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The tunnel field-effect transistor (TFET) is considered to be one of the best hopes for achieving a
subthermal switch with a subthreshold swing (SS) smaller than the Boltzmann limit, (kBT/q) × ln(10),
which is 60 mV/dec at room temperature. However, many experimental studies show that the realistic
SSs of TFETs are far inferior to the idealized simulation results. To explain the discrepancy between
experiments and simulations, we developed a first-principles model of multiphonon-assisted tunneling
and calculated the parasitic leakage current induced by phonon-assisted tunneling. The purpose of this
work is to show the importance of phonon-assisted transport in the so-called cold-source device designs.
The results show that this is an unavoidable intrinsic mechanism and that phonon-assistance effects impose
a fundamental limit on the TFET performance.
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I. INTRODUCTION

In the post-Moore era, different nanosized microelec-
tronic devices have been proposed. Besides further shrink-
ing of the device dimensions, another urgent need is to
reduce the power consumption of these devices. Most
power consumption comes from the interconnect due to
their wire capacitances, with the energy per switch propor-
tional to the square of the supply voltage, i.e., V2. Thus, a
major goal is to reduce the supply voltage, V. However,
due to the Boltzmann distribution of carrier occupation
in the source electrode, V is limited by the subthreshold
swing (SS), i.e., the inverse slope of the I -V curve of
the traditional transistor, which has a fundamental limit of
60 mV/decade at room temperature. As a result, the tra-
ditional transistor operates within the range of 0.5–1.0 V
for the supply voltage. Thus, one design is to have a
“cold source,” where the source electrode’s electron den-
sity of states (DOS) is significantly reduced above its
Fermi energy, thus there is no electron occupation, despite
the Boltzmann distribution among the electronic states.

The cold-source design includes carbon nanotubes [1],
a Dirac source [2], as well as broken-gap-like band struc-
tures [3–5]. The tunnel field-effect transistor (TFET) is also
proposed to have a steep-slope I -V curve to overcome the

*Corresponding author: yaoxiao216@semi.ac.cn
†Corresponding author: xwjiang@semi.ac.cn
‡Corresponding author: lwwang@semi.ac.cn

60 mV/decade limit [6]. In a sense, it is an extreme case
of a cold source. In a TFET, when the channel poten-
tial is lowered by the gate voltage to a position where
its conduction-band minimum (CBM) becomes lower than
the source’s valence-band maximum (VBM), the electron
from the valence band can tunnel to the channel’s conduc-
tion band via band-to-band tunneling (or Zener tunneling
[7]), and thus, has current I. However, when the channel’s
CBM is higher than the source’s VBM, there is no overlap
between the source DOS and channel DOS; thus, there is
no current. In this argument, the SS can be zero. In terms of
the cold-source design mechanism, the DOS of the source
electrode above the VBM is zero in the TFET (if we ignore
its conduction band, which is high above); thus, it is a
perfect case of cold-source design.

The above argument, however, has ignored the effect
of electron-phonon coupling. Notably, it is the electron-
phonon coupling that causes a quasiequilibrium in the
source electrode, and hence, it has a Boltzmann distribu-
tion. The electron-phonon coupling can also pump elec-
trons from the source’s valence band to the channel’s con-
duction band, taking the phonon energy before the DOS
overlap, as shown in Fig. 1. Hence, one fundamental ques-
tion is how large is the effect of electron-phonon coupling
in the cold-source microelectronic device design? Would
such an effect significantly spoil the design and make the
cold-source idea an unviable design principle for overcom-
ing the 60 mV/decade SS? However, this is a dynamic
process rather than an equilibrium or quasiequilibrium
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FIG. 1. Schematic view of the calculation structure of the
MoS2 TFET. Supercell length is 43.75 Å, and width L is
10.82 Å. Shaded region is the channel region, and two sides
are the electrode region. Schematic diagram shows the possible
phonon-assisted tunneling process.

situation. To answer the above questions, we need to actu-
ally calculate the phonon-assisted current and compare
that to the zero-phonon current (which is assumed in the
cold-source design).

Most current device simulations ignore the effect of
electron-phonon coupling (EPC). Even if the EPC is
included, it is approximated in the electron-phonon-
coupling-induced self-energy term [8,9]; thus, it cannot
be used to describe the transfer of the electron from one
state to another. In the current study, we explicitly cal-
culate the phonon-caused electron transfer and compare
that to zero-phonon transport. First, for the zero-phonon
mode-transition calculation, we provide a straightforward
Fermi golden rule method, while the state-to-state cou-
pling constant is calculated from the anticrossing gap. To
cross validate the results, we also use our plane-wave non-
local pseudopotential-based scattering-state method [10],
which is different from the popular nonequilibrium Green’s
function (NEGF) method, to calculate the elastic quan-
tum transport. This allows us to cross-check the methods
with the same plane-wave basis. Second, for the calcula-
tion of phonon-assisted transfer, we have employed two
different methods, perturbation theory and the nonadiabatic
molecular dynamics method following the time-dependent
Schrödinger equation. In perturbation theory, we have
developed a time-integration approach based on molecular
dynamics (MD), which avoids the need to compute explic-
itly the electron-phonon coupling constants. However, this
method only considers the assistance of a single phonon.
For a multiphonon effect, we use our density-based nona-
diabatic molecule dynamics (NAMD) formalism [11]. This
density-based formalism only needs one calculation to get
all the stochastic probabilities, which makes the calcula-
tion much faster. The use of different methods allows us to
cross-check the results, enhancing the overall reliability of
the results.

The TFET is an ideal system to investigate the electron-
phonon coupling effect since the zero-phonon electron
transport and phonon-assisted electron transport can be
treated in similar fashion, thus simplifying their compar-
ison. In a realistic TFET device, the band profile along
the transport direction is in a range of tens of nanometers,
with the tunneling junction across several nanometers. As
a result, the TFET usually suffers from a small ON-state
current. In our simulation, we have used a relatively sharp
potential profile to reduce the size of the device system,
hence reducing the computational cost. Nevertheless, since
both the zero-phonon tunneling and the phonon-assisted
transition depend on the same potential profile (the spa-
tial overlap of the VBM and CBM wave functions), the
ratio between the phonon-assisted and zero-phonon tran-
sition amplitudes should be relatively independent of the
potential profile. We have used the MoS2 two-dimensional
(2D) material as our TFET channel material. This system
has been studied extensively for TFETs due to its cleanness
for passivation and the absence of defect states [12,13].

Experimentally, the TFET is only observed with a
SS value less than 60 mV/decade with current densities
below 10 nA/μm [14–17]. Achieving a SS value below
60 mV/decade throughout the working voltage interval is
still impossible. Researchers in previous studies believed
that the nonideal characteristics of devices, such as a
Shockley-Read-Hall process, gate deficiency, and trap-
assisted tunneling, caused the increase of SS [18–22].
Recently, Teherani et al. [23] suggested that intrinsic
phenomena, such as Auger, phonon assistance, and radia-
tion generation, may limit the performance of the TFET.
Teherani et al. [24] proposed an intrinsic link between
the Auger and band-to-band tunneling rates. However, the
effect of electron-phonon coupling has not been fully stud-
ied. Here, we point out that electron-phonon coupling can
significantly affect the cold-source design and make the
idea of a zero-phonon I -V curve impossible. In the case
of MoS2, phonon-assisted charge transfer can be as large
as zero-phonon transfer, making phonon-assisted transport
prominent. Our work indicates that choosing a material
with a small electron-phonon coupling is an important
factor to consider in the design of a cold-source device.

II. THE CALCULATION MODEL AND
APPROACH

A. The calculation model

In this work, we use an ideal supercell of monolayer
MoS2 with 168 atoms to construct a TFET device model,
as shown in Fig. 1. The supercell length is 43.75 Å,
and width is 10.82 Å. The shaded region in Fig. 1 is
the channel region and the two sides are the electrode
region. All the calculations are based on the PWmat code
[25,26] at the level of local-density approximation (LDA),
with a plane-wave cutoff energy up to 60 Rdy. The SG15
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norm-conserving pseudopotential [27] is used. We use
a 1 × 5 × 1 k-point grid to integrate the Brillouin zone.
To relax the atomic structure, we set a residual force tol-
erance of 0.005 eV/Å. The calculated band-gap value is
fortuitously 1.90 eV due to error cancellation (the lower-
ing of the LDA method, and the increase due to the lack
of spin-orbit coupling); this is close to the experimental
value of 1.89 eV [28]. The LDA relaxed equilibrium lat-
tice constant is a = 3.16 Å, which is in good agreement
with the experimental value of 3.1 Å [29]. To simulate
the working state of TFET devices, we add an external
potential, as shown in Fig. 1. The concrete expression can
be seen in the Supplemental Material [30]. Notably, the
potential in the x direction has a relatively sharp bend-
ing shape within a region of about 13.0 Å widths. This
is much sharper than what can be realized experimentally
by a realistic gate electrode. This can lead to an over-
estimation of the tunneling current. But as we discussed
above, this should not affect the relative ratio between the
zero-phonon current and phonon-assisted currents, since
they both depend on spatial overlaps between the elec-
tronic states in the left-electrode region and the electronic
states in the central channel region in a similar fash-
ion. Also note, to carry out the perturbation treatment
through the MD simulation, we have used a potential pro-
file with a potential well in the middle of the system,
instead of an open-boundary-condition system. The tunnel-
ing or phonon-assisted transition is approximated by the
transition from the VB eigenstates, which localize in the
electrode, to the CB eigenstates in the middle well (chan-
nel) of the system. The wave functions of corresponding
energy levels at the gate voltage are shown in Fig. 2.
The modulation effect of the gradient electric field on the
wave function can be observed. Due to the discrete nature
of the finite numbers of states in the potential wells, we
use an approximation to smear the eigenstate energies, as
described in the next section.

B. Theoretical model

The calculation for the zero-phonon transition rate is
based on the Fermi golden rule:

W =
∑

j ,i

2π
�

|Hji|2δ(εc
j − εvi − Vg), (1)

where εvi and εc
j are eigenenergies of the initial VB states

in the electrode and final CB states in the channel, respec-
tively. The effect of the gate voltage, Vg , is to change the
channel-region potential well depth. One major issue is
how to calculate the coupling constant, Hji. A typical way
to calculate the coupling is to use a perturbation on top of
the original Hamiltonian. But here, such a perturbation for
zero phonons is difficult to define. This is a tunneling cou-
pling, representing the connection between the VB and CB

FIG. 2. Wave functions of different energy levels under gate
voltage. Modulation effect of gradient electric field on wave
function can be observed.

states. Such coupling is like coupling in the Marcus theory
[31,32] for a state transition. One approach is to change
the Hamiltonian to cause the energy crossing between the i
and k states, then to use the minimum avoid-crossing (anti-
crossing) gap of the eigenenergy to determine the coupling
constant (the coupling constant is half of the anticrossing
minimum gap). We have varied a small constant electric
field on top of a fixed potential profile to cause an anti-
crossing of the VB and CB state energies, and to yield the
anticrossing gap between all the confined VB states and
CB states, as shown in Fig. 3.

FIG. 3. Coupling process of ECB and EVB driven by an electric
field. Inset is the fitting of the anticrossing energy gap. Here, Vc
is the coupling constant.
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In using Eq. (1), we have also smeared the VB
energy, εvi , and CB energy, εc

j . Considering that in an
open-boundary-condition system the source electrode is
infinitely long towards the left, and channel is also
infinitely long towards right, both εvi and εc

j are con-
tinuous. To represent this real situation, in the energy-
conservation delta function of Eq. (1), we have smeared
εvi into a uniform density of state within the range of
[0.5(εvi−1 + εvi ), 0.5(εvi + εvi+1)]. The same is true for εc

j .
In the calculation, multiple perpendicular k points are also
used, and tunneling happens within the same perpendicu-
lar k points. Besides, since electron transfer can come from
both sides (left and right) of the potential bending and cou-
pling, we divide the calculated W by a factor of 2. The same
is true for the perturbation and NAMD results, as shown in
the following.

Following Eq. (1), the 2D MoS2 TFET drain current per
unit width length is given by

I = qW/L, (2)

where q is the elementary charge. L represents the
linewidth of the MoS2 TFET device.

The resulting tunneling current as a function of the
gate voltage is shown in Fig. 4 as the blue line. As we
can see, the tunneling I (V) curve has a steep slope at
Vg = 0 (where the source VBM energy coincides with
the channel CBM energy). This is in accordance with
the TFET design, where the SS is much smaller than the
60 mV/decade. The big oscillation in the Vg > 0 region,
where there is a large overlap between the source VB
states and channel CB states, is caused by the discrete
nature of the confined states due to the finite potential
well length in Fig. 1 (the energy-smearing approximations
used above do not completely remove the discreteness
feature).

The above approach provides a unique way of using
the Fermi golden rule to calculate the tunneling current.
We have yet to find similar way in the literature for such
calculations. However, a more common way to calculate
such a tunneling transition is to calculate its quantum elas-
tic transport. This is commonly done using the NEGF
method [33]. We have also developed a direct way to
calculate the scattering states using the plane-wave basis
set and nonlocal pseudopotential Hamiltonian [9]. This
approach was used in our previous study to simulate a
2D material TFET [34]. Here, we used the same method
to calculate the I (V) curve, with the renewed implementa-
tion in the PWmat code. We used the exact same potential
profile at one side of Fig. 1 (with open-boundary con-
ditions at the other side), and the same pseudopotential
Hamiltonian as in the calculation above. The results are
shown as the pink line, and more details are presented
in the Supplemental Material [30]. As expected, it does
not have a big oscillation, as in the above calculation

FIG. 4. I -V of MoS2 TFET for different physical mode results.
Gate-voltage origin is set as VBM, which energetically aligns
with the CBM.

(since there is no usage of the confined discrete quan-
tum well states). Its amplitude is in the middle of the
oscillation for the Fermi golden rule method. The slope
near Vg = 0 is similar to the Fermi golden rule result.
This confirms that the Fermi golden rule result is reli-
able. This is important as the phonon-assisted transition
calculation is similar to the Fermi golden rule calculation;
both are based on the quantum well, and thus, are affected
by the quantum well finite number of states in the same
way. On the other hand, scattering-state calculations are
based on the open-boundary condition, without the use of
a quantum well. Thus, by comparing the quantum well
Fermi golden rule calculation and quantum transport cal-
culation, we can estimate the effect of the finite quantum
well.

After finishing the zero-phonon transport, we now turn
to the phonon-assisted transport calculation. It is desir-
able to calculate the phonon-assisted effect with open-
boundary methods like in the quantum transport calcu-
lation. However, currently, no such method is available.
Although quantum transport calculations can compute
zero-phonon transport, as shown in Fig. 4, there is cur-
rently no equivalent approach to incorporate the phonon-
assisted effect. Researchers have used an electron-phonon
coupling-induced self-energy term in the NEGF formalism
[8,9]. Such methods cause energy smearing and broaden-
ing but do not explicitly capture the effect of transferring
one electron from one scattering state to another scatter-
ing state with an different energy, as discussed herein. The
Boltzmann equation approach commonly used to describe
this phenomenon is inadequate, as it does not accurately
account for quantum interference and dephasing. Due to
the lack of open-boundary-condition methods, we use the
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quantum well approximation, as shown in Fig. 2, to study
the phonon-assisted transition. The effects of the finite
number of states in the quantum well have been shown
in the comparison between the zero-phonon Fermi golden
rule calculation and the quantum transport calculation.
Thus, here, we can compare our phonon-assisted result
with the zero-phonon Fermi golden rule result; both of
them use the same quantum well setting. One can still
use the Fermi golden rule, with the phonon-induced cou-
pling between VB state i and CB state j, for all the phonon
modes ν. However, this requires us to calculate all the
electron-phonon coupling constants with all the phonon
modes. More importantly, one can only use the so-called
static approximation for the coupling constant. As we dis-
cuss below, in our situation, that tends to overestimate the
coupling constant. Instead, we use the adiabatic state cou-
pling. Here, we use an integration of the MD simulation to
calculate the transition rate. More specifically, we carry out
ab initio MD calculations, at a given average room temper-
ature (but using the NVE ensemble, so the trajectory is a
true Newton’s law trajectory). During MD, we first calcu-
late the coupling constant Dji(t) =

〈
ψc0

j |H(t)|ψv0
i

〉
; here,

time-independent ψv0
i and ψc0

j are the source VB state and
channel CB state at the zero-temperature relaxed atomic
structure (no phonon excitations), respectively. After MD
to t = T, we can carry out the following integration using
Hji(t) = Dji(t):

Cji =
∫ T

0
Hji(t)e

i(ε
c0
j −εv0i −Vg)tcos(π t/2T)2dt. (3)

Here, the attenuation factor cos(π t/2T)2 is used to avoid
high-frequency oscillation in the final result. This is actu-
ally how the first-order perturbation theory is derived: Cji is
the wave-function coefficient projected to CB state j pro-
vided its coefficient at VB state i is one at t = 0 and the
wave function is evolved following the time-dependent
Schrodinger equation. In Eq. (3), we use the gate volt-
age, Vg , to indicate the fact that the gate voltage can shift
all the conduction-band energies in the channel region. If
Hji(t) only has one phonon mode, Eq. (3) will lead to the
Fermi golden rule with one-phonon energy. The tunneling
transition rate can then be calculated as

W =
∑

j ,i

|Cji(T)|2/T. (4)

This is analogous to the zero-phonon Fermi golden rule of
Eq. (1).

One subtle issue is the calculation of Hji(t) as

Dji(t) =
〈
ψ

c0
j |H(t)|ψv0

i

〉
. Notably, by definition, using

zero-temperature ground state H 0, this Dji is zero. Using
Dji(t) as Hji(t) is called the static approximation [35]. In

practice, however, we find that such a static approximation
often leads to unreasonably large coupling constants (e.g.,
a few eV). This is mostly caused by some soft acoustic
phonon modes, where H (t) and H 0 might have large
relative shifts for their atomic positions, which leads to
large

〈
ψ

c0
j |(H(t)− H0)|ψv0

i

〉
. One reason for this is that the

numerical MD trajectory is far beyond the linear approxi-
mations of the atomic displacement used in the electron-
phonon coupling formalism. To solve this problem, we
use Hji(t) = (dDji(t)/dt)/(εc0

j − ε
v0
i ). Within the linear-

approximation formalism of the electron-phonon coupling,
with harmonic phonon modes and a strict Fermi golden
rule, this should yield the same results as those obtained
using the original Dji(t). But, in practice, it removes the
large Dji(t). Furthermore, it relies on the change of the
Hamiltonian with time, instead of the absolute Hamilto-
nian under a fixed basis set; thus, in a sense, it is more like
the adiabatic approximation, where the simulated wave
function changes with time along the adiabatic states and
only has transitions when the adiabatic states change into
each other (e.g., like the anticrossing). Thus, this is also
similar to the zero-phonon tunneling calculation and its
coupling, as represented in Fig. 3. Only this time, anti-
crossing is driven by time-varying H (t). This makes the
comparison with the zero-phonon transition more natural.
The calculated one-phonon transition rate is shown as the
red curve in Fig. 4 with T = 4000 fs.

Finally, the above calculations only account for first-
order perturbation theory; hence, it only has the effect of
one phonon. To include all the electron-phonon coupling
effects, we use the NAMD simulation [10]. In NAMD,
the time-dependent Schrodinger equation is used to track
the evolution of ψ(t) under the ab initio MD Hamilto-
nian, H (t). Besides, a dephasing time, tau (20 fs), and
a Boltzmann factor are used to introduce surface hop-
ping [11]. We used the PWmat implementation of the
NAMD algorithm [36]. In a sense, perturbation theory
also tracks the time-dependent Schrodinger equation of
the wave function, albeit under the first-order approxima-
tion. The NAMD includes the electron-phonon coupling
for all orders. Besides, it also depends on the change of
Hamiltonian H (t) with time, instead of the absolute H (t)
values; thus, it is similar to the adiabatic approximation
in our perturbation-theory treatment. In the NAMD sim-
ulation, the system has a closed-boundary condition. The
eigenstate wave-function overlap (hence, the change of
the eigenstates) at time steps t and t +�t allow us to
evaluate the wave-function evolution following the time-
dependent Schrodinger equation. This simulation tech-
nique assumes that carrier dynamics do not have a back-
reaction effect on nuclear dynamics, which is known as
the classical path approximation. This approximation sim-
plifies the simulation process by neglecting the influence
of carrier dynamics on nuclear dynamics. As the NAMD
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FIG. 5. Single-layer phonon-dispersion curves and density of
states.

simulation does not use an open-boundary condition, the
controls of the Fermi energy are not applied on the left and
right sides. To calculate the transition rate in NAMD, an
initial condition is set where all VB states are occupied,
and all CB states are empty at t = 0, with a given Vg (gate
voltage). This sets the condition for studying the occupa-
tion of CB states over time. By conducting the NAMD
simulation, we can determine the rate at which some of
the CB states become occupied over time. This analysis
provides valuable insights into carrier dynamics and the
transition of electrons from the VB to the CB states. Thus,
once again, the transition rate, W, equals the amplitude
in the channel region divided by the simulation time, T.
The NAMD result is shown in Fig. 4 as the green curve,
and more details of NAMD are given in the Supplemental
Material [30].

III. RESULTS AND DISCUSSION

All our results are summarized in Fig. 4. In all of our
calculations, at each k point, the highest 10 energy levels
in the source VB and the lowest 26 energy levels in the
channel CB are used. For the perturbation treatment, at the
very negative region of Vg , there is a long tail. We find
that this tail is caused by the numerical truncation of our
time integration in Eq. (3). In the Supplemental Material
[30], we show that, when we increase the total simula-
tion duration time T, this tail gets smaller in amplitude.
We thus can draw an extrapolation line along the steepest
decay region, and ignore the tail, as indicated by the dashed
line in Fig. 4. We see that the onset of this dashed line is
indeed a left shift from the zero-phonon line by 0.05 eV,
corresponding roughly to the average phonon modes. The
calculated phonon density of state is shown in Fig. 5, with
a phonon-energy range from 0 to 60 meV. The early onset
of the I (V) curve is likely to spoil the design of the cold-
source device. Surprisingly, the one-phonon curve in the
Vg > 0 region (where the source VB and channel CB DOS
overlap) has a current even larger than the zero-phonon
counterpart. This means that the electron-phonon coupling
effect is predominant. Thus, without considering it, the
predicted I(V) curve can be really wrong.

Since the first-order one-phonon curve does not include
the multiple-phonon effect, it is more revealing to con-
sider the NAMD curve. This time, in the Vg > 0 region, it
is rather close to the quantum-transport-calculated results.
It is smaller than the one-phonon-perturbation result. This
might indicate that, despite the use of the adiabatic cou-
pling constant (dDji(t)/dt)/(εc0

j − ε
v0
i ), the perturbation

theory still overestimates the transition. One possibility
is the use of ψv0

i and ψ
c0
j in the perturbation formal-

ism, instead of the use of the true adiabatic states ψv
i (t)

and ψc
j (t). In the NAMD, the phonon-assisted transition is

based on the adiabatic states. But even if we scale down the
one-phonon curve to be consistent with the NAMD curve
in the Vg > 0 region, the early onset of the curve at Vg near
−0.05 eV will still not change. Besides, the use of the same
ψ
v0
i and ψc0

j for the transition-state calculation, while the
gate voltage changes, could also lead to some approxima-
tions. But we believe the error introduced should be small,
since the confinement of the VB and CB states is con-
trolled by the shape of the band edges of the VBM and
CBM (Fig. 2). While the gate-voltage change does intro-
duce some shape changes, overall the shape change should
not be large, especially near the region of Vg = 0 V. Once
again, we are interested in a comparative study of without
phonons and with phonons, and in our calculation, they are
affected by such approximations to the same degree, just
like the sharpness of the potential.

A prominent feature of the NAMD curve is slow decay
in the Vg < 0 region. We carefully checked this result by
using different simulation times T, as shown in the Sup-
plemental Material [30]. We found that the result was
unchanged, regardless of the simulation time used. As
a matter of fact, in most cases, the electron changes
from the source VB state to the channel CB state within
1–1000 fs [37], indicating a very fast process.

Finally, we see that, if we use the NAMD curve as a
guide, its I (V) curve slope is even smaller than the stan-
dard 60-mV/decade curve. One possible reason for this is
the eigenenergy fluctuation of the electronic states for the
CB states and VB states. Because of this fluctuation, they
have an overlap before the zero-temperature CB and VB
local density of states have an overlap. Such a fluctuation
has a slow decay as a function of the CB and VB energy
separation. Such fluctuation can be enhanced by the local-
ization of the wave functions. It would be interesting to
study the effects of such fluctuations in real devices in the
future. Overall, our results indicate that it is difficult to use
the TFET to realize a very small SS due to electron-phonon
coupling.

IV. CONCLUSION

We developed methods to calculate the zero-phonon and
one-phonon-assisted electron transitions in a TFET device.
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We also deployed a quantum transport method to calcu-
late the elastic tunneling transport and the NAMD method
to calculate electron-phonon-coupling-induced transport,
including all the multiphonon processes. The use of dif-
ferent methods allows us to cross-check the results, thus
increasing the reliability of these calculations. Our goal is
to study the effect of electron-phonon coupling in the cold-
source design to reduce the SS. We used the MoS2 2D sys-
tem TFET as one example. Combining all our calculations,
we found that the electron-phonon coupling played a very
important role. It is likely that, with the electron-phonon
coupling, it will be difficult for the TFET to significantly
reduce the SS from the conventional 60-mV/decade limit
for the MoS2 device. Our study reveals the importance of
electron-phonon coupling in the design of post-Moore’s
law devices. For example, it might be helpful to choose
a small electron-phonon-coupling material as the chan-
nel material to surpass the conventional 60-mV/decade
limit.
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