon dioxide layer, while/ 2 andM 3 metal levels are located changes from 3.5 (at 1.25 GHz) to about 20 (at 5 GHz), before
between the polyimide layers. and after etching, respectively.
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Fig. 4. @ factor of the inductor structure shown in Fig. 1. Data before silicon — -
removal: (— - —) . Data after etching of the silicon substrate: (—). - - —
(@ (b)

B. Metal Losses Fig. 5. Qualitative graph showing the two meshing procedures used to

Once the substrate is removed. losses are mainly relatecfi%“'ate the inductor’s electrical behavior. (a) Simple mesh. (b) Edge mesh.

the metal strip resistance. An accurate analysis of this param-
eter requires taking into account conduction losses and mag-
netically induced losses. One way to evaluate the influence of
each of these contributions on the overall metal losses is by
means of electromagnetic simulation tools, used to reproduce
the inductor electrical behavior under different conditions. In
our case, HP momentum planar solver has been used to simulate
the S-parameters of the inductor, shown in Fig. 1. To reproduce
as close as possible the actual inductor, the simulation substrate
includes the complete set of layers of the available MCM-D
technology. Substrate removal is reproduced in the simulations
using air layers instead of silicon layers in the substrate defini-
tion process.

In a first set of simulations, the inductor coil has been meshed
in simple cells, as shown in Fig. 5(a). In each cell, an average 0,1 1 10
current density vector is defined. Consequently, the influence
of induced current loops, like Eddy currents, are not taking into Frequency (GHz)
account in the simulation results because their average value . . ) . .

. . . . 6. Comparison of the experimental and simulated equivalent inductance
on each cell is zero. Therefore, the simulation process can oplYore silicon removal. The continuous line corresponds to the experimental
reproduce losses related to the sheet resistance of the metal steip,m are the simulated results obtained using simple mesh aaiade the

If we want to take into account the influence of induced cufimulated results obtained using edge mesh.
rent loops, a more accurate mesh has to be done. Fig. 5(b) shows
the refined mesh used in our second set of simulations. As feetor, is properly taken into account in both simulations. Thus,
can see, each previous cell is divided into three new ones, ialthis case, the improvement in the simulation accuracy due to
lowing current redistribution in the metal strip. In both sets dhe use of refined mesh does not justify the increase in the re-
simulations, the sheet resistance of the metal strip is frequemgyrements of memory and computation time.
dependent to take into account skin effect. Figs. 6—8 show theAfter substrate removal, the equivalentinductance is also very
obtained simulation results in comparison with the experimentagll reproduced using either simple or refined meshing proce-
data. dures. However, strong differences are observed in the inductor
Let us first consider the results before etching. Fig. 6 shows factor, as shown in Fig. 8. Simple meshing always predicts
the inductor equivalent inductance and Fig. 7 the indu@or (2 factors higher than experimental values for any frequency in
factor. The electromagnetic simulator using either the simptlee operating range. On the contrary, using the refined meshing
or refined mesh reproduces very well the experimental equiprocedure, the simulator reproduces quite well the experimental
alent inductance. Only small differences are observed betwegractor. Only few differences are observed, which could be re-
meshing procedures on the inducfpfactor. That is, the influ- duced using a finer mesh, but at the expense of an increase in
ence of the silicon substrate, which is the most important losgemory and computation time.

* = .\5".\"#!:11"’

Equivalent Inductance (nH)
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Fig. 7. Comparison of the experimental and simulagefhctor before silicon Fig- 9. @ factor as a function of the metal strip width for different 20-nH
removal. Continuous line corresponds to the experimental #htge the RF integrated inductor® are the obtained) factors at 0.7-GHz frequency of

simulated results obtained using simple mesh, anate the simulated results OPeration.A 1 GHz,e 1.5 GHz,¥ 2.5 GHz, and¢ 3.5 GHz.
obtained using edge mesh.

tive of the magnetic-field flux through the metal strip. Conse-
quently, in the later case, a contribution to the coil resistance
40 that increases with both frequency and metal strip width is ex-
L] pected. Thus, an optimum strip width, which minimizes series
. resistance and maximizes thgfactor will occur, as shown in

T TTw Fig. 9. The@ factors of different 20-nH inductors are plotted as
a function of the metal strip width for several values of the op-
“"‘K-» erating frequency. All the inductors are simulated using the pre-
a /’ i vious MCM-D set of layers. The inductor layout is an eight-turn
10 ;/r \ square spiral and the turn-to-turn spacingnd the metal strip

K width w satisfies the conditiow + s = 50 zm.

As is clearly shown from Fig. 9, the strip width that optimizes
the inductor@ factor for a given frequency is easily obtained
by doing a small number of simulations. Although this proce-
dure can be used to optimize the inductgifactor, better re-
sults can be obtained if a different strip width is used for each

Frequency (GHz) turn of the coil. Narrow strips optimize losses in the inner turns,
where magnetic field reach its maximum, while wide strips opti-
Fig. 8. Comparison of the experimental and simulateéactor after silicon  mize the outer turns, where ohmic losses are predominant. Con-
removal. Continuous line corresponds to the experimental dmtare the L . .
simulated results obtained using simple mesh, arare the simulated results S€qUeNtly, we have to evaluate the magnetic-field distribution
obtained using edge mesh. across the inductor structure to obtain the best set of strip-width
values. Thus, let us assume that for any turn of the coil, the strip

. width is smaller than the turn length. Moreover, the whole coil
We conclude that the electromagnetic planar solvers ar % th is smaller that the wavelength at the operating frequenc
powerful tool in the design of RF integrated inductors, provid g 9 P gireq Y-

the adequate simulation conditions are used. In Section lll, ngerthese assumptions, each turn of the coil can be considered

will use an HP Momentum planar solver to develop the inductgfl a square current loop. Furthermore, there are not significant

layout optimization method in the case of micromachined int%.ase differences betyvegn cyrrents at any place n the coil. In
. is case, the magnetic field in theh turn of the coil can be
grated inductors.

approximated by

30

20

Quality Factor

0,1 1 10

Ill. DESCRIPTION OF THELAYOUT OPTIMIZATION METHOD
Bn = Bn, n T Bn, in T Bn, out (1)

The starting point of the proposed method is the study of the
series resistance of the inductor coil. This parameter has twbere: 1)5,, ,, is the magnetic field at turm generated by
main contributions. First, the contribution related to the sheet igself; 2) B, i, is the magnetic field at turn generated by the
sistance of the metal strip, which is inversely proportional to thener turns (taking turm as a reference position); andB3), ou
metal strip width. Second, the contribution related to magneis the magnetic field at turn generated by the outer turn. These
cally induced losses, which directly depend on the time derivéelds have been calculated by averaging the values in the middle
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of one side of theth turn and in one vertex, giving the following  Once the magnetic field is known, using Faraday’s law, we

expressions: can obtain the induced electric field, for each turn of the coil
using
pol (V5 V2 : 4o,
Bn,n_Mdn < 5+ ) (2a) 74 Epde=———* (6)
B, i = tol nz:l _ di; + (dn — dy)? wheredc is the contour element angl, is the magnetic field
’ dm o~ dy(dp, — dy.) flux through the metal strip at theth turn. Taking into account
&+ (dy + di )2 /s d, the coil geometry, (6) becomes in a first approach
dr(dy, + di) 2 —d3 dB
V/(dn — di)? + (dn + dk)‘z) (2b) 2nbn = e =g @
a2 — d2
) " k The induced fieldZ,, has the direction of the current flow
B _ ol zj\: di + (dp — dy,)? on one edge of the metal strip (usually the inner edge) fand the
mout T di(dy, — d,,) opposite direction on the other. As a consequence of thisinduced
k=ntl field, redistribution occurs in the current flowing through the
Y dii + (di + dn)? 45 metal strip. In particular, the current density will increase near
dr(dr + d,) dﬁ —d2  one of the metal edges and decrease near the other in the same
\/(dk — A2 + (di + dn)? amount, which is given by
+ d2 —d2 :
L Aj, = 0B, = — U B @)
(2C) Jn = 0Ly = 2 g
In these expressiong, is the magnetic permeability of vacuum, Although the average cur-
I is the current passing through the metal stipis the number rent passing through the metal strip does not change, losses willin-
of turns, andd,, is given by crease in a factor that is proportional Agj2. Taking this into
account and assuming a sinusoidal dependence for the current
I passing through the metal strip, we can obtain the following
dn = g" (3) expression for the series resistance of the Bgil
wherel,, is the length of thexth turn of the coil, which, in the N o, f)
case of a square spiral, can be expressed as R, = Z [;— +Cq fu?| 1, 9)
n=1 "
In =lp_1+8n_1+65, + 5,11+ TWn—1 + 9w (4) Wwherer,(f) is the sheet resistance of the metal stfigs the
2 frequency, and” is a constant, which can be obtained by fitting
with w,, the width of thenth turn of the coil ands,, the spacing the experimental or simulated results. For instance, in the case
between turns: and ¢ — 1). ofacopstant strip-width inductor, (9) has a minimum for a width
According to (2), the magnetic fiel8,, can be expressed as@evt 9iven by
follows:
3 Ts(f)
By, = gal (5) Wopt = [ 5 2 (10)
whereyg,, is a function dependent only on geometrical paramasth
ters such as: 1), which is the number of turns; 2), which is .
the length of the first turn of the coil; 3),,, which is the metal A 2
strip width; and 4)s,,, which is the turn-to-turn spacing (from In'n
n = 1to N). Inductor geometry other than square spirals (i.e., k= O% (12)
octagonal inductors) can easily be considered using the correct Z I
expression for the,, function. That is, rewriting (2)—(4) for the =

new geometry.

The simple model used to describe the magnetic field will fail For a given inductor geometry and frequency of operation,
as the desired optimum frequency increases, and the wavelermticomparing the experimental or simulated optima widths (i.e.,
approaches the total length of the coil. This problem could Itieose in Fig. 9) with the predicted value of (10), we can obtain
partially avoided by introducing in (2) corrective factors to také. Then, using (11), we obtaify.
into account the phase shift between currents flowing in the dif- Finally, once the fitting paramete&?r is known, we can ob-
ferent turns of the caoil. tain the set of optima strip-width values by minimizifig as a
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Fig. 10. Optimized 20-nH inductor's layout for a working frequency ofg 11, () factor as a function of frequency for different eight-turns 20-nH
3.5 GHz. RF integrated inductors: (— - —) corresponds to an inductor performed using a
metal strip 10em wide, (——-) 25m, (----- - ) 40pem, and (—) optimized

function ofn variablesw,, (n = 1, ---, N). Thus, for any turn 'ayoutof Fig. 10.
of the coil, we find an optimum width., , given by

3 7’5(f)
Wopt, n = 9 Cg%f? M (12)

Therefore, we propose an iterative method to optimize the
inductor layout in order to reach the maximughfactor at a
given frequency. The main steps are as follows.

1) An initial set of strip-width values is defined (i.e., the

same strip-width value for all the turns).

2) Taking into account the strip-width values and other
geometric parameters defining the inductor layout (i.e.,
number of turngV, turn-to-turn spacing,, , and length
of the first turn of the coily, /,,, andd,, are calculated
for each turn using (3) and (4).

3) Using (1) and (2), the magnetic field is evaluated, and
using (5), the values qf,, function are calculated.

4) Finally, the set of strip widtha),(n = 1, ---, N) is up- Fig. 12. Top-view photograph of the IC designed to test the inductor’s layout
dated using (12). optimization method. Three constant strip-width inductors are integrated

5) The process stops here if the desired accuracy in the tggether with the optimized layout. Some test structures are also included to
of strip-width values is reached, if not, back to (2), and <§/°" Pad deembedding purposes.
on.

This procedure has been used to obtain the optimized Iay&lfitamed over a wide range of frequencies around the optimum
shown in Fig. 10. The inductor geometry is an eight-turn s:quaY'él ue of 3.5 GHz.
spiral, being the turn-to-turn spacing gén. The optimum fre-
quency of operation is 3.5 GHz. An HP Momentum simulator
has been used to evaluate the performance of this optimizedn order to confirm the validity of the proposed layout
layout when implemented using the available MCM-D + siliconptimization method, a set of square spiral inductors has been
micromachining technology. The value of the equivalent indudesigned and measured. Fig. 12 shows a photograph of the
tance at the low-frequency plateau is found to be about 20 niHtegrated circuit (IC), which has been performed using the
and the self-resonant frequency is about 8 GHz. In Fig. 11, theailable MCM-D + Si micromachining technology. Three
inductor( factor is plotted as a function of frequency. The samsonstant width inductors of 16m wide (top left-hand side),
figure also presents thg factors of some eight turn 20-nH in-36-um (top right-hand side), and 5Im (bottom left-hand
ductors, with data shown in Fig. 9. side) have been implemented together with the optimized

Quite good results are expected using the proposed methiagrout (bottom right-hand side). The IC also includes some test
At the frequency of operation, the optimized layout shows sructures for calibration purposes and pad deembedding.

@ factor of more than 40, which is about 1.6 times that of the For all the structures shown on Fig. 12 the equivalent induc-
best single strip-width inductor. Moreover, highfactors are tance at the low frequency plateau is84 nH. In this case we

IV. EXPERIMENTAL RESULTS
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the working frequency the better the optimized layout perfor-
mance will be. In practice, for inductance values from several
nanohenrys to several tens of nanohenrys, the proposed method
has been successfully applied to optimize the inductor layout
for working frequencies in the range from 1 to 10 GHz.

V. CONCLUSION

This work is devoted to the study of RF integrated inductors
performed as planar square spirals in a silicon-based MCM-D
technology complemented with silicon micromachining tech-
nigues. The inductor series resistance is analyzed taking into ac-
count both ohmic losses, due to conduction currents, and mag-
netically induced losses, due to Eddy currents. Both contribu-
tions are accurately reproduced using electromagnetic planar
solvers, provided the adequate simulation conditions are used.

From the analysis of the inductor series resistance, a system-

Fig. 13. Experimental) factors as a function of frequency for the inductordtic method to improve th factor of RF integrated inductors
structures on Fig. 12. (- - -) corresponds to the inductor performed usingsapresented. The method is based on the layout optimization

metal strip 16xm wide, (——-) 36zm, (----- -
layout.
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) 51m, and (—) optimized  aing the width of the metal strip used to perform the induc-

tors coil of the optimization variable. For a given frequency of
operation, the application of the proposed method minimizes
the series resistance of each turn of the inductor coil, leading to
a multistrip-width layout. This procedure give the best results
when applied to inductors in which the fabrication process in-
cludes the removal of the integration substrate underneath the
inductor’s coil. However, it can also be used to optimize the de-
sign of inductors laying on low-loss substrates.

Finally, the proposed method is used to optimize the layout of
square spiral inductors. Nevertheless, the method can easily be
adapted to optimize other inductor geometry (i.e., octagonal spi-
rals). The comparison of the results obtained for the optimized
layout with those of other nonoptimized inductors (having the
same equivalent inductance and number of turns of the coil) re-
veals that the application of the proposed method leads to a sig-
nificant increase in the induct@y factor. Values of} of about
17 have been obtained for a 34-nH inductor at 1.5 GHz, which,
to our best knowledge, is one of the best reported results for an
integrated inductor using silicon technologies. Moreo&diac-

Fig. 14. Simulated)) factors as a function of frequency for the inductortgrg higher than 40 are predicted for a 20-nH inductor working

structures on Fig. 12. (- - —) corresponds to the inductor performed usin
metal strip 16gm wide, (- —-) 3um, (----- - ) 51pm, and (—) optimized

layout.

%4%3.5 GHz, which is up to 60% better than the best result for a

single strip-width nonoptimized inductor.

were interested in optimizing the inductor layout for a working ACKNOWLEDGMENT
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Good agreement is observed between measurements and

simulations, which validates the proposed layout optimization
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