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Abstract—Spiral inductors and different types of transmission designs in the 1-10-GHz range. Much of the recent research
lines are fabricated by using copper (Cu)-damascene intercon- related to radio-frequency (RF) systems on silicon has, there-
nects and high-resistivity silicon (HRS) or sapphire substrates. ¢, peen devoted to this passive component [1]-[12]. The
The fabrication process is compatible with the concepts of silicon . . .
device fabrication. Spiral inductors with 1.4-nH inductance have general concept of an inductor integrated on a silicon substrate
quality factors (Q) of 30 at 5.2 GHz and 40 at 5.8 GHz for the considers the formation of a spiral coil at one metal level and
HRS and the sapphire substrates, respectively. 80-nH inductors an underpass contact at a second metal level. The challenge
have Q/S as h|gh as 13. The transmission-line losses are near 4of Overcomlng the mentloned ||m|ts has been addressed by

dB/cm at 10 GHz for microstrips, inverted microstrips, and copla- e . .
nar lines, which are sufficiently small for maximum line lengths exploiting multilevel interconnect technology (more than two

within typical silicon-chip areas. This paper shows that inductors Metal layers) in two different ways. an effectively thick
with high Q's for lumped-element designs in the 1-10-GHz range conductor has been formed by shunting several metal layers
and transmission lines with low losses for distributed-element together [1], [5]-[7], and the lowest metal layers have been
designs beyond 10 GHz can be made available with the proposedgmjtted in order to increase the spacing between spiral coil and
adjustments to commercial silicon technology. . ) .
substrate, which reduces the oxide capacitance and makes the
Index Terms—Inductors, lumped-element microwave circuits, effect of the substrate resistivity less significant [6], [7]. The
MMIC’s, planar transmission lines, silicon materials/devices. highest demonstrate@ factors exceeded 20, which required
five levels of interconnects [6], [7]. The advantage of this
|. INTRODUCTION approach was the fact that it used a commercial fabrication

HE emerging mass production of wireless hand-heR°cess which was readily available: The use of multileyel

radio transceivers presents a challenge to any technibjierconnects also allowed an extension to a multilevel spiral
ogy, since device performance, power consumption, volurﬁgu.cmre.[S]’ [9], which provided a lower dc re5|stance_ for
manufacturability, and cost all play a significant role. Silicoff 9'Ven inductance [9]. Other .approaCheS have cor.13|.d.ered
technology is a prominent candidate to satisfy the hig}r](_aplacement of the Al by Au to improve the metal resistivity

volume and low-cost requirements for this market, but somé used hlgh-re5|st|V|ty silicon (HRS), quartz, sapphwg, or
g&cromachmlng to lower the substrate losses at the price of

investments in process development will have to be magde”." . ) o

to meet the performance requirements. The energy losse lating from conventional fabncau_o n processes [10]-{13].

the interconnect metal and the silicon substrate in particulEFéB,eyond 10 Gth), th@?r qvaﬂablg (‘j"f‘th_tt)he Iclijmlped-elememb

present serious limitations for high-frequency operation Signs may no_t e su icient an _|str|_ute gements may be
nQ)(—{,-eded. That will require transmission lines with low losses at

integrated inductors and transmission lines, which are no . . N .
as evident for other technology candidates such as Galhigh frequencies at which energy is dissipated at a considerable

monolithic microwave integrated circuits (MMIC’s) or hy_level through dielectric polarization. Also, for transmission
brids. The common aluminum (Al) metallization used ir{ines as for inductors, both the ohmic losses in the conductor

silicon technology is not as thick and has roughly twice tHfahd substrate, and the dielectric losses in the interconnect
resistivity of gold (Au) interconnects used in GaAs MMIC'siSolation and substrate have to be minimized. _ _
The resistivity of conventional silicon substrates is about N this paper, we describe an approach for the integration

10 Qcm in comparison to the semi-insulating GaAs where gf transmission lines and spiral inductors, in which copper
is essentially infinite. (Cu) metallization was used either over HRS or over sap-

The quality-factor(Q9) of an inductor is particularly sensi- Phiré substrates. A conventional silicon substrate was used as

tive to these constraints. The spiral inductor has, thereforeC@Ntrol. In Section II, we show the fabrication process. The
comparably lowerQ than a capacitor on a silicon substratéésults for a large variety of inductor structures are given

[1] and is the performance_”miting device in |umped_e|eme|ﬂnd discussed in Section I”, including those Of Comparable Al
devices. In Section 1V, the characteristics of different types of
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Fig. 1. Spiral inductor structure in (a) plan view and (b) cross section. The
spiral coil was built using thé/3 metal layer, and the underpass contact was
at M2. The layerM1 was not used.

Il. FABRICATION PROCESS AND
HIGH-FREQUENCY CHARACTERIZATION

A three-level Cu—damascene process with 20%-thick Cu  _ . . . . . .
. . N . . . Fig. 2. Plan and cross-sectional views of (a) microstrip, (b) inverted mi-
interconnects and oxide (SjPisolation, which was similar crostrip, and (c) coplanar transmission lines. The dashed rectangles shows the
to the fabrication process described in [14], was developedI¢eation of unused metal lines in the three-metal level process. The width

. - . . f the signal line(1V), the width of the ground liné¥ ), and the space
bL_nId_ splr_al inductor structures and different types of _trangetween signal and grour(@) are indicated.
mission lines at the upper two metal level&Z and 443 in

Figs. 1 and 2). The first metal Ie\_/dlé(l_) was _not _used INOUr »verburden (dual-damascene process). The thicknegd f
experiments, but the corresponding dielectric thicknesses WEISS o 7um for Cul and Cu3, while it was only 2.4m for

incorporated, as i.IIustrated in Figs. .1(b) and 2(a)-(c). Th@uZ due to rework. The Cu—damascene interconnects offer
allowed a comparison to other experimental resullts based e advantages over conventional Al metallization. First, the
athrge—level Al process [15] anq bgtter meets thg mterc;onperd resistivity is only 1.9u£cm which is about half of the
reqwrements. for a fully monolithic RF tran.sce|ver circuita |\ a1ue (actually Al with a small percentage of Cu). Second,
In the experiments, we compared three different types Qi metal layers and vias are formed in Cu, in comparison to
substrates, i.e., 10¢m silicon (qu), float-zone silicon [Cu_2,A| technology where tungster¥¥() vias are used, so that the
>1000 Qicm (HRS)], and sapphire (Cu3). The metallizatioqnact and via resistances are smaller. Third, the damascene
was similar for the three cases. Processing started withy@ cess provides thicker metal layers and wider and taller
deposition of a thick oxide film on the substrates. A first lithogi55 compared to the conventional interconnect schemes. This
graphic mask level was used to partially recess the oxide {osyits in a smaller line resistance and a larger spacing of
define the underpass contact of the inducidi2(in Figs. 1 and e spiral coil from the substrate. The Cu-interconnect process
2). A liner film, which acts as a diffusion barrier and adhesiog capable of providing a metal pitch as required for VLSI
promoter, was deposited first. A Cu film was deposited negfrcuits, even though the inductor structures fabricated here
to refill the etched groove, and chemical-mechanical polishifgq coarse dimensions [12], [14].

(CMP) was applied to remove the Cu overburden from the For comparisons, two Al-interconnect processes with three
oxide-field region without any significant effect on the groovga|1) or five (Al2) metal levels, which have been used in pre-
Cu refill. The exposed Cu surface was capped to improygus experiments [7], [15], are described in Table I, together
the adhesion of the subsequent oxide film. As a result @ith the Cu processes. The lateral dimensions of some of the
the liner and the cap films, a direct contact of Cu to oxid@ductors that were fabricated are listed in Table II. The induc-
was avoided. The combination of oxide etch, Cu refill, an@r structures were the same as the ones used in [6] and [14].
planarization is known as the Cu-damascene process [14]. Th@ne- and two-portS-parameter measurements were per-
thickness of layef/ 2 was 4um. After planarization, a secondformed for the inductor (Fig. 3) and transmission-line char-
oxide film was deposited and a second mask level was usgslerizations, respectively. Measurements up to 20 GHz were
to locally recess the oxide surface for the formation of thearried out on-wafer using high-frequency coplanar probes
spiral inductor coils and the transmission lindg3 in Figs. 1 and an HP-8720B network analyzer. Signal-ground (SG)
and 2). A third mask level was used to define locations ferrobes were used for the inductors, and the transmission lines
etching the oxide film down to the underlying Cu layer iwere measured by using ground-signal—ground (GSG) probes.
order to form via contacts{{2 in Fig. 1(b)]. Both theV2 Parasitics associated with the network-analyzer input stage,
and the M3 openings were refilled by one Cu depositionthe coaxial cables and the high-frequency probes were de-
and a single planarization step was used to remove the @ubedded first by using open, short, and load structures on
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TABLE |
PROCESS ANDSTRUCTURAL INFORMATION ON THE CU-DAMASCENE

Cu1 Cud

1.0

ProceEssesCul—Cu3anD THE AL CoNnTRoLS All AND Al2

Metal Underpass/ Coil/
P Metal Thickness Sut:!stl_‘a_te Substrate | Substrate
rocess I_.ayer_s M Resistivity Spacing Spacing
in Coil and Type and Type (H1) (H2)
Al M3 2um Aicu | 100IMeM | 3 60m 5.7 ym
s si Ly Ty
10 ohm-cm
Al2 M3/M4/M5( 4 pm AICu Si 4.5 pm 7.0 pm
cut M3 27pmcuy | 100hmem I 4 5um 8.3 pm
p Si Sp P
Cu2 M3 2.4 pm Cu HRS-Si 4.5 pm 6.6 pm
Cu3 M3 2.7 ym Cu Sapphire 4.5 pm 6.3 pm
-1.0
TABLE I Frequency 0.1 to 15 GHz
LATERAL DIMENSIONS OF THE INDUCTOR STRUCTURES . . .
Fig. 3. Smith chart with measured;, parameters ofLB2 structures
fabricated by using the processes Cul (A€ Si), and Cu3 (Sapphire).
LA2 LA4 LB2 LB5 LB8
10— — 50
Area 500x500pm 500x500pm 226x226pm 226x226pm 226x226pm LB2
- 40
No. of Turns (n 16 8 3 4 6 -
(n) E Cu3 2
8 w8
Wire-Width (W) 9 pm 22 pm 18 pm 16 pm 12 pm % 5 £
= Q Cu =
g 20
Wire-Space (S, 4 ym 4 um 18 um 10 ym 4 ym ° =
pace(s) [ 4p p p p p 2 Cut ©
Y e AN _ 10
4 L .
. . . 0 - S
a CASCADE Microtech ISS calibration set. Then, theg 0 5 10 15

of a dummy device, which consisted only of the inductor Frequency (GHz)

probe pads, was measured (SG probes Only)' After problng Ff?& 4. Inductance and quality-factor as functions of frequency Iféi2
inductor test devices (which included a set of probe pads afiflictures fabricated by using processes Cul(ftf Si), Cu2 (HRS), and
a spiral inductor structure each), thig of the probe pads was Cu3 (Sapphire).

subtracted from the inductor’®;;. The correction associated
with the dummy device was about 10%—20%. The error in
de-embedding the contact resistance was not more than.0.2

500

15

400
£ 10 2
lIl. HIGH-(Q SPIRAL INDUCTORS g i
>
From theS-parameters, the impedance of the inductors was ‘§ 200 =
derived asZ = 50  x (1 + 511)/(1 — S11). The inductance 2 -

of the device was calculated a5 = Im(Z)/w and the 100

unloaded@ factor as@} = Im(Z)/Re(Z). The frequency-
dependent values fat and@ of the inductors. B2 and LA2 0
(Table 1) are shown in Figs. 4 and 5, respectively. For the

discussion of the results, it is helpful to compare them to thy. 5. inductance an@ factor as functions of frequency fdrA2 structures
lumped-element model in Fig. 6. There, the spiral coil of thigbricated by using processes Cul (10-W-cm Si), Cu2 (HRS), and Cu3
inductor is modeled as an ideal inductarcein series with a (Sapphire).

resistanceRs, both in parallel with an inter-wire capacitance

Cp. The substrate isolation is represented by two capacitance#& comparison of the measured inductance &pid versus
Cox and bulk resistance$ts. A substrate contact can, infrequency of the inductoE B2, which was fabricated by using
principle, be considered between the tdgy resistors, but the process Cul (1Qem Si), to the simulated characteristics,
in our experiments the substrate was left floating since thging the model in Fig. 6, is shown in Fig. 7. An overall
contact would be marginal or not effective for the HRS angood agreement was observed in spite of the simplicity of
sapphire substrates. the inductor model. The model-element parameters are listed

05 o
Frequency (GHz)
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C TABLE IV
P CHARACTERISTIC PARAMETERS OF L B- AND L A-TYPE INDUCTORS FABRICATED
—H BY UsING THE Cu-DAMASCENE (Cul—Cu3)or THE AL (All, Al2) PROCESSES

LB2 LB5 LBS8

Rdc | LO Qmax Rdc | LO Qmax Rdec | LO Qmax

(ohm})| (nH) | (f/GHz) |(ohm)| (nH) | (f/GHz) |(ohm)| (nH) | (f/GHz)
Al 1.7| 1.35|10.6 (3.7)| 2.35| 2.15| 8.8(3.8)| 446| 4.90| 7.2(2.3)
Al2 0.65| 1.45| 24(2.3)| 1.04| 220| 16(2.0)| 2.05| 5.10| 11.5(1.8)
Cul 0.75| 135| 18(37)| 0.93| 2.13| 14(3.5)| 1.76| 4.90| 11.0(2.1)
RB R Cu2 105 1.40| 30(5.2)| 115 2.20 25(4.1)| 2.38| 4.95 16 (4.3)
Cu3 0.67) 1.39| 40(5.8)| 1.00| 2.15| 33(5.6)| 1.90| 4.95| 17(4.1)

Fig. 6. Lumped-element model of the inductors.

LA2 LA4
Rdc L0 Qmax Rdc L0 Qmax
5 B o o5 (ohm) (nH) | (’GHz) | (ohm) (nH) (f/iGHz)
AH 321 86 3.0(0.3)| 4.80 16.9 5.4 (1.0)
LB2 (Cu1) PN S I e R I
f4 T Q 20 cut | 139 | 80 [80(3)] 280 | 163 [100(05)
= .g cu2 | 1638 80 [94(06)| 340 | 163 | 14(14)
b 3 115 S Cu3 14.9 80 |[13(06)| 300 | 162 [17.5(1.9)
c 0
® 2
g 2 L —10 § - - -
‘_g - e ind - g maximum value of(, and the frequency at which it occurs,
1 5 must be set by carefully tailorindls, Cox, and Rg. The
value of Rp was large enough in all cases to suppress self-
% 5 10 15 resonance viaCo, (impedance change from inductive to
Frequency (GHz) capacitive). Instead, self-resonance occurred &/ja which

Fig. 7. Measured inductance arg-factor as a function of frequency in was small in all cases, so that the frequency at which self-
comparison to the simulated characteristics derived from the lumped-elemé@gonance was observed was much beyond the frequency at

model in Fig. 6, with values from Table III. which the maximun) (Q,..x) develops. That means that for
all inductors fabricated, the inductance varied very little within
TABLE Il the frequency range of interest (Figs. 4 and 5). Although

LumPED-ELEMENT PARAMETERS (FIG. 6) OF INDUCTORS

LB Buit By USING THE PROGESSESCULCU3 the Cu thickness was designed to be the same for all three

Cu processes, the wafer Cu2 required some rework during
processing resulting in a somewhat thinnkf3 layer, as

Process Rs Ls Cp Cox Rb ! ) i . i
(ohm) (nH) (oF) (pF) (ohm) mentioned in Section Il (Table I). This was obvious from the
difference in the dc resistances (Table 1V) and in the slopes
cut 0.75 1.25 0.02 0.25 550 of @ versusfrequency at low frequency (Figs. 4 and 5). The
different decays of) at high frequency for Cul—-Cu3 was a
Cu2 1.05 1.32 0.03 0.25 1800

result of the different substrate types used. It was obvious that
Cu3 0.8 1.32 0.03 0.02 1400 for both the HRS (Cu2) and the sapphire (Cu3) substrates this
resulted in a significantly highep,,,.. It is worth noting that
for the sapphire substrate, the decay(pht high frequencies
in Table 111, as well as those fak B2 fabricated by using the Was more pronounced and occurred at lower frequency than
processes Cu2 and Cu3. From Table III, one can notice that ¢ would expect from a dielectric material that has a loss
values forRs and L are very similar to the measured data if@ngent<0.001 [13]. However, the loss tangent extracted from
Table IV. The values ofo, for Cul and Cu2 were identical the electrical measurements of the sapphire substrate inductors
and exceeded somewhat the value one would calculate fowas of the order of 0.05. We assumed that this was caused by
plate capacitor that extends over the entire inductor area [@M residuals in the field regions due to insufficient polishing
The difference in substrate resistivity appeared in the values(8ee Section Il), which could be visually identified on the
Rp of the two devices. In contrast to the other model elemenwafer. Nevertheless, the highegt,.. values were measured
Rg has to be considered strictly a fitting parameter instead iof the Cu3 process.
a quasi-physical parameter. The comparison of Cu3 to Cu2The benefit of the Cu metallization and the low-loss sub-
shows that with the sapphire substrate, not aRly is high, Strates can be brought into perspective through a comparison
but alsoCoy is significantly reduced. to conventional inductor implementations. The inductds2
From the lumped-element network in Fig. 6 and the pavith three levels of Cu interconnects, but a standard silicon
rameters in Table Ill, it is obvious that at low frequenciesubstrate (Cul), had &..x that came close to the one
Q is approximatelywLs/Rs, while at high frequencies aachieved with five Al levels (Al2), as shown in Table IV [6],
significant fraction of the signal can pass through the substrffé The comparison of Cul and Al2 indicated that a single
(represented byCo, and Rg), reducing Q. Therefore, the Cu—damascene layer can nearly substitute for three shunted Al
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r I concentration becomes comparable to the background doping

g 40 A "LB" inductors of the sybstrate siIicon.. Below that point, the carrier rr_lobility is
S approximately proportional t@ 2 [16], so thatRp (Fig. 6)
";30 , “:..‘ will increase by about a factor of three within the temperature
% .,C,U3 range from 5 to 150C used in our measurements. This will
80 Cu2‘ "LA" inductors lead to an increasing) at high frequency with temperature
E | i . (delayedfall-off of @ in Figs. 4 and 5). For the HRS substrate
3 [ S o . . . .
E Cul (Cu2) with a background doping concentration in the range of
1 ~10' cm™3, the intrinsic carrier concentration will overcome
= the background doping level at temperatures from 100 to

0 T2 35 10 20 30 50 100 150 °C [16]. In that temperature rangéiz will decrease

inductance (nH) because the carrier concentration starts to increase rapidly
Fig. 8. Maximumq factors drawn versus the inductances of different spira\lﬁwth .t_emperatu.re, which starts to qommate over the .carrler
inductors. L B-type inductors have an area of 226226 um?: the area of MODbility reduction. As a resultQ) will decay more rapidly
the L A-type devices is 50& 500um?. (The figure includes the results from at high temperature. For the conventional substrate (Cul)
inductors which are not listed in Tables Il and IV.) this transition point is beyond 200C, so that one would
expectRp to monotonically increase within the range of the
layers. TheR,,... of Cul was about 1.7 times greater than in Eléasurements.
comparable three-level Al structure All [15]. With use of the These anticipated temperature characteristics are confirmed
HRS substrate, th€,,,... was raised to 30, and for the sapphir®y our measurements of the inductd38 that was fabri-
substrate, raised to even 40. This represents an improvenf@ied over each type of substrate (Cul-Cu3). For an im-
of about 1.7 times over th€,..x of 24 in [6], [7] for the proved accuracy, we remeasured the contact-pad dummy de-
five-level metal structure and a 3.8 times increase over tHige (Section Il) at each temperature. The measured induc-
three-level Al process All. A similar degree of improvemerifinces andy factors at each temperature drawersusfre-
with the low-loss substrates Cu2 and Cu3 was observed fi#ency are shown in Fig. 9(a)—(c). For the inductor built over
the other two inductors of the same area sizB5 and LB8, the 10£icm silicon substrate (Cul), the qualitative change in
which had been discussed in [6], [7] as well (see Table I\Vi1e electrical characteristics was similar to the observations in
Greater increases were achieved for the large-area structd#gd. The coil resistance increased with temperature, which led
(LA2 and LA4), as is obvious from Table 1V, because wittfo a smaller increase @ with frequency at low frequencies,
the larger number of turns, the effect of the coil resistance waBd the increase iz due to the carrier mobility reduction
more pronounced. Even though thk, .. becomes typically lowering the slope of the fall-off o) at high frequencies [see
smaller at |arge inductance values [Tln@nax of 13 was Flg 9(a)] This result was also confirmed by measuring the
measured for the 80-nH inductdrA2 fabricated by using the same inductor fabricated with the process All. For the HRS
process Cu3. (Cu2), the situation was similar only up to 16C. At 100
Fig. 8 shows theQ...x values of all fabricated inductorsand 150°C, the decay ofy at high frequencies became more
drawn versus the inductances. It is first obvious that thdronounced with increasing temperature so that. became
reduction in substrate losses translates into highgr, values considerably smaller at high temperature [see Fig. 9(b)]. This
over the entire range of inductances. For each inductor arégemed to indicate that the intrinsic carrier concentration is of
size (L B-type or L A-type) there was a clear trend that smallefhe same order of magnitude or higher than the background
inductances combine with high€l,.,. values and vice-versa doping of the HRS material at those temperatures. For the
[7]. The slope ofQ.ma.c versusL, however, was larger for sapphire substrate (Cu3), clear differences were only observed
the small-areal{ B-type) structures compared to tiiel-type, at low frequencies at which the temperature dependence of
so that beyond 5-nH inductance tHed-inductor structures the Cu dominates the device characteristics. The Change in
provided the higherQ,.... This indicated that besides thethe fall-off of ¢ with temperature at the higher frequencies
process technology improvement discussed in the bulk of th¥@s negligibly small, which confirms the impact Bf; in the
paper, the lateral inductor geometry must also be carefu§jher two cases [see Fig. 9(c)]. The change in the inductance
optimized to achieve the highest possiilg,.x. value with temperature was very small at low frequencies for
The inductances an@’s of inductor typesLBS8 (Table Il) all types of substrates.
were measured at various temperatures in order to receive
further insight into the relevance of the different parameters
which determine the electrical inductor characteristics. Since
the changes of the geometrical dimensions of the inductorVarious types of transmission lines, which used either two
spiral with temperature were expected to be comparably smédlvels of metal [microstrip [Fig. 2(a)] and inverted microstrip
the resistivities of the metal and of the substrate were likelfig. 2(b)]] or only the A3 level [coplanar line [Fig. 2(c)]],
dominating the temperature dependence of the inductors [1%kre fabricated. Two-porf-parameters were measurefth-
[17]. The temperature coefficient of the metal is typicallput de-embedding the contact pad parasiti§ection I1). All
positive. The same can be expected for the substrate resisuctures had a length of 17 6@®n and were fabricated on
tance below the temperature at which the intrinsic carrieither the 10/cm silicon (Cul) or the HRS (Cu2) substrates.

IV. TRANSMISSION LINES
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Fig. 9: Inductances an@ factors of lC!eviceLBS drawn versusfrequency Fig. 10. Losses versus frequency of (a) microstrip lines (Fig. 2{a)= 6

at various temperatures. The Q&m silicon (a) Cul, (b) HRS Cu2, and (c) um, We = 20 um), of (b) inverted microstrip lines (Fig. 2(0}y = 4 pm,

sapphire Cu3 substrates are compared. We = 20 um), and of (c) coplanar transmission lind§" (= 8 pm, S = 5
um, Wea = 40 pm). For each, the 10cm silicon (Cul) and the HRS (Cu2)

] ] ) ) _ substrates are compared.
A difference from conventional implementations was (besides

the considerable losses in the substrates) that the ground plaiess and the internal metallization of the circuits. The losses
of microstrip and inverted microstrip had limited widths. Thiger unit lengthversusfrequency of transmission lines built
appeared relevant for an integration of an RF transceiverdither over 10Rcm silicon (Cul) or over HRS (Cu2) are
which the interconnects are shared between the transmisssbown in Fig. 10(a)—(c) (via linear extrapolation from mea-
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silicon-fabrication processes. Another loss reduction by a
factor of about two was found for Au metallization over quartz
substrates, but this type of substrate is not used in silicon
technology as well. If one restricts the discussion to strictly
silicon-compatible processing, our results were in line with
the least lossy transmission-line implementations demonstrated
to date. Given the low-loss per line length, the loss can be
kept down to a few decibels even for transmission lines of
maximum length on typical-size silicon chips. The microstrip
line seems preferable over coplanar transmission lines in
integrated RF systems for two reasons: the overall width of
a coplanar line is considerably larger than that of a microstrip
0 because it uses only a single metal layer, and multilevel
0 5 10 15 20 metallization is readily available in silicon technology so that

Frequency (GHz) the main reason for choosing a coplanar line (i.e., the fact that
only a single metal layer is required) vanishes.

12

WG=12 um WG=20 um WG=40 um
59 ohm

——-

57 ohm 56 ohm

10

Loss (dB/cm)

Fig. 11. Losses of microstrip transmission lines with identical widith£ 4
wm) and different widths of the ground plati®’¢; ) as a function of frequency
(HRS substrate). (The evident signal oscillations are a result of the change in
line impedance at the contact pads.)

V. CONCLUSION

Spiral inductors and different types of transmission lines
) ) ) _ . have been fabricated by using Cu—damascene interconnects
suredSy magnitudes). The comparison of the microstrip lingyer HRS or sapphire substrates, as well as over conventional

[Fig. 10(a)] to the inverted microstrip [Fig. 10(b)] line shows;jicon substrates for control purposes. The measured inductor-
that the position of the ground plane in between the substrgie, qiues and transmission-line losses seem adequate for

and the conductor has some advantage in shielding againstilizicating RF transceiver systems on silicon substrates. Com-

substrate. However, for that reason the effect of the substrgifeq with the HRS substrate, the Cu interconnect technology
type on the loss was rather small. The apparent difference Was iy compatible with VLSI silicon processing and produces
most distinct at low frequencies<b GHz) where the slope 4 jnductore) that is about three times that achievable by using

of the lossesersusfrequency was slightly larger for the Cul, commercially available silicon-fabrication processes with the
substrate compared to Cu2. This resulted from the fact thalne number of metal levels.

the conduction of majority carriers is invariant with frequency
while the dielectric polarization losses increase with frequency.
Therefore, ohmic losses (eddy—currents) dominated at low ) .
frequencies and losses due to dielectric polarization dominated N€ authors wish to acknowledge their colleagues C. Jahnes,
at high frequency [11]. For the coplanar transmission line fa- Yzoh, E. O'Sullivan, K. Chan, M. Soyuer, P. Roper, and
Fig. 10(c), the relative difference between the Cul and CL§2 Cordes for their §upport_ in design and fabrication of Fhe
substrates was similar to that of the inverted microstrip. THaAuctor and transmission-line structures. Part of the fabrica-
absolute loss was lower for the coplanar line because f#fgn was carried out in the Yorktown Silicon Facility with
conductor was wider (8 versus;4n), but this difference was particular help from J. Stiebritz and C. D’Emic. The authors
largely compensated by the thickéf2 layer [4 versus 2.4 &€ also gra_teful to J. Harper, B. Gaucher, and F. Kaufman
um, (Section I1)]. Fig. 11 shows the losses of three microstrip@" Nelpful discussions, as well as to B. Pence, J. Ewen, J.
with identical widths W = 4 um) but differently wide ground Heidenreich, and M. Scheuerman for their support.
planes(W¢), all built over HRS substrates. At low frequency,
the losses were dominated by ohmic power dissipation in
the conductor and by Eddy currents in the ground planes$1] J. N. Burghartz, M. Soyuer, and K. A. Jenkins, “Microwave inductors
and differences between the three structures were small. At and capacitors in standard multilevel interconnect silicon technology,”
high frequency where the polarization losses in the silicofy, IEEE Trans. Microwave Theory Tecvol. 44, pp. 100-104, Jan. 1996.

) N. M. Nguyen and R. G. Meyer, “Si IC-compatible inductors drd
dominate, the loss was smaller as the ground plane became passive filters,”IEEE J. Solid-State Circuitsvol. 25, pp. 1028-1031,
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