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Summary 
Trap-assisted tunneling (TAT) turned out to be the main show stopper for the performance of III-V 
hetero-TFETs [1]. Simulations of InAs/Si and InGaAs/InP nanowire hetero TFETs were performed 
by ETHZ to test the sensitivity of the TFET transfer characteristics to interface traps. The condi-
tions for the dominance of a certain interface were explored [2]. For the first time, the total density-
of-states of interface traps (Dit) which would still allow sub-60 mV/dec slope was quantitatively 
assessed. The in-depth analysis of the InAs/Si hetero nanowire TFETs fabricated at IBM-Research 
Zürich revealed a combined mechanism of TAT-induced pair generation and thermionic hole emis-
sion which leads to a sub-threshold swing (SS) of a MOSFET close to 60 mV/dec [3,4]. In a follow-
up study, IBM devices were used by ETHZ to propose a trap-tolerant device geometry which al-
lows sub-thermal slope despite a high density of hetero interface and oxide interface traps [10]. 
ETHZ also investigated the vertical InAs/GaAsSb/GaSb nanowire TFETs produced at Lund Uni-
versity (presented at IEDM 2016 [5]). The SS of 48 mV/dec can be explained by TAT, the ON-
current of 10 µA/µm by band-to-band tunneling (BTBT) [9]. Various trap configurations including 
bulk traps, and the role of uniaxial strain were carefully examined. IUNET-Bologna has improved 
the NEGF simulator developed in WP3 to incorporate the effect of interface traps. The trapped 
charge density is calculated with a novel approach which applies Shockley-Read-Hall theory in a 
way consistent with the ballistic model, without resorting to quasi-equilibrium distribution. The 
model has been used to compute the impact of interface traps in conjunction with strain [11]. Re-
sults indicate that the presence of a relatively high trap density within the bandgap (5e12 cm-2 eV-1) 
can cause a huge current reduction that cannot be recovered exploiting strain. 
The impact of variations of radius, equivalent oxide thickness, local doping, valence band offset, 
and temperature on the performance of trap-free InAs/Si and In0.53Ga0.47As/InP hetero-TFETs was 
extensively investigated through device simulation by ETHZ [12]. While gate oxide scaling im-
proves the SS in In0.53Ga0.47As /InP TFETs because of the dominance of line tunneling, it has much 
less impact on the SS in InAs/Si TFETs where point tunneling determines the SS. Gate oxide scal-
ing also results in a strong increase of the on-current of the In0.53Ga0.47As/InP TFETs. The ON-
current of the InAs/Si TFET remains more or less unaffected since the BTBT rate as function of 
oxide thickness is already in the regime of quasi-saturation. Gate oxide scaling in trap-free devices 
is a more efficient method to improve the SS than diameter scaling. In the case of InAs/Si TFETs, 
diameter scaling hardly improves the SS, but reduces the ON-current due to the loss of volume for 
the BTBT rate. At diameters less than ~40 nm, volume inversion takes place preventing line tunnel-
ing in the channel which leads to a sharp drop of the ON-current. In the case of In0.53Ga0.47As/InP 
TFETs, both the SS and the ON-current worsen because of the increasing impact of volume inver-
sion. 
Other sources of variability and performance degradation of III-V based TFETs are interface 
roughness [6] and density-of-states (DOS) tails caused by random disorder [12]. ETHZ modelled 
the impact of interface roughness semi-classically using Ando's perturbation approach. A new com-
bined model of channel quantization and roughness was implemented in Sentaurus-Device. Simula-
tions of TFETs with predominantly vertical BTBT show that the sharp onset of tunneling, which 
ideally originates from the 2D-3D DOS matching, is smoothed by the interface roughness. This 
leads to a degradation of SS with increasing amplitude and decreasing auto-correlation length of the 
roughness. Another cause of SS degradation are DOS tails induced by random disorder, e.g. in the 
heavily doped source region of a TFET. ETHZ modelled the effect of band tail states on the cur-
rent-voltage characteristics quantum-mechanically based on the idea of zero-phonon TAT between 
band and tail states. Based on the derived analytical expressions, the model was implemented in 
Sentaurus-Device. The impact of the tail states on the device performance was analyzed for a nan-
owire Gate-All-Around TFET. The simulations show that tail states notably impact the transfer 
characteristics of a TFET, but to a lesser extent than suggested in recent studies. It was found that 
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exponentially decaying band tails result in a stronger degradation of the SS than tail states with a 
Gaussian decay of their density. 
All technical details can be found in the above cited papers which are attached to this Summary. 
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I. ABSTRACT

We present semi-classical simulations of Gate-overlapped-
Source Tunnel Field Effect Transistors (GoS-TFETs) taking
into account the effects of trap-assisted tunneling, channel
quantization, surface roughness, and density-of-state tails.

II. INTRODUCTION

In quest of new (”post-CMOS”) switches, in particular for
ultra-low power application, the Tunnel Field Effect Transistor
(TFET) [1] raised a lot of attention. The working principle
of this device is the generation of electron-hole pairs by
band-to-band tunneling (BTBT) between the valence band
(VB) and the conduction band (CB). Thus, contrary to the
common MOSFET, the source of current in a TFET is not
thermionic injection, but inter-band generation.The inter-band
tunnel transitions can be either direct (at the Γ-point) or
indirect (e.g. from the Γ-point to the k-point of the minimum
of the CB valleys as in silicon). In the latter case a phonon is
needed for momentum conservation. A TFET is essentially a
gated, reversed-biased pin diode, and the width of the tunnel
barrier is modulated by the gate voltage. It is even possible to
turn on the BTBT generation quickly as a consequence of the
gate-induced energetic alignment between CB and VB, which
eventually results in an average slope (averaged over 3 - 4
decades in the current after the onset of BTBT) steeper than
60 mV/dec. That’s why TFETs belong to the so-called ”steep-
slope devices”.

III-V/Si hetero junctions have been proposed for an im-
proved on-current as compared to Si TFETs [2]. The BTBT
rate can be increased by using small-gap semiconductors like
InAs or In0.53Ga0.47As as source material, while ambipolar
leakage is reduced by the wide band gap of the channel/drain
materials Si or InP. Nanowires (NWs) are advantageous in
terms of gate control and strain relaxation when their diameter
is scaled down [3]. Borg et al. integrated individual InAs/Si
hetero-structure NW tunnel diodes onto Si using selective
epitaxy in nanotube templates [4], an approach which allows
to start with Si substrates of any crystalline orientation and
to scale the diameter of the NWs down to reasonable limits,
thereby improving previous techniques of nanometer-scale het-
ero epitaxy [5]–[8]. Temperature-dependent IV-measurements
of p-type TFETs fabricated by this technology indicated that
the sub-threshold swing (SS) is limited by traps [9]. The
present TCAD simulation study partly takes advantage of the
geometry (see Fig. 1), the measured IV-characteristics, and
the limited electrical characterization of these devices. In this

Fig. 1: TEM image of an InAs/Si NW p-TFET showing the
geometrical dimensions and a close-up of the InAs/Si interface
which is not smooth across the entire junction area and has a
high density of defects. Also visible are stacking faults caused
by the change in crystal structure of InAs between wurtzite
and zincblende. Figure taken from [9].

paper, all simulations are performed with the semi-classical
device simulator Sentaurus-Device (S-Device) [10] using the
nonlocal BTBT model with calibrated parameters [11]. Non-
ideality effects as trap-assisted tunneling (TAT) via interface
and bulk traps, channel quantization, roughness at material
interfaces, and density-of-state (DOS) tails induced by random
doping fluctuations (RDF), are modeled in the frame of the
so-called Physical Model Interface (PMI) of S-Device. The
developed models for the non-idealities and their impact on
the transfer characteristics are presented in Section IV.

III. EXPERIMENTAL DATA OF P-TYPE INAS/SI NW
TFETS

InAs nanowires with diameters of few tens of nanometers
have been grown on Si substrates by IBM Research Zurich
[12]. This material configuration provides a small effective
tunnel gap (low tunnel barrier) while allowing for integration
on a Si platform which maintains the advantages of Si for
the channel and drain regions. Although the TFETs based on
this technology (shown in Fig. 1) exhibit a good electrostatic
control due to their gate-all-around configuration, they can
still be considered as bulk-like, i.e. geometrical confinement
is negligible. The measured transfer characteristics are shown
in Fig. 2 for two different temperatures. The measured on-
current at room temperature is 1.62µA (∼ 5.2µA/µm) at |VGS|
= 1.0 V, |VDS| = 0.5 V and the Ion/Ioff ratio is ∼ 106. The
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Fig. 2: Measured IDVGS-characteristics of the InAs/Si NW p-
TFET of Fig. 1 for two temperatures and different values of
VDS. Figure taken from [9].

steeper SS obtained at 130 K clearly proves the presence of
traps, which limit sub-60 mV/dec operation.

IV. IMPACT OF NON-IDEALITY EFFECTS ON TFET
PERFORMANCE

The ideal slope of the TFET characteristics (neglecting all
non-idealities) is determined by the details of the onset of
BTBT. In GoS-TFETs, BTBT takes place along two kinds of
tunnel paths - almost parallel to the gate and across the pn-
junction (”point tunneling” paths) and almost perpendicular to
the gate and within the source (”line tunneling” paths). Often
point tunneling sets in first, since line tunneling only starts after
the energetic alignment of VB and CB (inversion conditions
in the source channel). A sub-thermal SS of point tunneling
is hard to achieve because a sudden and strong 3D-3D DOS
matching is only possible when the band edge profile is ”step-
like” which requires (i) a perfect gate control, (ii) a very steep
doping gradient, and (iii) preferably the gate edge exactly
at the pn-junction (which, however would kill line tunneling
completely). A sub-thermal SS of line tunneling is easier to
achieve thanks to the cut of the semiconductor band gap at
the oxide interface and the 2D-3D DOS matching. One of the
design goals is, therefore, to delay the onset of point tunneling.
Two means can be used for this: the band offsets of the hetero-
structure and pocket implants [19]. All non-idealities discussed
in the following act contrary to a sub-thermal slope.

A. Trap-assisted Tunneling

TAT is an additional electron-hole pair generation mecha-
nism in TFETs which sets in prior to BTBT due to the lower
tunnel barrier. Being a multi-phonon, field-assisted process, it
requires efficient generation-recombination (G-R) centers (as
usual called ”traps” in the following). Three kinds of traps
may contribute to the TAT current: bulk traps, traps at the
material interface of the hetero-structure, and traps at the oxide
interface. Note, that CV experiments to extract Dit at interfaces
do not measure the density-of-states of G-R centers active in
the multi-phonon process. The latter is only a subset of the
measured Dit levels. The S-Device model for interface TAT
needs an additional parameter ”interaction volume of the trap”
which is not only a scaling factor but serves to distinguish

Fig. 3: Simulation domain of the GoS InAs/Si NW TFET (left)
and nonlocal mesh for TAT tunnel paths from traps at hetero-
interface (dashed red) and traps from gate oxide interface
(dashed yellow).

between the charging of the trap levels and the electron-phonon
coupling of the trap states. The physics at interfaces is highly
self-consistent: already the occupation of the Dit changes the
electrostatics and, thus, the onset voltage and the tunnel rates
(including the BTBT rate). Surface SRH generation without
tunneling causes a leakage current which appears to be gate-
bias-dependent due to the downward move of the quasi-Fermi
levels in the CB which gradually empties the final states for the
generation process. We found that in InAs/Si NW TFETs, bulk
traps cannot explain the measured weak slope [20]. In GoS
InAs/Si NW TFETs, both gate-oxide and material interface
traps are expected to contribute to TAT. Fig. 3 illustrates the
simulation domain which adapts the geometry of the fabricated
device shown in Fig. 1. Appropriate internal region interfaces
must be defined to connect the traps with source and drain
on a nonlocal mesh which supports the actual tunnel paths.
As an example we show in Fig. 4 the different generation
contributions that yield the total IDVGS-curve for the case of
gate-oxide interface traps. Note, that the initial branch is solely
determined by surface SRH generation! When the electron
quasi Fermi level crosses the CB edge, the contribution of
surface SRH generation remains constant and the out-tunneling
from trap levels into the CB starts to become effective. This
provides a” short-cut” to the thermal electron emission step.
With increasing gate bias the tunnel probability increases and
the most probable transition energy shifts towards the VB edge
which finally yields a current comparable to the pure BTBT
current.

B. Channel Quantization

Line tunneling starts when the transistor channel becomes
strongly inverted. Under such conditions, the triangular-like
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Fig. 4: The different generation contributions to the drain
current of the InAs/Si NW p-TFET at 300 K shown in the
left part of Fig. 3: only surface SRH generation (short-
dashed), TAT included (long-dashed), only BTBT (solid red),
total (solid blue). Parameters: VDS = 0.5V, DOSInAs =
3.4 · 1017 cm−3, WF = 4.8 eV, σn,p = 10−14 cm2, Dit =

1013 cm−2eV−1 [14], Vtrap = 10 Å
3
, Sh̄ω = 120meV.

Fig. 5: Modeling the effect of channel quantization without
(left) and with 2D DOS tails (right).

potential well of the channel quantizes the electronic states
and a 2DEG forms. This shifts the onset voltage of line
tunneling to a higher value when compared with the 3DEG
case [13]. Besides, the nature of the wave functions changes
from Airy functions to ”quantized” Airy functions, which
modifies the tunnel generation rate. These effects are not
covered by the default ”dynamic nonlocal path BTBT model”
based on Kane’s treatment of BTBT [15], available in S-Device
[10]. A method to model the quantization effect within a
semi-classical framework has been proposed by Vandenberghe
et al. [16]: Tunneling paths with energies above the lowest
sub-band level are accepted while those with a lower energy
are rejected, as illustrated in the left part of Fig. 5. We
incorporated such a model in S-Device by developing our
own code for the ”dynamic non-local path BTBT model”
using the PMI for ”nonlocal recombination”. The implemented
algorithm detects a line tunneling path at a proper energy by
checking whether the extension of this path intersects the oxide
interface. If not, it is not considered to be affected by channel
quantization. As an alternative to this rather involved approach,
a much simpler method was developed making use of the
Quantum Potential Correction (QPC) available in S-Device.
In the electrical quantum limit [21] (constant field) the QPC
for the splitting of the lowest sub-band is given by

EQM =

!
h̄Θc · a1 − doxF if EQM > 0
0 otherwise,

Fig. 6: InGaAs TFET with counter-doped pocket. The special
geometry favors line tunneling and is used to analyze the
impact of surface roughness on line tunneling.

Fig. 7: Comparison between the nonlocal PMI model which
employs the path rejection method (red), the PMI model that
modifies the band gap (green), and the case without channel
quantization (blue).

where h̄Θc = (e2h̄2F 2/2mc)1/3 and a1 denotes the first zero
of the Aity function. The resulting effective CB edge is then
computed by Eeff

CB = ECB +EQM. A special TFET geometry
which favors vertical tunneling (see Fig. 6) was simulated to
compare both quantization correction methods. The results are
plotted in Fig. 7. The good agreement between the two models
suggests that the simpler model for quantum correction is as
effective as the elaborate model.

C. Roughness of Gate Oxide Interface

In the absence of surface roughness, the sub-band levels
are well defined and the 2D DOS has the well-known staircase
form. A rough oxide-semiconductor interface causes random
fluctuations of the boundary wall of the triangular-like potential
well. As a consequence, the step-like DOS smears out to form
tail states as shown in the right part of Fig. 5. A simplified
model for 2D DOS tails originating from an arbitrary random
field has been derived by Quang et al. [17]. Here, we apply
their model to the case of a random potential due to surface
roughness. Instead of rejecting the tunnel paths below the
lowest sub-band energy, the energy of the tunnel path relative
to the ideal sub-band level is determined and the DOS factor is
calculated for this relative energy. The spectral tunnel rate from
the ”dynamic nonlocal path BTBT model” is then multiplied
with the 2D DOS to obtain the integrated tunnel rate. This
approach has been made available in S-Device by modifying
the code for the PMI model of channel quantization. The
same ”vertical” TFET as shown in Fig. 6 was simulated using
the above model. Its transfer characteristics without and with
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Fig. 8: Effect of the surface roughness amplitude on the
transfer characteristics of the TFET in Fig. 6.

Fig. 9: Device structure to model the effect of DOS tails caused
by random dopant fluctuations.

the inclusion of 2D DOS tails due to surface roughness are
presented in Fig. 8.

D. DOS Tails from Random Dopant Fluctuations

Kanes model of DOS tails [18] includes the effect of
random dopant fluctuations (RDF). Using his tail-state descrip-
tion, we derived a semi-analytical expression of the generation
rate to model the effect of RDF-induced DOS tails in the frame
of zero-phonon TAT [22]. Tail states are considered as trap
states with sufficient localization. Transitions from VB tail
states to CB Bloch states and from VB Bloch states to CB
tail states are taken into account, whereas transitions between
tail states are neglected due to their much smaller tunnel
probability. The proximity of the tail states to the band edges
allows easy thermal excitation into conducting states which
completes the inter-band process. There are two differences to
a BTBT transition: (i) the tunnel gap is effectively reduced, (ii)
instead of the reduced effective mass the imaginary dispersion
is dominated by the respective single-band mass, the mass
of the localized state being a fit parameter. The second fit
parameter is the characteristic energy of the DOS tail. The
model was implemented in S-Device using the PMI for ”non-
local recombination”. To analyze the impact of RDF-induced
tail states on TFETs, we simulated a gate-all-around InAs
nanowire TFET (see Fig. 9). The transfer characteristics of this
device with and without RDF-induced DOS tails are presented
in Fig. 10. One observes an earlier onset of tunneling and a
degradation of the SS as consequence of the tail states.

Fig. 10: Effect of RDF-induced DOS tails on the transfer
characteristics of the TFET shown in Fig. 9.

V. CONCLUSION

Various mechanisms contribute to the degradation of the SS
in GoS-TFETs. As main effects we identified (i) the surface
SRH generation at the oxide interface in combination with
zero-phonon tunneling from trap levels into the CB and (ii)
TAT at the material interface with weak phonon assistance.
Channel quantization delays the onset of line tunneling which
may be hidden if point tunneling dominates, but it also reduces
the on-current. Two TCAD solutions to include channel quan-
tization were presented. Furthermore, we developed models for
the impact of surface roughness and RDF-induced DOS tails
on the SS. Although values of the characteristic energies by
which the DOS is smeared out are not known, it seems that
both effects could become visible if TAT is suppressed.
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As a potential candidate for solid-state switches in low-power electronic circuits, the Tunnel Field Effect
Transistor (TFET) has attracted the attention of device designers in the past few years. Although simulations
have shown that ideal hetero TFETs can achieve sub-thermal sub-threshold swing (SS), the fabrication of
a TFET with sufficient on-current and sub-thermal SS over a few decades of drain current remains to be
done. Non-idealities in a TFET such as interface traps, band tails, or surface roughness exhibit stronger
influence on TFET characteristics in the sub-threshold region. In Ref. [1] we observed that among all of these
non-idealities the strongest effect is due to interface traps. On the other hand, simulations have shown that
channel quantization severely degrades the on-current [2]. In this work, we analyse experimental transfer
characteristics of InAs/Si nanowire TFETs (diameter ⇡ 100 nm) and find reasons for the degradation of SS
and on-current. We give an estimate for the Dit that still would allow a sub-thermal SS.

The experimental InAs/Si vertical nanowire TFETs consisted of p+ doped Si drain (NA = 3⇥1019cm�3),
100 nm long intrinsic Si channel, and 500 nm long n+ doped InAs (ND = 2⇥1018cm�3) as shown by the TEM
image in Fig. 1(a) [3]. The gate stack was Al2O3/HfO2 with an EOT of 1.3 nm. The critical region of the
device was simulated with the semi-classical TCAD simulator S-Device [4] (see. Fig. 1(b)). To account for
the effect of channel quantization, a new band-to-band tunneling (BTBT) model based on the path rejection
method [2] was implemented using the external Physical Model Interface in S-Device. In this model, a
tunnel path is accepted if its energy is above the first sub-band level, but is rejected otherwise (Fig. 2(a)).
Trap-assisted tunneling (TAT) at interface traps was modeled with the nonlocal TAT model of Ref. [5]. In
its S-Device implementation, the tunnel rate is calculated in WKB approximation with numerical integration
over the imaginary dispersion. The work function was set to 4.8 eV.

Generation centers ("traps") at the InAs/oxide interface can capture an electron from the valence band
(VB) by a multi-phonon process and emit it to the conduction band (CB) by a tunneling process (Fig. 2(a)).
At the InAs/Si interface, traps can mediate a phonon-assisted tunneling process between the Si VB and the
InAs CB (Fig. 2(b)). The steady-state trap occupation changes the electrostatics self-consistently. A proper
non-local mesh (Fig. 1(b)) has to be constructed to accurately calculate the tunnel rate to and from the
traps. Traps at the InAs/Oxide interface were assumed to be uniformly distributed across the band gap. A
maximum Dit of 1⇥1013cm�2eV�1 was considered in accordance with experimental data [6]. A value of 10 Å3

was used for the interaction volume of the trap. At the InAs/Si hetero interface, a Gaussian distribution was
assumed for the Dit with its peak at the VB edge. The peak value was set to 1⇥1013 cm�2eV�1, the FWHM
to 55 meV, and the interaction volume to 50 Å3. These parameters gave a reasonable fit to the experimental
data at 300 K and 130K (Fig. 1(c)).

The comparison of simulated and measured transfer characteristics using the above set-up is shown in
Fig. 1(c). Fig. 2(b) presents the effect of channel quantization, showing a severe degradation of the on-current.
The good agreement between measured transfer characteristics and simulations including quantization sug-
gests that the quantization effect is indeed present in these devices. The reduction of the on-current is due
to the rejection of shorter tunnel paths leading to an increase of the average tunnel length. Fig. 3(c) depicts
the impact of TAT on the SS at 300 K. In the sub-threshold region, the drain current is entirely dominated
by TAT with negligible contribution from BTBT. The initial branch of the IDVGS-curve is solely degraded by
surface SRH generation. With increasing voltage, i.e. sufficient band bending, out-tunneling from trap levels
into the CB starts to become effective and provides a "short-cut" to the multi-phonon electron emission
step. At 300 K, the contributions of InAs/Si and InAs/oxide TAT to the total sub-threshold drain current
are of similar magnitude. However, at 130 K the contribution of InAs/oxide traps becomes negligibly small.
This is because of the suppression of multi-phonon excitation of electrons from the VB (Fig. 3(a)). Since
both the InAs/oxide and InAs/Si traps contribute to the total current at 300 K, it is necessary to suppress
the trap density at both interfaces to achieve a sub-thermal SS as shown in Fig. 4. From these results one
can conclude that a sub-thermal SS requires Dit  1⇥ 1012 cm�2eV�1 at both interfaces.

[1] A. Schenk et. al., Proc. ULIS-EUROSOI, Wien, Jan. 2016. [2] W. G. Vandenberghe et. al., SISPAD’11, 271
(2011). [3] D. Cutaia et. al., J. Electron Device Soc., 2015. [4] Sentaurus Device user guide v-2014.9, Synopsys Inc.
(2014). [5] A. Palma et al., Phys. Rev. B 56, 9565 (1997). [6] P. Mensch et al., Nanotechnol. 12 3, 279 (2013).
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Figure 1: (a) TEM image of the InAs/Si vertical nanowire TFET. (b) 
Radial cross-section of the critical region for TCAD simulation. (c) 
Comparison of experimental and simulated transfer characteristics. 
Parameters- InAs: Eg=0.36eV, me=0.023, mh=0.026;  
Silicon: Eg=1.11eV, me=0.19, mh=0.15. 
 

 

Figure 2:(a) Illustration ofthe path 
rejection method implemented to 
model the effect of channel 
quantization. (b)Simulated transfer 
characteristics with and without 
considering quantization. 
 Figure 3: Trap-assisted tunneling at (a) oxide/InAs interface and (b) 

InAs/Si interface. (c) Simulated ransfer characteristics with and 
without considering TAT. 
 

Figure 4:Predictive simulations to analyse the effect of traps at (a) InAs/Si interface, (b) InAs/oxide interface, 
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Abstract— This part of the paper presents TCAD simulations
of the InAs/Si lateral nanowire (NW) tunnel FET (TFET) with
the same geometry as the fabricated device discussed in the
first part. In addition to band-to-band tunneling, trap-assisted
tunneling (TAT) at the InAs/Si and InAs/oxide interfaces was
considered. A very good agreement is found between the simula-
tion results and experimental transfer characteristics of different
devices. The simulations confirm that the transfer characteristics
in the subthreshold regime of the TFETs are entirely dominated
by TAT. Due to the high concentration of generation centers at
the InAs/Si interface, the current conduction in the subthreshold
regime takes place in two steps: carrier generation by TAT at the
InAs/Si interface followed by thermionic emission over the hole
barrier. The latter is the limiting process, and hence dominant
for the subthreshold swing (SS), preventing a value smaller than
60 mV/decade. In addition, traps at the Si/oxide interface reduce
the electrostatic coupling between the gate and the channel, which
further degrades the SS. Predictive simulations with varying
interface trap densities indicate that a subthermal SS would only
be achievable for Dit < 5 × 1011 cm−2eV−1 at both InAs/Si and
InAs/oxide interfaces. This confirms a recently found minimum
requirement of Dit < 1 × 1012 cm−2eV−1 for vertical InAs/Si
NW TFETs with larger diameters.

Index Terms— InAs/oxide interface, InAs/Si interface, interface
traps, tunnel FETs (TFETs).

I. INTRODUCTION

ENERGY scaling of integrated circuits has hit a road block
as the operating voltage of the MOSFET-based solid-

state switches has attained a minimum possible value. The
thermionic emission mechanism, which governs the switching
of the MOSFETs, does not allow to achieve an SS below
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60 mV/decade at room temperature. For a subthermal SS,
it is necessary to utilize a device that does not operate on
thermionic emission. The tunnel FETs (TFETs) working on
the principle of band-to-band tunneling (BTBT) are consid-
ered a potential candidate to replace MOSFETs as solid-state
switches [1]. Although simulations have predicted that ideal
hetero-TFETs can achieve a subthermal SS, the fabrication of
a TFET with sufficient ON-current and subthermal SS over a
few decades of drain current remains to be achieved.

Nonidealities in a TFET, such as generation centers at the
interface (for brevity called traps in the following), band
tails in the semiconductor, and surface roughness, exhibit
strong influence on TFET characteristics in the subthreshold
regime. Among all the nonidealities, interface traps have
the strongest impact [2]. BTBT features a weak temperature
dependence arising from the temperature dependence of the
bandgap, whereas trap-assisted tunneling (TAT) has a stronger
temperature dependence due to the involvement of phonons.
The considerable temperature dependence of measured TFET
characteristics reported by various groups hints to the major
role played by interface traps [3]–[5]. Therefore, analyzing
TFET characteristics necessitates the inclusion of the effect of
traps in addition to BTBT.

In this paper, we analyze the measured transfer character-
istics of lateral InAs/Si heterojunction TFETs presented in
part-1. These devices have a best SS value of 67 mV/decade,
fairly close to the thermionic limit. By simulation, we will
untangle the role played by TAT, BTBT, and thermionic
transport in their operation. Based on the analysis, we give
an estimate for the Dit , which would allow a subthermal SS.

This paper is organized as follows. Section II presents the
simulation setup for modeling BTBT and TAT. Section III pro-
vides simulation results and a discussion on the contribution
of TAT and the mechanisms of operation of the TFET. The
conclusions are presented in Section IV.

II. SIMULATION SETUP

A. Device Geometry
TFETs were made from InAs/Si nanowires (NWs) with a

cross section of 30 nm × 30 nm, laterally placed on buried
oxide. Two of the fabricated devices were selected for the

0018-9383 © 2016 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted,
but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. (a) 3-D simulation domain of the InAs/Si lateral NW TFET along
with the plane of vertical cross section. Inset: inclination of the ⟨111⟩ InAs/Si
interface to the channel direction, where gate oxide and InAs regions were
made transparent. (b) 2-D cross section of the device with various lengths.
(c) Nonlocal mesh generated to model TAT at the InAs/oxide and InAs/Si
interfaces.

simulation study, namely, FF44 and FF41 (for more details,
see part-1 of this paper). An intrinsic underlap region between
i-Si channel and p+-Si drain is present in FF44, while no
such underlap exists in FF41. The InAs region is n+-doped
with a concentration of 2 × 1018 cm−3. The section of Si in
the channel and the underlap region are intrinsic. The overlap
between the InAs source with the gate is 270 nm long while
that between Si and the gate is 730 nm long. The simulated
underlap region in FF44 has an extension of 100 nm. The
gate oxide consists of HfO2/Al2O3 with an effective oxide
thickness (EOT) of 1.75 nm. A vertical cross section of the
device at the midpoint along the width of the NW [Fig. 1(a)]
was simulated using the commercial simulator S-Device [9].
Since the channel orientation is along the ⟨100⟩-direction while
the InAs/Si interface is a (111)-plane, the InAs/Si interface in
the cross section is slanted, making an angle of 450 with the
buried oxide. It must be noted that the device does neither
possess a symmetry axis nor a plane of symmetry. A vertical
cross section was selected for 2-D simulations to lower the
computational burden, but some 3-D simulations were also
done for validation purposes.

As observed in the TEM images in part-1, the thicknesses
of InAs source and Si channel differ by about 5 nm, creating a
step at the InAs/Si interface. Simulations with and without this
step show that its impact on the transfer curves is negligible
in the subthreshold region. The inclusion of the step slightly
changes the ON-current, but the mechanism of operation
remains unchanged. Therefore, a step at the InAs/Si interface
will be ignored in the following.

TABLE I

VALUES OF VARIOUS BAND STRUCTURE PARAMETERS
REQUIRED FOR THE KANE MODEL

B. Miscellaneous Physical Models

The dynamic nonlocal path BTBT model in S-Device [9]
was used for the simulation of tunneling. It is based on Kane’s
two-band theory of BTBT [10], [11] and involves integration
over the imaginary dispersion along all possible tunnel paths.
This model requires the direct conduction band (CB) and
light hole (LH) effective masses, the direct bandgap, and the
degeneracy factor to simulate BTBT between the !−valley
and the VB. Table I lists the values of various band structure
quantities used in the simulation [7]. The temperature depen-
dence of the bandgap was modeled following Varshni [6] with
default parameters in S-Device. The temperature dependence
of the effective masses was ignored. Tunneling from the
Si LH band to the InAs CB is the primary BTBT process
in this device. The degeneracy factor (g = 2 × gC × gV )
for this process is 2.1 Therefore, the degeneracy factor for
BTBT in Si was set to 2, although the factor is 12 for
intramaterial tunneling in Si. Owing to the large effective mass
of heavy holes (HHs), tunneling between the !-valley of the
CB and the HH band was ignored. The VB offset between
InAs and Si was chosen to be 130 meV referring to the
experimental data in [8]. Due to the small bandgap of InAs,
Shockley–Read–Hall generation is strong and was modeled
with constant lifetimes of 1 × 10−9 s. These values provided
the best fit to the temperature dependence of reverse I V -curves
of unintentionally doped InAs/Si hetero-NW diodes [12]. The
gate work function was set to 5.05 eV and the source-drain
bias was 500 mV in all simulations presented in this paper.
As explained in part-1, the Schottky barrier at the source
contact is expected to introduce a contact resistance visible at
high gate bias. In TFETs, the impact of the contact resistance
is usually very small due to the relatively low current densities.
Therefore, the barrier at the source contact is expected to
have only minimal impact on the device characteristics. It is,
therefore, ignored in the simulations.

C. Modeling Trap-Assisted Tunneling

TAT takes place through excitation of electrons from the
valence band to the trap state and subsequent emission of the

1In the calculation of the degeneracy factor it is assumed that tunneling is a
spin-conserving process. Therefore, gC , gV = 1 for direct tunneling between
CB and LH band as an electron can only tunnel between states having the
same spin. Because there are two degenerate spin states in each band, an
additional factor 2 enters the equation making g = 2.
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Fig. 2. Schematic showing TAT at (a) oxide/InAs interface, (b) InAs/Si
interface, and (c) oxide/Si interface.

trapped electrons to the CB or vice versa. The occupancy of
a trap state is determined by the principle of detailed balance
taking into account all trapping and detrapping processes.
The total trap occupancy at any interface determines the
charge density at the respective interface, which changes the
electrostatics of the device self-consistently. In the given
TFET, the following TAT processes are dominant.

1) InAs/Oxide Interface: In this TAT process, an electron is
captured by a trap state from the VB of InAs by a multiphonon
excitation process. The trapped electron is emitted into the
CB through either multiphonon excitation or phonon-assisted
or direct tunneling [Fig. 2(a)]. The multiphonon excitation
of electrons was modeled by the phenomenological V-model,
which assumes temperature-independent capture cross sections
and the thermal velocity to calculate the carrier capture-
emission rate. Phonon-assisted and direct tunnel processes
were modeled by a nonlocal model, which calculates the
tunnel rate in WKB approximation with numerical integration
over the imaginary dispersion [13]. The model was activated
on the nonlocal mesh that was constructed adjacent to the
InAs/oxide interface.

2) InAs/Si Interface: In this process, an electron from the
Si VB can be trapped through both a multiphonon excitation
and a (direct or phonon-assisted) tunneling process [Fig. 2(b)].
Similarly, a captured electron can be emitted to the InAs CB
through either of these two processes. Similar to the case of the
InAs/oxide interface, multiphonon excitation of electrons was
modeled by the phenomenological V-model, whereas phonon-
assisted and direct tunnel processes were modeled by the
nonlocal model. The nonlocal model was activated on the
nonlocal mesh that runs on either side of the InAs/Si interface
and that was constructed normal to the interface.

3) Si/Oxide Interface: Depending on the fabrication
process, traps may be also present at the Si/oxide interface.
Since Si is intrinsic in the channel, a triangular-like potential
well does not form. With increasing gate bias, the Si channel
enters the accumulation mode, in which holes accumulate
in the entire region without significant band bending. In the

TABLE II

VALUES OF TAT PARAMETERS REQUIRED FOR LOCAL
AND NONLOCAL TAT MODELS

absence of band bending, TAT does not occur. Instead, an
electron is captured through multiphonon excitation from the
VB and subsequently emitted to the CB through another
multiphonon process [Fig. 2(c)]. This kind of generation was
modeled using the phenomenological V-model. Traps at the
Si/oxide interface were not included in the simulation of FF44
devices as their impact was negligible. However, they had to
be included in the simulation of FF41 devices.

The V-model for multiphonon excitation has two para-
meters: capture cross section and thermal velocity, while
the nonlocal model for direct and phonon-assisted tunneling
contains three parameters, namely, trap interaction volume,
Huang–Rhys factor, and phonon energy. The values of these
parameters for both interfaces are provided in Table II. Both
the models calculate capture and emission rates for each
discrete trap level in the bandgap. The rates are proportional to
the trap density. The nonlocal model requires effective electron
and hole masses to perform integration over the imaginary
dispersion relations. Effective electron and hole masses in bulk
InAs and Si (given in Table I) have been used for the nonlocal
TAT model.

The energetic trap distribution at the InAs/oxide interface
was assumed to be uniform throughout the InAs bandgap.
The trap density at the InAs/oxide interface was set to its
measured value of 1 × 1013 cm−2eV−1 taken from [14].
At the InAs/Si interface, the energetic distribution of traps was
assumed to have Gaussian shape with a peak concentration
of 6 × 1013 cm−2eV−1, a full-width-half-minimum (FWHM)
of 0.11 eV, and the peak position at the VB edge of InAs
(see Section III for a more detailed discussion). For the
simulation of FF41 TFETs, the trap density at the Si/oxide
interface was assumed to be uniform throughout the bandgap
of Si. Its value was set to 4 ×1012 cm−2eV−1 after fitting the
experimental data.

III. RESULTS AND DISCUSSION

A. Temperature Dependence

The FF44 TFET [see Fig. 1(b)] was simulated by including
the traps at the InAs/Si and InAs/oxide interfaces and using
the model parameters outlined in Section II. A comparison
of simulated and measured transfer characteristics is shown
in Fig. 3. The used model parameters are mostly experimental
data; only Huang–Rhys factor, trap interaction volume, and
trap density at the InAs/Si interface, which are related to
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Fig. 3. Comparison of experimental and simulated transfer characteristics of
FF44 TFETs for two different temperatures.

the TAT model, have been fitted to obtain a good match
to the experimental data. It is observed that the variation
of the Huang–Rhys factor has only a small effect on the
transfer characteristics. The trap interaction volume merely
acts as a scaling factor in the expression for the capture rate.
A small change in the trap interaction volume will not cause
a significant shift in the transfer characteristics on log scale.
Therefore, they are little affected by the uncertainty associated
with these two parameters.

The energetic trap distribution at the InAs/Si interface
affects the electrostatics of the device as well as the capture
and emission rates. At 125 K, the contribution from oxide
traps to the transfer characteristics is negligible. Therefore,
the low-temperature characteristics can be used to study the
distribution of traps at the InAs/Si interface. A Gaussian shape
was assumed for Dit, and the position of the peak was varied
throughout the InAs bandgap, keeping the FWHM fixed to
0.11 eV. Fig. 4 shows the transfer characteristics of the TFET
at 125 K for three different peak positions in the bandgap
of InAs along with the experimental data. Best agreement is
obtained for a peak position close to the VB edge of InAs.
The output characteristics of the FF44 TFETs are presented
in Fig. 5(b) of part-1. Good agreement between experimental
and simulated output characteristics further validates the above
simulation setup.

The FF41 TFETs were also simulated using the same
simulation setup. Fig. 5 shows the comparison of simulated
transfer characteristics with experimental data at different
temperatures. Unlike in the analysis of the FF44 TFETs, traps
at the Si/oxide interface had to be included for a good fit.
Because of the large bandgap of Si, multiphonon excitation
of electrons through traps at the Si/oxide interface is a less
important process. Instead, the charging of these interface traps
impacts the transfer characteristics by degrading the coupling
between the gate electrode and the Si channel as explained
below.

B. Individual Contributions of Various TAT Processes

At 300 K, the drain current originates from three sources:
BTBT, TAT at the InAs/oxide interface, and TAT at the InAs/Si

Fig. 4. Variation of the peak position of the Gaussian Dit in the bandgap of
InAs at the InAs/Si interface. Only TAT at the InAs/Si interface was enabled
in the simulation.

Fig. 5. Measured and simulated transfer characteristics of the FF41 TFETs
for three different temperatures.

Fig. 6. Individual contributions of BTBT and the two TAT processes at 300 K
in the simulated transfer characteristics of FF44 TFETs. TAT is dominant in
the subthreshold region.

interface. The contribution of the individual mechanisms is
shown in Fig. 6 for the case of device FF44. Note that the
remaining components had to be disabled, which neglects
the effect of the self-consistent coupling of all sources. TAT
at both interfaces begins at a lower gate bias than BTBT
as the effective tunnel gap for TAT is much smaller than
that for BTBT. The drain current component due to TAT at
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Fig. 7. Color-mapped diagrams of electron and hole generation rates at
(a) inclined InAs/Si interface, (b) vertical InAs/Si interface with moderate
source doping, and (c) inclined InAs/Si interface with high source doping.
In all the cases, the gate voltage was VGS = 0.2 V.

the InAs/oxide interface increases much more gradually and
has a higher SS than the one originating from traps at the
InAs/Si interface. The reason is the weak bias dependence of
the multiphonon excitation step at the InAs/oxide interface.
On the other hand, the drain current component from TAT
at the InAs/Si interface yields an SS close to 60 mV/decade
at 300 K. This astonishing coincidence will be explained
in Section III-C.

The onset voltage of the TFET is fully dominated by TAT.
The contribution of BTBT is negligible at the onset. However,
the ON-current is determined by BTBT, as it becomes the
dominant mechanism at high gate bias. The overestimation
of the simulated ON-current at very high gate bias (see Fig. 3)
is due to the neglect of quantization effects [15]. Furthermore,
the effect of the slant in the InAs/Si interface along the
z-axis is neglected in 2-D simulations, which also results in
an overestimation of the drain current at high gate bias.

C. Impact of Inclined InAs/Si Interface on BTBT

The simulated transfer characteristics in the absence of traps
are unusual as they exhibit a very weak slope at the onset.
As seen in Fig. 6, the drain current gradually increases at a
lower bias (-0.3 V < VGS < 0.3 V), which can be attributed to
the slanted InAs/Si interface. As demonstrated in Fig. 7(a), the
tunnel path connecting the electron and hole generation centers
is long for a TFET with a slanted InAs/Si interface. Also
the gate control is weaker as the electron generation center
is far away from the gate and shielded by the carriers in the
inversion layer. Both factors result in a gradual increase of the
drain current. Note that the same behavior is also observed in

Fig. 8. Simulated transfer characteristics of an ideal lateral InAs/Si NW
TFET without traps for different device geometries and source doping levels.
A vertical InAs/Si interface or high source doping can result in a sharp onset
of the drain current.

the transfer characteristics obtained by 3-D simulations with
the exact device geometry (see Fig. 7), which suggests that it
is not an artifact of simulating a 2-D cross section. A vertical
InAs/Si interface would shift the center of electron generation
closer to the gate and would reduce the tunnel length, as shown
in Fig. 7(b). This greatly improves the transfer characteristics,
as shown in Fig. 8. For the given TFET with the slanted
InAs/Si interface, only the increase of the InAs source doping
can improve the BTBT current slope, as demonstrated for a
value of 8 × 1018 cm−3. This is a result of the reduced tunnel
length [see Fig. 7(c)]. However, in the real TFETs, the drain
current component due to BTBT is completely dominated by
the TAT current. Therefore, the above alterations will improve
the subthreshold characteristics only after suppression of TAT.

D. Mechanism of Operation

The SS extracted from the measured characteristics of the
TFET is 70 and 35 mV/decade at 300 and 125 K, respec-
tively. Contrary to the weak temperature dependence of an
ideal TFET, the SS is roughly proportional to the tempera-
ture here, which is a characteristic of thermionic emission.
Fig. 9 explains the reason for this anomaly observed in the
experiments and the simulations. The band diagram along
the channel of the TFET [Fig. 9(a)] for different gate bias
values clearly reveals a large thermionic barrier. This causes a
two-step current conduction process: TAT at the InAs/Si
interface and subsequent transport of holes to the drain by
thermionic emission. The barrier is lowered with increasing
negative gate bias. In the subthreshold regime, the thermionic
barrier is high, and thermionic emission of holes becomes the
rate-determining step. Therefore, the slope of the drain current
is typical for a thermal SS. At a higher gate bias, when the bar-
rier is sufficiently low, TAT at the InAs/Si interface becomes
the bottleneck and the drain current becomes determined by
TAT. The two regimes in the transfer characteristics are clearly
distinguishable at 125 K, as shown in Fig. 9(b). In short,
the TAT leakage current is blocked by the thermionic barrier,
which gradually releases the blockade with the increasing
negative gate bias. This results in an SS dominated by the
thermionic emission mechanism. In this way, the presence of
a high trap density at the InAs/Si interface causes the TFET
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Fig. 9. (a) Band diagram along the channel for three different gate bias
values near the onset of the TFET. In the presence of traps at the InAs/Si
interface, transport of carriers happens via two subsequent steps, viz., TAT
and thermionic emission. Note that the VB offset at the InAs/Si interface
is 130 meV although it is not visible in the band edge diagram. This is due to
the discretization at the interface, which linearizes the otherwise abrupt band
offset, and due to the high electric field, which gives rise to a sharp gradient
at the interface making it difficult to distinguish the band offset. (b) Two
separate intervals in the transfer characteristics with dominant mechanisms in
respective intervals.

to operate like an MOSFET with the intrinsic Si region as a
gated channel.

E. Effect of Traps at the Si/Oxide Interface

In the analysis of FF44 TFETs, traps at the Si/oxide
interface could be ignored. However, such traps seem to have
a strong impact on FF41 TFETs, possibly due to a higher
concentration as result of process variations. The presence of
defects at the heterojunction is likely a somewhat stochastic
effect, which could cause a variation in trap density from one
device to another. The effect of Si/oxide traps is highlighted
in Fig. 10, which compares the transfer characteristics of FF41
TFETs with and without Si/oxide interface traps. It can be
explained as follows. When Si/oxide traps are included, the
slope of the transfer characteristics changes in the region
where it is dominated by thermionic emission. Traps at the
oxide/Si interface introduce an additional capacitance in par-
allel with the depletion layer capacitance, which degrades the
electrostatic coupling between the gate and the intrinsic Si
channel [16]. The reduced gate coupling increases the SS from
its ideal value to 81mV/decade for the above devices at 300 K.

Fig. 10. Effect of Si/oxide traps on the transfer characteristics of FF41
TFETs. Si/oxide traps reduce the electrostatic coupling between gate and
channel. This degrades the SS similar to what is observed in a MOSFET.

Fig. 11. Band diagram along the channel of the device for different interface
trap densities (VDS = 0.5 V).

This effect is similar to what is observed in MOSFETs in
the presence of oxide interface traps. The generation rate of
carriers by multiphonon excitation is weak at this interface
due to large bandgap of Si. Thus, the degradation of the SS
due to Si/oxide traps can be entirely attributed to the reduced
gate coupling.

It must be noted that a gate work function of 4.9 eV was
used in the simulation of FF41 devices as compared to 5.05 eV
for the FF44 devices. This change could result from trapped
oxide charges.

F. Prediction for Dit Limits

Having achieved good agreement between the experimen-
tal and simulated TFET characteristics, the above simula-
tion setup can be utilized to study the impact of a given
Dit on the SS. Simulations were carried out for different
trap concentrations at the InAs/oxide and InAs/Si interfaces.
A source doping of 8 × 1018 cm−3 was used in these
simulations, as it is optimal for the given device geom-
etry. The band diagram along the channel of the device
(Fig. 11) shows that a very high trap density may result in
the formation of a notch at the heterointerface, creating a
thermionic barrier for hole transport. At a somewhat lower
trap concentration, the thermionic barrier vanishes and the
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Fig. 12. Predictive simulations to study variation of interface trap density at (a) InAs/Si interface, (b) InAs/oxide interface, and (c) both InAs/Si and
InAs/oxide interfaces.

transfer characteristics are solely determined by TAT. The
resulting transfer characteristics qualitatively change when
the trap density is reduced from 6 × 1013 cm−2eV−1 to
1 × 1012 cm−2eV−1, as shown in Fig. 12. It turns out that the
device characteristics will degrade even if either of the two
interfaces has a trap concentration above 1×1012 cm−2eV−1.
Such a value was recently found as a minimum requirement
for vertical InAs/Si NW TFETs with larger diameters [17]. As
a more conservative estimate, the interface trap concentration
at both the InAs/Si and InAs/oxide interfaces needs to be close
to 5 × 1011 cm−2eV−1 to enable an SS < 60 mV/decade.

IV. CONCLUSION

InAs/Si lateral NW gate-overlapped-source TFETs were
simulated taking into account not only BTBT but also TAT
processes at the InAs/Si and InAs/oxide interfaces. It was
confirmed that the TAT current begins at a lower gate bias than
BTBT. Therefore, the interface traps determine the TFET char-
acteristics in the subthreshold regime. In TFETs with a high
trap concentration at the InAs/Si interface, current conduction
takes place in two steps. electron–hole pairs are generated
at this interface by a TAT process, which is followed by
thermionic emission of holes to the drain. In the subthreshold
regime, due to the presence of a high thermionic barrier,
thermionic emission of holes is the rate-determining step.
At higher gate bias, when the thermionic barrier is sufficiently
lowered, TAT becomes the rate-determining step. Simulations
of FF41 TFETs suggest that in addition to the above mech-
anisms, traps at the Si/oxide interface further degrade the SS
of the devices by reducing the coupling between the gate and
the Si channel. Predictive simulations with different Dit-values
have shown that Dit = 5 × 1011 cm−2eV−1 is the maximum
allowable value that still would result in a subthermal SS.
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Modeling the Effect of Interface Roughness on the
Performance of Tunnel FETs

Saurabh Sant and Andreas Schenk

Abstract—The sub-band formation in the triangular-like po-
tential well in the channel of a tunnel field effect transistor
(TFET) results in a delayed onset of vertical band-to-band
tunneling (BTBT) and in a reduction of the on-current. Further-
more, the roughness of the oxide/semiconductor interface causes
density-of-states (DOS) tails, i.e. a smoothing of the otherwise
staircase-shaped 2D DOS in the TFET channel. The impact
of interface roughness is modeled semi-classically using Ind’s
perturbation approach. The developed model for the combined
effect of channel quantization and interface roughness on TFET
performance has been implemented in a commercial device
simulator. Simulations of a TFET with predominantly vertical
BTBT show that the sharp onset of tunneling, which ideally
originates from the 2D-3D DOS matching, is smoothed by the
interface roughness. This leads to a degradation of the sub-
threshold swing of the transistor with increasing amplitude and
decreasing auto-correlation length of the roughness.

Index Terms—Tunnel transistors, Interface roughness, Field
induced quantum confinement

THE tunnel field effect transistor (TFET) is considered as
a potential alternative to the metal oxide semiconductor

field effect transistor (MOSFET) in the quest to build low-
power logic devices [1]. Various TFET geometries such as
bulk, double-gate, and gate-all-around nanowire TFETs have
been studied as possible device options. Depending on geom-
etry, doping, and bias voltages, the tunneling paths of band-
to-band tunneling (BTBT) are either predominantly lateral or
vertical, respectively, with respect to the gate oxide interface,
or both directions occur concurrently. TFETs with predomi-
nantly vertical tunneling paths, due to special geometry, open
the possibility of BTBT between the 2D states in the inversion
layer and the 3D states in the ”bulk”. This mechanism results
in steeper onset characteristics compared to the 3D-3D case.
Furthermore, the on-current can be simply scaled up by in-
creasing the gate area. However, vertical tunneling is strongly
affected by both the quantization of states in the channel [3],
[4] and the rough oxide/semiconductor interface which gives
rise to density-of-states (DOS) tails in the inversion layer [2].
In this paper, we present a semi-classical model of the com-
bined effect of channel quantization and oxide/semiconductor
interface roughness on vertical tunneling.

A vertical (”line-tunneling”) TFET was simulated to study
the impact of channel quantization and interface roughness.
The device consists of p+-doped In0.53Ga0.47As bulk with
a doping concentration of 1 × 1019 cm−3. A counterdoped
layer with n+-doping of 4 × 1018 cm−3 was introduced in
the channel to assist channel formation. The chosen geometry
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Fig. 1. (a) InGaAs vertical TFET with counter-doped pocket. The special
geometry favors vertical (”line”) tunneling and is used to analyze the impact of
channel quantization and surface roughness. (b) Simulated transfer character-
istics of the vertical TFET in (a) showing the impact of channel quantization.

and doping scheme (shown in Fig. 1) favours vertical tunneling
and is, therefore, ideal to study the influence of the above two
effects on a TFET.

To account for quantization in the channel, we employed a
semi-classical model based on the path-rejection method [3].
In this model, a given tunnel path is selected and the BTBT
rate is evaluated along the path, only if it lies energetically
above the lowest sub-band in the channel. The sub-band
energy is calculated using the triangular well approximation.
The applicability of the latter was confirmed by comparing
the linearized CB edge with the one obtained from self-
consistent simulations at the onset of tunneling. The model was
implemented in the commercial device simulator Sentaurus-
Device using the ”Nonlocal Recombination Physical Model
Interface” [5].

A comparison of the transfer characteristics of the above-
described TFET including and excluding channel quantization
is shown in Fig. 1(b). The inclusion of channel quantization
delays the onset of line tunneling and reduces its strength in
the ON-state. The delay in the onset is due to the effective
increase of the tunnel gap in the channel region caused by the
sub-band formation. In the ON-state, only tunnel paths above
the sub-band energy level carry the tunnel current while paths
below don’t find an empty final state. The tunneling electrons
are shielded from the gate field by the inversion layer present
between the tunnel paths and the gate oxide which weakens
the gate coupling. Also, the sharpness of the band bending
reduces as one moves away from the oxide. Therefore, the
active tunnel paths are longer than the forbidden ones which
further reduces the strength of the tunnel current.
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The oxide interface particularly in III-V-based TFETs is not
perfectly smooth, and the roughness is one of the reasons for
the broadening of the otherwise discrete sub-band energies.
We modeled the effect of interface roughness semi-classically
by a spatial variation in the z-position of the infinitely high
potential wall. This variation is accompanied by a random shift
of the sub-band level which smoothens the otherwise staircase-
shaped DOS of the 2DEG in the inversion layer. Band tail
states appear below the sub-band energy as shown in Fig. 2(a).

Modeling the DOS in the channel region is necessary to
assess the impact of interface roughness on the performance
of a TFET. An expression for the DOS of a 2D quantum-
mechanical system in the presence of an arbitrary random field
with Gaussian correlation was derived by Quang and Tung [7].
According to Ref. [7], the DOS of a 2D system in the presence
of a random potential U(r) is given by

ϱ(E − E0) =
m∗

πh̄2

{
1

2

[
1 + erf

(
E − E0√

2η

)]

− h̄2F2

24
√
2πm∗η3

[
1− (E − E0)2

η2

]
exp

[
− (E − E0)2

2η2

]}
,

(1)

where m∗ is the effective mass, E0 is the energy of the lowest
sub-band level, η is the strength of the random potential U(r),
and F is the strength of the field associated with the random
potential (∇U(r)). These quantities are related to the potential

by

W (r − r′) = ⟨U(r) · U(r′)⟩
η2 = ⟨U(r)2⟩ = W (r − r′)|r=r′ (2a)
F2 = ⟨(∇U(r))2⟩ = ∇r∇r′W (r − r′)|r=r′ . (2b)

In Eqs. (2a), (2b), r and r′ are vectors in the xy-plane. To
adapt the expression in Eq. (1) for modeling the DOS tails
arising from interface roughness, we need to determine the
random potential associated with the roughness. It is obtained
from Ando’s formalism [8] and is given by

U(r) := νSR(r) =

∫
dz ζ∗0 (z)VSR(z, r) ζ0(z) . (3)

Here, ζ0(z) is the wave function of the ground state in the
triangular well and VSR(z, r) is the perturbation operator as-
sociated with interface roughness as defined in Ref. [8]. If the
interface roughness is assumed to have Gaussian correlation,
then

⟨∆(r) ·∆(r′)⟩ = ∆2 exp

[
− (r − r′)2

L2

]
(4)

where ∆(r) is defined as a random shift in z-position of the
potential wall at a location r in the xy-plane. An expression
for the roughness potential (νSR(r)) was derived in Ref. [8]:

νSR(r) =

∫
dk ∆(k)Γ(k) exp(ik · r) . (5)

∆(k) is the Fourier transform of the roughness function ∆(r).
The factor Γ(k) carries the dimension of an electric field and
has the meaning of the Fourier transform of the normal field
averaged over z. Note that the averaged normal electric field
is r-dependent making Γ(k) k-dependent. In the following
analysis, k-dependent terms in Γ(k) have been neglected. This
implies the additional approximation that spatial variations
in the average electric field due to interface roughness are
negligible. As a consequence, the expression for Γ(k) greatly
simplifies:

Γ(k) =
4πe2

κs

(
Ndepl +

1

2
Ninv

)
≈ Feff . (6)

Here, κs is the dielectric constant of the semiconductor, Ndepl

is the sheet density of the depletion layer charges, and Ninv

is the sheet density of the inversion layer charges. The above
expression of Γ(k) is equal to the ”effective electric field” Feff

often used in modeling the mobility in MOSFETs. Substituting
Eq. (6) in Eq. (5) one obtains for the interface roughness
random potential

νSR(r) = Feff ∆(r) . (7)

Inserting this into Eqs. (2a) and (2b) gives the following results
for η and F :

η =Feff ∆ , (8a)

F =Feff
∆

L
. (8b)

Here, ∆ is the amplitude and L the auto-correlation length in
the Gaussian correlation function describing interface rough-
ness (Eq. (4)). By definition, the effective electric field Feff is
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calculated as

F e
eff(r) =

∫ zmax

0 dz n(r, z)F⊥(r, z)∫ zmax

0 dz n(r, z)
, (9)

where n(r, z) is the electron density, zmax is the maximum
spread of the inversion layer, and F⊥(r, z) is the electric field
normal to the oxide/semiconductor interface. A similar expres-
sion can be used for the hole channel. The above definition of
F e/h
eff has been used in the numerical implementation of the

model for DOS tails as described below. It has to be noted that
F e/h
eff is bias-dependent. Thus, η and F defined in Eqs. (8a)

and (8b) are also bias-dependent. Their values must be updated
at each bias point during the simulation. The normalized DOS
factor (ϱ = πh̄2

m∗ ϱ) calculated using Eq. (1) at different bias
values applied to the TFET of Fig. 1 is shown in Fig 3.

The channel quantization model presented above can be
extended to include the effect of interface roughness. Accept-
ing a tunnel path with an energy above the lowest sub-band
level and rejecting it otherwise is equivalent to multiplying the
tunnel rate along each tunnel path by a step function. This step
function is equal to the normalized 2D DOS around the lowest
sub-band energy (compare Fig. 2). The effect of interface
roughness can, therefore, be modeled as follows. Instead of
rejecting tunnel paths below the lowest sub-band energy, all
tunnel paths are now accepted. The algorithm proceeds in the
same manner as the path-rejection algorithm. After calculating
the energy E0 (the bottom of the lowest sub-band) using the
triangular well approximation, the effective electric field is
computed for each tunnel path using Eq. (9) with the electron
density (or the hole density in case of a p-channel TFET) and
the electric field in tunnel direction at the discretization point
along the tunnel path. This effective electric field is the input
for the calculation of the parameters η, F , and the normalized
DOS factor ϱ = πh̄2

m∗ ϱ for each tunnel path. The tunnel rate
for a tunnel path with energy E based on the implemented
Kane model in Ref. [5] is multiplied by this normalized DOS
factor calculated at the same energy:

Gvc(E, x = xv) = ϱ(E − E0)eF (xv)
g

72h̄
×

1− exp

(
−k2m

xc∫
xv

dx
κ

)

xc∫
xv

dx
κ

exp

⎛

⎝−2

xc∫

xv

κdx

⎞

⎠ (fc − fv) . (10)

Here, x is the position along the tunnel path, F is the electric
field, xv, xc are, respectively, the start and end points of
the tunnel path, κ denotes the imaginary E(k)-relation, fc
and fv are, respectively, the quasi-Fermi distribution functions
of electrons and holes. The modified BTBT rate is then
incorporated in the self-consistent simulation as a generation
rate of holes and electrons at the beginning and the end of
the tunnel path, respectively. It has to be noted that the
above semi-classical model is solely phenomenological as an
energetic tunnel rate for bulk states is averaged by a 2D DOS.

In order to perform simulations of the vertical TFET in
Fig. 1(a), the semi-classical model needs to be implemented

Fig. 4. Transfer characteristics of the vertical TFET for different values of
the roughness amplitude ∆. Increasing ∆ degrades the SS (inset).

in a 2D device simulator. The model was implemented in
Sentaurus-Device [5] via the ”Nonlocal Recombination Phys-
ical Model Interface”. A roughness amplitude ∆ of 1.8 Å
and a correlation length L of 1.9 nm had been experimen-
tally extracted for a InAs/GaSb heterojunction by Feenstra
et al. [9] using Transmission Electron Microscopy. Taking
these numbers as a guideline, simulations were performed
with ∆ = 1.8 Å, 3.6 Å and L = 1.9 nm. A comparison of
the transfer characteristics for different parameter values is
presented in Fig. 4. The DOS tails resulting from interface
roughness smoothen the onset of line tunneling. An increasing
roughness amplitude degrades the sub-threshold swing (SS).
This is a consequence of the direct proportionality of η and
F to the roughness amplitude ∆. Also the simulations show
that a decreasing auto-correlation length L is would degrade
the SS of the TFET.

It must be noted that the above models for channel quan-
tization and interface roughness are applicable for vertical
BTBT only. Furthermore, interface roughness is among many
non-idealities such as interface traps, bulk traps, and disorder-
induced band tails which adversely affect the performance of a
TFET. In Ref. [10], it was observed that the effect of interface
traps is the strongest among them. However, the detrimental
effect of traps is expected to fade out as technology improves.
In that case, interface roughness may become an important
mechanism for the degradation of the SS in TFETs.

In summary, a semi-classical model based on the path
rejection method was implemented in a device simulator
to analyze the impact of channel quantization on vertical
tunneling. Additionally, an analytical model for the DOS of
an arbitrary 2D quantum-mechanical system was adapted to
capture the effect of DOS tails due to interface roughness. The
simulations of a vertical TFET using realistic parameters for
roughness amplitude and auto-correlation length have show
that the SS degrades due to interface roughness. Eqs. (8a),
(8b) as well as the simulations suggest that an increase in
the roughness amplitude or a reduction in the auto-correlation
length increase the SS of TFETs which are dominated by
vertical BTBT.
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Abstract 
Physics-based TCAD simulations of measured 
vertical and lateral InAs/Si hetero nanowire tunnel 
FETs are presented to demonstrate the effect of 
major non-idealities on slope and ON-current. The 
Dit limit for sub-thermal TFET operation is predicted, 
and it is shown that a high defect density at the 
InAs/Si interface can result in a slope close to 60 
mV/dec due to thermionic emission in an arising 
MOSFET with the intrinsic Si region as gated 
channel.  
(Keywords: TFETs, steep slope, non-idealities) 

Introduction 
Non-ideality effects as trap-assisted tunneling (TAT) 
at interface and bulk traps, roughness of material 
interfaces, channel quantization, and density-of-state 
(DOS) tails degrade the performance of TFETs [1]. 
It is shown by physics-based TCAD simulations 
how sub-threshold swing (SS) and ON-current are 
influenced by crucial physical parameters like Dit, 
capture cross sections, relaxation energies, and 
roughness amplitude. Temperature-dependent 
measurements of hetero nanowire (NW) TFETs (Fig. 
1) provide the input for a quantitative assessment of 
the Dit limit which still guarantees a sub-60 mV/dec 
slope averaged over 3-4 decades. A new model for 
the combined effect of channel quantization and 
interface roughness on line tunneling quantifies the 
expected smoothening of the sharp onset of 
tunneling, which otherwise is typical for the 2D-3D 
DOS matching.  

Effect of trap-assisted tunneling 
Fig. 2 compares the theoretical band-to-band 
tunneling (BTBT) current with TAT currents due to 
generation centers at the InAs/oxide interface 
(measured parameters used) and at the InAs/Si 
hetero interface (Dit fitted) in one of the lateral 
devices shown in Fig. 1. The latter current matches 
the experimental curve at 300 K which has a SS ~ 
60 mV/dec [2]. The band diagram in Fig. 3 reveals 
that the strong TAT generation at the hetero-interface 
acts like a current source in an internal MOSFET 
that arises from self-consistent electrostatics where 
the interface charges in conjunction with the gate 
voltage create a thermionic barrier to the flow of 
holes towards the drain. The intrinsic Si channel 
provides an almost perfect gate control which 
explains the measured slope. The comparison for 

two temperatures in Fig. 4 shows three distinct 
segments of the transfer curve - thermionic emission, 
TAT, and BTBT – being the bottleneck at low, 
intermediate, and high VGS, respectively. It is found 
that Dit < 5e11cm-2eV-1 at both interfaces is required 
to reach sub-thermal SS (still caused by TAT) [3]. 

Effect of surface roughness 
Line tunneling (vertical tunnel paths under the gate) 
is affected by surface roughness because of the 
effective smoothening of the 2D DOS in the TFET 
channel. Within Ando’s perturbation approach one 
can model the combined effect of channel 
quantization and roughness [1]. Fig. 5 presents a test 
device with predominant line tunneling used to 
quantify the roughness effect. Simulations 
performed with different roughness amplitudes Δ 
and an auto-correlation length L = 1.9 nm are shown 
in Fig. 6. The DOS smoothening degrades the SS 
with rising Δ and decreasing L (not shown).  

Conclusion 
Low defect densities, in particular at interfaces, and 
smooth semiconductor-oxide interfaces are 
necessary to achieve sub-thermal slope in InAs/Si 
NW TFETs. By combining defect characterization, 
temperature-dependent IV-measurements, and 
physics-based TCAD simulations one can predict 
the size of both effects.  
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Fig. 1: SEM image of the lateral InAs/Si NW TFET 
with inclined hetero-interface (top) and 3D 

simulation domain (bottom). 

Fig. 2: Individual contributions of BTBT and the 
two TAT processes to the transfer characteristics of 
the lateral InAs/Si NW TFET at 300 K. Solid lines: 

simulation, circles: measurement.  

Fig. 3: Band diagram along the channel for three 
different gate voltages near the onset of the TFET. In 
case of a high defect density at the InAs/Si interface, 

transport of carriers happens via two subsequent 
steps, viz., TAT and subsequent thermionic emission. 

Fig. 4: Transfer characteristics at two different 
temperatures reveal three distinct intervals of the transfer 

curve, where the current originates from thermionic 
emission, TAT, or BTBT, respectively. 

Fig. 5: Left: Simulation domain of an InGaAs vertical TFET 
with counter-doped pocket. The special geometry suppresses 
point tunneling and is used to study the combined effect of 
channel quantization and surface roughness. Right: Band 

edge diagram at VGS = 0.625V along the cut line 
perpendicular to the channel. 

Fig. 6: Transfer characteristics of the vertical TFET 
in Fig. 5 for different values of the roughness 

amplitude Δ. Increasing Δ degrades the SS which is 
plotted in the inset. 
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Abstract 
The effect of traps in the hetero-junction and at the 
oxide interface on slope and ON-current of vertical 
and lateral InAs/Si Nanowire (NW) Tunnel FETs 
(TFETs) is demonstrated through physics-based 
TCAD analyses in combination with experimental 
findings. The high density of interface states (Dit) at 
the highly lattice-mismatched material interface 
degrades the sub-threshold swing (SS) and makes 
band-to-band tunneling (BTBT) completely 
dominated by Shockley-Read-Hall (SRH) 
generation and trap-assisted tunneling (TAT) up to 
high gate voltages. When the NW diameter is scaled 
into the volume-inversion regime, the TFET can 
even turn into an artificial MOSFET with 
close-to-60mV/dec slope due to the intrinsic Si 
channel. The only remedy is then given by a 
“trap-tolerant” geometry where the gate edge is 
aligned with the hetero-junction. 
 
(Keywords: Tunnel FETs, steep slope, trap-assisted 
tunneling) 

Introduction 
TAT via interface and bulk traps is the main 
non-ideality effect in TFETs, besides channel 
quantization, surface roughness, and density-of-state 
(DOS) tails [1]. SS and ON-current are influenced 
by physical parameters like Dit, capture cross 
sections, relaxation energies, roughness amplitude, 
and width of the DOS tail. Temperature-dependent 
IV-measurements are mandatory to assess the 
contributions of SRH and TAT generation. Two 
kinds of InAs/Si NW hetero TFETs were fabricated 
by template-assisted selective epitaxy and 
electrically characterized: vertical (Fig. 1) with 
diameter ~100 nm [2] and lateral (Fig. 4) with 
diameters down to ~30 nm [3]. Simulations with a 
set-up described in [4,5] yielded good agreement 
with the measured temperature-dependent transfer 
characteristics.  

Simulation set-up 
In the present TCAD study, BTBT is modeled by the 
so-called dynamic nonlocal path model [6] with 
band structure parameters listed in the caption of Fig. 
1. The nonlocal TAT model in [6] is based on Ref. 
[7]. These models and parameters, which are also 
used here, provided good agreement with measured 

ID-VGS curves of the lateral nanowires [5] shown in 
Fig. 4. Traps at the InAs/oxide interface are assumed 
to be uniformly distributed in the band gap with Dit 
= 1x1013 cm-2eV-1 found experimentally in Ref. [8]. 
At the InAs/Si interface the energetic trap 
distribution was assumed to be Gaussian with its 
peak at the valence band (VB) edge, a peak Dit = 
1x1013 cm-2eV-1, and a full-width half maximum of 
220 meV.  

Trap-assisted tunneling in InAs/Si pTFETs 
Fig. 2 compares the ideal BTBT current (solid blue 
curve) with TAT currents due to bulk traps in the 
InAs-Si hetero junction of the vertical NW TFETs of 
Fig. 1. No value of the lattice relaxation energy can 

Fig. 2: Simulated TAT currents at 300 K due to bulk 
traps in the InAs-Si hetero junction for different values 

of the lattice relaxation energy (broken lines). 

Fig. 1: (left) TEM image of the InAs/Si vertical NW 
TFET (taken from [2]). (middle) Radial cross section 

of the critical region in simulation. (right) Comparison 
of exp. and sim. transfer characteristics [4]. Para- 

meters for InAs: Eg = 0.36 eV, mc = 0.023 m0, mlh = 
0.026 m0; for Silicon: Eg = 1.11 eV, mc = 0.19 m0, mlh 

= 0.15 m0; valence band offset = 130 meV. 
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explain the strong leakage current and the weak 
slope measured at 300 K. By assuming traps at the 
InAs/oxide interface only, one obtains a perfect fit 
of the measured current at 300 K as shown in Fig 3. 
A deeper inspection reveals the individual 
contributions to the total current: In the lowest 
branch it is determined by surface SRH generation, 
which reaches a plateau at VGS = - 0.25 V where TAT 
starts to dominate. Only at -1 V the current is due to 
BTBT. At 130 K the same parameters (shown in the 
caption of Fig. 3) result in a complete 
underestimation of the current. As the TAT process 
is found to be zero-phonon, only capture coefficients 
which increase with decreasing temperature would 
explain this behavior. Thus one can conclude that at 
low temperatures traps at the hetero-interface 
become dominant. Including them gives a good fit 
for both temperatures as shown in Fig. 1. 
A different behavior is found in the lateral devices 
shown in Fig. 4. Due to the small diameter, surface 
inversion cannot take place which inhibits TAT at 
the oxide interface. The TAT current is generated by 

hetero-interface traps; oxide-interface traps only 
change the electrostatics when occupied. The 
simulated current shown in Fig. 5 fits well the 
experimental curve at 300 K with a swing of ~ 60 
mV/dec [2]. The band diagram in Fig. 6 makes clear 
that the strong TAT generation at the hetero-interface 
plays the role of a current source in an internal 
MOSFET. The latter is electrostatically formed as 
the charged interface states together with the gate 
voltage create a thermionic barrier to the flow of 
holes towards the drain contact. The gate control of 
the artificial MOSFET is almost ideal due to the 
intrinsic Si channel which explains the measured 
slope close to 60 mV/dec. The comparison in Fig. 7 
shows three distinct segments of the transfer curve - 
thermionic emission, TAT, and BTBT – being the 
bottleneck at low, intermediate, and high VGS, 
respectively. Assuming the same Dit for all kinds of 
traps, it turns out that Dit < 5x1011 cm-2eV-1 at both 
interfaces is required to reach sub-thermal SS which, 
however, is still caused by TAT [5]. 

Fig. 4: (top) SEM image of the lateral InAs/Si NW 
TFET with inclined hetero-interface (taken from 

[3]), (bottom) 3D simulation domain. 

Fig. 5: Individual contributions of BTBT and TAT 
processes to the transfer characteristics of the lateral 

InAs/Si NW TFET (Fig. 4) at 300 K. Solid lines: 
simulation, circles: measurement.  

Fig. 6: Band diagram along the channel at the onset of 
the TFET. Due to the high defect density at the 

InAs/Si interface, transport of carriers happens via 
two subsequent steps, viz., TAT generation of e-h 

pairs and thermionic emission of holes.  

Fig. 3: Current contributions at 300 K due to traps at 
the InAs/oxide interface. Parameters: Dit = 1x1013 

cm-2eV-1, Vtrap = 10 Å3, n= p= 1x10-14 cm2. 
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Trap-tolerant device geometry 
Although diameter scaling suppresses TAT at the 
oxide interface, TAT at the InAs/Si hetero-junction 
remains a leakage source at the onset of BTBT in 
the NW pTFET, which is detrimental to low-power 
application. A reduction of the Dit at the hetero 
interface is possible with lattice-matched material 
systems [9]. Nevertheless, the question arises 
whether despite a high defect concentration the 
onset of BTBT can be accelerated by geometry 
changes such that it obscures TAT. One possibility is 
the alignment of the gate edge with the InAs/Si 

hetero-interface. Simulation results for a NW TFET 
(d = 20 nm) with gate alignment (GA) and with 
gate-overlapped-source geometry (GOS) are 
compared in Fig. 8. The gate alignment has the 
effect that BTBT occurs at the same location and 
starts at the same voltage as TAT. As seen from the 
band edge diagram (Fig. 9) extracted along the axis 
of the two TFETs at the onset of tunneling (VGS = 
-0.5 V), both BTBT and TAT have already started in 
the GA TFET. On the contrary, only TAT has begun 
at the hetero-interface in the GOS TFET while 
BTBT is yet to begin. The simultaneous onset of 
TAT and BTBT in GA TFETs not only improves the 
SS but also results in a lower leakage floor. This is 
seen in Fig. 10 which presents transfer 
characteristics of the GOS TFETs with large and 
small diameter, respectively, the GA TFET with 
small diameter, and the measured curve at 300 K 
from Fig. 1 (c) for comparison. Diameter scaling 
alone results in a steep branch (although not 
sub-thermal), but also in a high leakage floor and a 
strongly reduced ON-current. The GA geometry 
removes the leakage floor and nearly recovers the 
ON-current. The steep branch becomes extended 
and slightly sub-thermal. 
 

Fig. 7: Transfer characteristics at two different 
temperatures reveal three distinct intervals of the 
transfer curve, where the current originates from 
thermionic emission, TAT, or BTBT, respectively. 

Fig. 8: BTBT and TAT rates along the radial cross 
section of an InAs/Si NW pTFET (d = 20 nm) with (a) 

gate-overlapped-source (GOS) and (b) gate-aligned 
(GA) geometries. 

Fig. 9: (a) Schematic diagram showing TAT at the 
hetero-interface. (b) Extracted band edge diagrams 

along the axis of the TFETs at VGS = -0.5V. 
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Conclusion 
Low defect densities at interfaces are needed to 
achieve sub-thermal slope in InAs/Si NW TFETs. 
By combining defect characterization, temperature- 
dependent IV-measurements, and physics-based 
TCAD simulations one can estimate an upper limit 
for the Dit of 5x1011 cm-2eV-1. Scaling the diameter 
into the volume-inversion regime suppresses TAT at 
the oxide interface, but increases the leakage current 
floor and reduces the ON-current. Alignment of the 
gate edge with the hetero-junction accelerates BTBT 
and results in an extended branch with sub-thermal 
slope. The value of the ON-current is nearly the 
original one. The suggested methods to improve the 
tolerance of hetero TFETs against interface traps are 
accompanied by some drawbacks. Diameter scaling 
can not only increase the tunnel barrier as 
consequence of size quantization but also make the 
transistor susceptible to the electrostatic effect of 
single charges at the oxide interface or in the oxide 
if they are located close to the point of maximum 
tunnel generation. In a GA TFET, a misalignment of 
1-2 nanometers between gate edge and 
hetero-interface can notably alter the slope. These 
deviations can cause large performance fluctuations 
from sample to sample and, therefore, call for 
further investigations. 

Acknowledgments 
Funding from the European Community’s Seventh 

Frame-work Program under Grant Agreement No. 
619509 (Project E2SWITCH) is acknowledged. 
 

References 
[1] A. Schenk, S. Sant, K. Moselund, and H. Riel, 

"III-V-based Hetero Tunnel FETs: A Simulation 
Study with Focus on Non-ideality Effects" Proc. 
EUROSOI-ULIS, Jan 25-27, 2016, pp. 9-12, doi: 
10.1109/ULIS.2016.7440039 

[2] D. Cutaia, K. E. Moselund, H. Schmid, M. Borg,  
A. Olziersky, and H. Riel, “Complementary  
III-V heterojunction lateral NW tunnel FET 
technology on Si,” Symp. VLSI Technol., p. 21.3, 
2016. 

[3] K. E. Moselund, D. Cutaia, H. Schmid, M. Borg, 
S. Sant, A. Schenk, and H. Riel, “Lateral InAs/Si 
p-Type Tunnel FETs Integrated on Si - Part 1: 
Experimental Devices”, IEEE Trans. Electron 
Devices, Vol. 63 (11), 4233, Nov. 2016.  

[4] S. Sant, A. Schenk, K. Moselund, and H. Riel, 
“Impact of Trap-assisted Tunneling and Channel 
Quantization on InAs/Si Hetero Tunnel FETs”, 
IEEE 74th DRC, p.67, 2016. 

[5] S. Sant, K. E. Moselund, D. Cutaia, H. Schmid, M. 
Borg, H. Riel, and A. Schenk, “Lateral InAs/Si 
p-Type Tunnel FETs Integrated on Si - Part 2: 
Simulation Study of the Impact of Interface 
Traps”, IEEE Trans. Electron Devices, Vol. 63 
(11), 4240, Nov. 2016.  

[6] Sentaurus-Device User Guide, Version 2015.06,   
Synopsys Inc., Mountain View, CA, USA, 2015. 

[7] A. Palma, A. Godoy, J. A. Jimenez-Tejada, J. E. 
Carceller, and J. A. Lopez-Villanueva, “Quantum 
two-dimensional calculation of time constants of 
random telegraph signals in metal-oxide –
semiconductor structures”, Phys. Rev. B 56, 9565 
(1997). 

[8] P. Mensch, K. E. Moselund, S. Karg, E. Lörtscher, 
M. T. Björk, and H. Riel, “Interface State Density 
of Single Vertical Nanowire MOS Capacitors“, 
IEEE Trans. Nanotechnology 12, 279, 2013. 

[9] E. Memisevic, J. Svensson, M. Hellenbrand, E. 
Lind, and L.-E. Wernersson, “Vertical 
InAs/GaAsSb/GaSb Tunneling Field-Effect 
Transistor on Si with S = 48 mV/decade and Ion = 
10 A/ m for Ioff = 1 nA/ m at VDS = 0.3 V”, 
IEDM Tech. Digest, p. 500, Dec. 2016.

 

Fig. 10: Simulated transfer characteristics of the GOS 
and GA TFETs at 300 K. Experimental data of Fig. 1 

(c) are shown for comparison. 
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Energy efficiency is a key metric in electronics. Steep-slope transistors demonstrate a subthreshold swing 
below the thermal limit 2.3kT/q in the off-state. They have consequently shown performance advantages for 
operation with low off-state currents at reduced drive voltages and hence increased energy efficiency. 
However, for Tunneling Field-Effect Transistors, a leading steep-slope transistor candidate, the device 
operation is still plagued by defect response and there is a large discrepancy between measured and 
simulated device performance. Detailed device characterization supported by modeling including 
quantification of the contribution by individual defects, as outlined in this paper, is essential to verify the 
fundamental physics of device operation, and thus imperative for the development of energy efficiency 
circuits.   

During the last 70 years, the number of transistors on a 
computer chip has roughly doubled every 18 months, 
following a rate predicted by Moores’s law. Although the 
scaling laws imply a drive voltage (VD) reduction, 
increasing device density has increased power 
dissipation, which if not handled properly can harm the 
chips.  Furthermore, leakage currents are increasing at 
scaled nodes. When the VD is scaled down, the voltage 
ranges in which the transistor can switch between the low 
(Ioff) and high (Ion) current is reduced, which results in 
either higher Ioff current or lower Ion current.  

To address the power constraint and to augment the 
Metal-Oxide-Semiconductor Field-Effect Transistor 
(MOSFET) functionality for low-power applications, a 
novel device needs to operate well below the thermal 
limit (60 mV/decade), but also provide the same current 
levels although at lower drive voltages. Tunneling Field-
Effect Transistor (TunnelFET) is a device that uses band 
pass filtering to remove high energy carriers and can be 
designed to operate below the thermal limit 1,2. 
TunnelFETs fabricated from Si and III-V:s have 
demonstrated promising results3. Si TunnelFETs have 
shown the ability to operate well below 60 mV/decade, 
although not yet at any technically useful current levels 
4,5,6. III-V TunnelFETs have achieved high currents but 
without operation significantly below 60 mV/decade 7,8,9. 
One of the main limitations to achieve a subthreshold 
swing (S) well below 60 mV/decade with III-V 
TunnelFETs are defects in the materials that enable 
defect-assisted tunneling 10,11, which have had a 
detrimental effect on the subthreshold swing and the off-

state currents. Thereby, to fully explore the potential of 
the III-V TunnelFETs, there is a need to understand what 
influence the different types of defects have on the 
performance.  

In this work, we present highly scaled nanowire III-V 
TunnelFETs with competitive performance, and with a 
subthreshold swing well below the thermal limit of 60 
mV/decade at room temperature. This outstanding 
performance shows that these devices have a comparably 
low defect density, that allows studies of individual 
defects. Using transmission electron microscopy (TEM), 
the structure is characterized, determining the 
composition, crystal structure, and strain. Modeling is 
performed to understand the impact of defects in the 
channel, as well as in the oxide, on the performance of 
these devices. Finally, using Random Telegraph Signal 
(RTS) noise measurements, the influence of oxide 
defects was studied experimentally. The findings 
presented here allow for TunnelFET optimization, which 
can increase the energy efficiency of electronic systems.  
It may also enable new applications in areas where the 
energy budget is limited, for instance in battery operated 
or energy harvesting applications related to the Internet 
of Things.       

Device fabrication and electrical characterization        

Nanowires were epitaxially grown using metal-organic 
vapor phase epitaxy (MOVPE) from Au seed particles 
patterned using electron beam lithography on a high 
resistivity Si(111) substrate with a 260 nm highly n-



doped InAs layer 12. The InAs and InGaAsSb segments 
were grown at 460 qC while the GaSb segment was 
grown at 515 qC (see methods). The bottom part of the 
InAs segment was n-doped using Sn and the InGaAsSb 
and GaSb segments were p-doped using Zn leaving a 
100-nm-long not intentionally doped InAs channel 
segment (Fig 1a).  To study how a change in the band 
lineup at the tunnel junction affects the electrical 
characteristics, two different InGaAsSb compositions 
were grown, In0.1Ga0.9As0.88Sb0.12 for sample A and 
In0.32Ga0.68As0.72Sb0.28 for sample B. Fabrication of the 
devices began with digital etching of the nanowires to 
remove a parasitic GaSb-shell and to reduce the diameter 
of the InAs channel region down to 20 nm. A high-N 
layer was applied using atomic layer deposition followed 
by evaporation of a spacer layer to separate the drain and 
gate regions. The gate layer was formed by sputtering of 
a tungsten film, followed by definition of the physical 
length (Lg = 250 nm) using reactive ion etching and mask 
definition. A second spacer layer was applied to separate 
the gate and source regions followed by sputtering of 
Ni/Au top-metal and formation of probing pads. A 
detailed description of the fabrication process can be 
found in the methods section. A schematic image of a 
finished device is presented in Fig. 1b. The transfer 
characteristics of a device from sample A (device A) and 
B (device B) are shown in Fig. 1c and d, respectively. 
Both devices exhibit excellent electrostatics (low drain-
induced barrier lowering), as expected for the gate-all-
around geometry. Output characteristics for both devices 
shows good saturation (Fig. 1e and f).  Device B shows 
a superlinear current onset, typical for TunnelFETs. The 
well-behaved output data for both devices confirms the 
proper material choice for TunnelFETs. For an Ioff = 1 
nA/μm (low power logic) and VDS = 0.3 V, the Ion current 
for device A and B is 10.6 µA/µm and 3.9 µA/µm, 
respectively. Notably, both devices demonstrate a 
subthreshold swing below the thermal limit of 60 
mV/decade, reaching 48 mV/decade for device A and 53 
mV/decade for device B.  Operation below 60 
mV/decade occurs for both types of devices over a wide 
current range, close to three orders of magnitude for 
device A. This is exemplified by a record high I60 current 
(the current level at which the slope equals 60 
mV/decade) of 0.31 μA/μm at 0.3 V for device A. These 
devices show a factor of almost 100 higher I60 as 
compared to other implementations approaching relevant 
current levels 13. The high I60 originates from the use of a 
narrow bandgap channel, excellent electrostatics, as well 
as very low defect density in the InAs/InGaAsSb 
heterojunction. 

 

 

Nanowire Material Characterization  

The TunnelFET operation is largely determined by the 
properties of the heterojunction. Consequently, the 
heterojunction of the nanowires, presented in Fig. 2a and 
b, was examined in detail using transmission electron 
microscopy. The composition was determined using 
energy dispersive X-ray spectroscopy and corroborated 
by measurements of the lattice plane differences from 
high resolution images. Most of the InAs segment has a 
wurtzite (WZ) crystal structure, but the final part before 
the introduction of Ga, approximately 3-5 nm in sample 
A and 10 nm in sample B, has a zincblende (ZB) structure 
most likely formed during the switching sequence. The 
transition from InAs to InGaAsSb is graded over ~25 nm 
and both the InGaAsSb and the GaSb segment have pure 
zincblende crystal structure without any observed 
stacking faults, which is typical for Sb-containing 
nanowires 14. The local lattice distances are reduced after 
the structural change from WZ to ZB (Fig. 2c and 2d). 
Measurements are normalized to InAs(ZB) 15, d111 and 
d112 for the axial and radial measurements, respectively. 
The observed reduction is expected, since the large 
amount of Ga lowers the average atomic radii. However, 
on both samples this reduction starts at the WZ-ZB 
transition, (Fig. 2c and d) corresponding to 3-5 nm and 
10 nm prior to the measured Ga increase in sample A and 
B, respectively. The InAs(ZB) is thereby compressed 
radially, which is expected since it tries to adapt to the 
smaller InGaAsSb lattice. However, Poisson's ratio 
would predict an expansion in the axial direction, which 
has not been observed. Exact strain is difficult to evaluate 
due to non-linearity of the resulting lattice for a given 
composition. However, assuming a linear relation 
between the composition and lattice distances, and 
comparing to the measured lattice spacing, the local axial 
strain can be estimated to about 3% for sample A and 2% 
for sample B, both compressive, with its maximum in the 
InAs(ZB) region closest to the WZ-ZB transition and 
extending into the InGaAsSb region. It is known for 
similar compounds that can exist in both WZ and ZB 
polytypes, that the WZ structure is the radially stiffer of 
the two (given a growth direction of [111]B or [0001]) 16. 
Applying this to InAs imposes restrictions on the ideal 
way of relaxation, and since the stiffer WZ is less prone 
to deformation it retains its radial dimensions over a 
longer distance. This explains the steeper drop in axial 
lattice distance in the section immediately after the WZ-
ZB interface for the sample B. The more graded 



introduction of Ga into sample A provides a smoother 
transition, which is closer to the ideal adaption of the 
lattice to the final composition.  

Modelling of the Tunnel FET 

Based on the knowledge of the material composition and 
the strain profile, simulations of the 
InAs/InGaAsSb/GaSb nanowire TunnelFET were 
performed using the semi-classical simulator Sentaurus-
Device. The actual device geometry and estimated 
doping profiles were used to analyze the performance of 
device B. All band structure parameters were set to the 
experimentally extracted values taken from Ref. 17. The 
InGaAsSb segment is divided into sub-regions based on 
its composition (Fig 3a). The formation of a quantization 
level in the triangular well at the InAs WZ-ZB interface 
was modeled by introducing a pseudo-grading of the CB 
edge (Fig. 3a). The TEM images revealed a steep change 
of the mole fraction in the 3-nm-long InGaAsSb segment 
denoted by R-1. The device is most sensitive to defects 
within this region. Best fit to the measured data is 
acquired by choosing a defect density (Nt) of 1.6×
1018 cm-3, which would result in exactly one defect state 
in the segment R-1 on spatial integration. Donor-like 
defects were assumed at the InAs/oxide interface. The 
comparison of simulated temperature-dependent transfer 
characteristics with the experimental data (Fig. 3b) 
confirmed good agreement between the two, which 
validates the selected parameter set and simulation set-
up. Using a minimal number of fitting parameters allows 
to reliably analyze the impact of individual degradation 
mechanisms. The effect of each defect type on the 
transfer characteristics is shown in Fig. 3c. The 
simulations confirm that the subthreshold swing could be 
significantly improved if all defects were suppressed. 
Notably, introduction of defects at the 
oxide/semiconductor interface alone caused only a minor 
degradation of the sub-threshold swing. This is due to the 
absence of surface inversion at the oxide/semiconductor 
interface as consequence of the small diameter, which 
disables the formation of a strong enough normal field 
required for defect-assisted tunneling (DAT). Due to the 
low doping in the InAs segment and the small diameter, 
the channel region is under accumulation leading to flat 
band conditions. Yet, a small subthreshold-swing 
degradation is observed when defects at the 
oxide/semiconductor interface are included, which is due 
to screening of the gate charge resulting in a weaker gate 
coupling. Additionally, oxide interface defects cause 
surface Shockley-Read-Hall (SRH) generation of 
electron-hole pairs by multi-phonon excitation, which 
adds to the leakage current at very low current levels. 

Bulk defects present in region R-1 near the hetero-
junction are found mainly responsible for the degradation 
of the sub-threshold swing. Therefore, suppressing these 
defects would have a stronger impact on the 
improvement of the TunnelFET performance compared 
with suppressing oxide interface defects. Nevertheless, 
suppressing oxide interface defects further would reduce 
the leakage current level. In the above analysis, the oxide 
interface defects were assumed to be uniformly 
distributed at the interface. Although a uniform 
distribution reliably models the average impact of these 
defects, a localized single defect may have a strong 
electrostatic effect, which can induce RTS type of effects 
on the I-V characteristics. Similar effects are also found 
in small area MOSFETs 18.  Transfer characteristics with 
and without a localized positive InAs/oxide interface 
charge located 50 nm away from the hetero-interface are 
compared in Fig. 3d. An acceptor defect at the 
InAs/oxide interface is positively charged in the off-
state. At a certain gate bias, the charged defect captures 
an electron neutralizing this charge. This affects the 
electrostatics of the TunnelFET, and the on-current is 
sharply reduced after the positive charge has been 
removed. This gives rise to a peak in the transfer 
characteristics as schematically shown in Fig. 3d.  
 
Experimental studies of individual oxide defects 

To experimentally verify the role of individual defects 
within the gate oxide of the TunnelFETs with this small 
dimensions, the transfer characteristics of different 
transistors were scanned for RTS noise. Measuring the 
time constants and current step sizes provides 
information about the effect of single electron charges on 
the potential in the channel. Capture of an electron in an 
individual acceptor type defect within the gate oxide 
reduces the current level as the channel potential energy 
is increased; emission of the electron increases the 
current. Since the current in TunnelFETs is most 
sensitive to potential fluctuations when operating in the 
subthreshold region, we expect to detect the strongest 
RTS noise below VT. Experimentally, we observe 
relative RTS amplitudes ΔIDS/IDS of about 20% for the 
device in Fig. 4 and even up to 50% for other devices not 
shown. The large RTS amplitude originates mainly from 
the small channel diameter, where a single defect can 
have a strong influence on the entire channel potential. 
Furthermore, the current through a TunnelFET is mainly 
limited by the potential variations close to the tunnel 
junction, which enhances RTS response from oxide 
defects in this region 19. The effect of an individual defect 
on the subthreshold characteristics is presented in Fig. 4a. 



An excerpt of a two-level RTS measurement at a constant 
bias point close to the step in Fig. 4a is presented in Fig. 
4b. To be able to reliably extract the time constants, at 
least a few hundred (and up to a few thousand) current 
transitions were recorded for each bias point. The 
residual noise in Fig. 4a could originate from 1/f-type 
noise from the channel region or from additional RTS 
noise too fast to resolve. The time constants, at a fixed 
bias, for capture and emission of an electron were 
determined by fitting an exponential distribution to the 
recorded capture/emission times as shown in Fig. 4d. 
When the channel Fermi level is aligned with the defect 
energy level, the capture and emission time constants are 
equal and are set by the depth z of the defect from the 
channel into the oxide: 𝝉𝒄/𝒆 = 𝝉𝟎×𝐞𝐱𝐩 (𝒛/𝝀)  20. Here, 
τc/e is the capture/emission time constant, the constant τ0 
corresponds to capture into defects right at the MOS 
interface, and λ is the tunneling attenuation length 𝝀 =
[𝟒𝝅

𝒉 ×√𝟐𝒎∗𝚽𝑩]−𝟏  according to the Wentzel-Kramers-
Brillouin theory 20 with the Planck constant h, the oxide 
effective mass m* and the energy barrier height between 
the channel and the oxide ΦB. With symmetrical time 
constants measured to range between 100 ms and 300 ms 
for different devices, the probed depth into the oxide 
amounts to approximately 2.8 nm for τ0 = 10-10 s 21. From 
the identified depths of the defects and with simplified 
electrostatic considerations it can be estimated that the 
change from a single defect within the gate oxide is in the 
order of a few meV. This agrees well with the 
corresponding change of a few mV of gate voltage 
around the RTS step in the transfer curves of Fig. 4a and 
4f. The effect of how increase of the channel Fermi level 
above the oxide defect energy increases the probability 
of the defect to be occupied by an electron, which in turn 
increases the emission time constant and decreases the 
capture time constant (Fig. 4e). Reducing the channel 
Fermi level below the defect energy level favors the 
unoccupied defect state, which increases the capture time 
constant and decreases the emission time constant (Fig. 
4e). Qualitatively, the strong effect of even individual 
oxide defects can be seen in Figs. 4f-h. With the 
resolution of individual oxide defects, Fig. 4g and h 
explain how these defects deteriorate the overall 
TunnelFET subthreshold swing. The slopes without 
current steps are well below or at 60 mV/decade, but any 
average over all individual defect current steps increases 
the overall slope significantly. A more detailed analysis 
of the slopes in Fig. 4h reveals that besides the dominant 
current steps, the change in electrostatic potential also 
slightly alters the tunneling dynamics, which can be seen 
from the deviation between the measured data in Fig. 4g 
and the adjusted, parallel lines in Fig. 4h. The overall 

impact of all effects on the average slope between IDS = 
10-9 A and 10-8 A is an increase from 55 mV/decade to 
70 mV/decade, as illustrated in Fig. 4g.     

Conclusions 

We have demonstrated vertical III-V nanowire 
TunnelFETs with ability to operate well below the 
thermal limit of 60 mV/decade with currents in 
technically relevant range. This performance is achieved 
based on due to high quality and excellent electrostatics, 
achieved due to high scaling and gate-all-around 
geometry. Yet, bulk defects in the proximity of the 
heterojunction still limits the device from reaching even 
lower subthreshold swing. The necessary scaling makes 
these devices also sensitive to the individual oxide 
defects. Our detailed investigations show that there is 
room for further improvement in device performance. 
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Methods 

Growth was performed using arrays of Au discs with a 
thickness of 15 nm and diameter of 44 nm which were 
patterned by EBL on high resistivity Si(111) substrates 
with a 260 nm highly doped InAs layer on top. The 
nanowires were grown using metalorganic vapor phase 
epitaxy (MOVPE) in an Aixtron CCS 18313 reactor with 
a total flow of 8000 sccm at a pressure of 100 mbar. After 



annealing at 550°C, a 200-nm-long InAs segment was 
grown at 460°C using trimethylindium (TMIn) and 
arsine (AsH3) with a molar fraction of XTMIn = 6.1∙10-6 and 
XAsH3 = 1.3∙10-4, respectively. The bottom part of the InAs 
segment was n-doped by triethyltin (TESn) (XTESn = 
6.3∙10-6). The InAs segment was followed by a 100 nm 
GaAsSb segment with different compostions for sample 
A and B using trimethylgallium (TMGa) (XTMGa = 4.9∙10-

5), trimethylantimony (TMSb) (XTMSb = 1.2∙10-4) and 
AsH3 (sample A: XAsH3 = 2.7∙10-5, sample B: XAsH3 = 
1.3∙10-5) corresponding to a gas phase composition of 
AsH3/(AsH3+TMSb) = 0.18 for sample A and 0.094 for 
sample B. A 300-nm-long GaSb segment was 
subsequently grown while heating to 515°C using 
(TMGa) (XTMGa = 4.9∙10-5), trimethylantimony (TMSb) 
(XTMSb = 7.1∙10-5). The GaAsSb and the GaSb segments 
were both p-doped during growth using diethylzinc 
(DEZn) (XDEZn = 3.5∙10-5). 
 
Structural and compositional analysis were performed 
using a JEOL 3000F transmission electron microscope 
(TEM), operated at 300 kV, with emphasis on the 
InAs/InGaAsSb transition. The wires were transferred to 
lacy carbon covered Cu-grids by pressing these onto the 
substrate in order to break off the wires. Both high 
resolution TEM (HRTEM) and scanning TEM (STEM), 
employing a high angle annular dark-field (HAADF) 
detector, were used. For the HRTEM structural 
measurements, the wires were imaged in the <110>/<11-
20> zone-axis. Compositional analysis was performed, 
using the STEM-HAADF mode in combination with the 
XEDS-detector to map the transition, data which were 
used for qualitative measurements such as length of 
transition and quantitative measurements for the 
composition along the wire. Small structural variation, 
such as axial and radial strain, can be measured directly 
in real space in HRTEM images 22, or, as used here, 
indirectly in Fourier space by geometric phase analysis 
(GPA) 23. The latter is implemented as a script in Digital 
Micrograph (Gatan Inc.) and the former is done manually 
in the same software. 
 
Fabrication of the devices started with digital etching of 
the nanowires using ozone plasma to oxidize the surface 
of the nanowires and citric acid to remove the oxide, 
reducing mainly the InAs diameter to 20 nm thereby 
improving the electrostatics of the devices 24. The 
InGaAsSb segment was also thinned down although with 
a lower rate and no visible etching of the GaSb could be 
observed. Using atomic layer deposition (ALD), the 
nanowires were covered with a high-N bilayer using 5 
cycles of Al2O3 and 36 cycles of HfO2 at temperatures of 

300 qC and 120 qC, respectively. Estimated oxide 
thickness (EOT) for the high-k material is 1.4 nm. A 15-
nm-thick SiOx drain-gate spacer was applied using 
thermal evaporation with rotation and zero tilt. The 
flakes of the SiOx on the sidewalls of the nanowires 
where removed with diluted HF followed by applying 12 
cycles of HfO2 at 120 qC to compensate the thinning. The 
gate was fabricated by first sputtering a 60-nm-thick 
tungsten (W) layer, followed by definition of the physical 
gate-length (Lg) using a resist etch-back process with O2-
plasma in a reactive ion etching (RIE) system. Tungsten 
was removed from the exposed sections with SF6/Ar. 
Utilizing photoresist and UV-lithography followed by 
etching of W with RIE, the gate-pad was defined. A gate-
source spacer was fabricated by a spin-on photoresist 
(S1800) followed by etch-back process in RIE to 
determine the final thickness. Gate-via and drain-via 
were fabricated using UV-photolithography and RIE. To 
realize drain and source contacts, the high-N was 
removed on top of the nanowires and in the drain-via 
using HF. The final step was fabrication of the top-metal, 
by sputtering of 10 nm Ni and 150 nm Au followed by 
UV-lithography and wet-etching to define the contact 
pads. 
 
Modeling of band edge and defect profiles was carried 
out based on the knowledge on the material composition 
and the strain profile. The actual device geometry and 
estimated doping profiles were used to analyze the 
performance of device B. The diameter of the 
TunnelFET was set to 20 nm. As revealed from the TEM 
analysis, the channel consists of different segments of 
InGaAsSb with linearly varying compositions in the p+ 
doped source with a doping level of 1019 cm-3. The 
unintentionally doped channel (background doping of 
1017 cm-3) consists of an InAs-WZ segment with an 
additional InAs-ZB segment adjacent to the hetero-
interface. The InGaAsSb segment is divided into sub-
regions based on its composition (Fig. 3a). In region R-
1, alloy composition varies from InAs (to the left) to 
In0.7Ga0.3As0.84Sb0.16 (to the right), henceforth denoted as 
In1→0.7Ga0→0.3As1→0.84Sb0→0.16. Region R-2 consists of 
In0.7→0.44Ga0.3→0.56As0.84→0.72Sb0.16→0.28. Region R-3 is 
composed of In0.44→0.32Ga0.56→0.68As0.72Sb0.28 while R-4 
consists of In0.32Ga0.68As0.72Sb0.28. The composition is 
assumed to vary linearly within each segment.  Various 
band structure quantities such as effective mass values, 
band gaps, and electron affinities are required for a 
meaningful simulation of the TunnelFET. All band 
structure parameters have been set to the experimentally 
extracted values taken from Ref. [17]. An interpolation 
formula suggested by Adachi 25 has been used to obtain 



the above quantities for the quaternary alloy InxGa1-

xAsySb1-y for all intermediate compositions. In this way, 
any explicit fitting of the band structure quantities and 
the band offsets have been avoided. As described in the 
previous section, uniaxial compressive strain is present 
at the hetero interface. The effect of strain on the band 
alignment has been modeled by the model-solid 
theoretical approach by Van de Walle. Simulations of the 
InAs/InGaAsSb nanowire TunnelFET were performed 
using the semi-classical simulator Sentaurus-Device. 
The inability to account for quantum confinement effects 
is a drawback of semi-classical simulations. The 
quantization of electronic states in the triangular-like 
potential well at the InAs WZ-ZB interface (Fig. 3a) 
results in the formation of discrete energy levels. Our 
calculations suggest that the triangular quantum well will 
form only one bound state whose energy level is very 
close to the top of the finite barrier. This will effectively 
smear out the otherwise steep valley at the interface. 
Simulations showed that ignoring this effect causes a 
serious discrepancy between simulated and experimental 
data. Therefore, the above effect has been modeled by 
introducing a pseudo-grading of the CB edge at the 
interface thus making it continuous (Fig. 3a). Effects 
related to geometrical confinement in radial direction 
start to emerge in III-V semiconductors when the 
diameter falls below 20 nm. Hence, they are not expected 
to significantly alter the band structure parameters (band 
gap, effective mass, etc.) in the source, channel, and drain 
segments and have been ignored. The analysis of the 
TEM images reveals a steep change of the mole fraction 
in the 3-nm-long InGaAsSb segment R-1. This may 
induce defect states in that segment. The degradation of 
the Tunnel FET characteristics due to defect states has 
been taken into account by creating a nonlocal mesh 
adjacent to the hetero-interface and activating both direct 
and phonon-assisted nonlocal defect-assisted-tunneling 
(DAT) models. Choosing a peak Nt of 1.6×1018 cm-3 
would result in exactly one defect state in the segment R-
1 on spatial integration. Since the exact position of a 
single defect within the segment R-1 is unknown and 
cannot be probed, in a first approximation the Nt was 
assumed to be constant in the whole segment. The 
variation of the defect energy level within the band gap 
then leads to best agreement with the experimental data 
when it is located 0.1 eV above the VB edge. A 
simulation parameter called trap interaction volume, 
which is a measure of the coupling strength of the 
tunneling process and plays the role of a scaling factor 
for the generation rate in the nonlocal DAT model, was 
adjusted to 10 Å3 to match the simulated DAT current 
level to the experimental one.  Note that this parameter is 

related, but not identical to the volume of the localized 
wave function. In addition to defects near the hetero-
junction, defects at the oxide/semiconductor interface 
may degrade the TunnelFET performance. Donor-like 
defects were assumed and placed at the InAs/oxide 
interface. Their energetic distribution was adapted from 
an earlier study 26. Defects at the InGaAsSb/oxide 
interface are screened by the central region of the 
nanowire due to its high doping concentration. 
Furthermore, the Fermi level in InGaAsSb is located 
below the VB edge which leaves the defects unfilled and 
electrostatically inactive. Hence, defects at the 
InGaAsSb/oxide interface were not considered in the 
TCAD analysis. 
 
RTS noise was measured at temperatures of 11 K, 150 K 
and 300 K using a setup consisting of a Lake Shore 
Cryotronics CRX-4K probe station and an Agilent 
B2912A SMU. Data with time resolutions between 
0.2 ms and 2 ms was collected at several different fixed 
gate and drain voltages using measurement times long 
enough to obtain at least several hundred and up to a few 
thousand transitions.      
The transition time constants (τ) were determined from 
the measured data by fitting the exponential distribution 
(Eq. 1) to a histogram of the capture/emission times. 

𝒇(𝒕) = 𝟏
𝝉 𝒆−𝒕

𝝉 (1) 

The distance z from the channel interface into the gate 
oxide was determined according to 

𝒛 = 𝝀 𝒍𝒏 ( 𝝉
𝝉𝟎

) (2) 

where λ is the tunneling attenuation length, τ the 
measured time constant and τ0 a constant. Here, we chose 
τ0 = 10-10 s according to Ref. 21 as is often found in 
literature. We are aware, however, that there does not 
seem to be a consensus on what this constant should be 
and also e.g. τ0 = 6.6 x 10-14 can be found 27. In any case, 
changing this number will not change the physical 
interpretation of our results but instead only shift the 
estimated depth of the defects in the gate oxide. The 
tunneling attenuation length λ is calculated according to 

𝝀 = (𝟒𝝅
𝒉 √𝟐𝒎∗𝝓𝑩)

−𝟏
 (3) 

where h is the Planck constant, m* the effective electron 
mass in the gate oxide and ΦB the barrier height from the 
channel material to the gate oxide. Here, we used 



m* = 0.23 m0 with the electron rest mass m0 and 
ΦB = 2.3 eV 28 which results in λ = 0.13 nm. 

 
 

 

 
 

Figure 1a, Schematic illustration of a nanowire with different sections marked with different colors. (Doping type and section lengths 
are indicated) b, Schematic illustration of the vertical InAs/InGaAsSb/GaSb nanowire TunnelFET, showing all layers (left side) and 
regions (right side) of the transistor. High-N is a bilayer of Al2O3/HfO2 with EOT 1.4 nm, drain spacer is 15 nm SiOx, gate metal is a 
60-nm-thick tungsten layer, source spacer is an organic photoresist film and the top metal is 15/150 nm Ni/Au film. Relative thickness 
of the layers in the image is exaggerated to enhance visibility. c,d, Transfer data for drive voltages 0.1- 0.5V for device A and B, 
respectively. Devices show a small DIBL of 25/37 mV/V (A/B) and reaches an on-current of 10.3/3.9 μA/μm (A/B) at VDS = 0.3V and 
Ioff = 1 nA/μm e,f,  Output data for device A and B, respectively. Device A shows larger on-currents than device B, reaching 92 μA/μm 
compared to the 29 μA/μm at VDS=VGS=0.5V. This is mainly due to the source depletion observed in device B. Both devices have clear 
NDR peaks in backward direction reaching peak-to-valley-current-ratio of 14.6 and 14.2 for device A and B, respectively. Inserts in 
both figures shows a IDS vs S graph, which confirms sub-60 mV/decade operation down to 48 mV/decade and 53 mV/decade for device 
A and B, respectively.  
 

 
  
 
 



 
 

 
Figure 2a, SEM image of one nanowire from sample A taken directly after growth, prior to digital etching. The diameter of the nanowire 
increase when the GaSb segment is grown due to increased solubility of the group III materials in the Au-particle. b, The same nanowire 
as in image (a) with InGaAsSb and GaSb segments colored. The marked box shows the section of main interest for the TEM study. c, 
d, illustrates the compositional and structural changes for sample A and B respectively. The compositional changes in atomic% for 
respective element are shown in colored curves with legend and scale to the right, overlaying an HRTEM image of the transition. To 
ensure statistical significance, the curves represent the average of volume segments across the wire with a width of the individual steps. 
In the band across at the top, the crystal structure segments are indicated, and at the bottom, the lattice measurements are indicated along 
with error bars. The radial measurements are normalized to InAs d112,ZB (corresponding to InAs d-2110, for WZ). 
 
 
 
 



 
Figure 3a, Band edge diagram along the axis of the nanowire at VDS = 0V and VGS = 0V. A triangular-like quantum well is present at 
the InAs-ZB/InAs-WZ interface. b, Comparison of experimental and simulated transfer characteristics for different temperatures. c, 
Contribution for different type of the effects of InAs/oxide defects and bulk defects near the hetero-junction. d, Comparison of transfer 
characteristics with and without a trapped positive charge at the InAs/oxide interface 50 nm away from the hetero-junction.  
 
 



 

 

Figure 4 a, Transfer characteristic for a single nanowire transistor at 150 K. The effect of a single oxide defect is clearly visible as a 
distinct step. b, Excerpt of an RTS measurement in time domain. Blue: measured signal, red: accentuation of RTS steps. The arrows 
indicate the upper and the lower current levels. c, Representative histogram of the current for the entire measurement in (b). Two distinct 
current levels are clearly visible. The colors refer to the colors of the arrows in (b). d, Representative histogram for the extraction of the 
emission time constant for the measurement in (b). The exponential distribution f(t) fitted to extract the time constant τ is indicated in 
red. e, Time constants varying close to the step indicated in (a). The same time constant for capture and emission of an electron occurs 
at exactly the step. f, Transfer characteristics for a device with a number of distinct steeps in the backward sweep. g, Subthreshold 
swings extracted in more detail for the different regions in (f). The individual slopes (blue, bright red, yellow) and the slope without 
visible steps (green) are at / below 60 mV / decade. Adding the influence of several individual defects results in an average slope (dark 
red) which is clearly degraded compared with the individual slopes. h, The subthreshold region of the device presented in (f) where 
several distinct RTS steps are visible. Each step results from the discharge of an individual oxide defect. The individual slopes are 
almost parallel and any average across the individual steps will degrade the total device slope significantly. The average slope is 
increased from 55 mV/decade to 70 mV/decade.   
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Abstract—The influence of channel quantization and 

interface traps on the performance of InAs/Si pTFETs is 
analyzed, and a device geometry is predicted which is least 
sensitive to trap-assisted tunneling (TAT). The good 
agreement between simulated and measured transfer 
characteristics validates the reliability of the simulation 
set-up. Simulations show that TAT degrades the sub-
threshold swing (SS) of the TFET and that channel 
quantization reduces its on-current. The same simulation 
set-up is used to find the device geometry which is least 
susceptible to interface traps. Scaling down the nanowire 
diameter below 20 nm inhibits TAT at the oxide/InAs 
interface. Furthermore, aligning the gate edge with the 
InAs/Si hetero-junction reduces the degradation of the SS 
caused by TAT at the hetero-interface. In this way, a gate-
aligned InAs/Si nanowire TFET with diameter ~20 nm can 
deliver sub-thermal sub-threshold swing even in the 
unavoidable presence of oxide- and hetero-interface traps. 

Index Terms—Channel quantization, Interface traps, trap-
tolerance, Tunnel FETs. 
 

UNNEL Field Effect Transistors (TFETs), which work on 
the principle of gate-induced modulation of the band-to-

band tunneling (BTBT) process, can overcome the physical 
limit of the thermal sub-threshold swing (SS) inherent in 
MOSFETs. Although simulations confirm that ideal hetero-
TFETs can achieve sub-thermal SS [1], the fabrication of such 
switches with sufficient on-current and sub-thermal SS over a 
few decades of drain current is difficult although not 
impossible [2]. Simulations have shown that field-induced 
quantum confinement (also called channel quantization) 
severely degrades the on-current [3]. On the other hand, non-
idealities such as interface traps, interface roughness, and band 
tails are known to increase the SS. Interface and bulk traps are 
most detrimental in this respect [4]. The large lattice mismatch 
between InAs (lattice constant a0 = 6.032 Å) and Si (a0 = 5.43 
Å) makes strain relaxation by defect formation at the interface 
more favorable than gradual strain relaxation. Additionally, 
the growth of InAs on Si creates antiphase domains in InAs 
[5]. The result is a high density of states (Dit). The lack of a 
native oxide on InAs causes a large Dit also at the InAs/oxide 
interface [6,7], although InAs channel MOSFETs with low Dit 
have been reported [8]. Due to a high Dit at the InAs/Si hetero-

interface, thermionic emission can even become the dominant 
mechanism in InAs/Si pTFETs thus effectively converting 
them to MOSFETs [9,10]. Simulations of these TFETs 
showed that the Dit at both InAs/Si and InAs/oxide interfaces 
must come below 5×1011 cm-2eV-1 to ensure sub-thermal 
swing [10] which is tough to achieve. Hence, it is necessary to 
find a device geometry which is least sensitive to the interface 
traps. 
 In this work, the role of interface traps and channel 
quantization in the degradation of, respectively, the SS and the 
on-current of InAs/Si pTFETs is analyzed. Results are 
compared with measured transfer characteristics, and the 
validated simulation set-up is employed to determine the 
device geometry which is least susceptible to TAT, i.e. most 
trap-tolerant. 

The fabricated InAs/Si vertical nanowire (diameter  100 
nm) TFETs used for the parameter validation consist of p+ 
doped Si drain (NA = 3×1019 cm-3), 100 nm long intrinsic Si 
channel, and 500 nm long n+ doped InAs (ND = 2×1018 cm-3) 
as shown by the TEM image in Fig. 1(a) [11]. The gate stack 
is Al2O3/HfO2 with an EOT of 1.3 nm. The critical region of 
the device is simulated with the semi-classical TCAD package 
S-Device by Synopsys Inc. [12] (see. Fig. 1(b)). Band gaps in 
Si and InAs were set to 1.1 eV and 0.36 eV, respectively, and 
the valence band (VB) offset at the InAs/Si hetero-junction to 
130 meV. The latter was extracted from the analysis of 
measured InAs/Si tunnel diode characteristics [13]. The work 
function was set to 4.8 eV. To account for the effect of 
channel quantization, a new band-to-band tunneling (BTBT) 
model based on the path rejection method [14,15] was 

Trap-tolerant Device Geometry for InAs/Si 
pTFETs 

Saurabh Sant and Andreas Schenk 

T 

 
Fig. 1: (a) TEM image of the InAs/Si vertical nanowire 
TFET (taken from [11]). (b) Radial cross section of the 
critical region for TCAD simulation. (c) Comparison of 
experimental and simulated transfer characteristics [23]. 
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implemented using the external Physical Model Interface in 
the simulator. In this model, a tunnel path is accepted if its 
energy is above the first sub-band level, but is rejected 
otherwise. The default dynamic nonlocal path BTBT model 
was used for the narrow TFET with d = 20 nm where channel 
quantization is absent. A calculation of the energy of the first 
sub-band relative to the CB of InAs nanowire (d = 20 nm) 
assuming a circular quantum well with infinitely high walls 
gives a value of 85 meV. This energy is added to the CB edge 
of InAs to mimic the effect of geometrical confinement. Size 
quantization is ignored in Si due to the large effective mass. 
Both BTBT models require electron and hole effective masses 
as input parameters. They were set to their values in bulk – me 
= 0.023 m0, mlh = 0.026 m0 for InAs [16] and me = 0.1  m0, mlh 
= 0.1  m0 for Silicon. This is justified because size 
quantization notably changes the effective mass only if d < 15 
nm [17]. The drain current was scaled by the circumference of 
the nanowire for comparing the IV-plots at different diameters. 

As shown in Fig. 2(a), TAT at the InAs/oxide interface 

involves multi-phonon excitation of electrons from the VB to 
the traps and subsequent tunneling to the CB. At the InAs/Si 
interface, traps can mediate a direct or phonon-assisted 
tunneling process between the Si VB and the InAs CB as 
shown in Fig. 2(b). Steady-state occupation of traps results by 
the principle of detailed balance and affects the electrostatics 
self-consistently. TAT at interface traps is modeled with the 
nonlocal model of Ref. [18]. In its TCAD implementation, the 
tunnel rate is calculated in WKB approximation with 
numerical integration over the imaginary dispersion. Traps at 
the InAs/Oxide interface are assumed to be uniformly 
distributed in the band gap. A maximum Dit of 1×1013 cm-2eV-1 
is considered in accordance with Ref. [19]. The trap 
interaction volume which is a measure of the strength of the 
off-diagonal coupling in the transition probability and acts as a 
scaling parameter for the generation rate in the nonlocal TAT 
model is set to 10  3. Traps at the InAs/Si hetero interface are 
located close to the VB edge [8].  The energetic distribution of 
Dit at the InAs/Si interface is assumed to be Gaussian with its 
peak at the VB edge. A field-induced shift in the trap energy 
level (quadratic Stark effect) [19-21] is ignored in the analysis. 
The peak value is set to 1×1013 cm-2eV-1 and the FWHM to 
220 meV which, on integration over energy, gives a trap 
density of 2.7×1012 cm-2. This corresponds to approximately 
one trap per circular disk with a radius of 3.4 nm. 
Transmission Electron Microscopy (TEM) analysis of the 
InAs/Si interface reported by Tomioka et al. [22] reveals a 
periodic arrangement of dislocations with ~3 nm spacing. If 
each dislocation contributes one trap level, the calculated Dit 
agrees well with the value used here. The trap interaction 
volume as fitted to 0  3. 

The comparison of simulated and measured transfer 
characteristics of the fabricated TFET [23] is shown in Fig. 
1(c). Fig. 3(a) presents the effect of channel quantization, 
revealing a severe lowering of the on-current. Only this can 
attune simulated and measured curves, which provides some 
confidence that the quantization effect is indeed present in 
these devices. The reduction of the on-current in the presence 

 
Fig. 2: Schematic band edge diagrams showing TAT at (a) 
the oxide/InAs interface and (b) Si/InAs interface. (c) 
Extracted band edge diagrams normal to the oxide/InAs 
interface at the on-state VGS = -0.75 V. A triangular well is 
absent in the NW with d = 20 nm suppressing TAT. (d) 
Extracted band edge diagrams along the axis of the d = 
20nm InAs/Si NW pTFET with gate-overlapped-source 
(GOS) and gate-aligned (GA) geometries at VGS = -0.5 V. 
 

  
Fig. 3: Comparison of the simulated transfer 
characteristics (a) with and without channel quantization, 
and (b) with and without interface traps. Channel 
quantization lowers the on-current, whereas interface 
traps degrade the sub-threshold swing in TFETs. 
 

(a) (b) 

  
Fig. 4: (a) Effect of passivating the InAs/Si hetero-interface 
in the InAs/Si pTFET (d = 100 nm). The SS remains large 
despite reducing the Dit at the InAs/Si interface. (b)  
Simulated transfer characteristics of the InAs/Si pTFET 
with d = 100 nm and 20 nm. Contribution of hetero-
junction TAT (d = 20 nm) is plotted in dashed green. 
 

(a) (b) 
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of channel quantization is due to the rejection of shorter tunnel 
paths which leads to an increase of the average tunnel length 
and reduces the BTBT rate. Fig. 3(b) depicts the impact of 
TAT on the SS at 300 K. In the sub-threshold region, the drain 
current is entirely dominated by TAT with negligible 
contribution from BTBT. The initial branch of the ID-VGS 
curve is solely degraded by surface SRH generation. With 
increasing voltage, i.e. sufficient band bending, tunneling from 
trap levels into the CB (Fig. 2(a)) starts to become effective. 
Since the tunnel rate between trap and CB states is much 
larger, multi-phonon excitation becomes the bottleneck. As 
multi-phonon excitation exhibits a small field enhancement 
compared to zero-phonon trap-to-band tunneling, the drain 
current increases sluggishly resulting in a strong SS 
degradation. At 300 K, the contributions of InAs/Si and 
InAs/oxide TAT to the total sub-threshold drain current are of 
similar magnitude. On the other hand, at 130K the 
contribution of InAs/oxide traps becomes negligibly small due 
to the suppression of multi-phonon excitation of electrons 
from the VB. As a result, hetero-interface TAT is dominant in 
the sub-threshold region which reduces the SS at lower 
temperatures. Since both the InAs/oxide and InAs/Si traps 
contribute to the total c rrent at 300 K, it is necessary to 
suppress the trap density at both interfaces to achieve a sub-
thermal swing. 

Whether passivating the InAs/Si interface is a useful 
approach or not, was assessed by simulating the NW TFETs 
using different Dit at the InAs/Si interface. As observed in Fig. 
4(a), passivation of the InAs/Si interface alone would not yield 
a sub-thermal SS. Therefore, other techniques to suppress 
TAT must be explored. Although traps at the InAs/oxide 
interface cannot be passivated, their contribution to the drain 
current via TAT can be reduced by decreasing the NW 
diameter d to 20 nm. This results in the steep ID-VGS plots 
shown in Fig. 4(b). The NW TFET with d = 100 nm 
undergoes surface inversion (see Fig. 2(c)) which creates a 
triangular-like potential well at the InAs/oxide interface. TAT 
is significantly enhanced at such a well due to tunneling 
between traps and the CB edge. On the other hand, the TFET 
with d = 20 nm undergoes volume inversion resulting in flat 

band conditions at the InAs/oxide interface (see Fig. 2(c) for 
comparison). In the latter case, only multi-phonon excitation 
can take place, TAT is inhibited due to insufficient band 
bending. Note that, due to the nearly flat bands at the 
InAs/oxide interface, the effect of channel quantization is 
absent in the TFET with d = 20 nm. Therefore, the default 
BTBT model is used instead, and the energy of the first sub-
band is added to the CB edge. Electrostatic screening of the 
channel by the oxide interface traps [24] is still present. 
However, it does not degrade the SS as strongly as TAT. In 
this way, diameter scaling can bring down the minimum point 
swing from 157 mV/dec (d =100nm) to 68mV/dec (d = 20nm). 

Although the diameter scaling suppresses TAT at the oxide 
interface, TAT at the InAs/Si hetero-junction continues to 
happen creating a leakage basin of the TAT current at the 
onset of BTBT in the pTFET. Since the increase of the lateral 
electric field at the hetero-interface stops in the GOS TFET 
when volume inversion begins, the TAT current is clipped at 
10 nA/µm. This high value makes the TFET incapable for 
low-power application. To overcome this drawback, the gate 
must be aligned with the InAs/Si hetero-interface. Simulation 
results for the NW TFET (d = 20 nm) with gate alignment 
(GA) and with gate-overlapped-source (GOS) geometry are 
compared in Fig. 5(a). It may be inferred from the IV-plots 
that the gate alignment advances the onset of BTBT in the 
TFET. As seen from the band edge diagram along the axis of 
the two TFETs in Fig. 2(d), BTBT takes place at the source 
end of the gate in the GOS TFET, but at the InAs/Si hetero-
interface in the GA TFET. Therefore, in the GOS geometry, 
BTBT begins only when the entire GOS region undergoes 
volume inversion which happens at a higher gate bias. This 
results in a delayed onset of BTBT relative to TAT which 
causes the leakage basin. On the contrary, in the GA 
geometry, BTBT begins as soon as accumulation starts in the 
i-Si channel. Hence, the onset of hetero-junction TAT 
coincides with the onset of BTBT (see Fig. 2(d)). The 
simultaneous onset of TAT and BTBT in GA TFETs improves 
the point SS to ~59 mV/dec (from 69 mV/dec in GOS 
geometry). More importantly, it results in a lower leakage 
floor. Additionally, the GA geometry yields a higher on-
current compared to the GOS geometry. In the former, BTBT 
takes place at the hetero-interface which offers a lower tunnel 
barrier due to the staggered band alignment at the interface. 
The transfer characteristics in Fig. 5(b) imply that already a 
small gate-source overlap degrades the SS. The SS is almost 
unaffected if an underlap region is present between gate and 
source. 

In conclusion, since the suppression of oxide- and hetero-
interface traps is difficult, “trap-tolerant” TFET geometries 
need to be explored. In the case of an InAs/Si nanowire TFET, 
diameter scaling down to 20 nm would eliminate TAT at the 
oxide-interface and gate alignment would eliminate the 
leakage basin due to hetero-interface TAT. The above 
approach of scaling down the diameter to suppress oxide-
interface TAT and gate-alignment to avoid leakage due to 
hetero-interface TAT may be applied to TFETs with other 
material systems. 

  
Fig. 5: (a) Simulated transfer characteristics of the GOS 
and GA TFETs. The leakage floor disappears in case of 
the GA TFET. (b) Effect of a gate-source misalignment of 
+/-2 nm in the GA TFET. 

  

(a) (b) 
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Abstract— A simulation study on the impact of inter-
face traps and strain on the I–V characteristics of
co-optimized p- and n-type tunnel FETs (TFETs) realized
on the same InAs/Al0.05Ga0.95Sb technology platform is
carried out, using a full-quantum ballistic simulator. In order
to capture the effect of interface/border traps on the device
electrostatics consistently with carrier degeneracy and bal-
listic transport, the classical Shockley–Read–Hall theory
has been properly generalized. The effect of an experimen-
tal Dit distribution of a high-k gate stacks on InAs has
been investigated. Unfortunately, traps induce a significant
reduction of the ON-state current. However, it turns out
that localized strain at the source/channel heterojunction
caused by lattice mismatch is able to induce for the n-type
TFET, a performance enhancement with respect to the ideal
device even in the presence of traps. On the contrary, for
the p-type one, a current degradation ≃ 18% is observed.

Index Terms— III–V materials, interface traps (ITs), quan-
tum transport, strain, tunnel FETs (TFET).

I. INTRODUCTION

TUNNEL FETs (TFETs) are considered to be one of the
most promising alternatives to the conventional CMOS

technology, in the quest for supply voltage reduction and
power containment [1], [2]. The injection mechanism is based
on band-to-band tunneling rather than thermionic emission
over the channel barrier, which makes it possible to achieve
subthreshold swings (SSs) much lower than 60 mV/decade at
room temperature. The SS enhancement is meant to improve
the steepness of the transition from the OFF-state to the
ON-state, and allow for a reduced VDD window, to the ben-
efit of power consumption. Because of the small bandgap
and carrier masses, III–V materials are very attractive for
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TFETs, and heterojunction devices with broken-gap lineup
have been shown to provide the highest drive currents [3].
Taking advantage from appropriate strain conditions, it is
possible to further boost the device performance [4], [5].
There are, however, open challenges: 1) relatively low ON-state
current; 2) ambipolar effects; and 3) superlinear onset and
high saturation voltage of the output characteristics [6], [7].
In addition, interface states may have a significant impact on
the drain current, degrading the (already poor) ION and the
subthreshold slope [8], [9]. In this respect, the achievement
of low interface and border trap densities is one of the main
technology challenges to be addressed [8], [10]. The connec-
tion between interface traps (ITs) and transport in TFETs has
been confirmed via TCAD modeling in [11]–[13].

In this paper, we perform a simulation study of n- and p-type
InAs/Al0.05Ga0.95Sb nanowire (NW) gate-all-around (GAA)
TFETs, recently proposed in [14]. The previous investigation
is here extended to take into account the combined effect of
traps and strain on the device characteristics. In doing so,
we use a full-quantum ballistic-transport approach. Trapped
charge density is calculated with an extended Shockley–Read–
Hall (SRH) theory, accounting for carrier degeneracy within
the whole device and for ballistic transport without resorting
to a local Fermi level in Section II. The model is then used
to compute the impact of ITs in conjunction with strain
in Section III.

II. PHYSICAL MODEL AND DEVICE STRUCTURE

A. Transport Model

The in-house simulator employed for the present investiga-
tion is based on a four-band k · p Hamiltonian [15], to accu-
rately model multiband effects and the complex band structure
of our devices. A nonequilibrium Green function (NEGF)
formalism is employed for transport description within bal-
listic approximation, which is expected to be a reasonable
assumption for the gate lengths investigated here, due to the
high electron mobility and long mean free path of III–V
materials. The NEGF module is self-consistently coupled with
a 3-D Poisson solver for electrostatics computation.

The effect of strain is included using the Pikus–Bir for-
malism with Bahder extensions [16], [17] for zinc-blende
crystals. With such an approach, a strain-tensor-dependent

0018-9383 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Pictorial view of the n-type (T1) and p-type (T2) heterojunc-
tion TFETs based on the InAs/Al0.05Ga0.95Sb material pair. Doping
concentrations are indicated in cm-3 and abrupt profiles are assumed.
A nonuniform drain doping is used to reduce ambipolarity in T1. The
gate dielectric is Al2O3 with an equivalent oxide thickness EOT = 1nm.
Inset: trap distribution used in this paper [20].

matrix Hstrain is added to the basis k · p Hamiltonian of
the unstrained material. The strain-dependent matrix includes
deformation potential constants and k-dependent terms, which
couple the different bands with strain among them.

Material parameters are taken from [18], and spurious solu-
tions in the gap are eliminated using the procedure proposed
in [19]. Zero wave function penetration in the insulator is
assumed. Contact resistances are not considered either, as
their impact is strongly dependent on the actual fabrication
technology, which is beyond the scope of this paper.

B. Trap Model
Our model assumes that traps are of both acceptor and donor

type, located at the semiconductor/oxide interface, and uni-
formly distributed over the interface area. The trap occupation
probability is calculated through a generalization of the SRH
theory consistent with the ballistic NEGF approach and carrier
degeneracy, initially presented in [21], and here extended to
holes. Only the electrostatic effect of traps is considered via
Poisson’s equation, while transport remains fully ballistic.

At every NW cross section, the occupation probability of
traps at energy Et in steady state is determined from the
balance of electrons and holes emission and capture processes.
The electronic states generated by wave function propagation
from the source and the drain leads are considered separately,
consistently with the ballistic NEGF picture. Under degener-
ate conditions, the steady-state balance equation for traps at
energy Et can be expressed as

[1 − Pt (Et , x)]
!

cn(Et , E, x) dE + e p(Et , E, x) dE
"

= Pt (Et , x)

!
en(Et , E, x) dE + c p(Et , E, x) dE

"
(1)

where cn/p(Et , E, x) and en/p(Et , E, x) are the total capture
and emission rates per unit time and energy by an empty/filled

center at energy Et of electrons/holes at energy E and posi-
tion x , respectively; Pt (Et , x) is the occupation probability of
traps. The capture and emission rates are defined as follows:

cn(Et , E, x) = cn
S(Et , E, x)gn

S(E, x) fS(E)

+cn
D(Et , E, x)gn

D(E, x) fD(E)

en(Et , E, x) = en
S(Et , E, x)gn

S(E, x)(1 − fS(E))

+en
D(Et , E, x)gn

D(E, x)(1 − fD(E))

cp(Et , E, x) = c p
S (Et , E, x)g p

S (E, x)(1 − fS(E))

+c p
D(Et , E, x)g p

D(E, x)(1 − fD(E))

ep(Et , E, x) = e p
S (Et , E, x)g p

S (E, x) fS(E)

+e p
D(Et , E, x)g p

D(E, x) fD(E)

where cn
S/D(Et , E, x) and en

S/D(Et , E, x) represent the cap-
ture and emission rates per unit time of an electron injected
from the source/drain lead at energy E by an empty/filled
trap at energy Et ; c p

S/D(Et , E, x) and e p
S/D(Et , E, x) are the

same quantities referred to holes; gn/p
S/D(E, x) is the electron

(E ≥ EFi ) and hole (E < EFi ) local density-of-states
originated from the source/drain lead per unit length. fS(E)
and fD(E) are the energy distribution functions of electrons
originating from the source and drain, respectively.

In equilibrium conditions, due to the detailed balance prin-
ciple, the balance must hold separately for each energy E and
for the states propagating from source and drain, that is

cn
S(Et , E, x) f0(E)[1 − Pt0] = en

S(Et , E, x)(1 − f0(E))Pt0

e p
S (Et , E, x) f0(E)[1 − Pt0] = c p

S (Et , E, x)(1 − f0(E))Pt0

(2)

having defined Pt0 =
#
1 + exp [(Et − EF )/kB T ]

$−1 the
trap occupation probability and f0(E) the equilibrium Fermi
distribution at VDS = 0. Similar expressions hold for the drain-
injected states. From (2), one obtains

en
S(Et , E, x) = cn

S(Et , E, x) exp
#
(Et − E)/kB T

$

ep
S (Et , E, x) = c p

S (Et , E, x) exp
#
(E − Et )/kB T

$
(3)

and similar for the drain. Since the emission and capture
probabilities depend only on the two energies E and Et ,
expression (3) and the corresponding ones for drain states must
hold also in the general case, and can therefore be replaced
into (1). It is now possible to determine the trap occupation
probability Pt (Et , x). The resulting equation (not reported)
allows in principle the determination of Pt if the capture
coefficients cn

S/D(Et , E, x) and c p
S/D(Et , E, x) are known.

In the absence of experimental data, we assume capture
rates cn

S/D and c p
S/D for electron and holes equal, constant,

and independent of E . Remembering that, under ballistic con-
ditions, fS/D(E) is the Fermi distribution with Fermi energy
EF,S/D imposed by the source/drain equilibrium reservoirs,
the trap occupation probability Pt (Et ) results in

Pt (Et ) = n + p1

(n + n1) + (p + p1)
(4)

where n = nS + nD and p = pS + pD are the total
electron and hole densities per unit length in a specific cross
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section

nS/D =
% ∞

EFi

gn
S/D(E) fS/D(E) dE (5a)

pS/D =
% EFi

−∞
g p

S/D(E) [1 − fS/D(E)] dE (5b)

and

n1 = nS exp
&

Et − EFS

kB T

'
+ nD exp

&
Et − EFD

kB T

'
(6a)

p1 = pS exp
&

EFS − Et

kB T

'
+ pD exp

&
EFD − Et

kB T

'
. (6b)

All such densities are easily computed by an NEGF transport
simulator. The trapped electron/hole densities per unit energy
nt (Et ) and pt(Et ) are finally expressed as

nt (Et ) = Pt (Et )D(A)
it (Et ) (7a)

pt (Et ) = [1 − Pt (Et )]D(D)
it (Et ) (7b)

with D(A)
it and D(D)

it the acceptor and donor trap densities,
respectively. It should be noted that Pt (Et ) and, hence, nt (Et )
and pt (Et ), vary with position at the interface, due to the local
potential energy which enters Et in (6).
If one type of carriers is dominant, the occupation probability
in (4) can be approximated as

Pt (Et ) ≃ n
n + n1

(electrons majority carriers)

Pt (Et ) ≃ p1

p + p1
(holes majority carriers). (8)

Equation (8) can be expressed as the Fermi function at energy
Et with an equivalent Fermi level for trap states Eeq

F given by

exp
(
− Eeq

F /kB T
)

= (nS/n) exp (−EFS/kB T )

+(nD/n) exp (−EFD/kB T ) (9a)

exp
(
Eeq

F /kB T
)

= (pS/p) exp (EFS/kB T )

+(pD/p) exp (EFD/kB T ) (9b)

which can be interpreted as suitable averages of the source and
drain Fermi levels when either one of the assumptions in (8)
is valid.

C. Simulated Devices
Schematics of the InAs/Al0.05Ga0.95Sb simulated TFETs are

represented in Fig. 1, featuring a GAA NW geometry with
square cross section. Their geometry is identical to that of the
optimized devices used for the TFET inverter analysis carried
out in [14]. The material pair is suitable for cointegration of
n- and p-type devices with opposite choices for the source and
channel/drain materials. Both devices were designed to meet
the International Technology Roadmap for Semiconductors
OFF-state current specifications at VDD = 0.4 V, with sub-60
mV/decade minimum and average subthreshold slope, together
with relatively high ON-currents (ION ∼ 350 µA/µm for T1,
and ION ∼ 75 µA/µm for T2). All simulations are carried out
at VDD = 0.4V.

The trap energy distribution used for this investigation is
taken from experimental data presented in [20], where Dit

Fig. 2. IDS versus VGS at |VDS| = 0.4 V with and without ITs, and
with and without uniform biaxial tensile strain of 0.5 GPa along the cross
section of the NW. (a) T2. (b) T1. Currents are normalized to the NW side.

Fig. 3. IDS versus VGS at |VDS| = 0.4 V with and without ITs, and
with and without uniform biaxial tensile strain of 0.5 GPa along the cross
section of the NW. (a) T2. (b) T1. Currents are normalized to the NW
side, and VG-shifted in order to have IOFF = 100 nA/µm at VGS = 0V.

(acceptor type) for a fully depleted InAs device with a channel
thickness of 10 nm and ultrascaled high-κ gate-stack have been
reported at room temperature, T = 20◦C [see Fig. 1 (inset)].
Here, we assume that the same trap energy distribution holds
for both material interfaces.

III. DISCUSSION OF RESULTS

The turn-ON characteristics at |VDS| = VDD = 0.4 V are
reported in Figs. 2 and 3 for T1 and T2, with (red squares)
and without traps (black circles). Currents are normalized with
respect to the NW side. Curves in Fig. 3 are VG -shifted to
match an IOFF = 100 nA/µm at VGS = 0 V. Currents with traps
(red squares) are smaller than the ideal ones (black circles),
but still steadily increasing with VGS, indicating that a Fermi-
pinning condition in the channel is not reached for the biases
here considered. The current reduction is of ∼ 60% for T2,
and ∼ 20% for T1.

Focusing on T1, the current reduction caused by traps can
be understood plotting the conduction and valence subband
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Fig. 4. Conduction and valence subband profile for T1 (top) and
T2 (bottom). VGS has been chosen in order to bias the devices in sub-
theshold: negative for T1 and positive for T2. VDS = 0.4V. Black dashed
lines: without traps. Red solid lines: with traps. The energy interval where
trap levels are located is highlighted (blue region). Magenta dashed
curve: equivalent Fermi level Eeq

F .

profiles [Fig. 4 (top)]. Trapped electrons in the channel lift up
the conduction subband energy, hence increasing the tunnel
distance. One positive side effect is the electric-field decrease
at the channel/drain junction, responsible for ambipolar behav-
ior. As for T2, the situation is different, because the trapped
charge affects the n+ source more than the channel/drain
region. This is due to the fact that the trap distribution mea-
sured in [20] is of acceptor type [Fig. 4 (bottom)]. Indeed, for
every applied voltage, traps in the channel and drain regions
of T1 are always filled, since the trap energy levels are always
below the equivalent Fermi level [see Fig. 4 (magenta dashed
curve)]. The opposite happens for T2, where the equivalent
Fermi level is above the trap level in the source region,
regardless of the applied gate voltage.

The free electron/hole densities and the trapped electron
density per unit length n, p, and nt , respectively, correspond-
ing to the band profile in Fig. 4 are reported in Fig. 5.
As expected, the trapped charge is maximum in the channel/
drain region for T1, and in the source for T2. Please note that,
for the p-TFET, an increase in nt is visible at the drain end of
the channel (about one order of magnitude lower than in the
source), where the trap energy level approaches a weighted
average of the Fermi levels at the source and drain contacts.

It is well known that, for III–V-based TFETs, it is possible to
boost the device performance, taking advantage of appropriate
strain conditions [4], [5]. It was also shown that the trap
energy levels remain unchanged in the presence of an external
strain [11], [22]. The detailed investigation of the effect of
strain on InAs/GaSb heterojunction devices has been reported
in [26], where it was demonstrated that the application of an
uniform biaxial tensile strain across the device cross section
can provide the largest performance improvement. In principle,
uniformly distributed strain across the whole structure could be
achieved taking advantage of the lattice mismatches between
the structure and the underlying substrate. Unfortunately, the
literature on III–V strain engineering for TFETs is still lacking.

Fig. 5. Mobile charge (n, p) and trapped electron density (nt ) per
unit length corresponding to the bands profile in Fig. 4. Top: n-TFET at
VGS = 0.3V and VDS = 0.4V. Bottom: p-TFET at VGS = −0.3V and
VDS = −0.4V.

TABLE I
ION , AVERAGE SUBTHRESHOLD SLOPE (SSAVG ) COMPUTED OVER

THREE CURRENT DECADES, AND PEAK SLOPE (SSPEAK )
EXTRACTED FROM THE CURVES FOR THE

NW TFETs REPORTED IN FIG. 3

Therefore, the technological aspect is not covered in this
paper. The effect of a 0.5-GPa biaxial tensile strain is shown
in Figs. 2 and 3. For this strain level, we found a bandgap
reduction of ∼ 10 % for Al0.05Ga0.95Sb, and ∼ 15 % for InAs.
Electron and hole effective masses decrease as well by roughly
the same factor as the bandgap. As expected, the presence of
a uniform 0.5-GPa biaxial tensile strain induces a remarkable
enhancement of the ON-state (see Figs. 2 and 3). In the
presence of traps, the application of this strain condition is able
not only to recover the trap-induced ION degradation, but even
to improves ION and SS (see Table I). However, a degradation
of the ambipolar behavior is observed as well, even if the band
shift induced by a 0.5-GPa biaxial tensile strain is sufficiently
small not to cause the facing of the channel with the drain
conduction/valence bands, thus avoiding the onset of undesired
channel/drain tunneling paths. No attempt to find the optimum
strain condition has been carried out, as the scope of this paper
is to investigate the combined effect of traps and strain on
device performance.
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Fig. 6. IDS versus VGS at |VDS| = 0.4V without ITs (black circles), with
traps (red squares), with uniform biaxial tensile strain of 0.5GPa (blue
diamonds), and localized strain (green triangles). (a) T2. (b) T1. Currents
are normalized to the NW side.

Unfortunately, the application of a uniform strain along
the whole device structure is especially challenging from
the fabrication perspective. More reasonably, strain will be
localized at the heterojunction because of lattice mismatch.
In the absence of experimental and simulation data on strain
maps in AlGaSb/InAs NW TFETs, we took the advantage
of process simulation carried out in [25] for a GaSb/InGaAs
double-gate device, in which the InGaAs region is assumed to
be grown pseudomorphically on a relaxed GaSb. Specifically,
we decided to take the strain values for the transport direction
ϵxx and the one for the confined direction ϵzz from [25].
Considering that y is the double-gate periodic direction, the
last strain component ϵyy has been taken considering zero
stress along it. Note that a value in line with ϵyy shown
in [25] for the periodic direction is obtained. The strain at
the junction is around 3% and relaxes in ≈ 10 nm from the
junction inside the InGaAs region. In order to reproduce this
process simulation, we used a layer-dependent strain applied
along the device cross section, with a strain map based on
the one shown in [25]. More specifically, to mimic their strain
map, we set for T1 the maximum strain at the heterojunction
(ϵxx = 3%, ϵyy = -2.4%, ϵzz = -3%, see Fig. 1 for the coordinate
system) decreasing to zero in 10 nm within the InAs channel
and in 3.5 nm within the AlGaSb source. Strain with opposite
sign is used on the left and right of the heterojunction. In T2,
a specular approach is used: 10 nm from the source/channel
junction, strain increases from zero to its maximum value.
Then, it decreases to zero in 3.5 nm within the AlGaSb
channel.

The I–V curves for this localized strain caused by lattice
mismatch are reported in Figs. 6 and 7. A performance
improvement is again obtained. For T1, an ION ∼ 500µA/µm
higher than that exhibited by the fresh device is obtained,
with SS = 32 mV/decade. For T2, lattice mismatch is unable
to completely recover the trap-induced ION degradation, with
ION ∼ 90µA/µm and SS = 54 mV/decade.

It is worth noting that for this localized strain, the bandgap
is modified only near the heterojunction, leaving the band
edges near the source/drain contacts unaltered (the same
degeneracy). The subband profiles and trap energy level

Fig. 7. IDS versus VGS at |VDS| = 0.4 V without ITs (black circles), with
traps (red squares), with uniform biaxial tensile strain of 0.5 GPa (blue
diamonds), and localized strain (green triangles). (a) T2. (b) T1. Currents
are normalized to the NW side, and the curves are VG-shifted in order
to have ION = 100 nA/µm value at VGS,OFF = 0 V.

Fig. 8. Conduction and valence subbands profile in subthreshold for
TFETs T1 (top) and T2 (bottom). Black dashed lines: with no traps. Red
solid lines: with traps and localized strain. The energy interval where trap
levels are located (blue region) has also been reported. Magenta dashed
curve: equivalent Fermi level EF,eq.

diagrams with this localized strain are reported in Fig. 8 at
VGS = −0.3V for T1 and at VGS = 0.3V for T2 (|VDS| =
0.4 V), to be compared with Fig. 4 for the case with traps but
without strain. The main point here is that, as a consequence of
the bandgap decreasing, only at the source/channel interface,
the tunneling window increases, changing from a staggered- to
a broken-gap heterojunction, whereas the source/drain regions
near the contacts remain unchanged.

IV. CONCLUSION

Co-optimized p- and n-type TFETs on the same
InAs/Al0.05Ga0.95Sb technology platform have been investi-
gated via 3-D full-quantum ballistic simulations based on a
four-band k · p Hamiltonian. Simulations included strain and
trap effects, computed via a generalization of the SRH theory
consistent with carrier degeneracy within the channel, and the
carrier energy distribution functions resulting from ballistic
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transport. Realistic trap energy distribution and strain condi-
tions have been taken from the literature. However, it turns
out that localized strain at the source/channel heterojunction
caused by lattice mismatch is able to induce for the n-type
TFET, a performance enhancement with respect to the ideal
device even in the presence of traps. On the contrary, for the
p-type one, a current degradation is still observed.
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Two different nanowire tunnel FETs, based either on the InAs/Si 
or the In0.53Ga0.47As/InP hetero-system, are investigated by device 
simulation. Variations of radius, equivalent oxide thickness, local 
doping, valence band offset, temperature, and the effect of trap-
assisted tunneling on the sub-threshold slope and the on-current of 
the transistors are demonstrated.  
 
 

Introduction 
 
The Tunnel Field Effect Transistor (TFET) which utilizes the band-to-band-tunneling 
(BTBT) generation current of a gated pin-diode is regarded as promising candidate for 
ultra-low power circuits due to its potential sub-thermal slope which could enable a 
strongly reduced supply voltage (1). III-V/Si hetero junctions have been proposed for an 
improved on-current as compared to Si TFETs (2). Using small-gap semiconductors like 
InAs or In0.53Ga0.47As as source material increases the tunnel rate, while the wide band 
gap of the channel/drain materials Si or InP reduces ambipolar leakage. Nanowires 
(NWs) enable a good electrostatic control due to the surrounding gate and result in an 
efficient strain relaxation when the diameter is scaled down (3). Tomioka et al. and Björk 
et al. successfully integrated InAs NWs on Si by nanometer-scale hetero epitaxy based on 
selective area growth within patterned oxide films (4,5,6,7,8). Recently, Borg et al. 
demonstrated a new approach to integrate individual InAs/Si hetero-structure NW TFETs 
onto Si using selective epitaxy in nanotube templates. This approach allows to start with 
Si substrates of any crystalline orientation and to scale the diameter of the NWs down to 
reasonable limits (9). First p-type TFETs fabricated by this technology showed an overall 
performance with on-currents, Ion of 6 µA/µm (|VGS| = |VDS| = 1 V) and a room-
temperature subthreshold swing (SS) of ~160 mV/dec over at least three orders of 
magnitude in current (10). Temperature-dependent measurements indicated that the SS is 
limited by traps (10). The present simulation study is based on the geometry (see Figure 
1), the measured IV-characteristics, and the limited electrical characterization of these 
devices.  
 

Mesa-like InGaAs n- and p-type TFETs were fabricated by a couple of groups (11,12). 
Zhao et al. pointed out three factors that degrade the SS: (i) a too high source doping 
level which screens the gate field and weakens the coupling between the semiconductor 
and the gate, (ii) a poor III-V/oxide interface with a mid-gap interface trap concentration 
of ~4x1012/eV/cm2, and (iii) the dopant diffusion at the tunneling junction interface 
which has the same consequence as (i). Below, these issues will be picked up in detail by 
device simulation.  An n-type In0.53Ga0.47As/InP hetero-junction TFET with mesa-like 
fabrication process was reported by Zhou et al. (13). As the In0.53Ga0.47As/InP hetero-



system is perfectly lattice-matched, a much smaller interface trap concentration can be 
expected compared to InAs/Si where the 11% mismatch leads to the formation of 
dislocation pattern (6,14). However, a drawback of the In0.53Ga0.47As/InP hetero-system 
is given by the thermionic barrier due to the band offsets which degrades the SS at 
intermediate gate bias. This drawback must be overcome by introducing a layer of 
InGaAsP alloy graded from In0.53Ga0.47As on one end to InP on the other end. 

 
Technology-computer-aided design (TCAD) can help to understand the behavior of 

hetero nanowire Esaki diodes and TFETs, and can give guidelines to improve their 
performance by optimization of geometry, doping, composition, gating, and biasing. The 
best approach is to use an atomistic, 3D quantum transport tool (15,16,17,14). 
Unfortunately, the dimensions of real TFETs prohibit the application of such tools. 
Instead, drift-diffusion transport codes are widely used. In this paper, all simulations are 
performed with the commercial device simulator Sentaurus-Device (S-Device) which is 
equipped with various local and non-local BTBT models (18). Although certain aspects 
(e.g. size and channel quantization, band gap narrowing, DOS tails) cannot be modelled 
adequately, predictive trend simulations are possible after careful calibration of the 
parameters of the tunnel model by comparison with experimental data or with results of 
pseudo-potential calculations (19).  
 

     
 

Figure 1: TEM image of an InAs/Si nanowire p-TFET also showing the geometrical 
dimensions (a). Close-up of the InAs/Si interface which is not smooth across the entire 
junction area and has a high density of defects (b). Also visible are stacking faults caused 
by the change in crystal structure of InAs between wurtzite and zincblende. 

 
The remainder of the paper is organized as follows: After introducing the device and 

the TCAD model, comparisons between simulated and measured IDVGS-characteristics of 
p-type InAs/Si hetero NW TFETs are shown for different temperatures. The impact of 
trap-assisted tunneling and the effect of dopant diffusion at the interface are then 
discussed. Finally, using identical geometries and the optimum source doping, a detailed 
comparative analysis of In0.53Ga0.47As/InP versus InAs/Si hetero NW TFETs is presented. 
Key parameters like NW radius and equivalent oxide thickness are varied for this. 
 

Simulation Set-up and TCAD Model 
 

The hetero-structure p-TFETs with nanowire geometry were simulated using the 
commercial TCAD simulator S-Device (18). The InAs/Si hetero-junction TFETs consist 

(a) (b) 



of InAs as source material and Si as intrinsic layer and drain material. Similarly, 
InGaAs/InP TFETs have InGaAs as source material and InP as intrinsic-layer and drain 
material. The source is n+ doped to 2x1018 cm-3 in the case of InAs and 8x1018 cm-3 in the 
case of InGaAs. These doping levels minimize the SS of the TFETs with respective 
materials. The drain region is p+ doped to 3x1019 cm-3 in both TFETs. A 100 nm long 
section of the source is overlapped to the gate. Therefore, the TFET can be categorically 
called a Gate-overlapped-Source p-TFET. The radial cross section of the simulated 
nanowire TFET is shown in Figure 2 along with the dimensions. In order to avoid a 
thermionic barrier at the InGaAs/InP interface, a graded layer of InGaAsP is introduced. 
The mole fraction of the constituents in this layer is graded from InGaAs at one end to 
InP at the other end. The device is simulated in the cylindrical coordinate system which 
essentially converts the radial cross section in Figure 3 to a nanowire by horizontally 
rotating the structure around the left edge. 
 

     The BTBT in semiconductors is modeled 
using the “Dynamic nonlocal path BTBT model” 
which is an implementation of Kane’s theory of 
BTBT. In this model, tunnel paths are created which 
start from the valence band edge in the direction of 
the electric field and connect the conduction band 
edge at the same energy. The BTBT rate of electrons 
is calculated by using the WKB approximation and 
integrating over imaginary bands along the tunnel 
paths. The BTBT model can accurately reproduce the 
transfer characteristics of the TFETs in the 
subthreshold region. BTBT can take place between 
heavy hole (HH) band and conduction band (CB) or 
between light hole (LH) band and CB. As the 
effective mass of holes in the HH band is much 
larger compared to that in the LH band, tunneling 
from the HH band is completely suppressed. 
Therefore, it is neglected in the simulations. 

 
     The BTBT model requires the direct and 

indirect band gaps of the semiconductors along with 
their effective electron and hole masses. The direct 
and indirect band gaps, electron and hole effective 
masses of InAs, InGaAs and InP at 300K were taken 
from Ref. (20). All these values as well as the values 
of other parameters are provided in Table I. The band diagrams at the InGaAs/InP and 
InAs/Si hetero-interfaces are schematically shown in Figure 3. The InGaAs/InP material 
system has been extensively studied experimentally, and measured CB offsets were found 
to range from 0.21 eV to 0.3 eV (21,22,23). In this work, the CB offset is set to 0.27 eV 
following Ref. (24) which reports ab-initio calculations of the material system. The VB 
offset of the InGaAs/InP hetero-system is fixed to 0.33 eV. For the InAs/Si material 
system no experimental band offsets are available to date. Anderson’s rule (25) gives a 
VB offset of 80 meV. Preliminary ab-initio DFT calculations of the InAs/Si band offset 
yielded a value of ~210 meV (26). For the comparative simulation study both values are 
used.  

Figure 2: Device geometry of 
the simulated hetero-junction 
TFET. 



In addition to the BTBT model, Shockley-Read-Hall (SRH) generation was activated 
to account for the thermal generation current (“leakage”) in the off-state. Lifetimes of 
1 ns are used for InAs. These values yielded the best fit to the temperature dependence of 
reverse characteristics of unintentionally doped InAs/Si hetero NW diodes   measured in 
Ref. (27). The same values are taken for InGaAs and InP. As the TFET turns on, an 
inversion layer is formed under the gate overlapped with the source region. A semi-
classical model - modified local density approximation (MLDA) - is used to mimic the 
quantum-mechanical charge redistribution under the gate (28). 
 

TABLE I. Parameters required for BTBT model and typical parameters used for interface traps. 
Parameters InGaAs/InP InAs/Si 
 InGaAs InP InAs Si 
mC 0.043 0.079 0.023 0.15 
mV 0.052 0.12 0.026 0.19 
Degeneracy 2 2 2 2 
Huang-Rhys factor  0.4 0.4 0.4 3.5 
Phonon energy 0.03 0.03 0.03 0.068 

 
 

Figure 3: Band alignment at the hetero-interface. 
 

          A source-drain bias of -0.5 V is used in all the simulations targeting application 
with a supply voltage of 0.5 V. As long as this bias is applied at the drain contact (source 
grounded), the IDVGS currents are practically independent of it. Slight changes are only 
observed at the highest current levels. The off-voltage is defined as the voltage at which 
the drain current exceeds 2x10-14 A. The average SS is calculated by averaging the SS 
over four decades above the off-current. The on-current is calculated at the gate voltage 
which is by 0.5 V larger than the off-voltage. 
 
 

Comparison with Experimental Data 
 
IDVGS-characteristics 
 
The measured and simulated transfer characteristics, IDVGS, for the InAs/Si hetero-
junction TFET are shown in Fig. 4 for two different temperatures. The measured RT on-
current is 1.62 µA (~ 5.2 μA/μm) at |VGS| = 1.0 V, |VDS| = 0.5 V and the Ion/Ioff ratio is 
~106. The steeper SS obtained at 130 K clearly proves the presence of traps, which limit 
sub-60mV/decade operation. The measured average SS at RT is 157 mV/dec, in contrast 



to the simulated value of ~32 mV/dec for ΔVB = 80 meV (averaged over 3 decades). One 
problem in comparing simulated and measured transfer characteristics is the unknown 
work function. One could fit it (including the neglected effect of channel quantization) if 
the thermal generation current would be lower than the BTBT current over the entire 
VGS-range, by using the position of the minimum of the ambipolar IV curve. In reality, 
the SRH generation current which becomes field-assisted for |VGS| > 0.1 V obscures this 
minimum and prevents a fit of the work function. This also prevents a clear assessment of 
the ratio of simulated and measured on-currents. In Figure 4 the work function was set to 
4.55 eV which is an arbitrary value. Nevertheless, the simulated on-current seems to be 
higher than the measured one, although a series resistance effect due to the low mobility 
in InAs (µn = 400 cm2/Vs used) is already included in the simulation. The mobility in 
comparable InAs NWs has been measured in Ref. (29) and the effect on the on-current of 
InAs/Si NW Esaki diodes was shown in (30). The simulation for RT reveals a transition 
from dominating point tunneling to dominating line tunneling visible as shallow buckle at 
about -0.95 V. The temperature effect on the line tunneling current is determined by the 
change of the InAs band gap with temperature. It agrees well with the measured 
temperature effect at VGS = -1 V. Different valence band offsets result in largely different 
IV curves. A larger valence band offset facilitates an earlier onset of BTBT, i.e. at a 
lower |VGS| and hence at a lower field, which also leads to a steeper slope. In contrast, a 
smaller valence band offset delays the opening of the tunnel window, and as band 
alignment requires a higher field here, the slope at the onset is weaker. 

 
Simulated Effects of Bulk Traps and Dopant Diffusion 
 

The strong temperature dependence of the drain current at low and intermediate gate 
voltages hints to a field-enhanced thermal generation process which is conventionally 
called “trap-assisted tunneling (TAT)” in literature. Figure 5 shows results obtained with 
a physics-based TAT model based on the theory of multi-phonon transitions at deep 
centers in an electric field (31). The model implementation in S-Device assumes single 
mid-gap levels and requires a minimum set of parameters: Huang-Rhys factor S, effective 
phonon energy ħωph (lattice relaxation energy ɛrel = Sħωph), and two tunnel masses. The 
interplay between tunneling and thermal generation enhances the field effect for weak 
electron-phonon (el-ph) coupling (small ɛrel) whereas increasing el-ph coupling shrinks 
the field enhancement. This is demonstrated in Figure 5 using homogeneous lifetimes 
τn,p =1 ns. For weak el-ph coupling (ɛrel = 12 meV) TAT dominates the IDVGS-curve up to 
|VGS| = 1 V.  The SS increases with increasing el-ph coupling.  

 
Another cause for the discrepancy between measured and simulated slope could be 

the out-diffusion of Si atoms during processing. In the InAs source the Si atoms would 
act as donors when incorporated on regular lattice sites. Even if the highly doped layer 
formed at the interface is thin, it has a pronounced effect on the electrostatics. The gate 
field in the region of the pn-junction becomes strongly screened which degrades the gate 
control of BTBT and, hence, the transconductance. The circles in Figure 5 were obtained 
with a 6 nm thin layer of 5x1019cm-3 n-doping. Inspection of the BTBT rate reveals that 
line tunneling under the gate is delayed and only turns on at very high |VGS|. A fit to the 
measured data would require a substantial increase of the work function used in the 
simulation. 



  

 
 

Performance Analysis: InAs/Si TFET versus In0.53Ga0.47As/InP TFET 
 
Line Tunneling versus Point Tunneling 
 
The radial cross section of the gate-overlapped-source region of the TFET is shown in 
Figure 6 along with a color-mapped diagram of BTBT rate of both electrons and holes in 
the device. In the InGaAs/InP TFET, the tunnel direction of the electrons is perpendicular 
to the gate and the tunneling electrons do not cross the pn-junction. In contrast, electrons 
in the InAs/Si TFET tunnel predominantly parallel or inclined to the gate and BTBT 
mostly happens across the pn-junction. This difference in the prominent tunnel direction 
in different hetero-structures is a consequence of the different band alignments at the 
interface of the materials as shown in Figure 3. It is explained below. 
 

 
 
 
 

 
Figure 6: Color-mapped diagrams of the 
radial cross sections of (a) InGaAs/InP 
TFET and (b) InAs/Si TFET showing the 
BTBT rates of electron and hole generation. 
At the onset of line tunneling (normal to 
the gate), the inter-material point tunneling 
is absent in the InGaAs/InP TFET, while it 
is already dominant in the InAs/Si TFET. 

 
 

Figure 4: Measured and simulated IDVGS-
characteristics of the InAs/Si hetero-
junction TFET shown in Fig. 2 for two 
different temperatures and two different 
values of the valence band offset ΔVB. The 
metal work function was set to 4.55 eV. 

Figure 5: Simulated TAT currents at 
300 K due to bulk traps in InAs for 
different values of the lattice relaxation 
energy (broken lines). Effect of a highly 
doped layer with 6 nm thickness at the 
interface (circles). 



Under applied drain bias, the device acts as a reverse-biased diode when the gate is 
floating. As the (negative) gate voltage is ramped up, an inversion layer of holes begins 
to form in the heavily n-type source region adjacent to the gate. Similarly, the band edges 
of the intrinsic Si layer bend upwards due to the negative potential at the gate. For 
sufficiently negative gate bias, the VB edge of Si in the intrinsic region energetically 
aligns with the CB edge of InAs in the source. As a result, tunneling of electrons begins 
from the VB edge of Si to the CB edge of InAs (often called “point tunneling” in the 
literature). If the bias is further increased, the rate of point tunneling enhances as the 
tunnel window widens. At the same time, as a result of the MOS effect, the band bending 
under the entire gate region increases to the extent that the VB edge of InAs adjacent to 
the gate energetically aligns with the CB edge of InAs in the bulk. This induces vertical 
tunneling of electrons from the channel to the bulk InAs (often called “line tunneling” in 
the literature). In short, since the tunnel gap (the difference between CB edge of InAs and 
VB edge of Si) at InAs/Si interface is smaller than the InAs gap, point tunneling begins 
earlier than line tunneling in the InAs/Si TFET and is the dominant mechanism. On the 
contrary, at the InGaAs/InP interface the tunnel gap (the difference between CB edge of 
InGaAs and VB edge of InP) is larger than the band gap of InGaAs which delays and 
suppresses point tunneling in InGaAs/InP TFETs. Therefore, line tunneling is the 
dominant tunneling mechanism in InGaAs/InP TFETs.  

 
In conclusion, the type-II band alignment at the InAs/Si interface makes point 

tunneling dominant, whereas the type-I band alignment at the InGaAs/InP favors line 
tunneling. The dominance of point tunneling grows with shrinking tunnel gap at the 
InAs/Si interface. Similarly, the wider the tunnel gap at the InGaAs/InP interface, i.e. the 
larger the VB offset, the more dominant the line tunneling. The different tunnel directions 
in the two hetero-structures affect the impact of gate oxide scaling as well as diameter 
scaling on the performance of NW p-TFETs. 

 
Effect of Gate Oxide Scaling 
 
     Scaling the gate oxide thickness increases the oxide capacitance and improves the gate 
control. A better gate control results in a sharper switching of the device, i.e. it improves 
the SS. A limitation to gate oxide scaling is set by gate tunneling leakage which prevents 
to use oxides with an Equivalent Oxide Thickness (EOT) significantly smaller than 1nm. 
Hence, high-k dielectrics are suitable for aggressive EOT scaling, as they deliver high 
gate-capacitance with thicker oxide compared to SiO2. In this paper, all gate oxide 
thicknesses are referred to EOT, and SiO2 with a given EOT in the range from 0.5 nm to 
2.0 nm is used in the simulation. Gate tunneling is disregarded. 
 
     The effect of oxide thickness on the device characteristics is shown in Figure 7 
demonstrating the improvement of SS with EOT scaling because of the enhanced gate 
control. This effect is observed irrespective of the materials of the hetero-structure, but is 
much stronger for InGaAs/InP TFETs than for InAs/Si TFETs. Line tunnel paths which 
start at the gate are most sensitive to the gate-induced electric field. The described effect 
also results in a strong increase of the on-current of the InGaAs/InP TFET, whereas the 
on-current of the InAs/Si TFET remains more or less unaffected. The weak sensitivity of 
the InAs/Si TFETs to gate oxide scaling could possibly due to the saturation of the BTBT 
rate. 
 



Effect of Nanowire Diameter Scaling 
 
     Reducing the diameter improves the gate control of the NW. As explained above, this 
effect should result in an improvement of the SS. However, the different dominant tunnel 
directions in the two TFETs give birth to a variety of effects which impact the trends for 
the SS.  
 
     NW diameter scaling covers the range from 30 nm to 130 nm in this study, which 
avoids extremely narrow NWs where size quantization has a strong effect on the TFET 
performance. In the case of InAs/Si, shrinking the diameter indeed slightly improves the 
SS as shown in Figure 8. Shrinking the diameter reduces the circumference of the 
nanowire as well as its cross-sectional area. This offers less area for tunneling of 
electrons and reduces the on-state current of InAs/Si TFETs. For all diameter values 
down to 30 nm, tunneling mainly happens via point tunnel paths at the InAs/Si interface. 
For diameters greater than 40 nm, point tunneling is followed by line tunneling in the 
source region normal to the gate as explained earlier. This is shown in Figure 9(a) for a 
diameter of 100 nm. It is the result of surface inversion in which a depletion layer forms 
under the gate with increasing gate bias. This is followed by the formation of a hole 
inversion layer close to the gate. Due to the strong band bending, valence electrons tunnel 
from the inversion layer to the bulk and holes are generated in the inversion layer as 
shown in Figure 9(a). However, at a diameter of ~40 nm volume inversion takes place 
and line tunneling in the channel is no longer possible. Instead, BTBT begins at the upper 
edge of the gate as shown in Figure 9(b).  

 

 

Figure 8: Impact of nanowire diameter 
scaling on SS (solid lines) and on-current 
(dotted-lines). Diameter scaling slightly 
improves the SS of InAs/Si TFETs while 
it degrades the SS of InGaAs/InP TFETs. 

Figure 7: Variation of SS (solid lines) 
and on-state current (dotted-lines) with 
EOT. A decreasing EOT improves the 
gate control of the device resulting in 
better SS and on-current. 



     
 
Figure 9: BTB electron and hole generation rate in InAs/Si TFETs for a diameter of (a) 
100 nm and (b) 40 nm. Line tunneling takes place in the 100 nm thick nanowire due to 
surface inversion. For d = 40 nm, volume inversion occurs and the BTBT rate is located 
at the hetero-interface as well as at the upper gate edge. (c) Transfer characteristics of the 
TFETs for some peculiar diameters. The pronounced buckle in the case of d = 40 nm is 
caused by the onset of volume inversion. 
 
     For a deeper understanding of the above-described effect, color-mapped diagrams of 
the BTBT rate in the NW with 30 nm diameter are shown in Figure 10. At small gate bias 
(Figure 10(a)) only point tunneling at the InAs/Si interface sets in because of the small 
tunnel gap at the interface. At an intermediate gate bias (Figure 10(b)), volume inversion 
takes place and strong BTBT starts at the upper gate edge. Note that point tunneling at 
the InAs/Si interface has not yet ceased. Further increase in the gate bias flattens the 
bands along the diameter which suppresses point tunneling at the InAs/Si interface as 
shown in Figure 10(c). The drain current drops sharply, similar as for the InGaAs/InP 
NW TFET in Figure 11(d).  
 
     In the case of InGaAs/InP TFETs, 
in spite of the improved gate control, 
the SS slightly worsens by shrinking 
the diameter down to 50 nm. This 
seems to be a consequence of the 
gradual shift from surface inversion to 
volume inversion. At the diameter of 
30 nm, the nanowire is so narrow that 
volume inversion starts without initial 
surface inversion and BTBT only 
occurs at the upper gate edge. This 
degrades not only the SS but also the 
magnitude of the on-current as shown 
by the transfer characteristics in Figure 
11(d).  
 
 
 
 

(c) 

Figure 10: BTB electron and hole 
generation rates in a NW with d = 30 nm 
(a) after the onset of tunneling (b) at an 
intermediate gate bias, and (c) under high 
gate bias. 



   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: BTB generation rates in InGaAs/InP nanowire TFETs with diameters of (a) 
100 nm, (b) 40 nm, and (c) 30 nm. In a 100 nm thick NW, the BTB generation rate is 
evenly spread over the channel region with some maximum at the interface while that in 
a 40 nm thick NW is concentrated along the upper part of the channel. The distributed 
line tunneling under the gate completely vanishes in the 30 nm thick NW TFET due to 
volume inversion. The corresponding IDVGS-characteristics are shown in (d). 
 
 
Effect of Traps at the Material Interface 
 
     The interface of two semiconducting materials often gives rise to a large trap 
concentration. This could be attributed to the presence of irregular bonds between the 
atoms of the two materials. If the two semiconductors are lattice-mismatched, the trap 
concentration can increase by orders of magnitude. Among the two hetero-structures 
under consideration, the InAs/Si hetero-structure with relaxed InAs (a0 = 0.605 nm) and 
Si (a0 = 0.543 nm) is highly mismatched while the In0.53Ga0.47As alloy is lattice-matched 
to InP (a0 = 0.586nm). The InAs/Si interface is, therefore, expected to have a much larger 
interface trap density compared to the InGaAs/InP interface. In addition to that, both 
material sets can have electrically active bulk traps distributed throughout the material as 
discussed above. In particular, the stacking faults found in the InAs NW might be 
responsible for low lifetimes.  
 
     Simulations were performed to test the sensitivity of the TFET transfer characteristics 
to interface traps. A density-of-states of interface traps (Dit) of 2x1013 cm-2eV-1 was used 
for both interfaces, although the InAs/Si interface is expected to suffer from a much 
higher defect density than the InGaAs/InP interface. The energetic trap distribution in the 
band gap was assumed to be uniform. The “Dynamic nonlocal path TAT model” in S-
Device was activated in the simulations. Details of the model can be found in (18). TAT 
acts as an additional electron-hole pair generation mechanism in TFETs which sets in 
prior to BTBT due to the lower tunnel barrier. As discussed above, the large inter-
material tunnel gap at the InGaAs/InP interface suppresses the inter-material “point 
tunneling”, whereas the small tunnel gap at the InAs/Si interface favors “point tunneling”. 
Therefore, it is obvious that point tunneling (in which the tunnel paths cross the interface) 
is more sensitive to interface traps than line tunneling. This is observed in the simulation 

d) 



of the two TFETs. The transfer characteristics of the TFETs with and without TAT are 
shown in Figure 12. The leakage current is higher for the InAs/Si TFET than for the 
InGaAs/InP TFET which suggests that InGaAs/InP hetero-structure based TFETs are less 
sensitive to interface traps. A much smaller Dit in the case of InGaAs/InP would 
practically remove the effect of TAT. 

 
Figure 12: Transfer characteristics of (a) InGaAs/InP and (b) InAs/Si pTFETs with and 
without traps at the semiconductor interface. A uniform trap distribution was assumed in 
the band gap of InGaAs (or InAs) and the Dit was set to 2x1013 cm-2eV-1. 

 
 

Conclusion 
 

Large discrepancies between measured and simulated transfer characteristics of p-type 
InAs/Si NW TFETs can be attributed to the unknown work function, the dominance of 
electrically active traps, and possibly to a thin doping layer at the interface. Despite 
neglecting a number of effects, as DOS tails, band gap narrowing, channel quantization, 
and residual stress, calibrated TCAD can provide predictive trends for SS and on-current 
under variation of certain design parameters. This has been demonstrated for gate oxide 
and diameter scaling in InAs/Si and In0.53Ga0.47As/InP hetero NW TFETs. While gate 
oxide scaling improves the SS in In0.53Ga0.47As /InP TFETs because of the dominance of 
line tunneling, it has much less impact on the SS in InAs/Si TFETs where point tunneling 
determines the SS and where the BTBT rate has possibly already saturated in the 
considered thickness range. In General, the type-II band alignment at the InAs/Si 
interface makes point tunneling dominant, whereas the type-I band alignment at the 
In0.53Ga0.47As /InP favors line tunneling. Therefore, gate oxide scaling also results in a 
strong increase of the on-current of the In0.53Ga0.47As/InP TFETs. The on-current of the 
InAs/Si TFET remains more or less unaffected since the BTBT rate as function of oxide 
thickness is already in the regime of quasi-saturation. Gate oxide scaling is a more 
efficient method to improve the SS than diameter scaling. In the case of InAs/Si TFETs, 
diameter scaling hardly improves the SS, but reduces the on-current due to the loss of 
volume for the BTBT rate. At diameters less than ~40 nm, volume inversion takes place 
preventing line tunneling in the channel which leads to a sharp drop of the on-current. In 
the case of In0.53Ga0.47As/InP TFETs, both the SS and the on-current worsen because of 

(a) (b) 



the increasing impact of volume inversion. Interface traps mainly affect point tunneling. 
Thus interface traps severely degrade the performance of InAs/Si TFETs but hardly ever 
that of In0.53Ga0.47As/InP TFETs. 
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