Micromachined High-Q Inductors in 0.18um Cu Interconnect Low-K CMOS
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ABSTRACT

Spiral inductors fabricated in a 0.18um 6-level copper
interconnect low-K dielectric process are described. A post-
CMOS maskless micromachining process compatible to cop-
per interconnect and low-k dielectric CMOS has been devel-
oped to create inductors suspended 100um above the
substrate with sidewall oxide removed. Such inductors have
higher quality factors as substrate losses are eliminated by sil-
icon removal and have higher self-resonant frequency due to
removal of inter-turn dielectrics. Micromachined inductors
have the potential to extend the useful operational frequency
range of CMOS RF circuits. Quality factors of greater than 7
were obtained at 5.5 GHz for inductors with silicon undercut
and inter-turn oxide removed, compared to a Q of 4 for induc-
tors having only their inter-turn oxide removed but without
silicon undercut.

I. INTRODUCTION

Advances in silicon technology, with decreasing feature
sizes and application of novel materials, are pushing circuit
performance to higher frequencies.. However, the perfor-
mance of passive components have remained the same with
substrate losses limiting performance at higher frequencies.
To expand CMOS applications into the 5 GHz range, work
has focussed on improving the Q factor of RF inductors by
using custom process modules. These include fabrication of
inductors with thick copper layers on sapphire substrates[1],
and removal of the underlying silicon by wet etchants[2]{3].

The micromachining process described here does not
require additional masks. The fine line geometry structures
can be defined by post-CMOS reactive ion dry etching, which
is 100% compatible with CMOS design rules[4][5]. Combin-
ing the advantages of Cu interconnect technology with the
CMOS micromachining process, it is possible to design high
performance RF passive components that can leverage copper
interconnect technology. Suspended inductors in a state-of-art
six level copper interconnect and low-K dielectric CMOS
processes for RF circuit applications have been fabricated. A
combination of lower resistivity and lower skin depth of the
copper over aluminum is advantageous at higher frequencies.
The lower resistivity reduces ohmic losses in the copper
inductor and the lower skin depth implies thinner copper lay-
ers at higher frequencies. Removal of sidewall oxide
increases the self resonant frequency. Undercutting of the

lossy silicon below the inductor improves the quality factor.

II. CMOS MICROMACHINING PROCESS

A 0.18um 6-metal-level Cu interconnect low-K dielectric
process offered by United Microelectronics Corporation
(UMCQ)[6] was used to fabricate CMOS circuits and the
inductors. The process flow, shown in Fig. 1, enables fabrica-
tion of micromachined structures in CMOS. The conventional
CMOS processing (Fig. 1(a)) is followed by an anisotropic
RIE with CHF3 and O, to etch away oxide not covered by any
of the metal layers, resulting in high-aspect-ratio vertical
sidewalls (Fig. 1(b)). The following anisotropic (Fig. 1(c))
and isotropic silicon etch (Fig. 1(d)) removes the underlying
silicon to release the microstructure[9][10]. The anisotropic
etch is used to obtain the desired spacing between the induc-
tor and the substrate. The isotropic etch undercuts the silicon
beneath the inductor. The proposed process allows placement
of circuits less than 30um away from the inductor, while
being suspended as far away from the substrate as desired.

The top metal layer used as an etch resist mask for the
micromechanical structures is milled by 0.5pum in the Al
interconnect process, resulting in an increased sheet resis-
tance of about 30~40%. The etch rate of the copper mask is
70~80% lower than that of aluminum leading to very little
reduction in the top metal thickness. This property of copper
is advantageous for inductor applications where top metal
resistivity determines the DC resistance.

The micromachined structural elements are formed by a
sandwich of metal and dielectric layers. Due to the differ-
ences in residual stress of the two materials, the structures
exhibit out-of-plane curl. The Cu interconnect structures have
lower curl compared to Al interconnect structures as the out-
of-plane bending moment of inertia of Cu-CMOS beam is 2.3
times that of Sm-thick beams in a three-metal Al process[9].

II1. INDUCTOR DESIGN

The inductor topology is shown in Fig. 2. To minimize the
coil resistance and maximize the Q, within the specified area,
an octagonal shape is chosen and all metal layers are utilized.
The top two metal layers (metals 6-5) are combined as a sin-
gle wire of about 0.7um in thickness, to compose the inductor
plus an output port. The other layers (metals 4-3-2-1) define
the other output port wire having a total thickness of 1.5pum.
The thickness of the top-most metal layer was reduced by
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Fig. 1. Cross sections of device in each stage of the process flow.
(a) Device from CMOS processing.
(b) After anisotropic dielectric layers etch.
(c) After anisotropic Si etch.
(d) After isotropic Si etch to release the mechanical structure.

0.2pm due to ion milling during the anisotropic oxide etch-
ing. The width of all wires is 20um. The metal layers are
connected through stacked vias as seen in a FIB cross-section
in Fig. 3. The lower resistance of the copper stack plug vias
also helps reduce the DC resistance of the inductor. The lower
dielectric constant of the oxide layers reduces the parasitic
capacitance, leading to a higher inductor self-resonant fre-

Fig. 2. Schematic of the inductor design. The 4-turn spiral is wired with
Metal 6 and 5 in parallel. The cross wire has Metal 4, Metal 3, Metal
2 and Metal | in parallel. The dot represents contact vias between
Metal 6, Metal5, Metal 4, Metal 3, Metal 2 and Metal 1.
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Fig. 4. SEM of an inductor after Si undercut suspended in the air.

quency. An SEM of the released inductor after silicon under-
cut is shown in Fig. 4.

IV. INDUCTOR CHARACTERIZATION

The inductance and Q factor of the devices were derived
from 2-port S-parameter measurements. Measurements were
made using ground-signal-ground (GSG) microwave probes
connected to a HP8510 network analyzer from 50MHz to
20GHz. Probe calibration was done by a CS-5 calibration
substrate, and the probe pads were de-embedded by making

26-5-2

580



measurements on dummy pad structures (open and short).

Measurements were made on four sizes of octagonal induc-
tors with inductances ranging from 3.1nH to 4.4nH on two
chips processed with different recipes. The first chip was pro-
cessed until step (b) of the process flow in Fig. 1, with oxide
removed and contained inductors N1-4. The second chip was
processed completely with the oxide removed and the silicon
undercut and contained inductors B1-4. Comparison of the
S parameters for inductor B1 and N1 are shown in Fig. 5.
The DC resistance of the two inductors is almost the same,
however, the B1 inductor exhibits lower losses at higher fre-
quencies. A comparison of the quality factor of the inductors
before and after Si undercut is shown in Fig. 6. The B1 induc-
tor has a higher quality factor above 1.5 GHz. At low frequen-
cies, losses due to the DC resistance dominate, and the quality
factor is about the same for both the inductors. The substrate
losses that dominate at higher frequencies are reduced by the
silicon removal.

The B1-4 inductors are modeled by the lumped parameter
circuit shown in Fig. 7. C,, is the parasitic capacitance due to
the return port crossover. Ry, is the DC resistance of the
inductor. The skin effect is modeled by expressing the series
resistance, Ry, of the inductor as
oxide remo! ed i

-

Fig. 5. Comparison of S, characteristics of inductors with one oxide re-
moved (N 1) and one with oxide removed and silicon undercut (B1).
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Fig. 6. Comparison of Q of inductors with the oxide removed(N1) and
oxide removed and silicon undercut inductor (B1).
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Fig. 7. Lumped parameter circuit model of the silicon and oxide re-

leased inductor.

TABLE I Summary of experimental model parameters for inductors with
oxide removed and silicon undercut (B1-4).

Model Parameter B1 B2 B3 B4
L(nH) (Calculation[TT]) 3.0 335 4.0 4.5
L (nH) 2.82 3.60 3.87 441
C, (fF) 36.5 375 41.0 47.0
Ry (Q) 2.53 333 3.53 423
R, (Q) 1500 2100 2300 2900
feris (GHz) 4.1 4.1 4.1 4.1
Cn (fF), 3.0 33 33 3.6
Quuax 75 7.25 7.3 7.0
f @ Qpax (GHz) 44 5.0 5.4 52
fres(GHZ) 139 12.0 113 109

TABLE Il Comparison of inductors with oxide removed(N1-4) and with

oxide removed plus silicon undercut(B1-4)

Oxide + Silicon removal Oxide removal only
Parameter B1 B2 | B3 | B4 | N1 | N2 | N3 N4
L, (nH) 2821360387441 30513971427 49
Quax 75 172573170 55157} 54 ] 5.1
f@Q.,,x(GHz) | 44 | 50 | 54 | 52 | 26 | 25| 25 2.4
f.s(GHz) 1391120 { 11.3} 109 | 135 | 123 | 12.0 | 105
Area (x10°m#)| 9.6 [ 105 105]11.6] 96 [105] 105 ] 11.6
f
t crit
R 4= R e )

R4 and C,, mode! the frequency dependent losses. This
simplified model holds up to 10GHz, the intended range of
operation relevant to circuit designers. The value of f.g, the
frequency beyond which skin effect begins to dominates is
the same for all inductors and is dependent on the thickness of
the inductor metal.

Table I summarizes the measured performance of the four
undercut inductors with circuit model parameters fit to exper-
imental data. The inductance of the structure was calculated
using FastHenry[11]. A comparison of the circuit model to
measurement results is shown in Fig. 8. Comparison of induc-
tors N1-4 and B1-4 to highlight the effect of silicon removal
is shown in Table II. There are no significant differences in
the self resonance frequencies of the two types of inductors.
The inductance values after removal of the silicon are lowered
by about 10%.
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Fig. 8. Comparison of Q factor and inductance from model to measurement
for inductor B1.

V. RELIABILITY OF SUSPENDED STRUCTURES

For application of this technology in commercial devices
the reliability of the suspended inductors after release was
verified. The entire die was covered by metal-6 (the top-most
metal layer) to protect the circuit from the post-CMOS pro-
cess. The removal of the cover glass exposed the top metal to
the environment. This is a concern for long term reliability
due to possible environmental corrosion. Without any passi-
vation layer after post-CMOS micromachining, the released
chip was placed in an environmental chamber at 70°C, with
90% humidity for 24 hours. No significant metal corrosion
was observed. The chips were wire bonded using the same
equipment and settings as chips with aluminum metalization.

VI. DISCUSSION

Thicker top metal layers have limited usefulness at higher
frequencies due to skin depth limitations. Use of thinner par-
allel conductors available in modern CMOS process might be
more advantageous and can be fully exploited if substrate
losses are eliminated. Electromagnetic field simulations show
that closed loops around inductors reduce the Q of inductors
by a factor of 40~50% at higher frequencies. The use of a

metal-6 cover as an etch mask to protect circuits induces .

losses that severely reduce the Q factor at higher frequencies.
Slotting of the metal 6 cover is an easy solution to this prob-
lem and has been implemented in the next design iteration.
Self-resonant frequency of the inductor is limited by the
crossover parasitic capacitance of the return port. Trends
towards low-K inter-metal dielectric will increase self-reso-
nant frequency.

VII. CONCLUSION

A maskless post-CMOS micromachining technique for
fabrication of higher frequency RF applications has been
developed. This technology can also be applied to minimize
RF crosstalk through the conductive silicon substrate[2].
Monolithically integrated IC inductors in aluminum intercon-
nect CMOS devices have been reported with maximum Q

factors of about 10 after using thick top metal layers. The
quality factor degradation due to substrate losses at higher
frequency make it difficult to extend the operating frequency
to beyond 4 GHz. A combination of a multilevel copper inter-
connect for lower DC resistance and the maskless microma-
chining technology can deliver higher Q factors at higher
frequencies. Simulations indicate that Q factors can be
increased to about 20 at 10GHz with optimized layout in the
CMOS process used in the present work.
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