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Abstract. Impact-ionization metal-oxide-semiconductor FETs (I-MOSFETs) are in
competition with tunnel FETs (TFETSs) in order to achieve the best behaviour for low power
logic circuits. Concretely, III-V I-MOSFETs are being explored as promising devices due to
the proper reliability, since the impact ionization events happen away from the gate oxide, and
the high cutoff frequency, due to high electron mobility. To facilitate the design process from
the physical point of view, a Monte Carlo (MC) model which includes both impact ionization
and band-to-band tunnel is presented. Two ungated InGaAs and InAlAs/InGaAs 100 nm PIN
diodes have been simulated. In both devices, the tunnel processes are more frequent than
impact ionizations, so that they are found to be appropriate for TFET structures and not for I-
MOSFETs. According to our simulations, other narrow bandgap candidates for the III-V
heterostructure, such as InAs or GaSb, and/or PININ structures must be considered for a
correct -MOSFET design.

1. Introduction

Impact-ionization metal-oxide-semiconductor FETs (I-MOSFETs) have demonstrated to provide a
subthreshold slope (SS) as low as ~4 mV/dec, one order of magnitude lower than those obtained with
classical MOSFETs with a similar I, [1]; however, the necessary source-to-drain voltage Vps is still
too large to be competitive with mainstream MOSFET technology. On the other side, III-V MOSFETs
can work at Vps lower than 0.5 V and deliver L., currents near 1 A/mm [2], but with a large value of
SS. Reliability is also an issue due to the degradation of the gate oxide. In order to overcome these
weaknesses, [II-V I-MOSFETs are being explored as promising devices for ultra-low power logical
circuits. By means of an adequate heterostructure bandgap engineering, these devices should be able to
improve both the reliability (by moving the impact ionization events away from the gate oxide) and
the cutoff frequency (due to the higher mobility of III-V materials). The first option under study is
InGaAs heterostructures because of the mature technology, but, as shown later, the tunnel effect
appears for lower applied Vps than impact ionization processes, thus making this behavior impossible
as an [-MOSFET. In fact, tunnel-FETs (TFETs) [3] are direct opponents of -MOSFETs for ultra-low
SS digital applications. As an alternative, InAs-based heterostructures will have to be used for the
fabrication of [-MOSFETs.
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In order to support the development of III-V [-MOS transistors, and as an alternative to the test-
and-error experimental procedure, this work reports the development of a Monte Carlo (MC) model,
which incorporates impact ionization processes by means of the Keldysh approach [4,5] as well as
band-to-band tunnel by means of the Wentzel-Kramers-Brillouin (WKB) method [6]. MC simulations
are useful for the study of narrow bandgap III-V heterostructures from the physical point of view as
well as ungated and gated PIN topologies. This model allows identifying the competition between the
impact ionization and band-to-band tunneling at the onset of the conduction in InGaAs-based PIN
diodes. As well, it can assist the design and optimization of -MOSFET topologies in terms of o and
Ion currents, Vps and SS.

2. Physical Model

For the calculations we make use of an ensemble MC simulator self-consistently coupled with a 2D
Poisson solver, which includes a detailed model for the hole transport, impact ionization processes and
band-to-band tunnel, valid for the simulation of ungated Ings3Gaos7As and lattice matched
InAlAs/InGaAs-based PIN diodes. The parameters for electrons in the involved materials can be found
in Ref. [7]. The model used for hole dynamics is essential due to the P-region. A typical spherical and
nonparabolic valence band structure is considered, including three sub-bands: heavy- and light-hole
bands (HH and LH), degenerated at ~=0 and characterized by a different curvature in k-space, and a
third split-off band (SOH), in which the band warping is accounted for by the use of approximated
overlap functions [9]. lonized impurity, acoustic, polar and non-polar optical phonon scattering
mechanisms are considered for holes [8,9]. The hole physical parameters used in the simulations are
reported in [4,5]. To illustrate the hole transport in bulk InGaAs, Figure 1 presents (a) the mean
velocity in the electric field direction and (b) the mean energy as a function of the electric field for
different dopings.
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Figure 1. (a) Mean velocity in the electric field direction and (b) mean energy
for holes in bulk InGaAs as a function of electric field for different P-type
ionized impurity densities.

Impact ionization of electrons, which occurs in the I" valley and leads to the generation of electron-
hole pairs, is included in the MC simulator by using the Keldysh approach [10], where the probability
per unit time of having an impact ionization event is given by P(E)=S[(E- Eu)/ Ex)* if E > Ey, and
P(E)=0 otherwise, E being the electron kinetic energy in the I' valley, Ey the ionization threshold
energy and S a measure of the softness or hardness of the threshold. E; and S are considered as
adjustable parameters to reproduce the ionization coefficients measured in bulk materials but they can
be considered as adjustable parameters due to the large dispersion in the experimental measurements
[11-14]. From each impact ionization occurrence, an electron in the I valley and a hole in the heavy-
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hole band emerge, while the electron originating the ionization process remains in the I valley. We
have verified that hole impact ionization is negligible for the considered applied voltages [4].

Our MC simulator includes also band-to-band tunneling based on the WKB method [6], essential to
reproduce the physical behavior of I1I-V PIN diodes in reverse bias conditions. In order to consider the
injection from the P-region into the intrinsic layer of the PIN diode, we perform a discretization of the
incident electrons energy and calculate the number of injected particles by tunnel effect at each time
step (At=1 fs) in the whole energy range, as in Refs. [15-17]. The transmission coefficient through the
energy barrier gV(x) is calculated following the WKB model [6, 17], while the potential profile V(x) is
updated at each time step from the solution of the Poisson equation in the MC simulation. The
Richardson constant A" [15] can be considered as an adjustable parameter in the simulations in order
to perform future experimental adjustments.

3. Results

Figure 2 shows (a) the I-V characteristics for reverse bias and (b) the position of tunnel events and
impact ionization processes results provided by the MC model for a 100 nm PIN diode based on
Ing 53Gag.47As, being the intrinsic reverse bias V=-3.0 V. In Figure 2(b) the energy bands have been
included for clarity. The parameters considered for tunneling are of the order of those found for bulk
[17] while the impact ionization probability has been exaggerated to check the possibility of being the
dominant effect. Tunnel events take place along the intrinsic region, constrained by the shape of the
energy bands. As well, impact ionization appears mainly at the N-side of the intrinsic region of the
structure, where the electric field and then the electron energy reach the higher values. Tunnel effect is
always the most significant mechanism, in fact, the impact ionization takes place just when there are
enough electrons generated by tunnel effect in the P-side of the intrinsic region. Then, in the absence
of tunneling, there is not any impact ionization event recorded in our simulations. Nevertheless, as can
be seen in Figure 2(a), the value of Io, is enhanced by the presence of impact ionization mechanisms.
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Figure 2. (a) I-V curves and (b) conduction and valence band energy bands, impact ionization and
tunnel events for a InGaAs 100 nm PIN diode, being the reverse bias V=-3.0 V.

A 100 nm PIN diode based on the lattice-matched InAlAs/InGaAs heterostructure has been also
qualitatively studied and simulation results have been obtained. The existence of impact ionization
events, even if it is overestimated, does not lead to a significant enhancement in the I-V curves. For
simplicity, Figure 3 presents (a) the [-V characteristics and (b) the position of just tunnel events in the
absence of impact ionization. The reverse bias necessary for the achievement of I, is of the order of
that found for the InGaAs structure.

4. Conclusions
A MC model which incorporates impact ionization processes by means of the Keldysh approach and
band-to-band tunnel by means of the WKB method has been developed for the study of narrow
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bandgap III-V heterostructures in order to support the development of I1I-V I-MOS transistors. The
physical behavior of 100 nm PIN diodes based in InGaAs and InAlAs/InGaAs have been qualitatively
analyzed to evaluate the competition between tunnel and impact ionization events. Even when the
impact ionization is overestimated, the stronger physical process is the tunnel injection. Other narrow
bandgap candidates for the I1I-V heterostructure, as InAs or GaSb, must be considered. As well, since
the tunnel I,n of InGaAs homostructures can be improved when impact ionization takes place,
designing PININ structures can also been considered for the development of I1I-V I-MOSFETs.
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Figure 3. (a) I-V curves and (b) conduction and valence band energy bands, and tunnel events for a
PIN diode based in the heterostructure InAlAs/InGaAs, being the reverse bias V=-3.0 V.
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