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Abstract : Dual pnjunctionsin lateral and vertica directions are formed by diffusing the p* on the patterned n-well

in standard CMOS technology ,which are inserted under the inductor in order to reduce the currentsin the substrate

induced by the e ectromagnetic field from the inductor. The thicknessof high resstanceis not equivalent to the width

of the depletion region of the vertical pn junctions,but the depth of the bottom pn junction in the substrate are both

proposed and validated. For the first time ,through the grounded p *-diff usion layer shielding the substrate from the

electric field of the inductor ,the width of the depletion regions of the lateral and vertical pn junctions are changed by
increasng the voltage applied to the n-wells. The quality factor isimproved or reduced with the thickness of high re-
s stance by 19 %. This phenomenon validates the theory that the pn junction substrate isolation can reduce the loss

caused by the currentsin the substrate induced by the electromagnetic field from the inductor.
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1 Introduction

Monolithic inductors are important compo-
nentsin highly integrated radio frequency circuits
for wireless communication systems such as a low-
noi se amplifier ,a voltage-controlled oscillator ,and
an impedance matching network. However ,on-chip
inductors have alow quality factor (Q) due to met-
al ohmic loss and conductive dlicon substrate loss.
Many researchers have found several methods to
improve the Q of on-chip inductor™ .

The use of apatterned ground shield (PGS '*
between the inductor metal trace and substrate in-
creases Q by reducing the loss of electric energy
due to the current induced in a slicon substrate,
while at the same time not reducing the eddy cur-
rent ,which can sgnificantly reduce Q. Increasing
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the resistance of the substrate!®” can reduce the
eddy currents in the substrate and increase Q.
These methods are not standard technology. The
inductor desgners aim at realizing a substantially
greater quality factor at circuit operation frequency
without altering the fabrication process, through
such methods as usng a symmetric inductor that is
excited differentially'® . Several papers® ® have re-
ported the snge pn junction substrate isolation,
however ,dual pn junction substrateisolation struc-
tures without altering the fabrication process have
not been reported and the reasons this structure
can reduce the substrate loss have not been reliably
validated by tape-out experiments. The eddy cur-
rent would be formed in an n~well that is designed
as a whole layer™™ ,which is larger than the sub-
strate because the resstance of the n-well is less
than that of the substrate.
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The Q improvement approach reported in this
paper isanimplementation of the patterned dual pn
junctions substrate isolation structures (JSIS) un-
derneath spiral inductors by increas ng the effective
red stance of the substrate. Reducing substrate los
ses due to JSIS are reliably validated.

2 On-chip inductor

Several planar inductor structures are poss-
ble ,including loop ,meander ,and spiral ,though spi-
rals are preferred because of their large postive
mutual inductance. Vertically stacked inductors are
also compatible with the IC interconnect scheme.

2 1 Loss mechanism of eddy currents in silicon
substrate

The magnetic field of the inductor is vertical
to the semiconductor slicon substrate, therefore
the eddy current (EC) isformedin the substrate as
shown in Fig. 1. The ohmic loss is induced by the
EC emitting heat energy. Theinductanceis reduced
because the direction of the magnetic field induced
by the ECis reverse to that from the inductor. Se-
ries red stance of the inductor isincreased due to

Fg.1 Schematic of loss mechanism of magnetic ener-
gy due to current induced in a slicon substrate

the trandformer effect between the inductor and the
substrate. Therefore ,the Q will be reduced by the
EC in the substrate.

22 Qand fw

If an inductor is modeled by a smple parallel
RL C tank ,it can be shown as’!
_ - peak magnetic energy-peak electric energy
Q=at energy lossin one oscillation cycle
(1)
The self-resonant frequency f s can be defined
as the frequency when Q drops to zero.
fo = (A faCa) (2)
where Le and Ceq represent the series inductance
and the total equivalent capacitance of the induc-
tor ,respectively.

3 pn junctions substrate isolation

The substrate loss is primarily caused by the
eddy current ,which is induced by magnetic cou
pling to the substrate. To prevent the occurrence of
such an energy loss mechanism ,a patterned dual pn
junctions structure inserted above or in the sub-
stratesis proposed. The objective of the structure
is to interrupt the flowing path of the eddy cur-
rent ,thus reducing energy loss.

3 1 Dual pn junctions substrate isolation

For single well technology ,the dua pn junc
tions (p* np) can be formed by diffusngp” on the
patterned n-well ,as shown in Fig. 2. The depletion
region would be formed at the interface between
the p* diffuson and nwell ,which decreases the
non-depleted width of the n-wells and reduces the
eddy current in the n-wells.

n-well n-well

'HR Depletion Regions

/" n-wel

e E

Fig.2 Cross section (a) and planform (b) of the dua pn junctions substrate i solation
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3 2 Depletion regions isolation

Figures 2(a) and (b) are the cross section and
planform of the dual pn junctions substrate isola
tion ,respectively. The resstance of the p*-diffu-
son or well isless than that of the substrate. The
pn junction must be made like a meta ground
shielding ,again in order to protest the eddy cur-
rent. Thus,the thicknessof high resistance (THR)
isequivalent to the depth of the bottom pn junction
in the substrate ,as shownin Fig. 2(a) . Therefore,
the CMOS technology with a deep-well is a better
choice for a high performance inductor with JSIS.
Capacitive coupling substrate current (CCSC) and
eddy current (EC) in the substrate are the results
of high frequency effects and concentrate on the
top of substrate. It isfound that 90 % of magnetic
energy is disspated within a depth of 1 m below
the substrate surface'® . Thus,depletion layers re-
duce the CCSC and EC, substrate losses are re-
duced,and the Q factor of the inductor is inr
proved.

With an approximation of abrupt junction ,the
corresponding depletion width (Wa) is given by

J(\_/R+¢oi

Na + N
dN A Np

W4 = (3)
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where Na , No (atomsg/ cm®) are the doping dens-
tiesin the p-type material and n-type material ,re-
spectively € s is the permittivity of the silicon,%i is
the built-in potential of pn junction,and Vr is the
reverse bias across the junction.

The depletion width will increase with reverse
bias across the junction.

3 3 Lumped-elements models

Figure 3 is the lumped-elements model of a
two-port orrchip inductor for floating patterned
dua pn junctions isolation and patterned ground
shielding structures. At the series branch of theTt-
network ,model parameters Ls, Rs,and Cs repre
sent the seriesinductance ,series red stance ,and in-
ter-turn fringing capacitance of the inductor , re-
sectively. The model parameter GCns represents
coupling-capacitance between the suspended induc-
tor body and the substrate (where G isthe capac
itance of the oxide layer and G is the capacitance of
the pnjunction) . Casr and Reb represent the capaci-
tance and resistance of the substrate,respectively.
Rees represents the resstance of the patterned
ground-shielding layer in paralel with the sub-
strate.
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Fig.3 L umpedeements mode of atwo-port on-chip inductor for floating patterned dua pn junctionsisolation (a)

and for patterned ground shielding structures (b)

Experiment and discussion

Inductors are fabricated in a 0. 33 m two-poly
four- metal CMOS processes,as shown in Fig. 4.
The prototype chips al 20 include the de-embed lay-

outs to calibrate the on-wafer testing wiring and
pads™® . Omrwafer measurement of inductors is
conducted usng a network analyzer and cascade
microtech probe station with coplanar groundsg-
nal-ground (GSG probes.

The die photo and layout of the pnp substrate
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Fig.4 Die photos of the inductorsin 0. 31 m CMOS
processes (a) and one inductor with probes (b)

isolation structure are shown in Fig. 5. The gace
between the adjacent n-well dotsis 1 M m,which
is the minimum space that desgn rule check per-
mits under a 3 3V source voltage. The p-substrate
and p* diffuson layer are connected with the
ground while the n~well is connected with the bias
voltage (Vr). Thus,the electric fields of the induc
tor are terminated at the p* diffusion layer and the
pn junction capacitor does not have an effect on the
parasitical capacitance and fs of the inductor (in
order to validate the reduced eddy current due to
JSIS) . Ohmic loss from the eddy currents is only
substrate loss. A lumped-elements model of a two-
port on-chip inductor with a grounded p* shielding
layer is shownin Fig.3(b).

FHg.5 A sngleend spiral inductor with pnp isolation
structure

Quality factors and the self-resonant frequency
of the inductor with n-well voltages are shown in
Fig. 6. Increasing the voltage applied to the nrwells
increases the depletion region lateraly between
them and vertically beneath them. With risng
THR, the substrate eddy currents are reduced;

therefore, Ls is increased and Rs is decreased, as
shown in Fig. 7. Thus,the maximum quality factor
isincreased with Vk from OV to 3V by a further
19 %. The frequency of the maximum Q(fwmgq) and
fsr of the inductor are reduced because the reduced
quantity of the inductance due to eddy currentsis
decreased. From 4V Vr the depletion regions of
two neighbor n-well stouch. Thelateral pn junction
diesaway at 7V Vr and the THR is not only the
depth of the bottom pn junction in the substrate,
but also the relatively thinner thickness of the de-
pletion of the vertical pn junction. Thus,increasing
Vrfrom 3V to 7V decreases the maximum quality
factor by afurther 19 % and the fwq and fss of the
inductor are increased because the reduced quantity
of the inductance due to eddy currents are in-
creased. This phenomenon validates the theory that
the JSIS can lower the loss induced by the eddy
currents in the substrate. The capacitive coupling
substrate current and eddy current in the substrate
are the results of high frequency effects and con-
centrate on the top of the substrate. Thisresult can
be safely extended to obtain the concluson that the
JSIS can a0 reduce the loss caused by the capaci-
tive coupling currentsin the substrate.
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Fg.6 Quality factorsof the inductor with n-well dis
tance L ¥ m and at n-well different bias voltages

5 Conclusion

The substrate magnetic losses of the CMOS
inductor are analyzed in detail and new substrate i-
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Fig.7 Lsand Rsof the singleend spira inductor with PN P isolation structure

slation structuresfor inductors cons sting of alter-
nating patterned dual pn junctions with voltage
controlled, variable lateral and vertical depletion
regions are presented. The structure covers the
whole area underneath an inductor and is compati-
ble with standard digital CMOS process flow. The
THRis not equivalent to the thickness of the de-
pletion regions of the vertical pn junction but the
depth of the bottom pn junction in the substrate.
Applying a voltage to the structure alters depletion
regions and the number of free carriers underneath
the inductor. The THR isthusincreased. The eddy
current in the substrateis reduced by the depletion
of the pn junction. Therefore ,the inductance isin-
creased because the reduced quantity of the induct-
ance due to eddy currentsis decreased. For thefirst
time,pn junction substrate isolation that can re
duce the substrate loss caused by the eddy currents
isreliably validated. The maximum quality factor is
increased by 19 % ,which validates the theory that
the pn junction isolation substrates can reduce the
substrate loss caused by the eddy currents and ca-
pacitive coupling currentsin the substrate. Dual pn
junctions substrate isolation structure and deep-
well technology are better choices for a high per-
formance inductor with JSIS. Using a ground p”
diff uson layer and patterned dual pn junction with
controlled voltage, the electric energy loss and
magnetic energy loss in the substrate can be re-
duced.
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