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ABSTRACT: Two-dimensional (2D) semiconductors are candidates for
future nanoscale (e.g., nanosheet) transistors, wherein high current densities
and high-density integration cause self-heating, limiting performance and
reliability. Here, we study the effects of self-heating and strain on electrical
transport in monolayer MoS, using electro-thermal Monte Carlo simulations.
Incorporating Joule self-heating with a generalizable thermal resistance model
reveals that at high lateral field (~S V/um) and high charge carrier density
(~10" cm™), transistor temperatures can increase by more than 200 K in
steady state. The electron saturation velocity decreases to 2.1 X 10° cm/s with
self-heating but can reach 5.3 X 10° cm/s at room temperature if self-heating
is mitigated and tensile strain is applied to reduce intervalley scattering.
Simulations also reveal that electron mean free paths are just 2—3 nm in this
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high-field regime. These results provide fundamental insights showing that both self-heating and strain must be considered in

emerging 2D transistors.
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Itrathin transition metal dichalcogenides (TMDs), at the
limit of a single layer, have attracted interest for
nanoscale devices due to their atomic thinness, van der
Waals interfaces, and mechanical strength. For example, such
two-dimensional (2D) TMD semiconductors could be scaled
beyond conventional silicon devices, which exhibit perform-
ance degradation at small dimensions due to increased surface
scattering.l Recent studies have also suggested that such
materials could play a role in three-dimensional (3D)
heterogeneous integration of electronics, due to relatively
lower synthesis temperatures.z_ Thus, it is becoming
increasingly important to understand the fundamental limits
of electrical transport in TMDs, especially in technology-
relevant contexts, including substrates, strain, and temperature
rise due to self-heating from device and circuit operation.
Despite relatively good thermal conductivity along the in-
plane direction® (higher than silicon® in nanometer-thin films),
common TMDs have relatively high thermal boundary
resistance (TBR) at their out-of-plane interfaces” " due to
weaker van der Waals coupling with adjacent materials.
Moreover, TMD transistors are likely to be surrounded by
electrical insulators (e.g., SiO, or HfO,)'”"" which also have

where channels are vertically stacked in very tight geometries
with many interfaces and high current densities.

Here, we use the semi-classical Monte Carlo method">™*! to
investigate electrical transport in monolayer MoS, transistors
with Joule self-heating and strain. This approach is well-suited
for studying charge transport in semiconductors because it
solves the Boltzmann Transport Equation directly and is fast
compared to first-principles methods, while including quantum
mechanical details like the energy band structure and
electron—phonon scattering. Monte Carlo simulations of
charge transport couple naturally with studies of thermal
behavior because the energy exchanged in electron—phonon
scattering events can be summed to yield the Joule heat
dissipated. This approach has been previously used to examine
self-heating22 in Si, but not in TMD devices. Here, we simulate
electron transport in monolayer MoS, including intrinsic
(intravalley and intervalley) electron—phonon scattering,
tensile strain, and heat loss to the substrate. We also evaluate
device structures that allow us to compare our results with
existing experimental measurements.””> > Our simulations
are carried out with and without Joule self-heating and (varying

low thermal conductivity. As a result, when current flows Received:  October 21, 2024
through an ultrathin TMD transistor channel, the Joule self- Revised: ~ March 28, 2025
heating generated by electron—phonon interactions can lead to Accepted:  March 28, 2025
significant temperature rise,” resulting in performance Published: April 16, 2025
degradation and reliability concerns. These effects could be
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exacerbated in technologies like nanosheet transistors,

© 2025 American Chemical Society

7 ACS Publications

6841

https://doi.org/10.1021/acs.nanolett.4c05254
Nano Lett. 2025, 25, 6841-6847


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maritha+A.+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+Pop"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.4c05254&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05254?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05254?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05254?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05254?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05254?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/25/17?ref=pdf
https://pubs.acs.org/toc/nalefd/25/17?ref=pdf
https://pubs.acs.org/toc/nalefd/25/17?ref=pdf
https://pubs.acs.org/toc/nalefd/25/17?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c05254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

(a)

(d)

oo N gate-all-around Irrrrrrr

oxide TMD oxide 1 88688

\E:x:n:x:n:n:n:xmmw@] YTy

LR 2 Ah A A A J

back-gate L 20 20 20 an an anan

L 20 20 20 28 2 an 7

B e o o e e e e e

S L B0 20 2 AR 7\ an

L 2 ™ 4 L5, Aa aa J

(b) . T F| ~s ZIL.O ;o v
N peeeteassennnnsicuast 1 I =l

top-gate y I b 84

R L 2R BN vy

TBR [ 20 aa a4 L 20

[;«:n:n:n:m%ﬁmm] vty ty ¥

ROGC ey LA ]

LA A A A

substrate or back-gate

Figure 1. Cross-section schematics along the width of (a) a back-gated transistor,"”” (b) a dual-gated transistor,’
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nanosheet transistor'® with monolayer TMD channels, illustrating several use cases and the thermal resistance between the channel and substrate.
This includes the thermal boundary resistance between TMD and gate oxide (Rygr), the combined thermal resistance of the oxide, gate stack, and
contacts (Rogc), and the substrate thermal resistance (R,,). Current flow is in the y-direction, between source and drain contacts not shown in the
cross-section. (d) Top-view schematic of the TMD channel with an electron drift trajectory (red) under the influence of an electric field F and
phonon scattering (blue wavy arrows). Left/right boundaries are reflective (v, becomes —v,), and top/bottom boundaries are periodic here.

levels of) strain, enabling us to place lower and upper bounds
on the phonon-limited electron mobility and high-field
saturation velocity. This work highlights the importance of
incorporating Joule heating and strain in the analysis of
emerging TMD transistor technologies.

The heat dissipation path in a transistor can be complex
dependin§ on the materials, interfaces, and geometry of the
device.””*"* For example, nanoscale dimensions reduce the
thermal conductivity of materials,”** while the thermal
boundary resistance (TBR or Kapitza resistance) of
interfaces”®” can also become a significant bottleneck. Figure
la-c shows the cross-section schematics of three transistor
geometries, from back-gated (most common for basic charge
transport experiments) ' to a future multi-channel nanosheet
device.”® A general thermal resistance model is also shown,
which includes the thermal boundary resistance at the TMD-
oxide interface (Rygg), the combined thermal resistance of the
oxide, gate stack, and contacts (Rogc), and the thermal
resistance of the substrate (R,,;). Here, Rogc incorporates
most of the geometric complexity of the device and can be
estimated from measurements”’ or from 3D device thermal
simulations. Rogc can include the various geometry-dependent
device heat dissipation pathways, including contacts and gate
stack, and their particular materials. This term can be updated
for the specific device layout, allowing us to focus here on the
fundamentals of self-heating in the TMD channel without loss
of generality. To include Joule self-heating, we simulate
electron—phonon scattering during device operation, then
use a simplified thermal resistance model to capture the
temperature rise, which is self-consistently used to update the
scattering rates.

Our Monte Carlo simulation computes the trajectories and
scattering of electrons in a monolayer MoS, channel, as shown
in Figure 1d. This approach is advantageous vs first-principles
or finite element methods because the time-dependent
electron trajectories are explicitly simulated, incorporating
fundamental physical details in the electron—phonon scattering
rates, while remaining computationally inexpensive. The details
of the general Monte Carlo approach are described else-
where,">*** and some choices regarding our implementation
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(e.g., vs earlier Si work) are given in Supporting Information
Section A. Briefly, conduction band electrons are treated as
charged particles, freely drifting in the x-y plane of the 2D
channel between scattering events. The energy band structure
of the 2D semiconductor enters both the drift and scattering
calculation, through the effective mass and density of states.
The simulation takes place in constant time steps (1 fs),
smaller than the shortest scattering time even at the highest
temperatures considered. Electrons experience net drift due to
the electric field, and at the end of each time step a scattering
event (including self-scattering, where no electron—phonon
scattering occurs) is selected by drawing a random
number.' " When electron—phonon scattering occurs, the
energy exchanged with the TMD lattice is tallied (as heat) and
the scattering angle is selected at random, isotropically.'>*!
This procedure repeats for the duration of the simulation, and
the steady-state electron drift velocity is averaged for a given
electric field. The low-field mobility is simply obtained as the
ratio of this drift velocity and the magnitude of the field. Joule
self-heating is captured by calculating the channel temperature
rise from its power dissipation and thermal resistance (AT =
PRy,), while iteratively updating the temperature-dependent
scattering rates with the new temperature.

We first simulate charge transport along a MoS, channel
considering intrinsic electron—phonon scattering without Joule
heating. The TA, LA, TO(E’), LO(E’), and A, phonons are
considered, which have the strongest electron—phonon
coupling.'® Figure 2a shows a schematic of the conduction
band structure of monolayer MoS,. In unstrained MoS,, the K
valley has a degeneracy of 2, and the Q valley has a degeneracy
of 6 (the Q valley is sometimes called A or 1>
approximately halfway along the T'-K line™). Electrons
experience both intravalley (K—K and Q—Q) and intervalley
(K—Q) scattering, the latter more likely when the intervalley
energy separation AEqg is relatively small. Here, we use
electron—phonon scattering rates for intravalley and intervalley
scattering with deformation potentials and phonon energies
reported by Li et al.'® for AEqx = 70 meV (varying this as a
function of strain, below). The Monte Carlo simulation
parameters are summarized in Supporting Information Section
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Figure 2. (a) Schematic of the monolayer MoS, conduction band. Tensile strain increases the energy separation AEqy. Dashed arrows mark
electrons undergoing intravalley (K—K) and intervalley scattering (K—Q), here via phonon absorption. (b) Monte Carlo (MC) simulation of
phonon-limited drift velocity vs electric field at various temperatures, as labeled. The inset shows the low-field electron mobility (cm?V~'s™!) vs
temperature (K) with the dashed line indicating a fit of & T~"%. The mobilities at 50 and 100 K (200 and 300 K) are extracted at a field of 0.1 V/
pm (0.5 V/um). (c) MC simulation of phonon-limited drift velocity vs electric field for different AEqy values, at 300 K. (d) Low-field electron
mobilities vs AEqy at 300 and 400 K. Error bars represent standard deviations due to the statistical nature of MC simulations. The vertical dashed
line marks a AEqk of S0 meV, the lowest bound predicted in the literature at 0% strain, and AEqy increases with tensile strain. The mobility
saturates for AEqx > 150 meV, but the high-field drift velocity benefits with an increased AEqy, as shown in panel (c).

B, and details of scattering rate calculations are discussed in
Supporting Information Section C.

Effective masses at the K and Q valley minima are taken as
m. = 0.48m, and 0.57m, respectively,”® where m is the free
electron rest mass. Additionally, because high-field transport
reaches higher electron energies, we incorporate a non-
parabolicity mass enhancement during electron drift, with
e = m(1 + 2aE), where a = 2 eV~' for both K and Q
valleys,”” and E is the kinetic energy referenced to the bottom
of the respective valley. (Other work®” reported @ ~ 1 eV},
but we have found using this value makes only a subtle
difference in our high-field results, see Supporting Information
Section D.) Figure 2b displays the simulated drift velocity vs
electric field at various ambient temperatures, with AEqx = 70
meV. The figure inset also shows that the low-field mobility
decreases as y o< T~ when the temperature increases. (For a
larger AEqx = 150 meV, the low-field mobility decreases as p
o« T~'%) The exponent of this temperature dependence is
comparable to the theoreticallz predicted®** value of —1.70
and falls between experimental”****" values of —1.1 and —1.9.

Tensile strain is known to increase the AEqk valley
separation of monolayer TMDs, which was predicted to
enhance electron mobility"”** by decreasing the intervalley
(K-Q) scattering rate. Recent experiments have confirmed that
tensile strain in monolayer MoS, can lead to between 1.6X to
2X mobility enhancement*™** (depending on strain type and
magnitude), while biaxial tensile strain in monolayer WS, can
lead to 2.3X mobility enhancement,* even in the presence of
some disorder in experimental films. Note that AEqg in
unstrained monolayer MoS, is presently not well-known, with
theoretical calculations ranging from S50 to 270
meV, 71977 and an experimental estimate of 110
meV.*” To account for this range and the effect of tensile
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strain, we simulate the drift velocity with AEq between 50 to
500 meV in Figure 2c. (Here we raise all six Q valleys equally,
which is more representative of biaxial strain, while uniaxial
tensile strain may split the Q valleys*” into degeneracies of 4
and 2, albeit with a relatively small energy difference.)

The drift velocities are sensitive to AEqy, i.e., a larger AEqy
partially suppresses intervalley scattering, because fewer K
valley electrons have sufficient energy to scatter into the Q
valley. As a result, both the low-field mobility and high-field
drift velocity increase when AEqk increases. When AEq <
150 meV in Figure 2, the drift velocities appear to converge at
the highest electric fields (>8 V/um), because sufficient K
valley electrons have energies in excess of the valley separation.
However, for AEqg > 150 meV we observe slight negative
differential velocity (NDV) at the highest fields, as electrons
access higher regions of the K valley with higher effective
mass'® due to band nonparabolicity. This is somewhat similar
to the Gunn effect in GaAs and GaN,”® however in these
materials the NDV is primarily due to the much heavier
effective mass of the upper valley.

The simulations carried out here are for electrons in uniform
electric fields, at constant temperature and/or constant AEqy
separation. In nanoscale transistors, the electric field can be
very nonuniform,” and in strained transistors the strain can
also be nonuniform.””~>* Thus, our simulations cover the range
of electric fields and strains likely to occur in practical devices.
Nanoscale devices may also exhibit quasi-ballistic transport,
with some electrons only scattering a few times before exiting
the channel. (The phonon-limited electron mean free path for
AEqk = 70 meV ranges from ~ 5 nm at low-field to ~ 3 nm at
high-field in our simulations, at room temperature. At lower
mobilities, <80 cm®V~'s™!, the mean free path was previously
estimated® to be <3 nm.) Thus, some electrons may
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Figure 3. (a) Schematic of a back-gated monolayer MoS, transistor. The total thermal resistance includes the thermal boundary resistance of MoS,
with the oxide (Rppg), the thermal resistance of the gate oxide (Rgp,), and the gate or substrate thermal resistance (Rg;). This model can be
generalized to other device geometries.” (b) Simulated electron drift velocity vs electric field along the channel, for a AEq of 70 meV, with and
without Joule self-heating. This represents the case with approximately no strain applied, and significant K—Q_intervalley scattering. (c) Drift
velocity vs field, for a AEqk of 500 meV, with and without Joule self-heating. This represents the case with significant tensile strain applied and K—
Q intervalley scattering greatly suppressed. For panels (b) and (c), the initial temperature (T,) is 300 K and the electron density (n) is 10" cm
These panels illustrate the upper and lower drift velocity limits, including both strain and self-heating effects. (d) Simulated electron distribution
during high-field transport ($ V/um), including self-heating, for AEqy values of 70 meV (blue) and 500 meV (orange). The zero energy is the K-
valley minimum. The arrow marks the Q-valley minimum for the case with AEqx of 70 meV. Note the presence of high-energy (“hot”) electrons at
hundreds of meV, which contribute to high-field transport, heating, and potential reliability concerns.>

overshoot the saturation velocity predicted here, as was
observed in nanoscale Si transistors;’® however, many
electrons undergo sufficient scattering to render our results
relevant even in quasi-ballistic>” scenarios.

The low-field mobilities at 300 and 400 K for AEqy ranging
from 0 to 500 meV are shown in Figure 2d. The mobility
initially grows rapidly with AEqy, but saturates for AEqx > 150
meV. We note that the change of AEqk with percent strain is
not well-known, but estimates range from 90 meV/% uniaxial
strain to 150 meV/% biaxial strain for monolayer MOSZ.17'41
(For monolayer WS,, estimates range from 86 meV/% uniaxial
strain to 169 meV/% biaxial strain.46) Over the full range of
AEq in Figure 2d, the room-temperature mobility can be
enhanced by up to a factor of ~ 5X, depending on the valley
separation before tensile strain is applied. Here, our effective
masses and electron—phonon deformation potentials are
unscreened and independent of strain, but ab initio calculations
which take these into account have predicted up to ~ 8X
mobility enhancement may be possible.*"**

We next include the effect of Joule self-heating on electron
transport, which is relevant in most practical transistors,” e.g.
when operating at current densities >100 yA/ym on common
Si0O,/Si substrates. To pick a concrete case related to existing
experimental data,””’ we consider the simple thermal
resistance of a back-gated transistor, as in Figure 3a. This
thermal model can be generalized to include various heat flow
paths (e.g., contacts™”) and device geometries (e.g,, gate-all-
around or nanosheet transistors,”’ see Figure la-c). The
thermal resistance of a long-channel back-gated transistor is Ry,
= Rrpr + Rgion + Rg;, where Rygg is the MoS,/SiO, thermal
boundary resistance, Rg;o, is the thermal resistance of SiO,,
and Rg; is the thermal resistance of the Si substrate. With SiO,
thickness of ~90 nm and MoS,/SiO, thermal boundary
conductance of ~ 15 MWm™2K ™}, the area-normalized thermal
resistance of the MoS, channel at 300 K is Ry, ~ 1.34 X 1077
m*KW™". This is largely dominated by the (nearly equal) Rygr
and Rg;o, here, with the Si substrate thermal resistance having
<5% contribution for the typical micron-scale devices in
previous experiments.””’ We note this simple model applies
for device dimensions of microns or more (and much greater
than the SiO, thickness), whereas nanoscale devices require
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additional considerations, including heat loss to the contacts’
(Supporting Information Section E).

For a power density P, normalized by the channel area, the
steady-state temperature rise is AT = PRy, In our simulations,
the power dissipated is obtained directly from electron—
phonon scattering, as the net sum of phonon emission minus
absorption energies,”” per unit time. The power density can
also be related to current flow through P = gnv4F, where q is
the elementary charge, n is the per-area electron density, v, is
the drift velocity, and F is the electric field magnitude. (This is
equivalent to a total power IVpg in a long-channel device,
where I, is the current.) We also iteratively update the
temperature-dependent scattering rates with the calculated
temperature (T = Ty + AT) at each value of the electric field.

Figure 3b compares the simulated phonon-limited drift
velocity for an electron density of n = 10" cm™ with and
without Joule heating, at AEqx = 70 meV, which corresponds
to very small or zero strain applied. Starting with an initial
temperature T, = 300 K, Joule heating causes a temperature
rise AT = 230 K under high-field transport at S V/um (power
density ~ 1.7 mW/um?), with the device geometry considered
here. This is equivalent to a temperature rise of ~ 135 K at 1
mW/um?, in good agreement with the experimental measure-
ment” of AT ~ 135—150 K in a long-channel monolayer MoS,
transistor at this power density, with the same back-gate
geometry as in our simulations. This self-heating effect, in
steady-state, leads to decreased high-field electron drift velocity
from 3.7 X 10° cm/s to 2.1 X 10° cm/s; correspondingly, the
high-field electron mean free path drops to ~ 2 nm.

Because electron transport at a given field depends on AEqy
(Figure 2c), which is affected by strain, we also investigate the
high-field drift velocity at high AEqx = 500 meV, with and
without Joule self-heating in Figure 3c. (This corresponds to
high, ~ 3% tensile strain assuming AEqy changes by ~ 150
meV/% biaxial strain.'”*') At such high AEqy the intervalley
scattering is strongly suppressed, and electron transport is
dominated by K—K intravalley scattering. Starting with an
initial temperature T 300 K, Joule heating causes a
temperature rise AT =~ 340 K at 5 V/um lateral field, which is
~ 50% greater than in Figure 3b at lower AEqk = 70 meV.
This occurs because the drift velocity is nearly 50% higher (3.1
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X 10® cm/s vs 2.1 X 10° cm/s), while keeping n and F the
same. If self-heating is entirely eliminated, the high-field drift
velocity can reach up 5.3 X 10° cm/s in this scenario (Figure
3c), with the assistance of suppressed intervalley scattering at
high AEqy. Figure 3d shows the corresponding electron energy
distribution at high field, with self-heating, for AEqi = 70 meV
and AEqg = 500 meV. For the latter case, we observe that
electrons reach higher energies when intervalley scattering is
suppressed, which explains the higher v, seen in Figure 3c.

Table 1. Comparison of the Monolayer MoS, Saturation
Velocities from This Work and Experimental Studies”

Reference Saturation velocity vy, (cm/s)
this work 2.1-5.3 x 10°
23 3.4 % 10°
24 5—7 x 10°
25 0.98 x 10°
63 3.8 x 10°
64 1.1 x 10°

“The lower (upper) range in our simulations includes (excludes) self-
heating and considers low (high) AEq. We note that experimental
studies automatically include material defects and strain (from
fabrication) as well as self-heating effects, unless the authors explicitly

tried to reduce or account for self—heating.zs'24

We also wish to compare the saturation velocities calculated
in Figures 3b,c with the few experimental studies at high fields.
Smithe et al.” estimated v, &~ 3.4 X 10° cm/s for electrons in
monolayer MoS,, at room temperature, after accounting for
self-heating with high-field measurements at lower ambient
temperature. Nathawat et al.”* obtained a higher v, & 5-7 X
10° cm/s with 4 ns voltage pulses, which limited both self-
heating and electron trapping. The agreement with the range
suggested by our Monte Carlo approach is good, but we recall
that experimental MoS, samples tend to have defects and
impurities, imperfectly controlled strain, as well as some
uncertainty about their carrier density. These factors can lead
to experimental estimates™ (i.e., vy & 0.98 X 10° cm/s) below
our predicted range. Table 1 compares the present work with
experimental estimates of the electron v, in this material.

While self-heating is known to limit current flow for 2D
transistors in direct-current (DC) operation,g’éO devices
working at GHz frequencies and/or in digital switching with
low duty cycle will heat up less when their on-state time is
shorter than their thermal time constant. For reference, the
thermal time constant of 2D material devices ranges between
30 to 300 ns, depending on the thickness and type of layers
surrounding the channel,®’ because the 2D monolayer
contributes negligible thermal capacitance. Ultrathin silicon-
on-insulator (SOI) devices were also found to experience less
self-heating in high frequency operation than in DC operation
due to thermal time constants around 100 ns.”

In summary, we used Monte Carlo simulations to study the
effects of Joule self-heating and strain in monolayer MoS,
transistors, particularly during high-field operation. Tensile
strain increases the K-Q valley energy separation and enhances
the electron mobility by up to ~ 5X, but this effect saturates
for AEqk > 150 meV. In contrast, larger tensile strains
continue to increase the saturation velocity, until K-Q
intervalley scattering is entirely suppressed. In this limit, the
electron vy, can reach >5.0 X 10° cm/s, at 300 K,
corresponding to a current density >1.3 mA/um at electron
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densities which can be achieved in practice.'”®® When self-
heating is included in DC operation, the device temperature
can rise by over 230 K, and the high-field drift velocity is
reduced by over 40%. Because our simulations include only
intrinsic phonon scattering, the higher predicted drift velocities
(with no self-heating and extreme strain) represent upper
bounds. In contrast, the lower values (with extreme self-
heating and ~ 0% strain) are likely lower bounds, because self-
heating is overestimated in DC operation and because
practical, nanoscale devices are expected to include strain,”
and to benefit from heat loss to contacts.’

This approach can also be extended to analyze other 2D
semiconductors or hole transport. Finally, while our simu-
lations are in a long-channel regime of uniform high-field, self-
heating is expected to play a role even in very short, ~ 10 nm
scale quasi-ballistic transistors®” because the electron mean free
path is estimated to be ~ 3 nm during high-field transport (~2
nm with self-heating). Future studies could incorporate factors
relevant for nanoscale gate-all-around transistors including
both the electrical and thermal effects of contacts, charged
impurity scattering, as well as scattering by ‘remote phonons’
(interface plasmon-phonon scattering),”> with practical gate
insulators like HfO,."” The latter may introduce a trade-off
between additional scattering and lower direct self-heating,
with some heat being generated not in the MoS, channel but
in the surrounding dielectric (i.e., indirect heating).
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Section A. Monolaver MoS>; Monte Carlo Simulation vs. Si-based Monte Carlo Simulation

The simulation code used in this study was developed from the ground up, inspired by earlier work
which studied Joule heating in Si using Monte Carlo simulations' (Ref. [22] in our main manuscript
text). The Si simulations included analytic expressions of the electron band structure (with and without
strain) and phonon dispersion, while the electron-phonon scattering rates were numerically calculated
in the deformation potential formalism, accounting for intravalley and intervalley scattering.>?
Multiple electrons were concurrently simulated (in the Ensemble Monte Carlo Method, EMC), for
which statistics can be collected (e.g. the drift velocity vq4) when the simulation is run for a sufficiently
long time. The EMC can also be employed to calculate the spatial distribution of heat generated in a
device.** Joule heating of the Si lattice was accounted for by tallying the energy exchange between
electrons and the lattice during the electron-phonon scattering processes, and the final energy (heat)
dissipation rates were reported.

In the present work, to simulate electron transport with strain and self-heating in two-dimensional (2D)
devices, we calculated the electron-phonon scattering rates for monolayer MoS; using the deformation
potentials and phonon energies previously reported® (Ref. [16] in the main text). The electron energy
bands in the K- and Q-valleys are analytically captured by effective masses and non-parabolicity
parameters (described in the main text, with more details provided below), and treating the Q-K energy
separation (Eqk) as an input parameter affected by strain. Simulations track individual electrons (in the
Single-Particle Monte Carlo Method) and, similar to the Ensemble Monte Carlo Method, good
statistics can be collected when the simulation is run for a sufficiently long time. As in the earlier Si
work, self-heating is incorporated here by tracking the energy exchange between the electrons and
lattice, such that Joule heating is the sum of all phonon energies emitted minus those absorbed, per unit
time. Going beyond the earlier Si work, we estimate the temperature rise (A7) during device operation
for a specific carrier density, as AT = PRw, where P is the power dissipated and Ry is the thermal
resistance of the transistor, as described in the main text.



Section B. Monte Carlo Simulation Parameters

Parameter Symbol Value
: mg 0.48m,
Electron effective mass (1) m, 0.57m,
Non-parabolicity a 2eV!
Mass density p 3.1 x 10° kg/m?
Sound velocity v, 6.6 x 10° m/s
DE=K(T) 45eV
DEX(T) 5.8 x 10" eV/m
DE=KI(K) 1.4 x 10" eV/m
D&% (K) 2.0 x 10" eV/m
DX~?(Q) 9.3 x10° eV/m
K"Q(Q) 1.9 x 10" eV/m
DX~ 4.4 x10"eV/m
K"Q(M) 5.6 x 10" eV/m
DI (T) 2.8¢eV
D(‘fp"Q(r) 7.1 x10"eV/m
Deformation potentials (D) DL (Q) 2.1x 10" eV/m
Q"Q’(Q) 4.8 x 10" eV/m
D' (Mm) 2.0 x 10" eV/m
D&% (M) 4.0 x 10" eV/m
DL Y(K) 4.8 x 10" eV/m
DZ % (K) 6.5 x 10" eV/m
pT*(Q) 1.5x 10" eV/m
DQ_’K(Q) 2.4 x10"eV/m
DQ"K(M) 4.4 x 10" eV/m
Q"K(M) 6.6 x 10" eV/m
Eop(I) 49.5 meV
Eac(K) 26.1 meV
Eop(K) 46.8 meV
Phonon energies (Eph) Ea(Q) 20.8 meV
Eop(Q) 48.1 meV
Eac(M) 24.2 meV
Eop(M) 47.5 meV

Table S1. For the deformation potentials (D), the superscript denotes the electron transition. The
intravalley scattering transitions are K—K and Q—Q. For intervalley scattering, primed final valleys
denote scattering between degenerate valleys (K—K’ and Q—Q’). The subscript denotes the type of
phonon involved in the transition (‘op’ for optical and ‘ac’ for acoustic). The momentum of the phonon
involved in the transition is specified in parentheses. For the phonon energies (E£pn), the subscript
denotes the type of phonon, and the phonon momentum is specified in parentheses. Deformation
potentials and phonon energies are from [6] (Ref. [16] in the main text). The electron rest mass is mo.



Section C. Electron-Phonon Scattering Rates

Eq (1) gives the intravalley acoustic phonon scattering rate®:

1 _ mcD?kgT

7, h3pv? (1)

Here, kg is the Boltzmann constant, 7 is the absolute temperature, 7 is the reduced Planck constant,
and the deformation potential D, as well as other inputs, are defined in Table S1 above.

Eq (2) gives the intravalley optical phonon scattering rate as well as the intervalley (both acoustic and
optical phonon) scattering rates.® These scattering rates have an energy dependence through the onset
of phonon absorption and emission in the brackets, and the AEqk valley separation:

1 _ ggqmcD 2

; 2hpEpp [NphAl + (Nph + 1)A2]- (2)

Here gq is the degeneracy of the final valley, Epn = Awpn is the phonon energy (from Table S1), and Npn
= {exp[Em/(ksT)] — 1}7! is the phonon occupation. In Eq (2), the first term in the brackets corresponds
to phonon absorption and the second term corresponds to phonon emission, where A; and A> are
Heaviside functions including the energy onset of phonon absorption and emission, respectively. When

the intervalley separation AEqk changes (e.g. due to strain), the scattering rates in Eq (2) are modified
by adjusting A; and As.

For example, for an electron scattering between K — Q valleys by phonon absorption, scattering can
only occur when E + E,n > AEqk, where E is the electron energy with respect to the K valley. This
condition is accounted for by adjusting the Heaviside function in Eq (2) such that A; = O(E — AEqk +
Epn). Similarly, for K — Q valley scattering by phonon emission, Ao = O(E — AEqk —Epn). The Heaviside
functions for other electron transitions can be similarly constructed.

Section D. The Role of Band Non-Parabolicity
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Figure S1. Monte Carlo simulation of phonon-limited drift velocity vs. electric field in monolayer

MoS,, for different AEqk at 300 K considering a non-parabolicity factor of (a) & = 1 eV and (b) a =

2 eV!, where (b) is reproduced from Fig. 2¢ in the main text. The AEqk labels in (b) apply to both

plots, which share the same color scheme.

As o increases, the electron effective mass mey= mo(1+2aE) grows more rapidly with energy resulting
in a heavier effective mass that reduces the electron group velocity v,, which is given in Eq (3). This



results in ~8% larger high-field drift velocity in Figure S1(a), where o is reduced to 1 eV, compared
to Figure S1(b).
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Section E. Lateral Heat Dissipation

We note there are multiple length scales for the electronic and thermal behavior of transistors based on
2D semiconductors. These are roughly separated by the electron mean free path in monolayer MoS»
(2-5 nm), the phonon mean free path’ in monolayer MoS: (~100 nm), the electrostatic scale length® [~
(€chlentox/€ox)?], and the thermal healing length [Lu, eq. (5) below]. Here, € and ¢ are the permittivity
and thickness of the respective material layer, and the subscripts ‘ch’ and ‘ox’ refer to the MoS: channel
and gate oxide, respectively. The electrical and thermal contact resistance’” (between MoS, channel
and metal contacts) can also influence heat generation and heat spreading, respectively.

In the main text of our manuscript (Figure 3a), we used the simplest thermal resistance model for long-
channel devices, which accounts only for heat dissipation to the substrate. This is sufficient for channel
lengths L >> 3Ln. At shorter channel lengths, heat dissipation to the contacts can be captured as a first
approximation (under steady-state conditions) by assuming perfect heat sinking at the source and drain
[T(£ L/2) = To, where L is the channel length], and the temperature profile' is given by:

T(x) = Ty + PRy, <1 - &(%H)) 4)
cosh (ﬁ)

LH :1,Rthkchtch' (5)

Here, P is the area-normalized power density [= IpVps/(LW) if the electrical contact resistance, Rc, can
be neglected, and W is the channel width], R is the area-normalized (vertical) thermal resistance, ke
is the in-plane thermal conductivity of monolayer MoS on an SiO; substrate,’ # is the thickness of
monolayer MoS,, and x is the distance along the channel, with the channel midpoint at x = 0.

The temperature profile along a 1 um long channel and the relevant parameters are shown in Figure
S2. Here, R is the thermal resistance of the MoS» channel used in the main text (including the MoS»-
SiO, thermal boundary resistance, the thermal resistance of 90 nm of SiO,, and a small thermal
spreading resistance into the Si substrate) and P is the power density in Figure 3b in the main text.
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Figure S2. (Left) Estimated temperature profile 7(x) along a 1 um long monolayer MoS, transistor,
with ‘lateral’ heat dissipation to the metal contacts (here, assumed to be perfect heat sinks) and
‘vertical’ heat dissipation to the substrate, as described in the main text. (Right) Table listing the
parameters used. Other scenarios where the electrical and thermal contact resistance were included in
nanomaterial devices have been treated by Pop, Liao, and Gabourie.”'"-!?

We note that ke, above was slightly modified (from its value for ‘long” monolayer MoS; on SiO>) based
on the work of Gabourie ef al.” for a 1 um channel, and can be further reduced in shorter channels,’ to
account for quasi-ballistic heat flow. This simple model estimates Ly = 52 nm for the geometry
considered here, which is the lateral length scale of heat sinking from the channel into the metal
contacts (seen as the ‘drop’ in temperature near the contacts in Figure S2). This signifies that for
channel lengths of even ~0.25 pm and above, the simpler model in the main text (which includes only
‘vertical” heat sinking) is sufficient to estimate the average temperature of the MoS, channel.

For shorter-channel devices, especially those shorter than Ly, numerous complexities appear, including
the thermal resistance of the contacts themselves’!""'2 and a non-uniform heat generation profile, which
depends on the electrostatic scale length and the transistor operating regime (i.e. linear vs. saturation).
In sub-10 nm channel devices there are also quasi-ballistic electron transport effects, which are natively
captured by the Monte Carlo simulation, but must be self-consistently coupled with a similar treatment
of phonons,*!* a task which is the subject of future work. Outside the transistor channel, the device
geometry and layout ultimately determine how heat is spread, which can be described with three-
dimensional finite-element thermal simulations.'* For simpler geometries, this heat spreading term can
be reduced to an effective R, as we have done in Figure 3a of our main manuscript text.
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