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1.- INTRODUCTION

The silicon MOSFET has been scaled down for more than thirty years to
obtain higher performance and higher levels of integration. Recently, the
miniaturization rate has accelerated, and the gate length is now less than 40
nm. Further miniaturization of silicon metal-oxide semiconductor field-effect
transistors (MOSFETs) into nanoscale complementary MOS (CMOS) will
significantly affect advances in future information technology. The International
Technology Roadmap for Semiconductors (ITRS) [1] predicts that gate lengths
in mass-produced CMOS transistors will be less than 10 nm in the year 2016.
However, it is well recognized that it will be extremely difficult for bulk-Si
MOSFET technology to meet industry-specified performance targets for both
drive current and leakage current in a near future. New techniques and
architectures to overcome the scaling and performance limits of conventional
CMOS devices are urgently needed. One of the most promising avenues is the
utilization of SOI-like device structures. Indeed the use of very thin silicon films
enables excellent scalability due to superior short channel-effect (SCE)
immunity.

This report describes three specific devices, namely, ultra-thin body
MOSFET, Double-gate SOl MOSFET and FinFETs as potential technological
boosters for future device scaling.
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2.- FROM BULK TO THIN FILM

Bulk devices require a heavy channel doping to control short-channel
effects. With a heavily doped channel, carrier mobility is severely degraded due
to impurity scattering and an increased transverse electric field. Above a
concentration of 10'"cm™, mobility is expected to be noticeably affected by
channel dopants [2]. In addition, significant depletion charge in the channel will
form, thus increasing the average vertical field experienced by carriers in the
inversion layer and increasing the effects of phonon and interface scattering [3].
Furthermore, this increased depletion charge will result in a larger depletion
capacitance and subthreshold slope. As a result, for a given off-state leakage
current specification, the threshold voltage must be raised, thus reducing the
on-state drive current. A large channel doping will also inevitably enhance band-
to-band tunneling leakage between the body and drain [4]. This will be
especially critical because abrupt halo doping profiles in the channel are
currently used to localize the heavy channel doping whereas abrupt drain
doping profiles are desirable for the reduction of series resistance. Together,
these effects will greatly increase band-to-band tunneling, which could
eventually become the dominant off-state leakage mechanism in the transistor.

Advanced MOSFET structures (Fig. 1) such as the ultrathin-body (UTB)
silicon-on-insulator (SOIl) single-gate transistor and the double-gate (DG)
transistor can be scaled more aggressively than the classic bulk-Si structure [5,
6] and, hence, may be adapted for IC massive production [7]. These structures
do not rely on heavy doping; however, they make use of different materials,
process technology requirements and associated challenges.
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Figure1: Scaled silicon devices: (a) advanced bulk MOS, (b) Ultra thin body SOI, (c) Planar double gate
SOl and (d) FInFET (Portions of this figure were taken from references [22] and [23])
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In UTB and DG devices, short-channel effects are controlled by a thin
silicon film, thus allowing for gate-length scaling down to the 10-nm regime [8]
without the use of channel dopants. With a lightly doped channel, DG and UTB
devices have negligible depletion charge and capacitance, which yields a steep
subthreshold slope. DG devices show even better subthreshold slope than their
UTB counterparts due to better short-channel effect control by the DG structure.
Lower transverse electric field and negligible impurity scattering contribute to
increased mobility that further improves the drive current in both devices. With
respect to circuit performance, DG and UTB devices provide an additional
advantage in that the capacitive load is decreased by the elimination of both
depletion and junction capacitances.

For DG and UTB devices, the enhancement in drive current at a given
off-state current specification leads directly to an improvement in inverter delay.
An additional speedup (5%—10%) results from the elimination of depletion and
junction capacitances.

3.- ULTRA-THIN BODY MOSFETs

For UTB MOSFETSs, short-channel effects are strongly dependent on the
body thickness (Tsi), and can be evaluated by the ratio of the gate length (Lg) to
the body thickness. SCEs are sufficiently suppressed when the ratio between
the two device dimensions (Lg /Ts;) is larger than 4 and this criterion has been
tested for different experimental devices. This value may be further reduced by
scaling the gate-oxide thickness or increasing the channel doping
concentration. Nevertheless, metal gate work-function engineering is necessary
to adjust and control the threshold voltage of UTB MOSFETSs.

In UTB devices, the body thickness should be as thin as possible for
ultimate scalability; however, the series resistance of the source and drain
regions could limit transistor drive currents [9, 10]. By using selective
deposition, raised source/drain structures can be created to reduce the parasitic
resistance. One drawback of this structure, however, is that it inevitably results
in increased overlap capacitance. Thus, spacer width between the gate and
raised source/drain should be optimized.

A recent trend is to use ultrathin BOX (10 nm) which contributes to
reducing SCEs.

4.- DOUBLE-GATE FINFET

The DG device is electrostatically more robust than a single-gate UTB
MOSFET because two gates are used to control the channel from both sides,
thus allowing for additional gate length scaling by at least a factor of two. The
addition of a second gate electrode not only halves the effective body thickness
of the device and enables twice as thick films to be used (Lg /Tsi = 2), but also
eliminates the penetration of the drain electric field through the buried oxide,



EUROSOI+ D4.15 FOCUSED REPORTS GA-216373

which improves gate control of the channel. Numerous methods have been
proposed and demonstrated in the past to fabricate DG devices [11, 12];
however, many suffer from process complexity.

The FinFET was, thus, proposed as a more practical DG structure with a
simpler and more manufacturable process similar to conventional SOl CMOS
processes. The FinFET uses a single-gate material deposited over a silicon fin
to form perfectly aligned gates along the fin sidewalls. The fin width is the most
important process variable because it determines the body thickness, which
governs short-channel effects. Another distinct advantage of ultra-narrow fins is
that the lateral gates can control the potential at the bottom interface (fin-BOX),
making the device to be immune to radiation effects and to the field penetration
from drain into the BOX.

The off-state leakage current density increases dramatically as the fin
width increased because gate control of the channel is worsened [8]. Channel
mobility [13] and threshold voltage [14, 15] can also be sensitive to this
dimension. It is, thus, important to achieve small and controllable dimensions for
the fin width. This can be accomplished using optical or electron beam
lithography, but both inevitably lead to critical dimension (CD) variation and line
edge roughness (LER). A key issue for the FIinFET is that adequate
suppression of short-channel effects requires that the fin width be approximately
half of the gate length [8, 16] such that a sublithographic patterning technology
is needed for fin formation. This is a clear departure from historic device scaling
where gate length was at the limit of lithographic capabilities.

In order to obtain higher drive current multiple fins must be placed
parallel all straddled by a single-gate line [17]. The achievable fin pitch, thus,
determines the amount of layout area required for a device.

Due to their vertical nature, the Fin-channels are formed on the side
surfaces of the fin, therefore, crystal orientation and surface quality become
critical issues. The mobility dependence on the crystal orientations in FinFETs
have attracted much attention. For example, sidewall channels in the (110)
plane when oriented parallel and perpendicular to the wafer flat of a standard
(100) wafer can achieve enhanced hole mobility as compared with (100) silicon
surfaces while electron mobility is degraded in (110) surfaces.

5.- SCALING LIMITS

For digital circuit applications, an ultimate limit will eventually be
determined by the ability to maintain proper transistor operation, namely, an
ultimately scaled device must have the capability to be turned both on and off.
With scaling of transistor gate lengths, the primary difficulty lies in the control of
the off state leakage current.

The leakage current of a MOSFET in the off state will be comprised of
three different components: Thermionic emission above the channel potential
barrier, band-to-band tunneling between the body and drain, and quantum
mechanical tunneling between the source and drain.
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Thermionic emission is primarily controlled by the channel potential barrier
height, which, in turn, is affected by SCEs. Band-to-band tunneling is controlled
by the power supply voltage and the gradient of the S/D doping profile. Direct
tunnelling of carriers from the source to drain may also occur at extremely small
gate lengths because the channel potential barrier width is very small.

By calculating these three leakage current components, the off-state
leakage can be estimated. Scaling of the gate length results in increased
leakage current because gate control of the channel is reduced, allowing for
increased DIBL which reduces the barrier height of the channel potential barrier,
and thus enhancing the thermionic emission, the dominant leakage component.
Therefore, the scaling limit of UTB and DG MOSFETSs is a strong function of the
body thickness.

The minimum acceptable body thickness for a thin-body MOSFET is
currently considered to be around 5 nm [18]. This is because the series
resistance in the source and drain regions introduced by such a thin film may
become unacceptable even with the incorporation of a raised source/drain
technology. In addition, quantum confinement in the thin body may cause an
intolerable shift in the threshold voltage.

Scaling limit for DG MOSFETs can be obtained under the assumption
that body thicknesses cannot be scaled below 5 nm. With the additional
assumption that equivalent oxide thickness scaling will be limited to 1 nm (due
to gate leakage current even with alternative gate dielectric materials), off state
leakage current targets can be met at gate lengths down to 10 nm. Triple-gate
FINFETs with Q configuration are rather similar to gate-all-around (GAA)
transistors which offer an additional window for scaling used (Lg = 5 nm).

As a conclusion, the DG MOSFET structure (in its FInFET version) has
been shown to be the most scalable transistor design due to its dual-gate
nature, in which the two gate electrodes provide significant control of the
channel.

6.- CIRCUITS

In order to assess the potential circuit performance of the aforementioned
devices, L. Chang et al have carried out 2-D device simulations to perform
mixed-mode simulation of various benchmark circuits [6, 7]. Three benchmark
ring oscillator circuits were simulated for FinFETs, UTB, and bulk devices: a
fan-out of 4 (FO4) inverter, a NAND pull-down stack, and a pass-gate
multiplexer. The FO4 inverter delay is a standard technology benchmark used
to predict the delay of more complex circuits. The NAND and pass-gate
structures consider the impact of the body effect on performance.

As a result of these simulations the DGSOI-FIinFET outperforms the UTB
and Bulk-MOSFETs for all supply voltages and circuits due to a combination of
improved subthreshold swing, higher carrier mobility, and reduced gate
capacitance from simultaneous switching of the two gates. The UTB device
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shows slightly degraded subthreshold swing and does not benefit from the
reduction in gate-switching capacitance. The bulk MOSFET, with its doping
substrate and nonideal subthreshold swing, is significantly slower than FinFETs
and UTB MOSFETSs.

Moreover, double gate devices with independent gate control option
(separate contacts for back and front gates) have been developed [19, 20].
Such DG devices are referred to as Independent or Isolated Gate (IG) devices.
For example, back gate bias can be used to dynamically adjust the threshold
voltage of the front gate to tune the power and performance requirement of a
circuit. Independent control of the front and the back gate can be very attractive
for circuit design.

As an additional advantage, it has been shown that a circuit designed

with bulk-CMOS transistors can be directly translated to DG technology by
replacing each transistor with a DGMOS, where the front and the back gates
are tied together. However, the directly translated circuit style does not allow the
possibility of independent control of front and back gates.
Finally, it has been shown that FInNFETs can also be effective for low-power
SRAM circuits [21]. Optimization of the gate sidewall spacer thickness is
suggested to simultaneously minimize leakage current. Optimization of spacer
thickness results in around 70% reduction in SRAM cell leakage and reduced
cell read failure probability (by 200X) compared to a conventional FinFET
SRAMs [22].
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7.- CONCLUSIONS

Significant advantages in double-gate MOSFET device technology and

performance have been demonstrated through the use of the fin channel type of
device architecture. This is because the fin-channel structure circumvents the
obstacles that are common to the double gate MOSFET.
The major obstacles are: self-alignment of the source/drain regions with both
top and bottom gates, alignment of the two gates to one another and connection
of the two gates without area penalty. The obstacles are closely related to the
reduction of parasitic resistance and capacitance that is required to obtain high
performance for practical applications. The planar channel devices have serious
problems surmounting these three obstacles and the vertical-channel devices
face challenges in self-alignment of the source/drain regions with both top and
bottom gates. Because of geometrical configuration, fin-channel devices can
circumvent the obstacles the same as conventional bulk-CMOS.

Moreover, the DG device shows a larger enhancement over traditional
bulk-Si MOSFETs than the UTB devices because of improved short-channel
effects. All above conclusions apply to any SOI-like technology including the
recent GeOl approach.
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