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Abstract — Bonding pads for RF/microwave integrated
circuits on bulk silicon CMOS is designed with a simple
depletion-insulation (DI} structure. FExperimental results
show high isolation and low substrate loss, An inter-pad
isolation of more than 40dB at 10GHz is obtained for a 90-ym
separation distance. The isolation is about two orders of
magnitude higher than that of the conventional structure.
The return loss is also less than 1.5dB at 10GHz. The high ¢
factor of the DI pad is achieved a few times greater that of the
conventional type. The low pad capacitance of about
0.013{F/un’ is attained. This will increase the resonant
frequency of the bond-wire-pad connection. The application
of the useful DI structure is extendable to interconnect and
planar spiral inductor to reduce the substrate loss and
increase the @ factor,

1. INTRODUCTION

Driven by the strong demand for low-cost wireless
personal communication systems, CMOS radio-frequency
integrated circuits (RFIC) or silicon monolithic microwave
integrated circuits (MMIC) have been of increasing
importance due to its advantages of low fabrication cost
and high level integration with the digital VLSI circuits,
However, in the silicon-based RFIC or MMIC, the
semiconducting silicon substrate has been a major problem
towards the monolithic integration of wireless chip [1].
The silicon substrate makes high frequency isolation
difficult due to cross-talk through the semiconducting
substrate on which both active and passive devices are
fabricated. In addition, the substrate loss in silicon RFIC
jeopardize the overall circuit performance as frequency
becomes higher and higher. The problem is more severe in
passive components using metal interconnect such as
bonding pads, planar inductor and everlay capacitor.
Among these passive elements, the issue is especially
subtle for bonding pads because almost all integrated
circuits require the essential bonding pads to interface the
connections between the circuits on chip and the external
circuits with various packaging technologies such as wire
bonding. With its large metal plate area, typically
100pmx 100m, the substrates effects through the bonding
pads can be so damaging that even the performance gain in
the design optimization at the circuit level cannot
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compensate the loss due to the bonding pads.
Unfortunately, this issue is overlooked quite often.

In order to tackle the lossy substrate problem in the
bonding pads, several techniques has been used. The most
common one is the use of a ground-shielding (GS) plate
underneath the pad. This technique does gives some
beneficial effects, namely excellent isolation [2-3] and
lowered noise figure [3-4]). However, this structure
requires a process with higher metallization level as it has
to use the topmost metal layer for bonding pads so that the
pad capacitance can be minimized. Otherwise, the fewer
metallization level of the process has, the higher is the pad
capacitance which implies a lower maximum operation
frequency of the bonding pads (Fig. 1). Typically, a GS
bonding pad can have a pad capacitance as high as 0.35pF
for a typical pad size of 100umx100pum. Assuming a 2mm
long bond wire connected to the GS bonding pad, the
inductance (= 2nH) [5] of the bond wire will resonate with
the pad capacitance at about 6GHz as

fre:onnn! = .1/217 A LC

bond wire inductance

?}L“(‘whe = InH/mm

100pm

pad capacitance
Cped = 10~40 aF/pym®

Fig. !  The schematic picture showing the high frequency
connection of a bond wire to a bonding pad.

Definitely, the lower resonant frequency can kill the
high frequency connection of the bonding pad hence the
overall performance of the circuit ¢hip. Furthermore, this
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GS technique is not extendable to other metal-interconnect
passive components such as planar spiral inductor [6].

In this paper, a bonding pad with simple depletion-
insulation (DI) structure is designed to achieve high
isolation, low substrate loss and low pad capacitance yet
requires no advanced CMOS processes with high
metallization level. The technique is also useful for other.
passive components with metal interconnect to suppress
the insertion loss and raise the Q-factor,
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Fig.2  The cross-section of the bonding pads with
depletien-insulation structure

Ii. DEPLETION-INSULATION (DI) BONDING PAD

The proposed bonding pad with DI structure is shown in
Fig. 2. The two topmost metal layers are used to construct
the bonding pads with many small contact vias on the
perimeter connecting the two metal layers. The contact
vias are to prevent lifi-off during wire bonding. Right
underneath the bending pad, there is a large p-diffusion
layer embedded in an even larger n-well in the silicon
substrate. This structure of p-diffusion—n-well-p-substrate
will form two p-r junctions. Due to the carrier depletion in
the p-» junction, a sandwiched insulating depletion layer is
formed. Hence, two junction capacitors are introduced in
series the pad capacitance to the substrate. The technique
has been used to attain a low-capacitance /O gonnection

[7]. However, this low capacitance is not sufficient to -

suppress the substrate coupling in RFIC. A large number
of grounded substrate contacts surrounding the pad have to
be added to increase the isolation (Fig. 2).

With an approximation of abrupt junction in the DI
structure, the junction capacitance per unit area and the
corresponding depletion width are respectively given by

C'=J gEsN Ny b
! 2¢bi(NA+ND) (¢M—Vn)

_ [N, + Ny )V +9,)
qNA ND

W

Considering the respective doping concentrations of p-
substrate, rn-well and p-diffusion with typical values of
NA_suh = 10‘50m-3, ND_J'I-weH = lﬂmcm'J, and NA_pdlff =
10"em™, the junction capacitances are 0.1 fF/um’ and 0.3
fF/um? while the depletion widths are 9000 A and 3000 A.
The two series capacitances lower the pad capacitance.
More importantly, the two thick layer of insulating
depletion region of the p-» junctions make it equivalent to
that the lossy silicon substrate is partially “removed” but
without using any high-cost micromachining or SIMOX
technologies yet achieving the similar insulating effect.
This simple DI technique can be realized in any bulk
CMOS technology with almost zero cost.

In the design of this DI bonding pad in a standard
CMOS process, an active mask layout has to be drawn
together with the p-select mask layout so that the p
implantation can be injected into the n-well. Otherwise, if
without the active mask, field oxide will form on the
surface of the »-well and block the p* implant resulting in
null formation of p-diffusion.
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II[. EXPERIMENTAL RESULTS & DISCUSSION

The DI bonding pads have been fabricated using a
commercially available 0.35-pm CMOS process. The pads
are configured in a standard ground-signal-ground layout
(Fig. 3). The capacitance is measured with LCR
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impedance analyzer while the microwave S-parameter
measurements of the pads are performed with HP8510C
vector network analyzer and Cascade microwave air-
coplanar probes with SOLT calibration. The results are
compared with those of conventional bonding pads.
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Fig. 4 The measured pad capacitance (per unit pad area)
of the DI bond pads compared with the conventional type.
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Fig.5 The higher inter-pad isolation of the DI bonding
pads compared with the conventional type.

From the measured pad capacitance, the Di bonding
pads gives almost 30% reduction in the pad capacitance
per unit pad area compared with the conventional pad
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stucture (Fig. 4). This is entirely due to the additional
junction capacitances in the signal path from the bonding
pad to the substrate as explained in the previous section.
The reduction in the capacitance can be even larger if the
process allows p* implant before field oxidation so that
another field oxide capacitance can be added in series.

With the two port S-parameter measurement of the
ground-signal-ground test structure, the isolation of the
bonding pads is obtained as shown in Fig. 5. The inter-pad
isolation of the DI bonding pad is about 40dB at 10GHz,
about two orders of magnitude higher than that of the
conventional type. The high isolation can be attributed to
the insulating depletion layer and the surrounding
grounded substrate contacts in the substrate.
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Fig. 6 The Smith chart representation of the 1-port
measurement result of the DI bonding pads compared with
the conventional type.

Apart from the isolation improvement, the substrate loss
of the DI bonding pads is also minimized. This can be
reflected from the one-port measurement of the bonding
pads. The Smith chart representation of the bonding pad
one-port measurement is shown in Fig, 6, The normalized
resistance of the bonding pad is smaller for the DI type.
This implies a possible lower energy loss of the DI
bonding pads. This can be verified by locking at the return
loss and the Q-factor of the bonding pad. In Fig. 7, the
retumn loss of the DI pad is smaller while the Q-factor of
the pad is higher in Fig. 8. Both two pieces of
experimental results indicate an improved substrate loss to
the substrate. Again, as explained previously, this is
mainly due to the thick depletion-insulation layers of the



p-n junctions formed underneath the bonding pad. It is

effectively as if part of the lossy silicon substrate is
removed by making it insulating. This results in smaller
substrate loss to the substrate. The extracted series
substrate resistance based on first order model shows
smaller values of the DI bonding pad (Fig. 9) provides the

self-explanatory answer,
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Fig.7 The measured smaller return loss of the DI
bonding pads compared with the conventional type.
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Fig. 8 The measured better Q-factor of the DI bonding
pads compared with the conventional type.
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Fig.9 The extracted substrate resistance of the DI
bonding pads compared with the conventional type.

[V. CONCLUSION

The high-isolation bonding pad on bulk silicon CMOS
is achieved easily with a depletion-insulation structure. By
making part of the silicon substrate insulating, the inter-
pad isolation and the Q-factor of bonding pads are
significantly raised. The structure can be used in other
silicon MMIC components to either isolate it from
substrate coupling or reduces the substrate loss.
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