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Low-Voltage Tunnel Transistors
for Beyond CMOS Logic

The use of interband tunneling to obtain steep subthreshold transistors

at less than 0.5 V is described in this paper; underlying theory, key

parameters, and optimization of performance are discussed.

By ALaN C. SEABAUGH, Fellow IEEE, AND QIN ZHANG, Member IEEE

ABSTRACT | Steep subthreshold swing transistors based on
interband tunneling are examined toward extending the per-
formance of electronics systems. In particular, this review
introduces and summarizes progress in the development of the
tunnel field-effect transistors (TFETs) including its origin, cur-
rent experimental and theoretical performance relative to the
metal-oxide-semiconductor field-effect transistor (MOSFET),
basic current-transport theory, design tradeoffs, and funda-
mental challenges. The promise of the TFET is in its ability to
provide higher drive current than the MOSFET as supply volt-
ages approach 0.1 V.

KEYWORDS | Subthreshold swing; tunneling; tunneling
transistor

As the end of miniaturization approaches for com-
plementary metal-oxide—semiconductor (CMOS) tech-
nology, the search for devices to extend computer
performance is on. This new technology must be energy
efficient, dense, and enable more device function per unit
space and time. There are many device proposals, often
involving new state variables and communication frame-
works as discussed in recent reviews by Solomon [1],
Galatsis [2], and Chen [3]. In this paper, we examine a
subset of beyond CMOS technologies, those that compete
directly with the MOS field-effect transistor (FET) in
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power, area, and speed, in a commercial temperature
range 0 °C-75 °C, and in a von Neumann architecture.

These devices are aimed at supply voltages less than
a 0.5 V, enabled by a lower subthreshold swing. In
the metal-oxide—semiconductor field-effect transistor
(MOSFET), the subthreshold swing is limited by the
Boltzmann distribution of carriers to 60 mV/decade of
channel current at room temperature. Switching mechan-
isms that can achieve less than 60 mV/decade in a FET
structure include tunneling [4]-[6], impact ionization
[7]-[10], ferroelectric dielectrics [11], or mechanical gates
[12]-[14]. Here, we focus on the tunneling field-effect
transistor (TFET) because it can be controlled at voltages
well under a volt and does not have the delays associated
with positive feedback that are intrinsic to impact ioniza-
tion, ferroelectricity, and mechanical mechanisms.

Our treatment begins with the origins of the device
[15] and the physics of operation. We then compare the
demonstrated and projected TFET characteristics against
current 32-nm CMOS technology to compare with the
state-of-the-art. Next, we derive, repair, and add to the
analytic tunneling formulas used to guide TFET design in
bulk and 1-D structures. Finally, we review TFET design,
scaling, and fundamental challenges.

I. INTRODUCTION

The operating principles of the TFET can be understood
with the aid of the energy band diagram and device cross
section of Fig. 1. This energy band diagram is computed for
a graphene nanoribbon (GNR), but is a good illustration of
the band profile for an ultrathin body, sub-10-nm,
semiconductor transistor. With source and drain contacts
and no gate, an abrupt p™n™ junction is shown in Fig. 1(a)
with a tenth volt drain bias. Channel current flows by
Zener [16] tunneling from valence band to conduction
band. With a gate aligned to the p*n™ junction and a metal
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Fig. 1. Energy band diagram and layer structure for an nTFET
consisting of an n* source (5), p* drain (D), and gate (G). In (a) the Zener
tunneling p*n* channel is shown under 0.1-V bias without a gate.

In (b), the gate fully depletes the channel at zero gate potential creating
a normally off device. In (c), a positive gate voltage turns the channel
on with current set by the overlap of valence band electrons with
unfilled conduction band states.

work function selected to fully deplete the channel this
nTFET is configured for normally off, enhancement-mode
operation [Fig. 1(b)]. Positive gate voltage shown in
Fig. 1(c) reengages the Zener tunneling and the transistor
turns on with a saturated current set by the gate-to-source
voltage. The transistor is fully depleted without gate bias.
In turning the transistor on, the gate bias lowers the
vertical electric field normal to the gate, opposite to the
case of the MOSFET where the effective mobility degrades
with increasing vertical field. This embodiment of the
TFET can be expected to have lower Coulomb scattering
than a MOSFET or a p—i-n TFET.

The TFET has the basic attributes needed for a comple-
mentary logic technology in a Boolean logic architecture.
The transistor has current gain, voltage gain, and input—
output isolation. The current saturates with the saturation
set by the source injection. Unlike the MOSFET, the n and
p devices carry the same current if they use the same
tunnel junction, therefore equal gate widths give equal on
currents and symmetric layouts are possible. Since the
Fermi tail is cutoff by the bandgap the subthreshold swing
is not limited to 60 mV/decade and the oFrF-current can be
significantly below that of the MOSFET. As will be dis-
cussed in Sections IV and V, there are additional consid-
erations in particular cases and geometries, which place
limitations on these general statements.

The first investigation of a transistor containing the
basic elements of the TFET was conducted by Stuetzer [17]
in 1952, predating even Esaki’s discovery of p—n interband
tunneling [18]. Stuetzer showed the ambipolar nature of
the current—voltage I-V, in the field gating of a lateral Ge
p-n junction. He was also able to show the dependence of
the transistor characteristic on gate placement with re-
spect to the p—n junction. In 1977, Quinn et al. [19] pro-
posed the formation of a surface-channel MOS tunnel
junction by replacing the n-type source of an n-MOSFET

with a highly degenerate p-type source. Their device
geometry, the configuration of a lateral TFET, was in-
tended for measurement of subband splitting and transport
properties of tunneling between a bulk source and a 2-D
surface channel. The first vertical TFET appears to have
been proposed by Leburton et al. [20] with the aim of
creating a high-speed transistor in which the gate was used
to control the negative differential resistance (NDR).

In 1992, Baba [21] independently proposed the lateral
TFET structure of Quinn for a transistor also designed to
use the gate to control the NDR. This transistor was named
the surface tunnel transistor (STT). The first observation
of room temperature NDR in the STT was reported by
Uemura and Baba in GaAs [22] in 1994. The STT was
demonstrated in Si [23] in 1995 by Kawaura, and in 1996, a
silicon-on-insulator (SOI) STT was demonstrated by
Omura [24]. Neither of these STTs showed NDR at room
temperature. In Si, room temperature NDR in the STT was
demonstrated by Koga and Toriumi [25], [26]. Compound
semiconductor STTs with both regrown GaAs and
Ing,GapgAs tunnel junctions were demonstrated by
Uemura and Baba [27] in 1996, and in the following
year, current densities over 1 mA/um2 in Ings3Gag 47As
TFETs on InP [28] at room temperature were shown. Self-
aligned regrowth processes [29] were developed in 80-nm
gate-length TFETs [30] by Chun in 1999 and 2000. The
focus of the STT in this period was on field control of the
Esaki, forward-biased characteristic of the tunnel junction
and in ways to utilize the NDR characteristic.

In 1995, Reddick and Amartunga [31] proposed gating
of the reverse, Zener-tunneling current of the STT, or
TFET, as a means to achieve better scaling due to the
absence of “punch-through.” Hansch et al. [32] in 2000
proposed and fabricated a Si vertical TFET to also gate the
Zener side of the tunnel junction and noted its potential
for low oFF-current relative to the MOSFET. In 2004,
Aydin et al. [33] reported the characteristics of a lateral
SOI embodiment of the TFET.

The first discussion of low subthreshold swing in the
TFET appeared in 2004 by Wang [4], Bhuwalka [5], and
Appenzeller [6], but was certainly being considered in
many groups. Zhang [34] derived an analytic expression
showing how the gate controls both the internal field of the
tunnel junction and the band-to-band overlap, giving rise
to less than 60-mV/decade swing at room temperature.
Interest in TFETs has risen steadily over the past six years.
At this writing, less than 60-mV/decade subthreshold
swings have been reported in only a few TFETs based on
carbon nanotubes (CNT) [6], [35], Si [36]-[39], Ge [40],
and p*tGe/n*Si [41] channels.

II. TFET STATUS

Before looking deeper into the TFET it is illuminating to
compare the experimental and projected state-of-the-art in
TFETs against CMOS technology. For this comparison,
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two figures have been prepared. The first, Fig. 2, compiles
measured n- and p-channel TFET drain current per micron
gate width Ip/w versus gate-to-source bias Vg, for a given
drain-to-source bias Vpg, against 32-nm node CMOS [42].
For CMOS, both high-performance (HP) and low-power
(LP) technologies are shown (dashed lines); these are
measured values. For the purposes of this comparison, only
TFETs that exhibit less than 60 mV/decade [6], [35]-[41]
or NDR in the tunnel junction in the forward current
direction [43] are included. While the TFET oN-current is
not dependent on gate length, the gate length is indicated
in the figure as well as gate oxide thickness or equivalent
oxide thickness (EOT), to provide a scale for the expe-
rimental report. The subthreshold swings demonstrated
thus far are not now in a current range of interest for either
HP or LP applications as the low swings typically occur at
less than 1 nA/pm. Also shown for comparison are
experimental results for Si impact-ionization MOSFETSs
(I-MOS) [8], [10] which show subthreshold swings of less
than 3 mV/decade for both n- and p-channel devices. To

plot these on the same scale as the TFETs and CMOS, the
source voltage is fixed at 5 V for the p-channel I-MOS and
—5.5 V for the n-channel transistor. These biasing re-
quirements raise the power dissipation and restrict the use
I-MOS in combinatorial logic, but clearly demonstrate
steep subthreshold swing.

The demonstrated TFETs of Fig. 1 show that, with the
exception of the Choi [36], the measured sub-60-mV/
decade swings occur at channel currents in the pA/um
range well below a typical transistor threshold voltage. The
preponderance of the reports are on Si where the
fabrication approaches for self-aligning the tunnel junction
to the gate are the most mature. The low tunneling currents
are an inherent difficulty in Si due to the relatively high
bandgap and low tunneling effective mass. Again, with the
exception of the Choi findings, the use of SiGe and Ge
heterojunctions improves the tunneling currents relative to
the Si reports, consistent with lowering the tunnel barriers
and tunneling masses in these materials. The CNT TFETs
[6], [35] are in transistor geometries designed to observe
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Fig. 2. comparison of published TFET channel current per unit width versus gate-to-source voltage for (a) p-channel [37], [39] and (b) n-channel
[6], [35], [36], [40], [41], [43] transistors. Included are devices that show a subthreshold swing less than 60 mV/decade or NDR in the forward
characteristics of the tunnel junction. Dashed lines bordering the shaded area indicate measured high-performance (HP) and low-power (LP)
32-nm node MOSFET technology [42]. The black dashed lines are measured characteristics for I-MOS transistors. For I-MOS, to plot on the same
scale, the source voltage is shifted and the Vs indicated should be added to the listed source voltage to get the true gate-to-source voltage.
The acronyms SG, DG, and MuG mean single, double, and multigate, respectively. All measurements were reported at room temperature. The CNT
TFET drain current per unit width was computed by dividing the measured current by 10 nm as a representative effective tube pitch.
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Fig. 3. Comparison of simulated TFET channel current per unit width versus gate-to-source voltage for (a) p-channel and (b) n-channel transistors.
Light dashed lines bordering the shaded region indicate experimental high-performance (HP) and low-power (LP) 32-nm node MOSFET
technology. Other notation in the figure includes SG for single gate, DG for double gate, GAA for gate-all-around, LER for line-edge roughness,
and the numbers are for the drain-to-source voltages Vs. The GNR currents are given per unit ribbon width.

the low swing, using electrostatic doping to form the tunnel
junctions, and not optimized for high current drive. The
InGaAs TFET [43] showed NDR in the forward direction,
but did not show a sub-60-mV/decade swing; this was
attributed to a parasitic tunneling mechanism involving
traps in the source tunnel junction.

A second figure provides the same plot of Ip/w versus
Vis for the theoretical TFET reports across material sys-
tems [5], [44]-[57] versus 3-nm CMOS technology. The
simulations range over a wide space, but are overall con-
sistent. Higher oN-currents at lower voltages are obtained
in the lower bandgap materials like Ge [45], InAs [49] and
in GNRs [44], [50]. Heterojunction systems like SiGe/Si
[46], AlGaSb/InAs [52], [55], and AlGaAsSb/InGaAs [56]
boost the oN-current. The wide range of TFET character-
istics are clearly apparent. These variations are generally
consistent with a wide design space that includes the
transistor geometry (gate-all-around, double gate, or single

gate), in-line or perpendicular gate orientation with re-
spect to the tunnel junction, tunnel junction doping level
and profile, and dimensionality of the transport.

For the case of GNR TFETs, Luisier and Klimeck [50]
have considered how the edge roughness affects the orr-
current of the transistor. The edge roughness is parame-
terized by a line edge roughness (LER) probability, and the
variation in the transfer characteristic with LER is in-
dicated Fig. 3(a) by the dark dashed lines. For clarity, the
n-channel plot [Fig. 3(b)] shows only the perfect GNR
TFET from Luisier and Klimeck.

ITI. TFET ANALYTIC THEORY

Zener tunneling, electrons passing “from one ‘energy
band’ into another,” was first introduced by Clarence
Zener in 1934 [16] to explain dielectric breakdown, a pre-
cipitous rise in current as the field strength increases.
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Specifically, in a heavily doped semiconductor p™n*
junction, electrons in the p+ valence band can tunnel
into the n™ conduction band under a reverse bias, an effect
now called Zener tunneling and the primary transport
mechanism in tunnel transistors. Zener tunneling current
is determined by integrating the product of charge flux and
the tunneling probability from the energy states on the p*
side to those on the n' side, where the tunneling proba-
bility is calculated by applying the Wentzel-Kramers—
Brillouin (WKB) approximation to the triangular potential
at the p™n™ junction.

This section derives analytic expressions for Zener
tunneling in bulk and 1-D semiconductors, which establish
the principles for tunnel transistor design. In this
treatment, isotropic bands are assumed for the conduction
and valence bands to keep the equations simple. Non-
parabolicity will raise the tunneling masses and lower the
currents (transmission coefficients) relative to the para-
bolic band dispersion. GNR tunneling is also discussed as
a special 1-D semiconductor. The current transport in
GNR tunnel junctions is compared against semicon-
ductor tunnel junctions. Finally, the definition of sub-
threshold swing is discussed and a practical definition is
proposed.

A. Zener Tunneling

In a reverse-biased heavily doped p*n't

junction,
shown schematically in Fig. 4(a), electrons at the valence
band of the ;0Jr side, tunnel through the forbidden gap into
the conduction band of the n' side. This tunneling
process can be approximated by a particle penetrating a
triangular potential barrier, with a height higher than its
energy by the semiconductor bandgap E; and a slope
given by the electron charge times the electric field g
[see Fig. 4(b)].

For bulk direct semiconductors, the total energy can
be divided into two parts E = Ex + E|, where Ex =

E.
272 272 272
Eg EC+hk;Y+hkf+hkf
2m,  2m; 2my
E, :
Epp s . , e
a X
0 d
272 272 272 (b)
: E_hkx_hkz_hkz
(2) "2m, 2m, 2m),

Fig. 4. (a) Zener tunneling in a reverse-biased p* n* junction for
bulk semiconductors and (b) the triangular potential barrier seen
by electrons tunneling in the x-direction.

h’kZ /2m} corresponds to the energy in the tunneling
direction and E; = h*(k% +k%)/2m}, is the transverse
energy which is conserved during the tunneling process,
h is the reduced Planck constant, and the reduced effective
mass m’ = (1/m: +1/m%,)”" averages both the electron
mjy and hole mj; effective masses. The wave vector in the
tunneling direction is given by

2" By — U()) W

kX(x) = 12

where U(x) is the potential energy profile. For a
triangular tunnel barrier as shown in Fig. 4(b), the
potential has the profile U(x) = E + qéx in the region
0<x<d, where d=E;/q{ and { is the maximum
electric field at the junction [58]. The wave vector is an
imaginary number when U(x) > Ey, and for the triangular
barrier, it is given by

"
2my

hZ

ky (x) = (—qéx —EL). (2)

The tunneling probability is calculated using the
WKB approximation [59], Twkp =& exp(—2 f(;i |kx (x)]dx).
Therefore

4./2mi(Eg + E,)*/?
TWkp = €xp (‘

3qh¢

+3/2
IS (R EVET 5 DY T R
o 3qh¢ E

where E = (qh¢)/(24/2m3Eg) is a factor, which deter-
mines the impact of the transverse-energy-state carriers
on the tunneling magnitude. The larger the factor E is, the
less the degradation of tunneling probability by carriers
with transverse energy we have. The effect on tunneling
by the transverse states is minimized by high electric
tield, small effective mass, and narrow bandgap.

The bulk Zener tunneling current density is calculated
by integrating the product of charge flux and the tunneling
probability from the Fermi energy at the p™ side to the
n't side [60]

= / / Quo e px (k). (ko )k 2rrk .

X (fV_fC)T\z}gKB (4)
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where vg(kx) = (1/h)dEx/dkx is the group velocity and
px(kx) =17 and p,(ky) =1/47* are the density of
states in the tunneling direction and the transverse
direction, respectively. The Fermi-Dirac distributions fy
and fc at the valence band of the p" side and
conduction band of the n' side are, respectively,
fo(E) = [1+ exp((E — qvi) /qV2)] * and  fu(E) = 1t
eXp(E/qVT)rl, where Vi is the reverse bias, Vr is the
thermal voltage, kT/q, and k is Boltzmann’s constant. To
simplify the calculation, fy — fc ~ 1 is assumed and then
PP = (qmy /2w R [[ T3y exp(—E. /E)dE | dEx. Integrat-
ing Ex from 0 to gV, E; from 0 to gV — Ex, and assuming
E < qWr

12 3¢¢h

2L REV, 4,/ 2m-E?
PP = mrq EVk ol — R°G | (5)
87T2H2EG

Equation (5) is lower than Sze and Ng’s equation [61] by a
factor of 2 in the prefactor. This appears to be an error
propagated from prior book editions, as there is no
reference to an original derivation.

Although (5) is derived for direct semiconductors, it
also fits well to indirect semiconductors [62]. Using (5),
the dependence of tunnel current density on reverse bias is
computed versus junction internal field for Si and Ge
(Fig. 5). For the case of Si, measurements were taken from
eight different p™n™ tunnel junctions [63], [64] spanning
over eight orders of magnitude in current density.
Equation (5) is in excellent agreement with the measure-
ments using only the tunneling reduced effective mass as a
fitting parameter and the maximum electric fields cal-
culated from the measured doping profile. For the Ge case,
the maximum electric field £ in (5) is calculated assuming

10°f 1
L ¢ o ]
10°f 1
. 4 nm/decade abrupt
S L -
< 107t 1
€ L 4
< 107 1
g L i
& 10° m i
\ L O Stock & Isaac [63] 4
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2[ ]
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0 1 2 3 4

Electric field (MV/cm)

Fig. 5. Zener tunneling current density per volt of reverse bias
versus electric field for Si and Ge tunnel diodes. Close agreement is
obtained between (5) and measurements with a fitted effective mass
of 0.16 my, for Si and 0.02 m, for Ge.

abrupt doping, because of lack of information on the
doping profile, so the calculated current density is slightly
higher than measurements [65]-[67]. If a 4-nm/decade
dopant slope is assumed, the Ge data point [68] will shift
to the calculated curve, as the electric field decreases from
2.8 to 1.6 MV/cm.

B. 1-D Zener Tunneling

For a 1-D direct bandgap p*'n™ junction, the transverse
energy is quantized and included in the increased bandgap.
Substituting E; = 0 in (3), the tunneling probability in a
1-D direct semiconductor is given by

4,/2mE?
Tk = €XP <——RG . (6)

3qh¢

Similar to bulk Zener tunneling, the 1-D Zener tunneling
current is also calculated by integrating the product of
charge flux and the tunneling probability from the Fermi
energy level at the p™ side to the n™ side

P = /qu(kX)p(kx)(fv — fo) Tk dks
qz 1D 1 Vk
— %T\VKBVT lIl <2 (1 + COSh VT> > . (7)

This derivation is given in the Appendix. If Vg > Vr,
the tunneling current can be expressed as
'’ = (¢*/mh)TWxp(Vk — Vr) In(4). Further, at temper-
ature T = 0 K (Vr = 0 V), the current is proportional to
the reverse bias I'" = (¢*/mh)T\{xpVk, similar to the
Landauer expression [69].

C. Zener Tunneling in GNRs

The GNR is a special 1-D semiconductor material in
which the E-k relation is not parabolic but given by
E = +hvp\/k% + K2 [70]. The subscript n refers to the nth
subband, vr is the Fermi velocity, equal to 108 cm/s [71],
and k, is the nth transverse wave vector k, = nmw/3w [72],
which is quantized by the ribbon width w, so that the
bandgap is inversely related to the ribbon width
Eg = 2hvpk; = 27thvg/3w = 1.375/w [73]. Here, an imag-
inary bandstructure calculation is used to better treat the
band-to-band tunneling transport [74].

The first-subband imaginary-energy-dispersion relation
of a GNR is shown in Fig. 6, computed by a tight-binding
simulation. This simulation is in agreement with the

analytical expression E™ = :l:\/—(h\lplix)z + (Eg/2)%,

where E™ is the energy in the bandgap and kx = ik, is
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Fig. 6. Tight-binding energy dispersion relation of the first subband
of a GNR with a width of 15a, where a = 0.246 nmis the lattice constant
of graphene. The solid lines are the real E-k relation and the dots

are the imaginary E-k relation in the bandgap. The dashed lines show
that the analytic imaginary E-k relation is in good agreement with
the tight-binding simulation. This unpublished simulation is courtesy
of Tian Fang, University of Notre Dame.

the imaginary wave vector. The potential barrier seen by
carriers for tunneling with energy E is

EG im
?—|E | =

Eg
2

where

pox = (/) (B /2)? — (Bclx) — B — Eo/2)

and
TGV (E) = exp <2 / Kx dx>

2
= exXp| — ﬁ_\)F
Xp

X /\/(Ec/z)z—(EC(x)—E—EC/Z)Z dx).

Xp

9

Here x; is the initial position and x is the final position of
tunneling. Equation (9) can be used to calculate tunneling
probability at all energy levels, and can be implemented in
GNR TFET compact modeling.

For a reverse biased GNR p™n™ junction Ec(x) — E =
qéx = Egx/d, from Fig. 4, the tunneling probability has

been derived by Jena et al. [75]

GNR _
Twkp =

(10)

Note that the effective mass disappears in this expression
due to the special E—k relation of GNRs. The Zener
tunneling current has the same form as in a conventional
1-D semiconductor if only the first subband is considered
[see (7)], where Tixp = T\%}?(%.

Fig. 7 shows the room temperature tunneling current
per micron ribbon width as a function of the electric field
for different ribbon widths at a reverse bias of 0.1 V, using
(7) and (10). With a supply voltage of 0.1V, a tenth of the
MOSFET supply voltage, GNR tunnel junctions can
achieve a current density approaching 1000 pA/um with
an internal field of 4 MV/cm. At low electric field, the
transmission coefficient dominates; narrower GNRs with
larger bandgaps lead to lower tunneling probability and
lower current density. However, the current relationship
reverses at high electric fields where the 1/w dependence
of the charge flux term becomes dominant.

For a given internal field, set by the junction, there is an
optimum ribbon width that can be found by evaluating the
expression dJ/dw = d(T%,lf(%/w)/dw = 0. Here the opti-
mum ribbon width is w,, = \/273hvg/9q€ [75]. Jena [75]
shows that as the electric field ¢ increases from 0.5 to
5 MV/cm, the optimized ribbon width w,, monotonically
decreases from 9 to 3 nm.

—r T 1 rrr 1
charge flux
108} transmission dominates °.|
coefficient . ==
dominates',——"' 5 1
10]
g
<
210k T=300K 4
- V=01V ]
—w=3nm
-=5nm
-------- 10 nm
101 L L 1 1 L L L L 1 L L 1 1 1 1 L L L
0 1 2 3 4

Electric Field (MV/cm)

Fig. 7. Computed room temperature Zener tunneling current density
versus electric field and ribbon width in GNR p™n* junctions at a
reverse bias of 0.1 V.
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D. Zener Tunneling Versus Material
and Dimensionality

Fig. 8 compares the tunneling current per unit width as
a function of internal field for Si, Ge, InAs, InSb, and GNR
lateral tunnel junctions using the material parameters in
the inset table. For bulk semiconductors, a 2-nm channel
thickness is assumed and quantization is neglected. The
solid line, equation (5) shows that narrower band-gap
materials with smaller effective mass can achieve tunneling
current densities approaching that of a high-performance
MOSEFET. For the same electric field, Ge Zener tunneling
current is more than two orders of magnitude greater than
Si, while InAs and InSb are about three orders of magnitude
higher. The dashed lines show the higher current per ribbon
width of GNR tunnel junctions for widths of 3, 5, and 10 nm,
respectively, using (7) and (10), relative to low-mass
semiconductors, higher even than InSb which has a smaller
bandgap. The tunneling effective masses in group IV and
III-V materials depend on orientation and Fig. 8 sum-
marizes only the [100] direction.

It is interesting to see how Zener tunneling in semi-
conductors junctions differs quantitatively from GNR
junctions. For this comparison, the graphene ribbon width
is selected to give a bandgap equal to the semiconductor
bandgaps for InSb, InAs, and Ing4;GagssAs, Fig. 9.
Equation (3) is used to compute the semiconductor
transmission coefficient, with E; = 0, and (10) is used
to determine the transmission coefficient for the GNR. For
the same bandgap, the transmission coefficients for
graphene and the semiconductors are nearly the same.

T T
3| GNR w=3,5,10 nm ]
107 e emmmgERESEEERSEIITISTIIINE
1 InSb ,_-—/";_’-——/_—'__—:
10" InAs b
. V=04V i
— 1 0_1 InGaAs
£ i Ge )
= L /_
= Ez(eV) mg* my* mg"
;':_ 103+ GNRSnm 0275 - B B
= i InSb 017 0014 0015 0007 | |
- InAs 035 0023 0026 0012
10 InGaAs 074 0.041 0052 0023 |
L Ge 0.67 - - 002 |
7 Si 111 - - 0.16
10° - cf. www.ioffe.rssi.ru T
L s / i
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0 1 2 3 4

Electric Field (MV/cm)

Fig. 8. computed zener tunneling current density versus electric field
and semiconductor material at a reverse bias of 0.1 V. The solid line
shows the current per unit width for bulk semiconductors, assuming a
lateral junction depth of 2 nm ignoring quantization. The dashed line
shows the current per unit ribbon width of GNR tunnel junctions for
widths of 3,5, and 10 nm. The inset gives the material parameters used
in (5), (7), and (10); the reduced effective masses for Ge and Si were
obtained from the experimental data of Fig. 5 rather than from
calculation from the bulk masses. The GNR results are the same as
those plotted in Fig. 7; the widths of 3, 5, and 10 correspond to
bandgaps of 0.46, 0.28, and 0.14 eV, respectively.
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Fig. 9. Tunneling probability versus junction electric field comparing
bulk semiconductor Zener tunneling and GNR Zener tunneling with
the same bandgap, using (3) and (10). The solid lines are for InSh, InAs,
and Ing 4;Gag 53As tunnel junctions and the solid circles are for the
GNR tunnel junction.

This means that differences in current between GNRs and
semiconductors with the same bandgap must result from
differences in the source charge densities. Reconsidering
Fig. 8, a higher current per unit width is predicted for
graphene relative to InSb, indicating that a greater carrier
density is available for tunneling in graphene.

There is a benefit in going from bulk to a 1-D tunneling
transport that can be evaluated by comparing (5) and (7).
Silicon and Ge are used for the comparison; the bulk
transport uses a channel thickness of 2 nm while the 1-D
transport uses a 2-nm NW diameter. As shown in Fig. 10,

T
3
L ersarsrseserszorers
L AEG—O'...'.’__—::__ ____ ]
101 i - - - ]

al Si1D "]
= 10"
£ B AEG=0¢.¢"
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~ B / 702 b
10°L L7 1
| ,04ev
107 Si 3D,
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0 1 2 3 4

Electric Field (MV/cm)

Fig. 10. computed Zener tunneling current density versus electricfield
for Si and Ge at a reverse bias of 0.1 V, using (5) and (7) at O K. The solid
black lines show the current per unit width of a bulk semiconductor
with a 2-nm channel thickness. For the 1-D case, a 2-nm diameter is
used and the current per unit width is normalized by the diameter.
Increases in bandgap AE;, as can be expected from quantization,
decrease the 1-D current.
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the 1-D tunneling gives higher Zener tunneling current per
micrometer width than the bulk case. The effect of quan-
tization can be approximated by raising the effective band-
gap in the 1-D case; this increase is given in Fig. 10 by AEg.
As may be expected, quantization acts to reduce the 1-D
Zener tunneling current density. For Ge, the 1-D tunneling
current density can be higher than in bulk even with
significant quantization. However, the benefit of 1-D
tunneling versus bulk reduces inversely with the pitch, the
center-to-center distance between NWs. For a given pitch,
the effective 1-D current density in Fig. 10 must be scaled
by the ratio of two over the pitch given in nanometers.

E. Subthreshold Swing

The subthreshold swing is defined by S = (dlogIp/
dVgs) " in units of mV/decade, and in the MOSFET, it is
independent of Vgg below the threshold voltage. For the
TFET, the tunnel current can be described approximately
by (5) simplified as follows:

I = aVur€ exp (— g) (1)

where a and b are coefficients determined by the materials
properties of the junction and the cross-sectional area of
the device. Specifically, a = Aq®\/2m}/Ec/8m*h* and
b= 4,/2mLE/?
current expression of (11) with respect to the gate-to-

/3qh. The derivative of the tunneling

source voltage can then be used to determine an
expression for the TFET subthreshold swing [76]

1dvg &4b de ]

S =1n(10) |—
n( )VRdVGS & dVgs

(12)

There are two terms in the denominator of (12) that should
be maximized to achieve a low subthreshold swing. These
terms are not explicitly limited by kT/q. According to the
first term, the transistor should be engineered so that the
gate-to-source voltage directly controls the tunnel junction
bias or band overlap. This term suggests that the transistor
geometry is optimized by a gate with strong electrostatic
control, such that the gate directly changes the junction
reverse bias. Assuming efficient gate electrostatics using a
thin high-k gate dielectric and an ultrathin body, the gate
bias directly modulates the band overlap dVi/dVgs = 1;
this leaves the first term in the denominator of (12)
inversely related to Vgs. As a consequence, the subthresh-
old swing decreases as gate-to-source voltage decreases. A
second way that subthreshold swing is minimized is by
maximizing the second term in the denominator of (12).
This occurs when the gate is placed to align the applied

tield with the internal field of the tunnel junction. In this
way, the gate field adds to the internal field to increase the
tunneling probability.

Several ways to define subthreshold swing have been
proposed for the TFET [77], [78]. The most often used
method, as illustrated by the reports summarized in Fig. 2,
is to give the tangential inverse slope of the Ip—Vgs curve at
the steepest part of the characteristic. Bhuwalka [77] and
Boucart and Ionescu [78] have proposed a definition,
which will provide an average swing

Vg — Vi
g Vi — Vorr (13)
log(Itu/IoFr)

where Vry is the threshold and Vopr is the voltage below
threshold at which the current Iopp is a minimum. Here,
the problem is to define the threshold voltage and for this
the constant current method [79] can be applied. For
example, as in the MOSFET, the threshold current can be
defined as Ity = 1077 /Lg ampere, where the gate length
L is given in nanometers.

A new definition for the TFET threshold voltage, pro-
posed by Boucart and Ionescu [80], has the threshold
voltage defined as the voltage where the Ip—Vgs or Ip—Vgs
characteristic transitions between quasi-exponential and
linear dependence on the drain current. In this method,
two threshold voltages are determined. This definition has
the disadvantage that it depends strongly on the TFET
junction design and gate geometry.

We propose a practical definition for effective sub-
threshold swing which anticipates the voltage scaling
attribute of low-subthreshold-swing devices. First, define
the threshold voltage to be half the supply voltage, i.e.,
VTH = VDD/Z and ITH = ID(VGS = VDD/2) In this defini-
tion, the orF-voltage equals zero, the oFF-current becomes
the drain current at Vgg = 0, and the effective subthresh-
old swing is simply defined by S = Vpp/[2log(Itu/Iorr)]-
Basic direct current (dc) performance of the TFET is then
characterized by specifying oN-current, supply voltage,
and effective S.

IV. TFET DESIGN CONSIDERATIONS

In this section, the design considerations and tradeoffs for
TFETs are discussed beginning with an overview of the
geometrical considerations. Also covered in this section
are dependences on supply voltage, gate electrostatics,
source doping, mechanisms limiting oFF-state, and prog-
ress in circuit development. Factors that can degrade
swing, like interface trap density and phonon assisted
tunneling near turnoff are not treated here; more experi-
ments are needed to understand the physics of these
interfaces.
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Fig. 11. Single-gate lateral TFETs with n- and p-channels in
both on- and ofr-states.

The geometry of the TFET is illustrated in the
schematic cross sections of Fig. 11. In this ultrathin-body
TFET, a lateral p-n junction is formed with the gate
placed on the n or p side of the junction to form either an
n-channel transistor or a p-channel transistor. The metal
gate work function is chosen to fully deplete the channel in
the orr-state. In the on-state, the Zener tunneling is
enabled, and to achieve high current density, abrupt dop-
ing profiles are required with degenerate doping densities.
There is a tradeoff between the increased junction electric
field obtained by increasing the doping degeneracy and the
decrease in the band overlap as the degeneracy is
increased, and this depends on the channel material. The
doping must also be high enough to circumvent depletion
in the access regions. This leads to channel thicknesses in
the range 2-30 nm depending on the material with thicker
channels possible in the narrow gap materials.

In another common TFET embodiment, the p-i-n
channel profile, a MOSFET is converted into a TFET by
inverting the doping type of the source; see, for example,
[4]. The p—i-n TFET has a very different vertical field
dependence than the device of Fig. 11. In the p—i—n TFET,
the channel is an inversion layer, and like the MOSFET,
the vertical field increases with gate bias. Tunneling
from the source is from a bulk source into a 2-D channel.
In contrast, in the fully depleted TFET of Fig. 11, the work
function of the metal gate depletes the channel at zero gate
bias and as the gate bias increases the vertical electric field
is decreased to create a near-flatband vertical channel
profile.

The gate must be self-aligned to the junction in the
TFET. This is one of the key technical challenges. If the gate
is underlapped, i.e., the junction is moved out from under
the gate, the field control is degraded and sub-60-mV/
decade swing cannot be expected. If the gate is overlapped,
i.e., the junction is under the gate metal, then the field in
the oN-condition is acting to deplete carriers on the source
side of the junction, decreasing the tunneling injection.
The gate must be placed with a high precision approaching
that of the lateral potential variation length, which is typi-
cally less than 10 nm [81] in these heavily doped structures.

nTFETs - on state

G
S |[ox1[ D
(a) Lp+ n+ (b)
insulator insulator
n+ pocket D |,n+ pocket
G|/ EI G| oxide
S |[ox D | | I
y [S
© [P 1| (@) p+
insulator insulator
lateral vertical

Fig. 12. Two approaches for nTFETs. The upper row shows

(a) single-gate lateral and (b) double-gate vertical structures in which
the gate field originates from the surface, perpendicular to the
orientation of the tunnel junction internal field. The lower row nTFETs
have an n* pocket under the gate in a (c) lateral and (d) vertical
geometry. The pocket acts to increase the area of the tunnel junction
and aligns the tunnel junction internal field with the gate field to
lower the subthreshold swing.

Like the MOSFET, gate control in the TFET is im-
proved by moving from single-gate to double-gate geom-
etries as illustrated in Fig. 12(a) and (b). An approach to
increasing oN-current proposed by Hu [82] inserts a
degenerate pocket under the gate as shown in Fig. 12(c)
and (d). The pocket increases the area of the junction in
the oN-state increasing the current. It also assists a lower
subthreshold swing by aligning the gate field with the
internal tunnel junction field. This approach lends itself to
both lateral and vertical configurations. These configura-
tions illustrate basic configurations for the TFET; more are
sure to follow as processes are developed to minimize ac-
cess resistance, form abrupt degenerate junctions, self-
align the gate, and realize 1-D channels.

A. Supply Voltage

As gate length has scaled below 100 nm in the
MOSFET, voltage has remained close to 1 V and power
dissipation has become the performance limiter. Voltage
scaling into the 0.5-V range is now being discussed for
CMOS; see, for example, [83]. The primary benefit of the
TFET is to enable higher performance at low voltages.
Several groups have projected high-performance TFETs at
supply voltages under 0.5 V [46], [50]-[52]. Table 1 sum-
marized the referenced projections in bold compared with
1-V MOSFET technology. The gate capacitance Cg for the
TFET is computed for a 20-nm gate length, the computed
delay, and the computed power-delay product (PDP).

The low supply voltage used with the TFET is enabled
by the narrow bandgap materials. Table 1 gives a few
material options for TFETs with supply voltage below 0.5V
with potential for high performance with much lower
power consumption than the 2009 MOSFET [84]. The
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Table 1 Performance Comparison of the MOSFET at 1-V Supply With TFETs Operating Under 0.5 V. The Numbers in Bold Are Provided in the
Referenced Papers. Since the TFET on-Current Does Not Depend on Gate Length No Normalization Is Needed to Scale the on-Current;
the Gate Capacitance Used to Calculate the TFET Delay and PDP Are for a 20-nm Gate Length

Attribute MOSFET TFET
VDD (V) 1 0.4 0.3 0.2
LG (nm) 29 15 20 40
Channel si83] | Ge-si[46]] CNT [51] | Broken gap [52] | GNR [50]
ION (uA/um) 1210 400 400 550 225
CG (fF/um) 0.76 0.69 : - 0.69
7= CGVDDIION (fs) 628 690 100 120 613
PDP = CGVDD? (fJ/um) 0.76 0.1 0.012 0.020 0.028

TFET performance does not include parasitics, but is also
not optimized for the supply voltage. Silicon homojunction
TFETs do not appear in Table 1 because the oN-current is
too low to be of interest. This can be clearly seen from the
predicted TFET performances for Si shown in Fig. 3. Even
with 4 GPa of stress, strained-Si double-gate TFETs have
an order of magnitude lower oN-current than low-power
nMOS at 1 V [57]; see the data of Boucart [57] in Fig. 3.
Strain is still an important optimization parameter for use
in the heterojunction TFET, which enables oN-current
higher than nMOS at low voltages; see the data of Nayfeh
for a strained SiGe/Si heterojunction [46] in Fig. 3.
While most of the TFET materials shown in Table 1 are
new materials for CMOS integration, with the exception of
strained Ge-Si [41], methods to enable transfer of all these
materials onto Si are under development. For example,
techniques for wafer-scale alignment of semiconducting
CNTs have been demonstrated [85] and methods for
integration of III-V materials on Si continue to advance
[86]. With the integration of CNTs on Si it is not difficult
to imagine integration of graphene for very large scale
integration (VLSI) [87]. An additional fabrication chal-
lenge arises in the creation of a complementary technology
using heterojunction TFETs where the n- and p-channel
source-injector heterojunctions may need to be different to
maximize the oN-current and ON/OFF-current ratio. De-
signs have been proposed for both n [5], [46], [52], [53],
[56] and p [53], [55] heterojunction TFETs, but cost-
efficient integration approaches need more consideration.

B. Electrostatics

While the on-current in the TFET is insensitive to gate
length, the TFET has its own short channel effects. The
relevant length scale for the electrostatic potential in both
MOSFETs and TFETs is described by the electrostatic
length A. The electrostatic length characterizes the
distance over which the potential varies in the channel
exp(—x/\), where x is the position. Fig. 13 compares the
computed electrostatic length [88] by solution of the
Laplace equation for several FET geometries [89]. Smaller
electrostatic lengths are an indicator of better electrostatic
control. The improvements from SG to DG to GAA

geometries are by factors of 2 and 4 for the DG and GAA
relative to the SG. The electrostatic length does not vary
significantly with channel material, which can be observed
by comparison of the GAA Si NW simulation of Fig. 13
relative to the same calculation for InAs [81]. Fig. 13 also
shows that GAA NW and GNR have smaller electrostatic
lengths as may be expected from the closer proximity of
the gate to the free electrons.

With the confinement of carriers to 1-D wire and GNR
geometries, quantum confinement becomes important.
Quantum confinement raises the effective bandgap and
reduces the tunnel current. By moving to a staggered or
nearly broken gap heterojunction system a good compro-
mise can be found between strong current drive, quantum
confinement, and good electrostatic control [52], [81]. The
output conductance of the TFET depends sensitively on
the gate electrostatics and doping; see, e.g., [68].

Thanks to the aggressive scaling of MOSFETSs in recent
years, high-k gate stack technology is advancing and has
been incorporated into many of the TFETs that have exhi-
bited sub-60-mV per decade swings; see Table 2. The
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Fig. 13. Comparison of electrostatic scaling length ) versus
gate geometry in Si and GNR FETs. Acronyms: single-gate (5G),
double-gate (DG), extremely thin silicon-on-insulator (ETSOI),
gate-all-around (GAA), nanowire (NW), and GNR.
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Table 2 Gate Parameters for Experimentally Demonstrated TFETs With Subthreshold Swing Less Than 60 mV/decade

Author Ref. = Structure LG (nm) Gate dielectric EOT (nm) S (mV/dec)
Appenzeller 6 SG CNT 200 4 nm Al203 2 40
Lu 35 SGCNT 75 2 nm HfO2 0.3 50
Mayer 37 SG Si 100 3 nm HfO2 0.5 42
Jeon 38 SG Si 20000 HfO2 0.9 46
Leonelli 39 MuG Si 160 2 nm HfO2 1.3 46
Krishnamohan 40 DG Ge 1000 35 nm SiO2 35 50
Kim 41 SGGe/Si 5000 3 nm SiO2 3 40

equivalent oxide thicknesses (EOT) for the TFETs utilizing
high-k dielectrics are below 2 nm. Thus far, low subthresh-
old swings are not demonstrated on any III-V channel
TFET. Experiments by Mookerjea et al. [90] on vertical
InGaAs TFETs indicate that interface traps at the high-k
Al,O3/InGaAs are responsible for the degradation in
subthreshold swing.

C. Source Doping

The source-to-channel doping must be heavy and ab-
rupt to maximize oN-current in the TFET. Dopant abrupt-
ness less than 4 nm/decade is needed to maximize the
junction electric fields and enable high oN-currents. There
are tradeoffs, however, as source doping is raised. Shown
in Fig. 14(a) is a schematic energy band diagram of the
source-to-channel junction of an nTFET with a degenerate
p" source in the on-condition. The degeneracy reduces the
number of electrons available for tunneling, reducing the
oN-current and degrading the subthreshold swing [52],
[55]. Because of the temperature dependence of the
Fermi tail [Fig. 14(b)], the degeneracy also introduces an
unnecessarily strong temperature dependence to the
oN-current. The heavy doping and low gate-to-drain bias
in the TFET also leads to a higher gate-to-drain Miller
capacitance than in the MOSFET [91].

Since the most compelling property of the TFET is the
sub-60-mV/decade subthreshold swing, the source doping
should be chosen to place the Fermi level in line with the
source majority carrier band edge or slightly into the band
[52]. In lieu of higher source dopings, the oN-current can
be further increased through the use of staggered [55], [56]
or broken-gap heterojunction [52] and pockets [45].

D. OFF-State

There are five primary leakage mechanisms contribut-
ing to the oFF-state current in the TFET. The first two are
well known: gate leakage through the high-k gate stack and
thermionic emission over the source-drain built-in poten-
tial. In addition, Shockley—Read—Hall generation in the
heavily doped source and drain depletion regions is illus-
trated in Fig. 15(a). As gate lengths approach 20 nm, direct
tunneling as well as defect-assisted tunneling become
dominant especially for the narrow bandgap channels like
InAs [49] and for GNRs [50]. With good gate control, even
for narrow gap materials like InAs with a 20-nm gate
length, direct tunneling currents can be expected to be less
than 10 pA/pum [49].

A condition to be avoided is illustrated Fig. 15(c). If
power supply voltage exceeds Eg/q, reverse tunneling at
the drain can inject minority carriers into the channel
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Fig. 14. (a) Schematic energy band diagram of the source-to-channel junction of an nTFET with a degenerated p+ source and

(b) the Fermi distribution of the source at room temperature.

2106 PROCEEDINGS OF THE IEEE | Vol. 98, No. 12, December 2010



Seabaugh and Zhang: Low-Voltage Tunnel Transistors for Beyond CMOS Logic

(a) (b)

Fig. 15. Energy band diagrams showing nTFET leakage mechanisms in the orr-state: (a) Shockley-Read-Hall generation in the source (S)
and drain (D) regions; (b) direct and defect-assisted tunneling from source to drain; and (c) hole injection at the drain.

(ambipolar conduction). If a higher supply voltage is re-
quired to obtain oN-current, the minority carrier injection
can be suppressed by building in asymmetry into the drain.
One way is to use an underlapped drain or lower the dop-
ing on the drain side to make the channel-drain tunnel
junction width larger than the source-channel junction
[40], [47], [92]. The other way is to introduce a hetero-
junction, using small bandgap material in the source and
larger bandgap material in the channel and the drain [40].
These two solutions can be combined.

E. Circuit Status

It is early to provide a compelling estimate of the cir-
cuit performance of TFETs. Currently, there are projec-
tions based on circuit models generated from a variety of
TFET simulations [53], [93]-[95] as seen in Fig. 3. The
most recent of these projections is contained in this special
issue [96] showing that the greatest promise for the TFET
is in low-voltage, low-power applications. At this stage, the
greatest value of these assessments is in setting the
application focus and discovering potential device issues,
e.g., the higher Miller capacitance, 2x relative to the
MOSFET [91] or new ways to construct SRAM [95].

V. CONCLUSION

A review of the TFET shows a device with potential to
significantly lower subthreshold swing thereby lowering
supply voltage and power dissipation. High oN-currents,
exceeding 100 pA/pum, are predicted using narrow
bandgap materials and staggered-bandgap heterojunctions.
Theory, models, and projections are in need of experi-
mental verification to understand the properties and eval-
uate the potential of tunnel transistors. The key technical
challenges are in the development of advanced processes
for nanoscale III-V transistors: gate alignment, low-
interface-trap-density gate stacks, accurate and abrupt
tunnel junctions, and low-resistance contacts.

APPENDIX
1-D ZENER TUNNELING

The steps leading to (7) in direct semiconductors are
provided as follows:
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