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ABSTRACT

Evolution in transistor technology from increasingly large power consuming single gate planar devices to energy
efficient multiple gate non-planar ultra-narrow (< 20 nm) fins has enhanced the scaling trend to facilitate doubling
performance. However, this performance gain happens at the expense of arraying multiple devices (fins) per operation
bit, due to their ultra-narrow dimensions (width) originated limited number of charges to induce appreciable amount of
drive current. Additionally arraying degrades device off-state leakage and increases short channel characteristics,
resulting in reduced chip level energy-efficiency. In this paper, a novel nanotube device (NTFET) topology based on
conventional group IV (Si, SiGe) channel materials is discussed. This device utilizes a core/shell dual gate strategy to
capitalize on the volume-inversion properties of an ultra-thin (< 10 nm) group IV nanotube channel to minimize leakage
and short channel effects while maximizing performance in an area-efficient manner. It is also shown that the NTFET is
capable of providing a higher output drive performance per unit chip area than an array of gate-all-around nanowires,
while maintaining the leakage and short channel characteristics similar to that of a single gate-all-around nanowire, the
latter being the most superior in terms of electrostatic gate control. In the age of big data and the multitude of devices
contributing to the internet of things, the NTFET offers a new transistor topology alternative with maximum benefits
from performance-energy efficiency-functionality perspective.
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1. INTRODUCTION

The demand for ultra-fast and multi-functional computing technology in an ultra-mobile form factor is continually
driving the silicon transistor industry to smaller and smaller technology nodes. In the past, physics-induced limitations
(off-state leakage heat-dissipation, degraded channel control — DIBL, SS) on single gate planar architecture transistor
made it difficult to continue scaling beyond the 32 nm technology node, where the critical dimension was the transistor
gate length (Lg). With the introduction of non-planar FinFET architecture in 2011 [1], Ly — scaling resumed the
aggressive scaling of doubling performance every eighteen months while maintaining low power consumption and
improved transistor characteristics at ultra-short channels (14 nm and below), thereby pro-longing the life of silicon and
other group IV transistor materials. FinFET scaling up-to the 5 nm technology node may be viable [2], however,
economics will be the deciding factor in determining the direction of the transistor industry and at this point there are
two, assuming conventional and inexpensive channel materials are used in the subsequent technology nodes:

1) Continue transistor scaling on a new type of non-planar transistor architecture (gate-all-around nanowires or
‘hanging fins’).

2) Stop transistor scaling at or near the physical limit of the conventional material system and build upwards i.e.
3D integrated circuits (IC).

In current generation ICs, the overall computation latency is being dominated by wire propagation delay rather than
transistor delay, as was the case in the past. This may be addressed by either boosting the performance at the individual
transistor level (option 1) or by reducing the interconnect wire length by integration of all necessary compute blocks on a
single 3D package (option 2). 3D ICs will require major overhaul in fabrication technologies such as die-die alignment,
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new forms of in-situ chip heat management, etc. Since the industry has already transitioned to non-planar transistor
architecture, exploring new topologies to boost on-state performance may be a viable option. With the above in mind,
this paper describes the concept of a unique nanotube based transistor topology using conventional channel materials.
Through extensive device simulations and analytical calculations, we show that such a transistor architecture merges the
unique low-leakage, strong quantum-confinement effects with on-state drive performance capability per unit of device
area. Towards the end of the paper, a highly integrated and industry-compatible process for fabricating 1D nanotubes is
also discussed.

2. SILICON NANOTUBE FIELD EFFECT TRANSISTOR
2.1 Concept

The silicon nanotube transistor is a vertically oriented 3D device topology consisting of an ultra-narrow dimension
hollow silicon body that is gated by inner/outer core/shell gate stacks as depicted in Figure 1. This type of gate strategy
induces strong electrostatic charge control in the ultra-thin (< 10 nm) silicon body leading to volume-inverted mode of
charge transport [3, 4]. Here, the channel charge centroid becomes surface delocalized and shifts into the volume of the
silicon nanotube reducing charge scattering due to relative distance between the edge (interface) of the channel surface.
Volume inversion enables strong charge-carrier energy quantization for high transistor on-state drive current coupled
with a strong electrostatics keeps off-state leakage and performance degrading short channel effects such as the DIBL
and SS at a minimum. Such volume-localized charge transport is inherent in state-of-the-art gate-all-around nanowires
with diameters well below 10 nm. In order to leverage high drivability from gate-all-around nanowire technology,
multiple device arraying is necessary to function as a single transistor. This arraying process is already in practice with
current generation FinFETs. The problem here is that, although a single nanowire/fin may exhibit ultra-low off-state
leakage and excellent short channel behavior, arraying ‘adds’ up both the off-state and on-state currents from the
individual nanowires/fins. So although a higher transistor on-state current is achieved, the off-state leakage also goes up
in proportion. In addition to this, arraying also tends to increase the silicon chip-area as a trade-off for on-state drive
performance gain. This may be controlled up-to a certain extent by controlling the nanowire/fin pitch. However, this
imposes both fabrication as well as physics-induced constraints that are responsible for higher parasitic capacitances and
resistances that are detrimental to overall chip latency.
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Figure 1. 3D representation of the silicon nanotube transistor concept and the volume inversion capability in ultra-thin nanotubes.

2.2 Silicon Nanotube Transistors for Conventional CMOS

Using 3D device modeling and semi-classical charge transport models with quantization effects, device performance of a
single nanotubes (NTFET) are compared to gate-all-around nanowire (GAA NWFET) transistors. Figure 2 compares the
13-V transfer characteristics for n and p channel devices. In this comparison with silicon as the channel material, the
nanotube has a thickness of 10 nm and the nanowire diameter is fixed at 20 nm. The reason for the wide nanowire choice
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is to make the device performance comparison at matched off-state leakage current (lotr ) ~ 10 nA. The nanotube has an
inner core gate diameter of 100 nm. A key observation to make from Figure 2 is that unlike GAA NWFETSs, the
performance of silicon NTFETSs can be scaled up by varying the inner core-gate diameter (Figure 1) without increasing
off-state leakage or short channel effects. Controlling the NTFET inner core-gate dimensions comes down to the contact
technology scalability. Nonetheless, the silicon nanotube transistor offers a competitive edge over gate-all-around
nanowires as well as a new insight in 1D transistor.
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Figure 2. Performance comparison between a single nanotube and a single gate all-around nanowire for (a) p-channel and (b) n-
channel transistor. The dimensions of the nanowire are chosen to make a fair comparison at matched off-state leakage current (losr).

2.3 Silicon Nanotube Tunnel Transistors

Ultra-low power mobile consumer applications emphasizes on long standby battery-lifetime and form-factor. However,
given the increasing trend of integrating a multitude of functionalities in portable consumer electronics, the next step is
to have high performance computing capability. The introduction of FinFETs since 2011 has seen a dramatic
improvement in battery lifetime, where portable electronics can go a lot farther on a single charge. Although, computing
performance has been increasing steadily it has not seen a dramatic change as much as the off-state leakage control.
However, the emphasis on long battery-lifetime is of paramount importance and various materials and device
technologies are being investigated to provide even longer standby-time in next-generation portable electronics.

Current generation transistors utilize classical over-the-barrier charge transport physics. Due to a fundamental limit, the
transistor power supply (V4d) needed to drive the transistors cannot be scaled down in proportion to the transistor gate
length. This is because in such ‘classical’ devices, charges are injected from the source to the drain terminal by lowering
a potential barrier which is classically limited to kT/q or a 60 mV/ dec transistor sub-threshold swing (Figure 3(a,c)).
Figure 3(d) shows a roadmap for low power systems requirements for the next decade with a 5% forward projected
increase in power supply capacity from batteries for portable electronics. As it can be seen, classical over-the-barrier
transistors using silicon channel even with multiple-gate architectures will not work due to their inherent fundamental
limitation.
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Figure 3. (a) Classical over-the-barrier charge transport devices. (b) Band-band charge tunneling transistors. (c) Advantage of tunnel
FETSs over classical FETs — steeper sub-threshold slope means transistors can turn on with smaller voltages. (d) ITRS projected power
supply requirements for future ultra-low power mobile computing platforms.

In order to meet the power supply targets of Figure 3(d), tunnel transistors are likely possible transistor candidates in the
ultra-low power computing regime. A tunnel FET is a gated p-i-n diode that utilizes the large band-edge overlap of a
highly doped source and an intrinsic channel enabling charge carriers to tunnel through the forbidden gap from the
source to the channel which are then collected by the drain (Figure 3(b)). This is a quantum-mechanical phenomenon
that is a function of charge effective mass (m®), material band-gap (Eg) and band-edge overlap (A®). Although tunnel
transistors are capable of ultra-low power operation, they are incapable of high on-state drive performance. Most of the
reported demonstrations report sub-60 mV/dec turn-on characteristics albeit many of them are point-slope values. The
best reported drive currents from tunnel FETSs are still in pA/um range as opposed to the current generation transistors
with drive performance in the mA/um range. Several innovative solution have been proposed to increase the output
performance such as the use of strain and hetero-junctions [5-7]. Some of the more promising demonstrations include a
gate-all-around topology around a I11-V nanowire and the use of a high-K/metal gate stack [8, 9]. In a recent publication,
we have shown that a single silicon nanotube can out-perform arrays of nanowires for tunnel transistor application [10].
The key point here was that at a matched off-state leakage current, the performance of a single nanotube is scaled up by a
factor of 10x due to the inner core gate compared to a nanowire while showing nearly similar turn-on behavior. What the
nanotube architecture is effectively doing is physically enhancing the drivable on-state tunnel current in an area efficient
manner. This becomes visibly impactful when considering ultra large scale device integration and density on a chip-level
for high performance computing in mobile applications.

2.4 Junction-less silicon nanotube transistors

In recent years, the concept of a uniformly doped ultra-thin-body multiple gate transistor gained popularity [11, 12]. The
reason being that a junction-less device configuration with similarly doped source, channel and drain regions becomes
immune to performance variability that can occur due to random unwanted dopants in the channel especially at ultra-
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short transistor channel lengths. These devices operate like a gated resistor with the accumulation of majority carriers in
the channel unlike traditional inversion mode transistors. The main drawback of these devices is the use of expensive
high work-function or incompatible gate materials, as such accumulation mode devices are normally-ON. Nonetheless
the unique architecture of the nanotube may prove advantageous for such an application compared to GAA nanowires.

2.5 Si1-xGex alternate channel nanotube transistors

Alternate channel materials using group 1V materials such as Si1«Gey, Si1xSny, Ge1xSny, Ge offer the unique advantage
of high charge carrier mobility and injection velocity on account of their low effective mass (m”*) compared to plain
silicon [13-15]. Traditionally, p-channel transistors have shown typically low drive currents compared to their n-channel
counterparts due to the fact that holes are effectively heavier than electrons. However, alloying silicon with germanium
reduces the in-direct silicon band-gap by the straining the hole valence band, leading to lowering of the hole effective
carrier mass (m™,). When these material benefits are combined with the nanotube architecture, ultra-high performance
PMOS transistors can be created that can out-perform GAA NWFET arrays using the same channel material.

3. INTEGRATION PROCESS FLOW

Figure 4 details key process steps of a unique and integrated flow to fabricate vertical highly aligned 1D silicon nanotube
transistors. This is a highly compatible CMOS process that offers several key potential advantages [16]:

(i) The device channel length (Lg) is defined by the thickness of the deposited material enabling the formation of
ultra-short channel devices. Such a process is immune to bottlenecks due to lithographic constraints and the
shortest gate length is defined by the minimum thickness of the deposited material. Atomic layer deposited gate
materials can be theoretically used to achieve sub-nm gate length devices.

(if) The nanotube thickness can be controlled by the deposited gate dielectric thickness allowing ultra-narrow width
nanotube FETS. Initial nanotube trenches can be defined using conventional lithography. Using high-K gate
dielectric enables the use of thick materials while maintaining a low effective oxide thickness.

(iii) Epitaxial growth allows the formation of highly abrupt source/channel and drain/channel junctions. This
requires a low temperature epitaxial growth process to reduce unwanted dopant diffusion across the junctions.
In addition, a good interface with the gate dielectric and the epitaxial material is important in ensuring low
interface defect density (Di).
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Figure 4. Integrated process flow to fabricate vertical highly aligned 1D silicon nanotube transistors.
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4. CONCLUSION

In this paper, we have demonstrated the benefits of a having a nanotube architecture for field effect transistor
applications on a variety of platforms such as classical CMOS, tunnel FETS, junction-less and alternate channel
transistors. Compared to popular state-of-the-art gate-all-around nanowires, the nanotubes provide a promising
alternative in bringing high performance computing capability to next generation ultra-mobile consumer applications
using conventional group 1V channel materials.
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