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ABSTRACT A triple-heterojunction (3HJ) design is employed to improve p-type InAs/GaSb hetero-
junction (HJ) tunnel FETs. Atomistic quantum transport simulations show, that the added two HIJs
(AllnAsSb/InAs in the source and GaSb/AlSb in the channel) significantly shorten the tunnel distance
and create two resonant states, greatly improving the ON state tunneling probability. Moreover, the
source Fermi degeneracy is reduced by the increased source (AllnAsSb) density of states and the OFF
state leakage is reduced by the heavier channel (AISb) hole effective masses. With Vpp = 0.3V and
Iorr = InA/um, ballistic Ion of 606uA/um (492 A/pum) is obtained at 30nm (15nm) channel length,
which is comparable to n-type 3HJ counterpart and significantly exceeding p-type silicon MOSFET.
Simultaneously, the nonlinear turn on and delayed saturation in the output characteristics are also greatly
improved.

INDEX TERMS P-type TFET (pTFET), heterojunction TFET (HJ TFET), triple-heterojunction TFET

(3HJ TFET).

I. INTRODUCTION

Steep subthreshold swing (SS) devices, such as tunnel field-
effect transistors (TFETs), offer great potential in building
future low-power integrated circuits. One problem of TFETSs
is the low tunneling probability hence low ON state current
(Ion)- To achieve large Ion, III-V TFET designs have been
intensively studied [1]. In particular, InAs/GaSb HJ TFETs
can considerably boost Ion due to their broken/staggered
band alignments [2]. However, under strong confinement,
required for good electrostatic control, the effective band gap
and transport effective masses both increase, seriously limit-
ing the tunneling probability. Methods to improve InAs/GaSb
HJ n-type TFETs (nTFETs) include strain and doping
engineering [3], [4], resonant enhancement [5]-[7], and
source/channel heterojunctions [8]-[12]. For p-type TFETs
(pTFETs), the problem is more severe, as the optimal
source doping density is limited by the small conduction
band density of states (DOS) [13]. This leads to a large
depletion region in the source and thus, smaller /on than
nTFETs [14]-[16]. Doping and heterojunction engineering in
the source [17] have been proposed to mitigate this problem.

Another problem of TFETs is the superlinear onset and
delayed saturation of the output characteristics. It has been
shown that a large channel DOS degrades the output char-
acteristics through large channel inversion charge [18], [19].
This is particularly relevant for pTFETSs since the valence
band DOS of most III-V materials is very large. These two
issues make it very challenging to build complementary III-V
TFET logic, which requires both high-performance nTFETSs
and pTFETs. Wu et al. [19] note that the required source
and channel materials for H] nTFETs and pTFETs differ
greatly.

For HJ nTFETs, it has been previously shown that bet-
ter ON/OFF ratio is achieved by adopting (110)/[110] as
the confinement/transport crystal orientation, because smaller
tunnel barrier energy and transport effective masses are found
in this orientation [11]. It has been further shown that the
ballistic Ion can be greatly increased by adding two more
HJs, one in the channel [11] and one in the source, so as
to form a 3HJ design [12]. In this paper, we show that by
crystal orientation engineering, using the 3HJ design, we
can also solve the above mentioned problems of pTFETs,

2168-6734 (©) 2016 |EEE. Translations and content mining are permitted for academic research only.
Personal use is also permitted, but republication/redistribution requires IEEE permission.

410 See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

VOLUME 4, NO. 6, NOVEMBER 2016



Huang et al.: P-Type Tunnel FETs With Triple Heterojunctions

ELECTRON DEVICES SOCIETY

(@) Gate v TABLE 1. List of device parameters. Dx denotes the doping density of region
‘ sogm C?‘:E:el ITch X. eox is the dielectric constant of the oxide region.
Y Oxide Ls Lg Ld Tch Tox €ox
Ly eae 15nm 150m/30nm  10nm  1.8nm  1.8am 9.0
R Tl T s er L L3 D1 (cm=3) D3 (cm~3) L4 L5 L6 L7
1: n-InAs 2:i-GaSb 3: p-GaSb 1: n-(AISb),4(InAs),.,4 2: i-Al ,Ga,.,Sb 19 19
3: p-Aly1Ga11_y1Sb P 111-(AISby)12(In1/{15)1_xz 1x 10 5x 10 20nm  33nm  1.7nom 2.0nm
5: n-InAs 6: i-GaSb 7: i-Al,,Ga,.,,Sb D4 (Cmfii) D5 (Cmfii) x1 yl x2 y2
5 x 1019 5 x 1019 0.23 1.0 0.12 0.5

FIGURE 1. Device structures and material compositions of a HJ pTFET
(a) and a 3HJ pTFET (b).
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FIGURE 2. Band alignments of the HJ pTFET (a) and the 3HJ pTFET (b).
The transition layers in Fig. 1 (b) are not shown here.

achieving very large ballistic Ion as well as improved output
I-V characteristics.

Il. DEVICE STRUCTURES AND SIMULATION METHOD

The ultra-thin-body (UTB) HJ pTFET consists of an InAs
source and a GaSb channel/drain (Fig. 1 (a)), with the
band alignment shown in Fig. 2 (a) and the device param-
eters listed in Table 1. Note that heterostructure vertical
TFETs have been fabricated and experimentally character-
ized [20], [21]. The 3HJ pTFET proposed here consists
of an (AISb),;(InAs);_4; source, an (AISb),,(InAs);_4»
source transition layer, an InAs source well, a GaSb chan-
nel well, an Aly>Ga;_y>Sb channel transition layer, and an
Aly1Ga;y_ySb channel/drain (Fig. 1 (b)). The materials are
chosen so that they are lattice-matched to each other and
they form a band alignment as shown in Fig. 2 (b). For
ease of epitaxial growth, other material systems, such as
the InP/InAs/GaSb/GaAsSb system with lattice-mismatched
materials [22], will be considered in future studies. The mole
fractions x1, x2, y1, y2, and the region lengths L4 to L7 are
the design parameters to be optimized for the largest IoN.
An optimal parameter set is given in Table 1 and please note
that such parameter set may be non-unique.

The NEMOS tool [23] is used to simulate the devices by
solving Poisson equation and open boundary Schrodinger
equation [24] self-consistently. The device Hamiltonian is
described by transferrable full-band tight binding (TB)
scheme (sp>d’s* basis including spin-orbit coupling) [25],
whose parameters at 300K are taken from [26]. We use
the virtual crystal approximation [27] to describe the alloys
and the TB parameters are linearly interpolated from their
corresponding binaries. The oxide (assuming Al,O3 here)
is treated as an impenetrable potential barrier in the trans-
port equation. As calculated in [28], the InAs-Al,O3 valence
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band offset (VBO) is very large (4.8eV). Assuming the
VBO between GaSb (AlISb) and InAs is 0.56eV (0.15eV),
the VBO between GaSb (AISb) and Al,O3 will be 5.36eV
(4.95eV). A thin GaSb or AlISb channel with 1.8nm thickness
considered in the design does not reduce the semiconductor-
to-oxide barrier height significantly since the hole quanti-
zation energy is <0.5eV. Various scattering effects, such as
the electron-phonon scattering, electron-electron scattering
beyond Hartree approximation, discrete dopant scattering,
alloy scattering, and surface roughness scattering, are not
modeled here due to numerical complexity. Some of these
scattering phenomena may have non-negligible effects on
the device characteristics and we are currently working
to model these effects. The dielectric-semiconductor inter-
face trap assisted tunneling and the Shockley-Read-Hall
generation-recombination processes, seriously affecting the
SS and leakage floor of most TFETSs [29], [30], are not con-
sidered in this study. These considerations may in part drive
the ultimate choice of channel materials in these designs.

lIl. HETEROJUNCTION (HJ) PTFET
The (110)/[110] orientation performs better than the
(001)/[100] orientation at 15nm channel length and 1.8nm
channel thickness. As compared in Fig. 3 (a), with Vpp =
0.3V and Ippr = InA/um, IoN is 14.5uA/pum in the
(110)/[110] orientation. While in the (001)/[100] orienta-
tion Ion is only 1.4uA/pum although the SS is better.
The (110)/[110] orientation not only improves Ion but also
improves the superlinear onset and delayed saturation of
the Ips-Vps characteristics. As compared in Fig. 3 (b), the
onset and saturation voltages, defined here as the drain volt-
ages corresponding to 10% and 90% of the maximum drain
current, are both reduced in the (110)/[110] orientation.
The improvements can be understood from the band dia-
grams (Fig. 3 (¢)) and transmission probabilities (Fig. 3 (d)).
Compared with the (001)/[100] orientation, the (110)/[110]
orientation has larger transmission below the channel valence
band edge (Ev), leading to larger Ion. However, its trans-
mission above the channel Ev is also larger and the slope
is less steep, leading to larger source-to-drain leakage and
larger SS. As seen in the band structures plotted in Fig. 4,
the (110)/[110] InAs/GaSb UTB has smaller tunnel barrier
energy and transport effective masses than the (001)/[100]
InAs/GaSb UTB. Moreover, the source Fermi degeneracy,
i.e., the energy separation between the source Fermi level
and the conduction band edge (Ec), is larger (due to the
smaller conduction band DOS shown in Fig. 5 (a)) and the
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FIGURE 3. Transfer characteristics (a) and normalized output
characteristics (b), after threshold voltage adjustment for the same
Iopr = 1nA/pm. Band diagrams (c) and transmission probabilities (d) at
ON state. Two HJ pTFETs, in the (001)/[100] and in the (110)/[110]
orientation, respectively, and one 3HJ pTFET in the (110)/[110] orientation
are compared. Ec (Ev): conduction (valence) band edge. Egs (Egq): source
(drain) Fermi level.
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FIGURE 4. E-k diagrams for 1.8nm thick UTBs with (001) InAs (a), (001)
Gasb (b), (110) InAs (c), (110) GaSb (d), (110) (AISb)g o3 (InAs)g 77 (e), and
(110) AlSb (f), in the transport direction (positive k) and transverse
direction (negative k). The ay is the lattice constant. The m} (m}) is the
electron (hole) effective mass at the band edge. Note that the GaSb UTB
can be indirect band-gap since the bulk I and L valleys have different
confinement effective masses [31], [32]; the AISb UTB is close to direct
band-gap due to the folding of the low-energy bulk X valleys [33].

channel valence band DOS is smaller (Fig. 5 (b)), changes
which improve the superlinear onset and reduce the delayed
saturation [18], [19], [34].
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FIGURE 5. (a) Conduction and (b) valence band DOS of the six UTBs
in Fig. 4.

IV. TRIPLE-HETEROJUNCTION (3HJ) PTFET

The 3HJ design can overcome the shortcomings of the
(110)/[110] HJ pTFET, i.e., the degraded SS and the small
Ion. Fig. 3 (a) shows that the (110)/[110] 3HJ design greatly
improves the SS and Ion of the (110)/[110] HJ design,
with 492 A/um ballistic Ion obtained at Vpp = 0.3V
and Iorr = InA/um. The reference InAs/GaSb HJ pTFETs
show 1.4uA/pum and 14.5uA/pum ballistic Ion respectively
in the (001)/[100] and (110)/[110] orientations. Fig. 3 (b)
shows that the output Ipg-Vpg characteristics are improved;
comparing the (110)/[110] 3HJ and (001)/[100] HJ designs,
the onset (saturation) voltage is reduced from -0.070V
(-0.267V) to -0.017V (-0.173V). Fig. 3 (c) and (d) show that
the 3HJ design has a much thinner tunnel barrier and thus
much larger tunneling probability (approaching unity) when
turned on. Further, the 3HJ design shows a much steeper
variation of transmission vs. energy above the channel Ev,
implying less source-to-drain leakage and steeper turn-off
characteristics.

From Fig. 4 (c) and (e) it is observed that a (110)
AllnAsSb UTB has higher conduction band edge energy
than a (110) InAs UTB. This conduction band offset forms
a quantum well in the source, which shortens the source
depletion length and creates a resonant state above the well,
both effects enhancing the tunneling probability. Further, the
(110) AllnAsSb UTB has larger electron effective masses
(in both transport and transverse directions) than the (liO)
InAs UTB, thus a larger conduction band DOS (Fig. 5 (a))
and reduced source Fermi degeneracy (Fig. 3 (c)). From
Fig. 4 (d) and (f) it is found that the (110) AISb UTB has
lower valence band edge than the (110) GaSb UTB. This
valence band offset forms a quantum well in the channel,
which also shortens the tunnel barrier thickness and creates
another resonant state below the well, both further enhancing
the tunneling probability. Moreover, the AlSb UTB channel
has larger hole effective masses than the GaSb UTB channel,
leading to smaller source-to-drain leakage. Inserting transi-
tion layers in the source HJ and channel HJ makes further
improvements by further increasing the electric field at the
tunnel junction and by tuning the positions of the resonant
states. Note that, although the source Fermi degeneracy is
reduced and the channel DOS is increased (Fig. 5 (b)), the
output characteristic is not degraded. This is due to the much
higher transmission transparency enabled by the 3HJ design.
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FIGURE 6. Logarithmic scale LDOS (kz = 0) of the 3H) pTFET, at ON (a) and
OFF (b) states. Band diagrams (dashed lines) and contact Fermi levels
(solid lines) are superimposed. The quasi-bound states are highlighted
with circles.
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FIGURE 7. Transfer characteristics of the 3H) pTFET, in comparison with
the 3HJ nTFET (using the same materials and orientations) and Si
PMOSFET (with the same dimensions and orientations, the source and
drain are p-type doped with density 1 x 102°cm—3), for Ly = 30nm (a) and
Lg = 15nm (b). Vps = —0.3V and the threshold voltages are adjusted for
the same Iggp = 1nA/pm.

Fig. 6 (a) and (b) depict the ON and OFF state local
density of states (LDOS). In the ON state, the two res-
onant states created by the two quantum wells both fall
in the Fermi conduction window, enhancing the current.
In the OFF state, there are no quasi-bound states inside
the quantum wells, reducing the thermal emission induced
leakage. However, because the tunnel barrier is so thin,
evanescent states incident from the source (channel) could
still couple to the propagating states of the channel (source)
through interaction with phonons and other electrons, form-
ing a leakage current path that is not modeled here. If the
device is further scaled to sub-10nm channel lengths, the
OFF-state leakage could be dominated by source-to-drain
tunneling.

V. DEVICE COMPARISON

Fig. 7 compares the transfer characteristics of the 3HIJ
pTFETs with corresponding 3HJ nTFETSs [12] and Si pMOS-
FETs for two channel lengths, all from ballistic quantum
transport simulations. For Ly = 30nm (15nm), the 3HJ
pTFET has Ion = 606 A/ um (492 A/um), which is com-
parable to Ion = 712puA/um (428uA/pum) of the 3HIJ
nTFET and much larger than Ion = 81uA/um (55uA/um)
of the Si pMOSFET, all measured at Vpp = 0.3V and
Iorr = InA/pum. For L, = 15nm, the 3HJ pTFET has
better SS and thus slightly larger Ion than the 3HJ nTFET,
owing to the larger channel band gap and channel effective
mass of the 3HJ pTFET.
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VI. CONCLUSION

III-V pTFET typically has a low Ion, nonlinear output
I-V characteristics, and delayed current saturation. This is
because its density of states is small in the source and large in
the channel. The triple heterojunction design analysis shows,
that by engineering the band gaps, effective masses, and
band alignments through proper choice of crystal orientations
and material compositions, both very large ballistic Ion and
improved output behaviors can be obtained. If the fabrication
defects can be controlled, this design would enable a high-
performance low-power complementary TFET logic that is
built solely with III-V materials. Phonon-assisted tunneling,
carrier thermalization in the source, and scattering mech-
anisms in general, will degrade the 3HJ-TFET’s Ipn at a
specified Iorpr and Vpp. Detailed studies of these effects
will be reported separately.
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