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Uniform strain in heterostructure
tunnel field-effect transistors

Devin Verreck, Anne S. Verhulst, Maarten L. Van de Put, Bart Sorée, Nadine Collaert, Anda Mocuta,
Aaron Thean, and Guido Groeseneken

Abstract—Strain can strongly impact the performance of ITII-V
tunnel field-effect transistors (TFET). However, previous studies
on homostructure TFETs have found an increase in on-current
to be accompanied with a degradation of subthreshold swing. We
perform 30-band quantum mechanical simulations of staggered
heterostructure p-n-i-n tunnel field-effect transistors submitted
to uniaxial and biaxial uniform stress and find the origin of the
subthreshold degradation to be a reduction of the density of
states in the strained case. We apply an alternative configuration
including a lowly doped pocket in the source which allows to
take full benefit of the strain-induced increase in on-current.

Index Terms—TFET, strain, heterostructure

AND-TO-BAND tunneling (BTBT) allows the tunnel

field-effect transistor (TFET) to obtain a sub-60 mV/dec
subthreshold swing (SS) at room temperature [1]-[3]. This
enables a reduction of supply voltage, making the TFET
a promising alternative to the conventional metal-oxide-
semiconductor field-effect transistor (MOSFET) for future
low-power applications. The challenge consists, however, in
sustaining the sub-60 mV/dec SS up to sufficiently high
currents. Recent research has therefore proposed various im-
provements to the classic Si p-i-n TFET design in the form
of dopant pockets [4], [5], alternative gate positioning and
composition [6]-[8], a change in material to III-V compounds
and the introduction of a heterostructure [9]-[14].

Strain engineering is another way to influence TFET per-
formance through its effect on the band structure. In current
MOSFET technology, the application of strain has become an
invaluable asset to increase carrier mobilities [15]. For TFET,
the effect of strain on the tunneling current has been simulated
[16], [17] and measured [18]-[21] in group-IV configurations,
with biaxial tensile strain turning out beneficial for the on-
current (Iopn) and SS. For III-V TFETs, strain research is
more scarce. 8-band k-p simulation studies have predicted a
beneficial effect on Ion for biaxial tensile strain, both in InAs
homostructure [22] and broken-gap GaSb/InAs heterostructure
TFETs [23]. However, in both cases the SS was found to
deteriorate with increasing tensile strain.
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Fig. 1. Simulated TFET configurations: (a) p-n-i-n, (b) p~pT-n-i-n, both
with an effective oxide thickness of 0.6 nm and a gate workfunction of
5 eV. The solid and dotted regions consist of respectively GaAsg.5Sbg.5 and
Ing.53Gag.47As. The y-direction is translationally invariant. (c) unstrained and
strained band structure of Ing.53Gag.47As. Inset: enlargement of the boxed
region.

In this letter, we investigate the cause of the SS degrada-
tion by means of quantum mechanical (QM) 30-band k-p-
based simulations of staggered GaAsg 5Sbg 5/Ing 53Gag 47AS
heterostructure TFETSs and suggest an alternative configuration
to counteract the SS degradation while improving Ipn.

We use a 2D ballistic QM solver, based on the 30-band
envelope function formalism [24], [25]. The solver uses a
wavefunction approach and assumes transmitting boundary
conditions at the source and drain contacts. Compared to an
8-band model, the 30-band model can capture the full Ist
Brillouin zone and does not require perturbative Luttinger
parameters. The k-p-parameters used in this work are given in
Tables I and II. The coupling parameter Ep for Ing 53Gag 47As
is calibrated to experimental diode results [26]. The other k-p-
parameters are fitted to bandgaps and effective masses for
the I'-valley and bandgaps for the X- and L-valleys [27],
while retaining commutativity of the momentum matrices
[28]. To account for the difference in basis functions in the
different materials of the heterostructure, the momentum and
Hamiltonian matrix elements are transformed [29].

The effects of strain on the band structure (see Fig. 1),
are captured through the strain Hamiltonian Hg, given in the
Appendix. We consider only uniform normal strain, which
means the strain tensor is diagonal and invariant.

The electrostatic potential is obtained from a semi-classical
(SC) solution of the Poisson and carrier continuity equations
[30]. To incorporate the effect of strain on the potential, we
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TABLE I
30-BAND K-P BASIS FUNCTIONS AND ENERGY LEVELS. NOTATION FROM
RADHIA [31].
Basis Energy In0A53Ga0A47As GaASO,5Sb0,5
functions levels [eV] [eV]
[Sy) Ty -12.55 -12.17
7y -0.33 -0.4
1X), 1Y), 12) sy 0 0
|S) T'sc 0.74 0.72
I'7o 4.33 3.89
[ Xe), [Ye), 12e) s 433 407
[Su) Teu 8.55 8.56
I's_3 10.02 9.59
1Dz),[Da) T's_3 10.02 10.17
I'7g 11.89 10.99
|Xd>:|Yd>u|Zd> | 11.89 10.99
[Sq) Legq 13.11 13.19
TABLE II

30-BAND K-P MOMENTUM MATRIX ELEMENTS FOR INg.53GAq.47AS (I)
AND GAAS(.5SBg.5 (IT). NOTATION FROM RADHIA [31].

Element I[eV] 1[eV] Element I[eV] | II[eV]
Ep 19.33 17.09 Epg 0.06 1.14
Epx 13.96 13.01 Epxd 5.71 3.76
Eps 3.22 3.00 Epsq 7.86 10.41
Epo 0 0 Epag 21.37 | 24.32
Epg 0.05 0.12 Epy 19.62 | 16.20
Ep/ 0.01 | 1.15x10~*

have inserted the effective masses from a strained 30-band k-p
model into the SC simulator, with a non-parabolic correction.

The simulated configurations are double gate
GaAsg 5Sbg 5/Ing 53Gag 47As  p-n-i-n  TFETs, displayed
in Fig. 1. These configurations can be grown vertically with
molecular beam epitaxy [4]. The channel length has been
chosen sufficiently long to suppress source-drain tunneling,
while the body thickness is sufficiently wide to reduce the
effect of size-induced quantization. All doping profiles are
abrupt: dopant fluctuation and variability are not taken into
account. In a p-n-i-n TFET, a counterdoped pocket is added
to increase the electric field at the tunnel junction [5]. This
also reduces the impact of field-induced quantization, which
might influence the device electrostatics, as it forces tunnel
paths more parallel to the gate. The staggered heterojunction
provides an additional performance improvement thanks to
the small effective bandgap at the tunnel junction (see Fig. 2).

We now apply 500 MPa of compressive and tensile uniaxial
and tensile biaxial stress to the 3 nm and 0 nm pocket configu-

TABLE III
ENERGY GAPS AND EFFECTIVE MASSES IN BULK FOR ELECTRONS(EL),
LIGHT HOLES(LH) AND HEAVY HOLES(HH) AT THE I'-POINT, UNSTRAINED
AND UNDER BIAXIAL TENSILE STRESS.

Ing.53Gag.47As GaAsg.55bo.5
[eV] 0 MPa 500 MPa 0 MPa 500 MPa
Ey 0.74 0.68 0.72 0.68
TR 0 0.04 0 0.04
Aso 0.33 0.35 0.40 0.42
[mo] z, Y,z z Y,z T, Y,z €z Yz
le 0.041 0.037 | 0.040 0.046 0.041 | 0.040
mz‘h 0.055 0.046 | 0.174 0.060 0.051 0.181
mZh 0.450 0.452 | 0.068 0.455 0.458 | 0.074
mj, 0.135 0.154 | 0.121 0.155 0.172 | 0.142

Tpo:
r =—d=3NmM
2nm

GaAs ;Sby, ¢/Ing 5,Ga, 47AS
Vds =0.3V

I (A/um)

Fig. 2. QM I-V curves of p-n-i-n hetero-TFETs with varying Tpol. For
comparison, an Ing 53Gag.47As p-i-n homo-TFET is also included. Inset:
band alignment at the source-channel junction. Configuration details in Fig. 1.

rations of Fig. 2 (uniaxial: 0, = 500 MPa, 0, = 0., =0,
biaxial: 04, = 0, o0yy = 0., = 500 MPa). The uniaxial stress
could be realized in suspended nanowires [32], [33], while the
biaxial tensile stress could be the result of lattice mismatch
with an underlying substrate. Fig. 3 shows the main effect is
a deterioration in SS, although for the biaxial case somewhat
higher current densities are reached for high V.4 than for the
other cases. The band diagrams in Fig. 4(a) illustrate that the
SS degradation is caused by an increase in source degeneracy
for all strain configurations, which leaves the exponential tail
of the Fermi-Dirac distribution partially uncovered. The larger
degeneracy results from a decrease in density of states (DOS).
A comparison of effective masses and energy gaps at the I'-
point between the unstrained and the biaxial tensile case is
presented in Table III, showing a sharp decrease especially for
the heavy hole mass in the y-and z-directions. Additionally,
the band structure in Fig. 1 shows that the strain lifts the
degeneracy between the heavy and light hole bands, further
decreasing the DOS. Note that the strained imaginary branches
in Fig. 1 show that only the light hole band couples with
the first conduction band, thereby determining the effective
tunneling bandgap. The higher current densities at high Vg
are a consequence of a decrease in this bandgap compared to
the unstrained case. Although this current increase could be
beneficial for Ig, it is clear that the SS degradation severely
limits the utility of stress in improving TFET performance.

The increase in source doping degeneracy due to strain
can be counteracted by the introduction of a lowly doped
source region, while keeping the doping high at the tunnel
junction, creating a p~p*-n-i-n structure (see Fig. 1(b)). This
concept has been previously suggested as a solution for the
poor performance of p-type III-V TFETs [24]. If we apply it to
strained n-TFETS, we can benefit from the reduction in source
doping degeneracy (see Fig. 4(b)) to avoid the SS degradation,
while maintaining improvements in Ion. Fig. 5 shows that
with the improved source design, an Igg, the current at which
the SS goes from sub-to super-60 mV/dec, of 10 pA/pm with
an Ion of 140 pA/pum can be obtained with 500 MPa of
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Fig. 3. QM I-V curves of stressed p-n-i-n hetero-TFETs for a Tpol of 3 nm
and 0 nm. Inset: 3 nm curves shifted to the same Iopp. Configuration details
in Fig. 1.
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Fig. 4. Band diagrams of the first subband around the tunnel junction for
different types of strain along a cutline through the body center of (a) a p-n-
i-n TFET with a Tpol of 3 nm and (b) a p~pT-n-i-n TFET with a Tpol of
3 nm and a Tpo2 of 4 nm. The black line shows the hole Fermi level (Epp).

biaxial tensile stress. With Iopr at 10 pA/um, Iox is defined
at Vpp = 0.3 V above the onset voltage. Increasing the stress
to 1 GPa improves Ipy further to 170 pA/pum, with a similar
Iso as for the 500 MPa case. An identical unstrained p~p*-
n-i-n structure has an Ion of 110 pA/pum (not shown), with
the shifted I-V coinciding up to 30 pA/um, since the SS is
determined by the source degeneracy as the tunnel paths are
only a couple of nm (see Fig. 4). The Ion improvement in the
strained case is limited, but in such a nearly optimal design
this is to be expected. Nevertheless, our results show that we
can use the source concept to benefit fully from the strain-
induced Ipn improvement, while avoiding a degradation in
SS. It also confirms the origin of the SS degradation to be
the reduction of the DOS in the source region, rather than a
change in band structure. For p-TFET, the reduction in DOS
is much smaller, as it is determined by the conduction band
in the source. We have found that an optimized unstrained
n~n"-p-i-p TFET therefore directly benefits from strain.

In conclusion, we have shown that strain is indeed a
promising performance booster for TFET, using 30-band

trained
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Fig. 5. QM I-V curves of an unstressed p-n-i-n TFET and stressed p~pT-n-
i-n hetero-TFETs for a Tpol of 3 nm and 0 nm. Tpo2 is always 4 nm. Inset:
3 nm curves shifted to the same Iopp. Configuration details in Fig. 1.

QM simulations of strained staggered heterostructure p-n-
i-n TFETs. The degradation in SS which plagues TFETSs
under uniaxial or biaxial stress is a result of a strain-induced
reduction in DOS and can be counteracted with an improved
source design. Introducing a lowly doped source region, while
maintaining the high doping at the tunnel junction reduces the
source degeneracy and allows to take full benefit of the Ion
improvement under biaxial tensile stress.

Our work shows that stress can be an alternative to an
increase in maximal source doping level. Future research
should focus on integrating these findings into a full analysis
of non-uniform strain conditions.

APPENDIX A

The 8-band k-p strain Hamiltonian matrix by Bahder [34]
was used by Neffati et al. for full-zone models at small k-
values [35]. We consider a uniform strain tensor:

g1 0 0
?: 0 6” 0 (l)
0 0 6”

with e and ¢|| the strain components in respectively the x and
y,z-directions. In the basis of Table I, the strain Hamiltonian
. a.Tr(g)
ale"(g) + bVEHL
aUTr(E) + bVE”J_
CLUTI‘(E) — 2bVEHJ_
a.Tr(g)
ayTr(2) 4+ bee) L
avTr(E) + bVE”l
_avTr(?) — 2bV5HJ__

Hs = diag (2)

where €, = ¢ — ¢, and a, a, and b, are deformation
potentials, obtained from Vurgaftman ez al. [36]. a. and b,
are positive and a,, is negative, such that a positive (negative)
strain is compressive (tensile). To calculate £ from the applied
stress, we use stiffness coefficients from Goldberg ef al. [27].
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