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Multigate transistors:
Pushing Moore's law to the limit
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Abstract—Improvements in electrostatic channel control
allow FinFETs and trigate FETs to extend Moore’s law down
to gate lengths of 15-20nm. Further scaling may require the
better control that is provided by multigate devices. Using
multigate FET architectures, gate length scaling down to 5 and
3 nm has been demonstrated experimentally and theoretically,
respectively. At these dimensions, quantum confinement begins
to appear and new effects such as drain current oscillations
and tunneling through soft barriers can be observed. FET to
SET and metal-semiconductor transitions resulting from
quantum confinement present opportunities for new types of
devices.
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L INTRODUCTION

The semiconductor industry has relentlessly shrunk
transistor size over the last 50 years, doubling integration
density every 18 months (Figures 1 and 2).
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Figure 1. Evolution of the number of transistors per square
millimeter with time. Microprocessors (CPU) and graphics
processors (GPU) from different vendors are shown. Data from [1].
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Figure 2. Evolution of the gate length with time [1].

The industry pushed the scaling of the bulk planar
MOSFET to its limit, and was forced to move to new device
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architectures such as FinFETs, trigate FETs and ultrathin
FDSOI devices, in order to cope with short-channel effect.
The different existing gate architectures are shown in Fig. 3.
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Figure 3: Different types of MOSFET gate configurations. A:
Single-gate planar bulk MOSFET. B: Single-gate SOI MOSFET
with mesa isolation. C: Triple-gate (trigate) SOl MOSFET with
square cross section. D: Bulk trigate MOSFET with high aspect
ratio (bulk FinFET). E: SOI trigate MOSFET with high aspect
ratio (SOI FinFET). F: Pi-gate (IT-gate) SOl MOSFET. G: Omega-
gate (Q2-gate) SOl MOSFET. H: Horizontal gate-all-around (GAA,
quadruple-gate, quad-gate) transistor with square section. I:
Vertical gate-all-around (GAA) MOSFET with circular cross
section) [2,3,4,5,6,7].

II.  ELECTROSTATICS

The electrostatics in the channel region of a MOSFET is
governed by Poisson’s equation:
aE, _,_@ +9E. __P=a constant value
dx dy dz £

which clearly shows that the electric fields in the 3 directions
of space “compete” for any charge (even a zero charge) in
the channel. The influence of the electric field in the x-
direction, which causes short-channel effects, can be reduced
by increasing the influence of the y and z components of the
field (Fig. 4). Based on Poisson's equation it is possible,
using a few simplifying assumptions, to calculate a
parameter called the "natural length", A, that represents the
extension of the electric field lines from the source and drain
in the channel region. A device will be free of short-channel



effects if the gate is at least 6 times longer than A (Fig.5). For
instance, in the case of a double-gate MOSFET, one can
show that the subthreshold swing, SS, increases as gate
length is decreased according to the following relationship,
valid for Lg>24 [8].

SS =Mln(10)
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Figure 4. “Competition” between x, y and z components of the E-field in the
channel region of a MOSFET.
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Figure 5. Drain-induced barrier lowering (DIBL) and subthreshold swing in
multiigate transistors as a function of the normalized gate length, Lo/A4 [5].

The analytical expressions for the natural length are
given in Table 1. Quite clearly, increasing the number of
gates decreases A and improves short-channel effects.

Gate Natural length Ref.
architecture
. gvi
Single gate A= g‘ Lol o [9]
Double gate A, = Eai |14 Lo L Lt [10]
zgux 48si tux A ‘
Triple gate, e et
square section Ay = || T et (11]
3601 4651’ ox
Quadruple e e ¢
gate, square Ay = [1+ o Jtsitax [12]
section 4e,, 4e 1,
Cylindrical ) t. )
GAA r _\/235,12 In(l+>)+2,,R [13]
GAA — 48
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Table 1: Natural length, A4, for different gate architectures. R is the
semiconductor radius (cylindrical case), #; is the semiconductor
width and height (square section case), and ¢, is the gate oxide
thickness.

Based on the expressions in Table 1 one can plot an
estimate of the minimum gate length that is achievable with
the different gat architectures, and the cylindrical GAA
architecture is a clear winner (Figure 6). The shortest-gate
multigate MOSFETs reported to date have a gate length of
Snm (£ gate, experimental) and 3nm (GAA, simulations)
[14,15].
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Figure 6. Minimum gate length as a function of silicon
thickness/width or diameter. Double-gate, triple-gate and
quadruple-gate MOSFETs have a square cross section. The
equivalent oxide thickness (EOT) is taken as one-fifth the silicon
thickness/diameter. One assumes that the minimum channel length
is equal to six time the natural length in order to avoid short-
channel effects (L,,;,=61).
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Carriers in thin and narrow FETs are confined in 2
directions (y and z in Fig. 4). If the section (diameter) of the
wire is large enough, confinement can be neglected and
surface channels are formed (see example of SOI trigate
transistor in Fig 7). In smaller section FETss, carriers
mostly flow in the center of the semiconductor. The
transition occurs around Snm in silicon and at larger
sections in low-effective mass semiconductors.
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Figure 7. Carrier concentration profile in trigate SOI transistors in
strong inversion, for different square cross-sections.[16]

Confinement gives rise to the formation of subbands and the
DoS becomes a succession of spikes (Fig. 8). If the
temperature and the drain voltage are low enough,
oscillations can be measured in the Ip(Vg) curves of thin



and narrow transistors. These correspond to the successive
filling of subbands as gate voltage is increased (Figure
9 .[17]. If the section is small enough, these oscillations can
be observed at room temperature [18]. Figure 8 shows the
calculated DoS in the conduction band of a trigate transistor
with a cross section of 40nm x 60nm and the corresponding
measurement of drain current at different temperatures and
drain voltages [ 19].
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Figure 8: DoS in the conduction band of a trigate transistor and
measurement of In(Vg) at different temperatures and drain voltage
values.

IV. TRANSITIONS

Confinement effects give rise to two interesting “transition”
effects. The first one occurs if small potential barriers are
created along the channel of a nanowire FET. These small
barriers can arise from diameter variations (constrictions or
simply line edge roughness) or localized surface or oxide
charges. These barriers can isolate a portion of the channel
(0D confinement) and transform the nanowire FET into a
single-electron transistor (SET). The FET/SET transition is
temperature dependent and has recently been observed at
room temperature [20,21].

Figure 9: Nanowire FET with constrictions (left) and electron
isoconcentration contours showing the formation of a quantum dot
in the channel.

The energy bandgap of semiconductor nanowires increases
as the semiconductor diameter is decreased due to adding
confinement energy to “bulk” energy levels [22]. This
property is also applicable to semimetals which can
transform into semiconductors when in a nanowire form.
Bismuth nanowires, for example, show a semimetal behavior
for diameters above 100nm and a semiconductor behavior
for smaller diameters (Fig 10) [23]. Schottky junction
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behavior has been observed in bismuth step nanowires
(diameter is varied in a step-like manner), indicating the
larger part of the nanowire is metallic and the thinner part is
a semiconductor [24].
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Figure 10: Resistance vs. temperature in Bismuth nanowires with
different diameters [23].

Tin is a semiconductor with zero-energy (or slightly negative)
bandgap. Ab-initio DFT simulations carried out on a GAA

tin nanowire transistor with variable diameter (Figure 11)

reveal that source and drain are metallic and the channel is

semiconducting. In such a device there is no need for doping.

Well- behaved transistor characteristics are obtained, with a

subthreshold slope of 72 mV/dec and an Ipg, of 3000 HA/um

at V5=0.44V and Vp=0.25V (Figure 12) [25].

Figure 11: Tin (Sn) GAA nanowire transistor. L=2.3nm, @ = 1 nm.

I.  CONCLUSION

The multigate transistor structure achieves improved control
of short-channel effects. The formation of subbands due to
quantum confinement results in observable modifications of
the electrical characteristics of MOSFETs. Metal-to-



semiconductor and FET to SET transitions can be observed
using certain materials and using variations of nanowire
diameter.
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Figure 12: Output characteristics of a Tin nanowire FET.
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