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ABSTRACT The tunnel field-effect transistor (TFET) is considered a future transistor option due to its
steep-slope prospects and the resulting advantages in operating at low supply voltage (Vpp). In this
paper, using atomistic quantum models that are in agreement with experimental TFET devices, we are
reviewing TFETs prospects at Lg = 13 nm node together with the main challenges and benefits of its
implementation. Significant power savings at iso-performance to CMOS are shown for GaSb/InAs TFET,
but only for performance targets which use lower than conventional Vpp. Also, P-TFET current-drive is
between 1x to 0.5x of N-TFET, depending on choice of Iorr and Vpp. There are many challenges to
realizing TFETs in products, such as the requirement of high quality III-V materials and oxides with
very thin body dimensions, and the TFET’s layout density and reliability issues due to its source/drain
asymmetry. Yet, extremely parallelizable products, such as graphics cores, show the prospect of longer

battery life at a cost of some chip area.

INDEX TERMS Tunnel field-effect transistor (TFET), steep-slope.

I. INTRODUCTION
Reducing supply voltage (Vpp) while keeping leakage cur-
rent low is critical for minimizing energy consumption and
improving mobile device battery life. The thermal limit of
MOSEFET subthreshold swing (SS) restricts lowering thresh-
old voltage (V,), causing significant performance degradation
atlow Vpp. A Tunneling Field Effect Transistor (TFET) is not
limited by this thermal tail and may perform better at low Vpp.
Since the first experimental proof of subthreshold
swing (SS) < 60mV/dec [1], TFET’s prospects have attracted
the interest of researchers. Silicon’s large indirect bandgap
and large carrier mass means drive-current for Si TFET is
very low. But due to the availability of high-quality material
together with years of know-how, Si and Si/Ge TFETs have
been studied the most, with [2] showing the first of many
devices with SS < 60mV/dec. III-V material for TFETSs
attracted attention because of its low bandgap and carrier
mass and eventually broken bandgap hetero-junctions were
shown to have the highest TFET drive-current [3]. However,
few demonstrations [4]-[6] of steep SS III-V TFETs exist
due to the immaturity of bulk semiconductor and gate-oxide
quality of these novel materials and the difficulty to realize
thin-body geometry.

In this paper, a comprehensive model that is in agree-
ment with experimental devices is used to compare a high
current capable GaSb/InAs TFET to Si CMOS at an
Lg = 13nm technology node. The operating region where
TFET would be beneficial is explained including consider-
ations for variation. Challenges for realization of steep SS
and issues with TFET circuit layouts are discussed. In the
last section opportunities offered by TFET transistors for
products are explained.

1l. DEVICE MODELS AND TFET DEVICE DESIGN

A. DEVICE MODELS

In order to model TFET characteristics, we used an atomistic
quantum mechanical device simulator that calculates carrier
density self consistently with the Poisson equation [7]. The
band structures are calculated using the sp3s* tight-binding
model with spin-orbit coupling and the transport is assumed
to be ballistic. In order to verify the validity of a ballistic
approach, effects of polar optical phonon (POP) and optical
deformation potential (ODP) scattering are modeled using
a two-band tight-binding approximation [8]. Although there
is a slight current loss due to phonon scattering, the overall
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FIGURE 1. 1-V characteristics show the similarity of a 20 nm-thick TFET
modeled with atomistic quantum simulations and a 60 xm-thick
experimental TFET both with InGaAs channel, L,¢ = 100 nm, EOT = 1.4 nm
at Vpg = 0.3 V.

effect of phonon scattering on Het-j TFET characteristics is
inconsequential.

This quantum model is used to characterize I-V and C-V
behavior of both the Si MOSFET and the GaSb/InAs TFET
(Het-j TFET) which are the main subjects of this paper.
Other TFET materials such as Ge, GeSn, InAs and InGaAs
are also modeled to help determine the optimum TFET mate-
rial choice. A detailed comparison between InGaAs TFET’s
experimental characteristics and atomistic quantum mechan-
ical predictions has verified the validity of the atomistic
models [9]. Simulations did not employ any fitting param-
eters to match the experimental data, but instead used only
material and geometry parameters as inputs. The results
show that the experimental and simulation characteristics
are in reasonable agreement, suggesting that the atom-
istic simulations have good predictability (Fig. 1). Although
non-idealities such as defects and non-abrupt band-edges
are of critical importance, the differences between scaled
TFET predictions and published large dimension experi-
mental TFET devices have been shown to be due to the
sub-optimal geometry of experimental devices [9].

B. DEVICE DIMENSIONS FOR ITRS NODE AT YEAR 2018
One of the main requirements of a state-of-the-art semicon-
ductor technology is the dimension of the unit transistor,
which directly determines the total area of the electronic
chip, and thus the cost of the product. Although higher cost
may in some cases be acceptable for uniquely low power
devices, we investigate here the possibility of the TFET as
an iso-gate-pitch transistor option to the MOSFET.
According to the ITRS roadmap [10], the 2018 Low
Operating Power transistor target requires Lg=13nm to
enable the necessary gate-pitch scaling. With the ITRS’
recommended 8.7nm multi-gate MOSFET body thickness,
the MOSFET would not have a close-to-ideal SS. Nor
with a 5nm body thickness would a double-gate Het-j
TFET achieve sub-60 mV/dec SS along with an Iopp
below InA/um. Specifying a square NW geometry device
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FIGURE 2. TFET structure cross section is simulated using atomistic
quantum simulations. A 5 nm thin nanowire body and a 10 nm drain
underlap is required to achieve steep SS at Lg = 13 nm. Gate oxide is
0.8 nm thick with relative permittivity of 3.9 and the source junction is

aligned with the gate edge.
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FIGURE 3. Two approaches to build the TFET drain underlap are shown for
a 5 nm thick body TFET. (a) Horizontal. (b) Wrapped-around. Electrostatic
potential profiles of TFET for two structures when the gate is (c) on

and (d) off show that although on-state profile does not change, off-state
profile has a longer tunneling path and thus lower leakage for
wrapped-around drain. The wrapped-around drain TFET structure also has
the advantage of fitting into a MOSFET-like gate-pitch.

with a body thickness ~5nm gives a Het-j TFET SS signif-
icantly below 60mV/dec and Iopp~10pA/pwm, while it also
gives a MOSFET close to ideal SS (Fig. 2).

One concern about fitting a TFET transistor into the
same gate-pitch as a MOSFET is TFET’s drain under-
lap requirement [11]. To achieve reasonable short-channel
behavior at Lg=13nm node, TFET requires a 10nm undoped
drain region between the gate edge and the doped drain
region. One way to implement this is to use undoped drain
epi-growth for the region under the spacer (5nm) and then
another 5nm in vertical direction, before continuing with
doped drain epi-growth (Fig. 3). It can be shown that due
to the additional gate control through the spacer, this new
geometry has better electrostatics than the horizontal drain-
underlap design. Thus, the drain-underlap requirement of the
TFET does not prevent a TFET from being implemented at
the same gate-pitch as a MOSFET.

C. I-V AND C-V CHARACTERISTICS

Comparison of Si MOSFET at Lg=13nm node to N-TFETs
of different materials shows each has advantages over
MOSFET at different current levels [Fig. 4(a)] [8].
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FIGURE 4. (a) I-V characteristics of N-TFETs using different channel
materials are compared to MOSFET. GaSb/InAs (Het-j) N-TFET has the
highest drive-current and the highest crossover voltage with MOSFET.

(b) 1-V characteristics illustrate Vg dependence of short channel length
Het-j N-TFET compared to Si MOSFET. Steepest region of TFET and MOSFET
1-Vs have SS of 41 and 63 mV/dec, respectively.

The crossover supply voltage is an inexact but practical mea-
sure of the Vpp value under which TFET power-performance
would be beneficial over MOSFET. The crossover is high-
est for the Het-j TFET due to its high tunneling current
capability. This makes the Het-j TFET the more practical
option for designers, with its performance capability closest
to state-of-the-art CMOS operating points.

I-V characteristics of Het-j TFET are compared to Si
MOSFET in Fig. 4(b). One important point is that TFET
Iorr shows strong Vpg dependence. Even with 10nm drain-
underlap and low drain doping, Het-j TFET Iopr increases
significantly as Vpp increases beyond 0.3V. Whereas Het-j
TFET can support Iopr < 10pA/um at 0.3V, the lowest Iorr
achievable at 0.5V is 1nA/um. Another major difference is
that Het-j TFET has lower total gate-capacitance than Si
MOSFET due to low density-of-states (DOS) of the InAs
conduction band. This is an important factor for lowering
dynamic power and circuit delay.

D. P-TFET CHARACTERISTICS

Some materials such as Si, Ge and GeSn show compara-
ble I-V characteristics for both P-TFET and N-TFET. But
although Het-j N-TFET is capable of steep SS, II-V
P-TFET designed without optimized source doping has just
SS~60mV/dec. This is due to large Fermi degeneracy of
the source creating a region where SS is determined by the
thermal tail [12]. It is possible to improve Het-j P-TFET SS
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FIGURE 5. 1-V characteristics of P (dashed red line) and N (solid red line)
type Het-j TFET compared to MOSFET (black line) at two different IOFF
targets. (a) 10 pA/um. (b) 1 nA/um. Whereas high source doping

(~7e19) is used for N-TFET, optimum source doping of 1~2e19 is used for
P-TFET. Depending on specific IOFF and VDD target, P-TFET drive current is
0.5~1x of N-TFET.

by lowering source doping, and thus the Fermi degeneracy.
However, the doping level has to be carefully designed,
so that the electric-field does not decrease significantly
at the source-channel junction and lower the drive-current.
Fig. 5 shows that an optimum level of source doping lies
around 1~2e19cm~3 for Het-j P-TFET. Especially for lower
Iorr targets, P-TFET can have comparable drive-current to
N-TFET. And for most relevant Iopr and Vpp target ranges,
P-TFET would be no less than 0.5x the drive current of
N-TFET. Although this is not preferred, it is not a major
limitation for the design of complementary TFET circuits.

lIl. CIRCUIT POWER-PERFORMANCE

A. CIRCUIT MODELS AND POWER PERFORMANCE
COMPARISON

Lookup table based SPICE models generated from cur-
rent and capacitance characteristics of atomistic models of
the nanowire Lg=13nm ITRS 2018 technology node are
used to simulate fanout=4 (F04) inverter circuits. To com-
pare power-performance of CMOS and TFET logic, V¢ and
Vpp are used as free parameters [8]. To combine leak-
age power and dynamic power components, activity factors
are used which represent different product usage scenarios.
As explained in Section II-D, Het-j P-TFET drive currents
are between 1x and 0.5x the Het-j N-TFET drive currents,
depending on the operating region. To emphasize two pos-
sible extremes, we focus on two pull-up transistor options:
(a) an ideal P-TFET with current symmetric to Het-j N-TFET
and (b) a PMOSFET paired with a Het-j N-TFET. Whereas
option (a) is plausible in some operating regions, option (b) is
more realistic for high Vpp and Ippp conditions.

Fig. 6 shows a power-performance comparison for the
ideal case (option (a)). In contrast to CMOS, TFET logic
cannot achieve very high performance and so the ITRS
High Performance target (Vpp~0.73V) is well beyond the
TFET-CMOS crossover point. However, the ITRS Low
Operating-Power target (Vpp~0.57V for ITRS year 2018),
which is most important for products requiring especially
low dynamic power (~CV?2), is very close to the crossover
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FIGURE 6. (a) Comparison of CMOS (solid line) and TFET (dashed line)
minimum energy versus delay curves for 0.1% (left) and 10% (right) logic
activity factor (AF). (b) Vpp and (c) /g at the optimum energy points.
Note that Vpp and Iggf at the energy crossover points are shown with
arrows. (d) TFET logic energy savings compared to CMOS, assuming the
pull-up transistor is either a P-TFET symmetrical to Het-j N-TFET (red) or

a PMOSFET (green). Average savings over four different operating regions
is 64% for symmetric case and 21% for pMOS pull-up case.

point with Ippr ~1nA/um. For designs that require even
lower power, TFET power can be about 1/2 to 1/4 the
total CMOS power with iso-performance at a 20ps~40ps
inverter delay range. For option (b), where a PMOSFET is
the pull-up transistor paired with a Het-j N-TFET, the het-
erogeneous pull-up and pull-down pair show ~3/4 of the
power of CMOS alone [Fig. 6(d)].

B. EFFECT OF DEVICE VARIATION
Effects of device variations on I-V characteristics are stud-
ied assuming 10% variation for device dimensions and
Avy¢~1 for work-function variation (WFV) [13]. With pre-
dicted process variation levels, WFV is the leading source
of variation for both MOSFET and TFET. The TFET is
more susceptible to higher leakage current variation, but the
MOSFET’s drive current variation is larger. Note that in the
case of significant improvement in WFV, TFET would have
higher device variation than MOSFET because TFET’s sec-
ondary sources of variation, such as source random dopant
fluctuation (RDF), are larger than those of the MOSFET.
The effect of device variations on circuit power-
performance is projected by Monte Carlo simulation of
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FIGURE 7. Power-performance without (thin lines) and with (thick lines)
device variations is shown for a 10% logic activity factor. TFET energy
savings are slightly lowered with variations.

circuits with random V; modeling. Supply voltage and
Iopr, are treated as free variables for variation-aware Vpp
and V; optimization. The optimum Vpp increases for both
devices due to increased degradation of performance at
low Vpp, highlighting obstacles facing low-voltage logic.
When variations are included, TFET logic still shows better
energy-efficiency than CMOS, but the energy savings are
reduced from 76% to 54% for the case where AF=10% and
delay=40ps (Fig. 7).

IV. DEVICE AND DESIGN CHALLENGES

A. SS DEGRADATION DUE TO NONIDEALITIES

Results presented in previous sections assume an ideal
semiconductor bandstructure with no defects within the
semiconductor body or at the gate oxide interface, and no
band-tails extending into the bandgap. In actual semicon-
ductor materials, the crystal structure has non-uniformities
such as vacancies, interface states and impurities including
dopants that are implanted as part of the desired structure.
The main consequence of these non-uniformities is to add
new electron/hole states inside the ideal bandgap, weaken-
ing the energy filtering which the TFET uses to achieve
steep SS.

Defects can be modeled by introducing trap states into
the existing band structure and allowing transport through
these states having trap lateral size and energy spectrum
varying with the defect type (Fig. 8). Not all traps have
equal effect on TFET sub-threshold and off-current char-
acteristics. The TFET is more susceptible to trap-induced
degradation than the MOSFET, if the location and energy of
the traps are assumed closer to N-TFET’s worst case point
such as inside the channel with energy levels 0.1~0.2V
below the conduction band [14]. However, this issue is
not limited to the TFET; the same trap-assisted tunnel-
ing process would cause leakage issues in a MOSFET
through the GIDL (gate-induced drain leakage) process when
traps are extended along the channel-drain junction of the
transistor. Thus, the specific energy and location distribu-
tion of traps in the experimental devices will determine the
level of SS degradation in the MOSFET and TFET I-V
characteristics [15].
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FIGURE 8. Average channel potential along the TFET transistor is shown
for Vps = 0.3 Vand Vg = 0 V. A defect center that is close to conduction
band (red dot), increases leakage tunneling current significantly due to the
short distance to source and drain and possible scattering to the
conduction band. Tunneling through a defect at other energy and spatial
points (e.g., the green dot on the figure) will have a much smaller effect
due to the still insignificant tunneling rate at long tunneling distances.

Some experimental publications suggest, through
temperature-dependent measurements, that the main reason
for degraded TFET SS is the trap-assisted tunneling, which
is in line with the theoretical studies [3]. The issue is
inflated by the fact that the materials required for high
drive-current TFETs are not the conventional Silicon,
but instead are more novel materials that currently have
high bulk and interface defects, and are yet to reach the
maturity of Silicon. The experimental realization of TFET’s
significant SS advantage over MOSFET strongly depends
on progress in the quality of these novel materials.

Another non-ideality concern is the density-of-states
(DOS) extending in to the bandgap (band-tail) due to high
doping density. This effect is due to the non-homogenous dis-
tribution of dopant atoms, creating different local potentials
than that of a homogenous distribution. When statistically
modeled over large areas, this effect can be represented as
an exponential decay of DOS into the bandgap [16]. Since
the TFETSs considered for future technology nodes have very
small cross-sections (Snm NW), the averaging effect is not
valid. A more appropriate approach is to consider this issue
as a part of source doping variation and study its effect on
Iopr variation. Although a more thorough analysis requires
atomistic modeling of dopant atoms, here a 30 case of ran-
dom dopant defined source region potentials is studied to
understand the effect of high-doping induced potential vari-
ation on TFET characteristics (Fig. 9). Results show that
although TFET leakage current increases for this case study,
the increase is significantly lower than any Iopp increase due
to 30 V; variation, implying that the high-doping induced
band-tail is not the most critical issue TFET is facing. This
statement is true for a high quality epitaxial layer where
dopants are at the interstitial locations; defect generation
due to heavy doping implant or low-quality epi-growth is
expected to bring the same problems as those the presence
of traps creates.
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FIGURE 9. (a) Source doping profile and (b) its effect on I-V
characteristics are compared for the ideal (red) and a 3 sigma random
doping distribution case (blue). Even with such a significant tail case,
increase of leakage current is much lower than expected from standard
device parameter variation cases such as WFV.

Other sources of recombination/generation mechanisms
(such as SRH) are also sources of leakage and strongly
depend on the material quality.

B. SCALING REQUIREMENTS

In TFETs with narrow bandgap and long gate-length,
ambipolar leakage is the main reason for SS degradation
and high-Iorr. However, in short gate-length TFETs, the
shorter tunneling path between source and drain aggravates
direct source-to-drain tunneling leakage, while the increased
bandgap due to confinement reduces the ambipolar leak-
age problem [Fig. 10(a)] [17]. Unlike in the MOSFET,
oxide scaling does not improve short-channel-effects in
the TFET significantly; instead body thickness scaling is
the most important parameter. This is illustrated clearly
in Fig. 10(b), when the device geometry is changed from
double-gate to a gate-all-around. Although MOSFET sub-
threshold characteristics do not improve because they are
already close to ideal, the TFET improves significantly.
Thus, the body thickness requirement is much tighter for
TFET than MOSFET, with 3nm nanowire recommended for
Lg = 9nm. As Lg scaling continues, two-dimensional semi-
conductors with intrinsically superior electrostatics may be
the better choice for TFETs [18].

C. TFET CIRCUIT LAYOUT ISSUES

The main challenge for TFET circuit layout arises from
non-identical TFET source and drain contacts which require
different doping type (p vs. n), doping levels (high vs. low)
and materials (GaSb vs. InAs). This device design can
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FIGURE 10. (a) Band diagram for a Lg = 13 nm Het-j TFET with an
undoped drain underlap, showing leakage current tunneling path directly
from source to drain and no ambipolar leakage path at Vpg = 0.3 V and

Vg = 0 V. (b) I-V characteristics after V; adjustment for L = 9 nm TFET and
MOSFET, each with DG and NW geometries. NW geometry provides better
TFET characteristics whereas MOSFET is unchanged.
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FIGURE 11. (a) In order to process source and drain of a TFET separately,
a lithography step with overlay alignment within the top of the gate and
spacer region is required. (b) For logic circuits that have a serial
connection of the same type of transistors (N or P), the TFET requires an
additional contact region to accommodate connection of the drain of one
transistor to the source of the other transistor.

i-InAs

(a)

be fabricated using separate lithography steps for source
and drain followed by etch and regrowth of the desired
material. Overlay alignment of these lithography processes
must stay within the width of the top of the gate, with-
out encroaching the opposite contact for a £Pitch/4 overlay
requirement [Fig. 11(a)]. According to the ITRS Roadmap
for 2018 technology node, the quarter pitch requirement is
equal to £7.5nm. This tight alignment rule may be a yield
and cost concern for the TFET compared to the MOSFET,
which does not require the different n+/p+ S/D.

The asymmetry of TFETs also has consequences for cir-
cuit layout density. Logic gates routinely require two or
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more N-type or P-type devices to be connected in series
(i.e. the drain terminal of one device is connected to the
source terminal of another device). This circuit arrangement
has an efficient layout in a MOSFET technology because
the source-to-drain connections of two series MOSFETs can
share a single contact. This layout, however, is not possible
with TFETs because the source drain contacts use differ-
ent materials [Fig. 11(b)]. As a consequence, extra space
is needed to achieve a series of two TFETSs source-to-drain
connection, reducing the density of basic TFET logic cells
by an amount strongly dependent on the specific design rules
of the technology node.

Although a vertical transistor architecture is possible for
building TFET circuits [3], [4], this approach has its own
challenges including the design and fabrication of the bot-
tom contact. In this paper, we considered the conventional
horizontal transistor architecture, which is a less disruptive
approach to implement with respect to the state-of-the-art
CMOS baseline.

D. CONSEQUENCES FOR UNI-DIRECTIONAL
CONDUCTION

In contrast to MOSFETs which have symmetric I-V behav-
ior, the TFET’s source-channel-drain P-I-N structure results
in vastly different I-V characteristics with positive or neg-
ative Vpg bias. An N-TFET with low negative Vpg bias
has low conduction because the intrinsic P-I-N diode is
forward biased below its turn-on voltage. An analogous con-
dition exists for the P-TFET under positive Vps. This Vpg
dependence results in devices that only substantially conduct
with a single Vpg polarity. As a consequence, for circuits
whose operation requires bidirectional conduction, alterna-
tive topologies are required (See for example 6T SRAM
cell [19]).

The Vps dependence can result in subtle circuit differ-
ences as well. In both CMOS and TFET logic, switching
voltages on wires and transistor terminals can capacitively
transfer charge and create transient noise voltages. In CMOS,
the charge transferred can be discharged though a MOSFET
under both positive and negative drain-source biases, lim-
iting noise voltage magnitude and duration. But in TFET
logic, when the noise voltage forward biases its P-I-N struc-
ture (e.g. negative Vpg for N-TFET), the TFET has low
conduction and cannot quickly dissipate the charge. The
voltage on the signal may transition substantially above
Vpp or below ground [20] and may cause timing errors
and reliability concerns if not properly handled by design
techniques. Reliability concerns need further study but are
minimal because of TFET’s lower supply voltages compared
to those for conventional CMOS.

In other circuits, logic gates can benefit from uni-
directional conduction. TFET’s conductivity asymmetry with
Vps enables design of new MUX circuits with fewer tran-
sistors, lower power and better performance than CMOS
implementations [20]. It remains to be seen if benefits
from such circuits can compensate for the other problems
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caused by source and drain asymmetry. Yet, the TFET’s
unique I-V characteristics opens up new avenues for circuit
designers to make novel and significant improvements.

V. WHAT DOES TFET OFFER FOR PRODUCTS

The power-performance characteristics of the TFET present
not only the opportunity of power reduction through low
voltage operation but also present the challenge of meet-
ing requirements on die size and peak performance. Clearly,
chips only requiring frequencies lower than the TFET-CMOS
crossover frequency can benefit from a TFET implementa-
tion, since for these frequencies the TFET provides lower
power at iso-performance or higher performance at iso-power
[Fig. 12(a)]. Also, an opportunity exists to provide benefits
in higher performance products where the computation plat-
forms impose a maximum power budget on the integrated
circuit. For example a thin fan-less tablet computer can only
dissipate so much power before it is too hot for handheld use.
For these power-limited systems, increasing performance
per Watt by reducing Vpp is essential for increasing total
performance. This remains true even if operating frequen-
cies decrease [Fig. 12(b)]. Without minimizing performance
per Watt, it may not be possible to continuously power the
entire integrated circuit. TFETs provide an option to enable
continued voltage scaling for logic and a solution to this
‘Dark Silicon’ problem [21].

When considering die size and cost, the choice between
MOSFET and TFET becomes more complicated. For appli-
cations that are efficiently parallelizable, a tradeoff exists
between core count and core voltage (or frequency).
Operating a circuit at a low frequency and low voltage
improves performance per Watt but decreases performance
per area (i.e. more cores are needed for iso-performance).
For applications that are not entirely parallelizable, heteroge-
neous integration of high frequency CMOS cores with TFET
cores was proposed as an effective approach [21].

The use of Turbo mode voltages in products presents
another important challenge for the application of TFETs.
In state-of-the-art CMOS, providing a short burst of high
voltage/high frequency operation provides brief bursts of per-
formance and side steps the steady-state thermal budgets or
the need to grow die size. Due to the limited drive-current
of TFET, CMOS provides higher peak performance for the
high voltage Turbo mode operation.

VI. CONCLUSION

Device models generated from atomistic simulations are
used to compare power-performance of CMOS and TFET
logic. GaSb/InAs P-TFET drive-current is 1x to 0.5x of
its N-TFET counterpart depending on the operating region.
The complementary-TFET logic consumes only 54% of total
CMOS power at iso-performance for the case where AF is
10%, circuit delay is 40ps and the effects of variation is
included. There are many challenges to realizing TFETSs in
products including i) the requirement of high quality III-V
materials and its oxides to remove the effects of trap-assisted
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FIGURE 12. (a) Frequency of example CMOS and TFET logic is shown as

a function of Vpp. TFET can operate at higher frequency than MOSFET with
a Vpp below the crossover point. (b) Energy efficiency including leakage
power of the logic operation versus Vpp. TFET's higher performance per
watt than near-threshold CMOS means higher throughput is possible with
parallelization in power-limited applications.

tunneling and ii) very thin body dimensions to achieve good
electrostatics. Also, TFET’s layout density and circuit relia-
bility issues due to its source/drain asymmetry need special
attention. If these can be solved, TFETs offer longer battery
life at a cost of some chip area, especially for extremely
parallelizable products.
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