
Authorized licensed use limited to: Viktor Koldiaev. Downloaded on July 12,2010 at 18:26:47 UTC from IEEE Xplore.  Restrictions apply. 



Authorized licensed use limited to: Viktor Koldiaev. Downloaded on July 12,2010 at 18:26:47 UTC from IEEE Xplore.  Restrictions apply. 



Authorized licensed use limited to: Viktor Koldiaev. Downloaded on July 12,2010 at 18:26:47 UTC from IEEE Xplore.  Restrictions apply. 



Etching the TiN gate metal without damaging the
polysilicon above the TiN or the gate dielectric below
requires a delicate balance of plasma processing condi-
tions. Lateral etching or notching of the overlying
polysilicon could lead to undesirable penetration of
implant species into the active channel beneath the gate,
causing severe SCEs. Notching of the metal gate may lead
to similar implant issues, as well as delamination of the
narrower gates. A large foot on the metal must be avoided,
as this will cause an undesirable increase inCgd. Plasma
etching selectivity to the underlying gate dielectric
material is crucial, as punch-through of the gate dielectric
will cause severe leakage or complete failure of the thin
SOI device. Microloading effects must be minimized, to
ensure that both dense and isolated gates have similar
critical dimension (CD) and profile, in order to reduce
variation in the transistor parametrics across the chip.

V. SPACER OPTIMIZATION

Eliminating the S/D extension implants (LDD implants)
and increasing the spacer thickness results in a gate-to-S/D
underlap which provides several benefits for ultralow-
power operation. Most importantly, reduced overlap capac-
itance will allow lower CV2 switching energy. In addition,
increased spacer thickness will reduce subthreshold leak-
age, gate leakage, and DIBL. Simulations have shown that
an optimized underlap can yield a 70% reduction in SRAM
cell leakage and 200� lower cell read failure probability
[11]. Since channel hot carrier (CHC) effects are not sig-
nificant at lowVdd, the LDD implants are not required to
maintain device reliability. Note that gate-to-S/D underlap
can improve performance for FDSOI transistors as de-
scribed above, whereas for conventional bulk silicon tran-
sistors the subthreshold slope would degrade significantly
as the underlap increases.

The simulations of NMOS and PMOSId – Vg curves for
a ULP device at various gate-to-S/D underlap distances
shown in Fig. 7 demonstrate that forLg ¼ 150 nm an
optimized subthreshold slope and off-current occur for a
60 nm underlap. There have been some limited simula-
tions of underlapped designs for shorter gate lengths. The
optimum underlap for a FinFET withLg ¼ 20 nm was
shown to be about 12 nm [29]. For a planar double-gate
SOI design withLg ¼ 16 nm, subthreshold slope improves
as the underlap increases to 16 nm [30]. Though the
Boptimum[ underlap depends on which performance
parameters one is trying to optimize, the above studies
suggest the gate-to-S/D underlap should be approximately
0.5 to 1 times the gate length. Connelly has also described
the use of an underlapped S/D technology for ultralow-
power FDSOI, though in that case the underlap was only
4–9 nm [31]. That work also proposed the use of Schottky
S/D to reduce the parasitic resistance of thin-body SOI.

Fig. 5. C–V curves of 1 mm2 MOS capacitors, for TiN metal gates under
two different TiN deposition conditions, and a polysilicon gate.
TiN gates clearly show an increase in flatband voltage, and thus Fms,
toward the silicon mid-gap. Metal gates also show increased
accumulation capacitance due to elimination of poly depletion.
Lines are quantum-corrected model fit to the data.

Fig. 6. C–V curves of 1 mm2 MOS capacitors, for TiN metal gates with
and without 626 �C N2 anneal. Anneal shifts metal gate workfunction
by 100 meV toward silicon mid-gap. Solid lines are quantum-corrected
model fit to the data.

Fig. 7. Simulated NMOS transistor I–V characteristics for 150 nm gate

length ULP device, as a function of the S/D to gate underlap distance

(Vdd ¼ 0:3 V). Subthreshold swing decreases from 79 mV/decade at
0 nm underlap to 69 mV/decade at 80 nm underlap.
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Table 2. A 50% reduction in interconnect metal thickness
(designated ULP Metal) reducestc by 40%. The simulation
predicts that the total CV2 switching energy of the
optimized FDSOI ultralow-power device is reduced by
97% compared to a traditional 1.2 V transistor. This
exceeds the requirement for the 20� power reduction
called for in Section I to enable the sensor application.

VII . SUBTHRESHOLD OPTIMIZED
TRANSISTOR PERFORMANCE

FDSOI ultralow-power transistors were fabricated with
the integration optimized for subthreshold operation as
outlined above. NMOS and PMOSId–Vg characteristics
are shown in Fig. 11, for mid-gap metal gate transistors
with Lg ¼ 150 nm andW ¼ 8 � m. Nitride spacer thick-
ness is 90 nm, yielding a 60 nm gate-to-S/D underlap after
an 8 s, 1022�C activation anneal. The TiN gate work-
function tuning provides closely matched NMOS and

PMOS IonðVg ¼ þ=� 0:3 VÞ and IoffðVg ¼ 0 VÞ perfor-
mance. It has been proposed that a suitable leakage limit
for ultralow-power handheld electronics is 20–50 pA=� m,
[5] which is well above the 4 pA=� m off-current of these
FDSOI subthreshold-optimized transistors.

The subthreshold swing (S) for the fabricated mid-gap
gate ultralow-power transistors is shown in Fig. 12 as a
function of gate length. For long-channel devicesðLg ¼
500 nmÞ S is nearly ideal at 64 mV/decade. As the gate
length decreases,S increases to 80 mV/decade due to SCE.
The subthreshold swing is lower for PMOS than for NMOS
due to the difference in effective channel length for these
underlapped devices; under the current process condi-
tions, the NMOS phosphorus implant apparently diffuses
farther than the boron PMOS implant, resulting in a
shorter NMOS channel for a given gate length.

VI I I . MANUFACTURABILITY AND
FUTURE DIRECTIONS

SOI-based CMOS is commonly used today in high perfor-
mance applications, such as gaming consoles (Wii, Xbox,
PS3) [5]. However low-power applications are generally
more cost sensitive than are high-performance applica-
tions, which has put the more expensive SOI starting
material at a disadvantage. The process optimizations out-
lined in this paper help to minimize cost as well as provide
enhanced ultralow-power performance. Using undoped
channels with no LDD implants will eliminate four or
more mask levels from the process. A single mid-gap metal
gate transistor requires many fewer processing steps than
a dual band-edge metal gate design. Further, gate-first
processing is also much less costly than gate-last (fully
silicided or damascene gate) processing. Aside from thin-
ning the silicon thickness to 40 nm or less, there are few

Table 2 ULP Transistor Simulation Results

Fig. 11. Representative ULP transistor I–V curves with a 150 nm

TiN metal gate (W ¼ 8 � m). The devices show very good subthreshold
performance, and nearly ideal workfunction tuning.

Fig. 12. Subthreshold swing for 12 NMOS and 12 PMOS mid-gap
metal gate transistors at 4 gate lengths, on a single wafer. S is near
ideal at 64 mV/dec for 500 nm gates, but increases due to SCEs.
Vdd ¼ 0:3 V, W ¼ 8 � m.
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