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ABSTRACT: Two-dimensional semiconductors such as monolayer MoS2 are of interest
for future applications including ﬂexible electronics and end-of-roadmap technologies.
Most research to date has focused on low-ﬁeld mobility, but the peak current-driving
ability of transistors is limited by the high-ﬁeld saturation drift velocity, vsat. Here, we
measure high-ﬁeld transport as a function of temperature for the ﬁrst time in high-quality
synthetic monolayer MoS2. We ﬁnd that in typical device geometries (e.g. on SiO2
substrates) self-heating can signiﬁcantly reduce current drive during high-ﬁeld operation.
However, with measurements at varying ambient temperature (from 100 to 300 K), we
extract electron vsat = (3.4 ± 0.4) × 106 cm/s at room temperature in this three-atom-thick
semiconductor, which we benchmark against other bulk and layered materials. With these
results, we estimate that the saturation current in monolayer MoS2 could exceed 1 mA/
μm at room temperature, in digital circuits with near-ideal thermal management.
KEYWORDS: MoS2, 2D materials, chemical vapor deposition (CVD), saturation velocity, transfer length method, high-ﬁeld transport
up to 3 × 107 cm/s on SiO217 and up to 6 × 107 cm/s on
hexagonal boron nitride (h-BN) substrates18 at room temperature and has been found to scale inversely with the square
root of carrier density. In comparison, vsat ≈ 107 cm/s in bulk
Si13,19,20 and ∼7 × 106 cm/s in bulk Ge,21 for electrons.
Among 2D layered semiconductors, indirect vsat estimates exist
for electrons in few-layer MoS2 (∼2.8 × 106 cm/s)22 and
monolayer MoS2 (∼3.8 × 106 cm/s).23 However, these were
achieved by simultaneous ﬁtting of vsat to electrical data along
with the contact resistance (RC) and eﬀective mobility (μeff).
Another way of estimating vsat is through radio frequency (RF)
measurements of f T, which have been utilized to estimate vsat ≈
1.1 × 106 cm/s in monolayer MoS214 and ∼5.5 × 106 cm/s in
relatively thick (>10 nm) black phosphorus.24
In this work, we perform the ﬁrst direct measurements of
drift velocity saturation in technologically relevant large-area
synthetic monolayer (1L) MoS2. We perform high-ﬁeld
measurements as a function of ambient temperature, from
100 to 300 K, while carefully accounting for contact resistance
and self-heating eﬀects. We uncover a saturation velocity of
∼3.4 × 106 cm/s at room temperature in this three-atom-thick
semiconductor, once self-heating eﬀects are taken into account.
We also place these results in context, both in terms of their
signiﬁcance for 2D transistors as well as in comparison to
representative bulk, 3D materials.

T

wo-dimensional (2D) materials are interesting for
specialized electronics due to several features uncommon
among three-dimensional (3D) bulk materials, including
transparency,1,2 ﬂexibility,3−5 and the ability to easily
manipulate spin and valley polarizations.6−8 To date, however,
most electronic studies of 2D materials have focused on their
contacts and properties at low (lateral) electric ﬁelds. While
these represent an important starting point, the performance of
nanoscale transistors is not necessarily limited by low-ﬁeld
parameters such as the mobility.
As lateral electric ﬁelds in a ﬁeld-eﬀect transistor (FET)
increase, the average drift velocity of charge carriers (vd)
approaches a saturation value (vsat) due to increased scattering
with phonons.9 For example, in silicon and many other
semiconductors, velocity saturation occurs at lateral ﬁelds in
excess of ∼1 V/μm, which are easily achievable in submicron
transistors.10−13 This is important because the peak currentdriving ability of such devices has less dependence on the lowﬁeld mobility and is instead proportional to vsat. For example,
vsat limits the maximum intrinsic frequency at which a FET can
switch, f T ∼ vsat/(2πL),10,14 where L is the channel length of
the device. Even in nanoscale FETs, where velocity overshoot
or quasi-ballistic eﬀects become important, a subset of charge
carriers are ultimately limited by velocity saturation eﬀects.
Among 3D bulk semiconductors, these high-ﬁeld properties
have been explored since the 1950s,15,16 and researchers have
generally found that vsat scales as (ℏωOP/m*)1/2, illustrating its
dependence on optical phonon energy (ℏωOP) and electron or
hole eﬀective mass (m*).10 In contrast, little is known about
drift velocity saturation in 2D semiconductors. For 2D
monolayer graphene (a semimetal), vsat has been measured
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red region of Figure 1b), and the spacing between measured ID
curves becomes constant.
Figure 1c shows a scanning electron microscope (SEM)
image of a MoS2 FET designed to demonstrate the behavior
described above. We fabricated devices several microns long
with single-crystal 1L MoS2 grown by large-area chemical
vapor deposition (CVD)27 directly on tox = 30 nm SiO2/Si
(p+) substrates, which also serve as back-gates. Grain sizes are
∼100 μm, much larger than the devices measured here.28 We
use Ag/Au contacts14 deposited under high vacuum29 such
that the total contact resistance (2RC) is <5% of the total
device resistance (RTOT, discussed later). Gentle O2 plasma is
employed to etch the channels into a controlled width while
minimizing resist residues.28
Measured forward and backward ID−VDS characteristics of
such a device are shown in Figure 1d (ID−VGS can be found in
Supporting Information A, revealing VT ≈ −1 V). Note that for
the lower curves, VOV < VDS and the device achieves classical
pinch-oﬀ at high VDS, where ID saturates with output resistance
up to r0 ≡ ∂ID/∂VDS = 36 MΩ·μm. However, for the upper
curves, VOV > VDS and the device is in the linear regime, yet ID
continues to show saturation-like behavior. The approximately
constant spacing between ID−VDS curves of varying VGS also
conﬁrms the device behavior is limited by vsat as previously
discussed, and from this relationship we can estimate vsat ≥ 0.9
× 106 cm/s. However, as we will show, this device experiences
signiﬁcant self-heating at these voltage and current levels (even
causing sublinear behavior of ∂ID,sat/∂VOV for the highest levels
of ID) and thus a more careful approach is required to estimate
vsat from experimental data.
To this end, we perform rigorous measurements of vd versus
lateral electric ﬁeld (F) in 1L MoS2 for the ﬁrst time.
Additionally, through temperature-dependent measurements
and detailed modeling, we decouple the eﬀects of temperature
and electric ﬁeld on high-ﬁeld transport. We measure electron
vd at various ambient temperatures by biasing long-channel
devices in the linear regime such that the lateral ﬁeld (F =
|VDS′|/L) is nearly constant along the channel and the
measured current is30,31

Figure 1. (a) Diagram of a typical semiconductor-on-insulator FET.
(b) Illustration of ID versus VDS characteristics (increasing VGS with
constant steps) for an n-type FET including velocity saturation.
Saturation current scales quadratically with VOV (= VGS − VT) for a
pinched-oﬀ channel but linearly with VOV when the drift velocity
saturates. Importantly, ID can be limited by velocity saturation even
when the FET is not pinched-oﬀ. (c) False-color SEM image of a
back-gated 1L MoS2 FET on 30 nm SiO2 with 4.9 μm channel length.
These dimensions are appropriate for seeing both pinch-oﬀ and
velocity saturation in one set of ID−VDS measurements. (d) The DC
forward and backward ID−VDS measurements of the device in (c),
showing negligible hysteresis. The bottom curves saturate for VDS >
VOV due to pinch-oﬀ, but the upper curves also saturate despite all VDS
< VOV due to velocity saturation.

In an ideal long-channel n-type FET (Figure 1a,b) when the
drain-to-source voltage (VDS) exceeds the overdrive voltage
(VOV = VGS − VT, where VGS and VT are the gate-to-source and
threshold voltages25), the carrier density in the channel
becomes pinched-oﬀ near the drain, and the current (ID)
saturates to11
ID,sat ≈

Wμeff CoxVOV 2

(1)
2L
where W and L are the channel width and length, and Cox is
the gate oxide capacitance. However, at lateral ﬁelds greater
than a critical ﬁeld strength (Fcrit ∼ 1 V/μm in many
semiconductors10−12), vd approaches vsat and the current is
limited to a maximum of11

ID, vsat ≈ (WCoxVOV )vsat

ID = W |Q eff |vd

(3)

where VDS′ is the intrinsic drain-to-source voltage (after
subtracting contact resistance, which is <0.05RTOT) and Qeff ≈
−Cox(VOV − VDS′/2), is the eﬀective charge in the channel.
The term VDS′/2 accounts for the average carrier density
between the source and drain.
Low-Field Measurements and Contacts. In order to
obtain VDS′ for accurate extractions of F and Qeff, it is necessary
to have an accurate measurement of RC. To this end, we
fabricate transfer length method (TLM) structures on the
same CVD-grown 1L MoS2. Electron-beam lithography is used
to pattern Ag/Au contacts with varying channel lengths down
to 72 nm to ensure an accurate extraction of RC,29 as shown in
the SEM image of Figure 2a. For all data discussed in this
paper, devices are measured in vacuum (∼10−5 Torr) following
a 2 hour in situ anneal at 250 °C to drive oﬀ adsorbates that
can cause hysteresis.32
As described elsewhere,27,29 we measure the ID−VGS
relationship of each of these devices and plot the total
resistance RTOT versus L for various values of carrier density n
≈ CoxVOV/q (see Figure 2b and Supporting Information B).
From this TLM plot, reliable values for RC and μeff can be
estimated as a function of n, as depicted in Figures 2c,d. VDS =

(2)

Comparing these two expressions, we note that a crossover
between these regimes will occur when the average lateral ﬁeld
VOV/L ≈ 2vsat/μeff,26 and a properly designed device will be
able to saturate by either mechanism depending on biasing.
These two saturation regimes and their crossover point are
represented schematically in Figure 1b. Note that there are
three regions of operation: linear (also known as triode, green
region), pinch-oﬀ (blue region), and velocity saturation (red
region). In the triode regime, the current ﬁrst increases linearly
with both VDS and VGS and begins to bend over as VDS → VOV.
For lower overdrives, the current saturates due to channel
pinch-oﬀ near the drain, and ID,sat has a quadratic relationship
with VOV, as shown in eq 1 and in the blue region of Figure 1b.
For higher overdrives, carrier velocity saturates at lateral VDS
(and average lateral ﬁelds) lower than required to cause pinchoﬀ. In this case, ID,vsat scales only linearly with VOV (eq 2 and
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Figure 3. (a) Device schematic showing carrier density and thermal
resistances accounted for in our model. On 100 nm SiO2, the TBR at
the MoS2−SiO2 interface40 accounts for ∼36% of the total thermal
resistance, at room temperature. R′TBR is the (small) thermal
resistance of the SiO2−Si interface. (See Supporting Information E
for additional details.) (b) ID versus VDS curves of a 1L MoS2 FET
measured with pulse widths of 100 μs.50,51 Sweeping VDS < 0 ensures
the device does not enter pinch-oﬀ and the electric ﬁeld is nearly
constant along the channel. VGS = 0 to 30 V with ΔVGS = 5 V.
Figure 2. Low-ﬁeld mobility and contact resistance of 1L MoS2
devices. (a) SEM image of the TLM structures, on SiO2 substrate. L
and W were measured with higher resolution SEM images similar to
this. (b) TLM plot generated using data (symbols) from all devices at
T0 = 300 K. The ordinate intercept of the ﬁt (lines) is 2RC and the
slope of each line is inversely proportional to μeff. (c) RC versus n,
revealing a minimum value of 1.3 ± 0.2 kΩ·μm at n = 1.3 × 1013
cm−2. Purple color gradient is indicative of increasing n, and can be ﬁt
with a simple power law, RC = AnB + C. (d) μeff versus n, approaching
35.7 ± 2.6 cm2/V/s at high carrier density. Error bars reﬂect
conﬁdence intervals of 95% from least-squares ﬁtting. (e) Contact
resistance RC versus ambient temperature T0, showing that RC is
approximately constant within the error bars. This is likely caused by
competing eﬀects of increased thermionic emission and decreased μeff
in the MoS2 underneath the contacts, counteracting each other as a
function of T0.29 (f) μeff versus T0, revealing a phonon-limited
dependence ∝ T0−1.24.

h-BN will cause less scattering than SiO2, and μeff is
additionally expected to be lower than μHall by a factor
dependent on the eﬀective scattering time of carriers.10,39
High-Field Measurements and Modeling. For our highﬁeld measurements, we use long-channel FETs28 (as in Figure
1c) with the same contacts as the TLM structures. Devices
with L > 3 μm are chosen such that device performance is
dominated by the channel, even at very high n (2RC/RTOT ≤
0.05, see Supporting Information D), yet lateral electric ﬁelds
can reach F > 5 V/μm without gate leakage. A schematic of
this device is illustrated in Figure 3a along with the thermal
resistance network used to calculate the in operando device
temperature (T). This thermal model was independently
conﬁrmed by Raman thermometry40 and includes the nonnegligible thermal boundary resistance of the MoS2−SiO2
interface (TBR ∼ 7 × 10−8 m2K/W at 300 K).41 The average
device temperature can be calculated as
ÉÑ
ÄÅ
ÑÑ
ÅÅ
L
Ñ
ÅÅ
2
tanh
L
H
ÑÑ
ÅÅ
2L H Ñ
ij ID yz
ÑÑ
T = T0 + jj zzFR thÅÅÅ1 −
ÑÑ
L
kW {
ÑÑ
ÅÅÅ
ÑÑ
ÅÅ
(4)
ÑÖ
ÅÇ
42−47
where Rth is the “vertical” thermal resistance per unit area
separating the MoS2 channel (at T) and the Si substrate (at
T0),48,49 while the term in square brackets accounts for lateral
heat loss to the contacts. Here LH is the thermal healing length
along the MoS2 (∼50 to 100 nm for these devices).41 For a
more in-depth discussion of thermal resistance modeling, see
Supporting Information E.
In order to measure vd at higher values of lateral F, 1L MoS2
was grown by CVD on tox = 100 nm SiO2, such that if a device
under test were to fail, breakdown would occur in the channel
near the drain instead of at the gate (see Supporting
Information F). For these measurements, we bias the device
in the linear and strong accumulation regimes (VGS > VT, VDS <
0) such that the charge in the channel is approximately
uniform and F is nearly constant throughout the channel.
Although hysteresis is very small at room temperature, pulsed
measurements are utilized for these experiments (with pulse
widths τp = 100 μs),50,51 because residual water vapor and
other adsorbates begin to settle on the channel at low T0 and
can cause some hysteresis in direct current (DC) measurements.32,52 These measurements produce negative ID versus

0.1 V is kept deliberately low to avoid self-heating and to
ensure reliable extractions for these measurements. Here, we
obtain lowest values of RC and μeff of 1.3 ± 0.2 kΩ·μm and
35.7 ± 2.6 cm2/V/s, respectively, at 300 K and n ≈ 1.3 × 1013
cm−2. With the transmission line model,33 we also estimate a
lowest speciﬁc contact resistivity ρC = 1.3 × 10−6 Ω·cm2 and
current transfer length LT ≈ 100 nm, as detailed in Supporting
Information C.
We perform identical measurements as a function of
ambient temperature, T 0, to provide us with similar
information at lower temperatures. Figure 2e shows that to
ﬁrst order RC is largely independent of T0 and can be
approximated as a function of only n by ﬁtting with a simple
power law. Conversely, we observe μeff to be independent of n
but to scale as T0−1.24 in Figure 2f, reaching ∼191 cm2/V/s at
80 K. This mobility value is a factor of two higher than
previous reports for synthetic 1L MoS2 on SiO2,34 attesting to
the high quality of our ﬁlms. However, the temperature
exponent is lower than the theoretically predicted value of
1.69,35 indicating scattering contributions from both intrinsic
MoS2 and SiO2 substrate phonons, limiting the mobility. We
also note that our μeff does not plateau at the lowest T0 probed
here, suggesting that Coulomb scattering with charged
impurities is not dominant,36,37 at least at T0 ≥ 80 K. Finally,
we note that our μeff is about two-thirds the Hall mobility
(μHall) of 1L CVD-grown MoS2 sandwiched between h-BN at
these temperatures.38 This is unsurprising since, as a substrate,
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wafer. These aspects are all captured by the thermal model
described earlier.48,49
To distinguish the eﬀects of self-heating on vsat, we perform
similar measurements at lower ambient temperature (T0 = 200
and 100 K) as shown in Figures 4b,c (other temperatures can
be found in Supporting Information I along with a plot of
estimated vsat versus T). Our devices self-heat by up to ΔT ∼
200 K at the highest carrier densities (>1013 cm−2) and electric
ﬁelds probed. Thus, by lowering the ambient temperature
during measurement, the device temperature will likewise be
reduced (T = T0 + ΔT), enabling the extraction of vsat near 300
K. The color bar and colored data points in Figure 4 illustrate
the temperatures reached during device operation. In Figure
4c, we observe that when the device self-heats to T ≈ 291 K
(the second curve), vd saturates near vsat ≈ (3.4 ± 0.4) × 106
cm/s. (For a discussion of uncertainty values, see Supporting
Information J.) This value is in good agreement with recent
density functional theory (DFT)57,58 and Monte Carlo
simulations.59
Finally, from our high-ﬁeld measurements we can estimate
the maximum saturation current (Isat = qnvsat) expected in such
a three-atom-thick semiconductor. Without self-heating, we
calculate that Isat could exceed 1 mA/μm for n ≥ 2 × 1013 cm−2
when limited only by vsat at room temperature. This is an
important metric, comparable to mature transistor technologies like Si or GaN, and to International Technology Roadmap
for Semiconductors (ITRS) requirements.60 High saturation
current is essential for fast circuit operation, because the
intrinsic delay of transistors scales as CV/Isat, where C is the
load capacitance and V is the operating voltage.
Although we do not expect Isat ≥ 1 mA/μm for 1L MoS2
FETs in DC operation due to self-heating, such current drives
could be realized in digital circuits, where switching times are
signiﬁcantly faster than the device thermal time constants, τth.
For 1L MoS2 (or any 2D semiconductor-on-insulator device),
τth is strongly dependent on device geometry and is expected
to be at least ten and up to several hundreds of nanoseconds.61
Therefore, devices operating at frequencies in the gigahertz
regime (<1 ns) should not experience signiﬁcant self-heating
on their own. This is very similar to what has already been
demonstrated in SOI devices, where τth has been measured to
be several tens of nanoseconds62 and thus device temperatures
during digital operation remain much lower than would
otherwise be expected for DC power dissipation.63−65
Before concluding, we put our measurements for monolayer
MoS2 into context by plotting vsat for several materials versus
their band gaps in Figure 5. (A table of values is provided in
Supporting Information K.) Among 2D layered materials, vsat
has only been measured or estimated for electrons in 1L
graphene17,18 and for holes in thicker ﬂakes (>10 nm) of black
phosphorus (BP).24 Although vsat values reported for these
materials are somewhat higher than our results for 1L MoS2,
graphene and thick BP have very small band gaps (0 and <0.3
eV,66 respectively) and are therefore not well-suited for logic
applications. By contrast, the other materials21,67−72 shown in
Figure 5 have only been measured in regimes where they
maintain their bulk properties (i.e., thicknesses ≫ 1 nm) and
so can only be indirectly compared to 1L MoS2. Thus, our
measurements of vsat in monolayer MoS2 provide promising
results for logic transistor applications of atomically thin 2D
materials.
In summary, we performed measurements of electron drift
velocity in monolayer MoS2 transistors, where contact

Figure 4. Extracted velocity-ﬁeld relationships at (a) T0 = 300 K
ambient, from the raw data in Figure 3b. Similar data are extracted at
(b) T0 = 200 K and (c) 100 K ambient. Symbols are data points with
colors indicative of device operating T from eq 4, and black lines are
empirical ﬁts using eq 5. Error bars are calculated as explained in
Supporting Information J. The device self-heats by ΔT up to ∼200 K
at lateral ﬁelds in the velocity saturation regime. vd and hence vsat
increase at lower T, as expected.

VDS data as shown in Figure 3b and Supporting Information G.
Note that the data remain linear for most of the curve (these
measurements are taken in the linear regime, as opposed to
Figure 1d) but do begin to saturate at higher |VDS| due to selfheating eﬀects and the onset of velocity saturation.
From these data, we extract vd directly with eq 3 and VDS′ =
VDS − (ID/W)(RCS + RCD), where RCS and RCD are the contact
resistance at the source and drain for their respective n, as
calculated from the TLM data in Figure 2. VT is estimated by
linear extrapolation from independent ID versus VGS measurements, also shown in Supporting Information G. Following
this, we plot vd versus F and ﬁt these data with the well-known
Caughey-Thomas model17,20,30,31,53,54

μLF F
νd = Ä
É1/ γ
γÑ
ÅÅ
ÅÅ1 + μLFF ÑÑÑ
ÅÅ
ÑÑ
νsat
ÅÅÇ
ÑÑÖ
(5)
Here, the low-ﬁeld mobility μLF ≡ (∂vd/∂F)|F→0 is taken from
the slope of vd versus F, γ is an empirical ﬁtting parameter, and
vsat is ﬁt to the high-ﬁeld region. Figure 4a shows data and ﬁts
of vd versus F at T0 = 300 K, corresponding to the
measurements in Figure 3b. The color of each symbol
indicates its operating temperature at each bias, from eq 4.
To verify again that RC plays a very small role in our device
behavior, we ﬁrst examine μLF ≈ 36.7 cm2/V/s at 300 K, in
excellent agreement with μeff and the ﬁeld-eﬀect mobility, μFE
(see Supporting Information H). Unlike in Si, however, where
commonly γ ≈ 2 for electrons and ∼1 for holes,55 here we
allow γ to take its best ﬁt value (ranging from 2.8 to 4.8) due to
the large and varying amounts of self-heating observed for each
curve (similar to previous work on silicon-on-insulator [SOI]
devices30).
Our observed values of vd as they begin to saturate fall in the
range of 1 to 2 × 106 cm/s, and the Caughey-Thomas model
ﬁts return vsat from 1.3 to 2.5 × 106 cm/s. While these values
are over four times lower than vsat in bulk Si,19,56 to a large
degree they are limited by both the heavier electron eﬀective
mass and by lower phonon energies in MoS2 and could also be
inﬂuenced by the SiO2 substrate. Moreover, these MoS2
devices self-heat signiﬁcantly at the high ﬁelds measured here
due to the thermal resistance of the MoS2−SiO2 interface,40,41
that of the SiO2 substrate, and to a lesser degree that of the Si
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Figure 5. Summary of saturation velocity versus band gap for various
bulk and a few layered materials at room temperature.21,67−72 With
the exception of graphene, which lacks a band gap, 1L MoS2 is the
only atomically thin (sub-1 nm) material shown, yet retains
appreciable vsat. (Note the electronic band gap of 1L MoS2 is greater
than the optical gap typically obtained from photoluminescence
experiments.73) 1L graphene vsat scales with the inverse square root of
carrier density in the range shown on SiO2 or h-BN substrates.17,18 BP
= black phosphorus (∼10 nm thick).24 For some materials (e.g.,
GaAs, GaN, InN) the peak electron drift velocity can be ∼50% higher
than the saturation velocity shown.67,69,70 The c-axis-aligned
crystalline IGZO saturation velocity is an estimate based on
simulations.68

■

resistance and self-heating eﬀects were carefully measured and
accounted for. Using a thermal model calibrated against
previous experiments, we found that MoS2 devices on 100 nm
SiO2 (on Si) self-heat by up to ∼200 K in the regime necessary
to observe clear velocity saturation eﬀects. With measurements
carried out in 100 K ambient, we estimated vsat ≈ 3.4 × 106
cm/s in this three-atom-thick material when the device is
operating near room temperature. In practice and under DC
operation, the saturation velocity is severely limited by selfheating. However, our results suggest that current drives in
MoS2 digital circuits could exceed 1 mA/μm if self-heating can
be mitigated by fast switching speeds. This knowledge of vsat
will be useful for all future applications involving atomically
thin MoS2, including ﬂexible, transparent, and high-performance devices.
During review, we became aware of a new study of
saturation velocity in thick (∼10 nm) multilayer BP
encapsulated by h-BN at low carrier densities.74
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A. Long Channel Transfer Characteristic

Figure S1. Forward and backward ID-VGS curves (linear and log scale) taken with direct current (DC)
measurements at T0 = 300 K ambient, in vacuum (~10-5 Torr), for the device depicted in Figure 1c (L =
4.9 µm, tox = 30 nm). We find IMAX/IMIN ≥ 107 and negligible hysteresis (~150 mV on 30 nm SiO2
thickness). The field effect mobility µFE ≡ L(∂ID/∂VGS)/(WCoxVDS) ≈ 33.7 cm2/V/s extracted from these
data, very close to µeff, indicates that RC does not contribute much to RTOT for these devices.1

Supp-2
B. Transfer and Output Characteristics for a 72 nm Device
We analyze data of ordinary I-V measurements on the L = 72 nm device from the TLM structure in
Figure 2, at both low- and high-field regimes. Figure S2a shows the forward-backward ID-VGS sweeps at
VDS = 0.1 V (F < 0.3 V/µm when accounting for RC). In addition to retaining very small hysteresis, we
measure IMAX/IMIN > 108, which attests to the robustness of 2D materials against short channel effects. In
Figure S2b, we perform forward-backward ID-VDS sweeps and fit these curves with our 2D transistor
model.2,3 Despite this device being ~80% dominated by RC at T0 = 300 K, it experiences lateral fields in
excess of 7 V/µm at high VDS and even shows signs of negative differential conductance (NDC),
indicative of significant self-heating in the channel. This is also captured in the curve fits by our compact
model, which return values of RC = 1.4 to 5.5 kΩ·µm with µeff = 35.0 cm2/V/s at moderate n, well in
agreement with our experimental observations. Additionally, the model gives vsat up to 1.5×106 cm/s for
low VGS and falling to 0.4×106 cm/s for high VGS, these values being limited by the significant device selfheating.
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Figure S2. (a) Linear- and log-scale ID-VGS curves of the L = 72 nm device from the TLM structure (VDS
= 0.1 V). Note that this device maintains an extremely high IMAX/IMIN ratio (>108) despite how short it is.
(b) High-field measured ID-VDS curves of the L = 72 nm device at T0 = 300 K ambient (black symbols)
along with compact model fits (red lines). VGS = 0 to 25 V with ∆VGS = 2.5 V. Both the model and the
data suggest that at extremely high fields, NDC occurs due to a combination of self-heating and velocity
saturation.
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C. Specific Contact Resistivity and Current Transfer Length
Using the transmission line model,4,5 we estimate the specific contact resistivity (ρC) from

RC =

ρC

L 
coth C  ≈ ρ C RSH ,
LT
 LT 

(Eq. S1)

where LC = 1 µm is the length of the contacts and LT is the current transfer length. We note that the
approximation in Eq. S1 is only valid when LT < LC, in which case coth(LC/LT) ≈ 1, and we can rearrange
to give

LT ≈

ρC
RSH

≈

RC
RSH

(Eq. S2)

whereby we extract LT ≈ 100 nm ≪ LC at 300 K, justifying our use of the approximation.
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Figure S3. (a) Specific contact resistivity ρC vs. ambient T0, showing a minimum of 1.7 × 10-6 Ω·cm2 at
300 K and n = 1013 cm-2. ρC falls to 1.3 × 10-6 Ω·cm2 at n = 1.3 × 1013 cm-2. (b) Transfer length LT vs. T0,
with a minimum of ~98 nm at 300 K.
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D. Contribution from Device Contacts
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Figure S4. Calculations of total contact resistance as a fraction of the total device resistance (2RC/RTOT)
vs. n, corresponding to µeff and RC in Figure 2 of the main text. Error bars reflect the same 95%
confidence intervals. (a) The shortest device with L = 72 nm at ambient T0 = 300 K. (b) L = 72 nm, T0 =
100 K. (c) A long channel L = 3.5 µm at T0 = 300 K. (d) L = 3.5 µm, T0 = 100 K. (e) 2RC/RTOT vs. device
T for L = 3.5 µm and n = 1013 cm-2. Note that 2RC/RTOT is always smaller at higher T0 due to the decreased
µeff, and so even for low T0, devices biased at high fields where the device T ≥ 300 K will still have
2RC/RTOT ≤ 0.05.

Supp-5
E. Thermal Resistance Modeling
To account for self-heating and power dissipation in these devices, the heat diffusion equation was
utilized in the form of Eq. S3 for steady-state conditions:

∂ 2T ( I D / W ) F ( x) (T ( x) − T0 )
+
−
=0
∂x2
kMoS2 tMoS2
Rth kMoS2 tMoS2

(Eq. S3)

In Eq. S3, kMoS2 = 34.5 W/m/K is the in-plane thermal conductivity of 1L MoS2,6 and tMoS2 = 6.15 Å is the
thickness of the 1L. x is the variable of distance along the channel from source to drain (see Figure S5),
and F(x) is the field along the channel, which in our case is approximately constant. Rth is the total
thermal resistance per unit area for a long-channel device (L ≫ LH, the thermal healing length, see Eq. S5)
as shown in Figure 3a, a simple sum of the contributions from: 1) the MoS2-SiO2 thermal boundary
resistance (TBR = 1/TBC, where the measured7,8 temperature-dependent TBC ≈ 14×(T/[300 K])0.65
MW/m2/K and TBC is the thermal boundary conductance); 2) the SiO2 thermal resistance, RSiO2 = tox/kox
(where tox = 100 nm and kox ≈ 0.52×ln([T+T0]/2) – 1.6 W/m/K are the thickness and average temperaturedependent thermal conductivity of the SiO2 substrate9,10); 3) the SiO2-Si TBR (estimated11 at ~2×10-9
m2K/W); and 4) the thermal spreading resistance of the underlying Si substrate, given by12 RSi =
(A)1/2(2kSi)-1 (where A = LW is the channel area and kSi ≈ 3×104/T0 W/m/K is the thermal conductivity of
the semi-infinite highly-doped Si substrate8,13,14).
By assuming boundary conditions of perfect heat sinks at the source, drain, and bottom silicon
substrate [T(±L/2) = T0], the temperature distribution can be easily solved and simplified to


cosh(x / LH ) 
 .
T ( x) = T0 + ( I D / W ) FRth 1 −
 cosh(L /(2 LH )) 

(Eq. S4)

For additional simplification, we take the spatially averaged value of this solution to be indicative of the
temperature of the device as a whole, which results in the closed-form expression given in Eq. 4 of the
main text. Temperature calculations and temperature-dependent values for TBC and kox are performed
iteratively until values for T converge to within 1 K. The thermal healing length, LH, is simply the square
root of the denominator of the last term in Eq. S3:

LH =

R th k MoS 2 t MoS 2 .

(Eq. S5)

For our devices, LH ~ 70 nm. We note that since L ≫ LH (in our long channel devices) we could have
assumed that T ≈ T0 + (ID/W)FRth, and our calculations for T would not have changed by more than a few
percent, as shown in Figure S5.
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Figure S5. Calculated T vs. x along the channel of a L = 3.5 µm device at T0 = 300 K (for simplicity, tox =
100 nm, W = 5 µm, TBR ≈ 7×10-8 m2K/W, kox = 1 W/m/K, and kSi = 95 W/m/K). In this example, F = 5
V/µm and ID/W = 200 µA/µm. The solid black line follows Eq. S4; the dashed red line is given by Eq. 4 in
the main text; and the dotted blue line is given by the simple model T ≈ T0 + (ID/W)FRth.

F. Device Breakdown at High Lateral Fields

Figure S6. Top view SEM images of a device that failed during testing. The MoS2 appears to break down
due to localized self-heating at lateral fields exceeding 6 V/µm, and the corresponding voltages put at
most 0.8 V/nm (vertically) across the SiO2 gate dielectric. Destruction of the MoS2 channel can clearly be
seen near the drain contact.
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G. Transfer and Output Characteristics
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Figure S7. Forward and backward ID-VGS and negative ID-VDS data taken with pulsed measurements (τpulse
= 100 µs) at ambient temperatures of (a) 300 K, (b) 250 K, (c), 200 K, (d) 150 K, and (e) 100 K. tox = 100
nm, L = 3.7 µm. For the ID-VGS sweeps, VDS = 1.0 V; for the ID-VDS sweeps, VGS = -10 → 30 V with ∆VGS
= 5 V. Note that the threshold voltage tends to become more positive at lower temperatures due to
adsorbates settling on the channel. In general, there are more ID-VDS sweeps than there are vd-F curves in
Figures 4 and S9 because we only analyze the data taken with VGS > VT such that the linear approximation
for Qeff is accurate (uncertainty is discussed in Supporting Information J).
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H. Clarification of Mobility Definitions
We wish to further elucidate the differences between the three definitions of mobility explored in the
main text: the effective mobility, µeff; the field-effect mobility, µFE; and the low-field mobility, µLF. Figure
S8 shows a comparison of these extracted mobilities for our short- and long-channel devices.
The first, µeff, is strictly a channel parameter with effects from the contacts removed.15,16 Although
the TLM extraction overestimates the value of µeff at low VOV (= VGS – VT) due to underestimation of n
from the linear threshold extrapolation, when n > 4×1012 cm-2, µeff approaches a lowest, constant value
(see Figure 2d). We take this lowest number to be the true µeff of the material for all n, and this is the type
of mobility best suited for use in compact models and other simulations.
The second, µFE, is extracted from two-terminal ID-VGS measurements for low VDS. This necessarily
means that µFE is a function of VGS (and in most cases, also RC), but would ideally approach µeff for high n
in the limit of negligible contact resistance. This is what we observe for long-channel devices (Figure
S8b), but not for short-channel devices (Figure S8a) which are dominated by contact resistance. We note
that µFE is not the appropriate device parameter for our analysis, since it must be extracted at low lateral
electric fields for the approximation to be valid, and here we are interested in high-field transport.
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The last, µLF, is extracted from vd vs. F data as explained in the main text. Similar to µeff, this
parameter is overestimated for low n, but approaches a lowest value as n increases, ideally congruent with
both µeff and µFE (Figure S8c). For any given bias point, however, it is only a fit parameter and is not
necessarily indicative of the true mobility (µeff). Note that the fits for vsat, on the other hand, are all done at
high fields and high gate overdrive (VDS ≪ 0, VOV ≫ 0), which for our device geometry also corresponds
to relatively high values of n, where the linear threshold extrapolation method is valid. Thus we can take
our extractions for vsat to be indicative of real carrier transport, even if the values for µLF might not be.

0
-20 -10 0 10 20 30
VGS [V]

40
µeff

20
0

L = 4.9 µm

0

2 4 6 8 10
Qeff/q [1012 cm-2]

Figure S8. µFE vs. VGS as extracted from: (a) ID-VGS sweeps of the 72 nm device in Figure S2; (b) 4.9 µm
device in Figure S1. Note how for the long-channel device, 2RC/RTOT ≪ 1, and µFE approaches µeff; yet for
the short-channel device, 2RC/RTOT ≈ 0.8, and µFE severely underestimates µeff. (c) µLF vs. Qeff/q = ⟨n⟩,
showing how the slopes of the low-field vd vs. F curves exhibit the same behavior as µeff, approaching a
minimum value for high ⟨n⟩.

Supp-10
I. Drift Velocity Data for Additional Temperatures

Figure S9. Extracted vd vs. F for the same device in Figures 3 and 4 at (a) T0 = 250 K and (b) 150 K
ambient. The color bar and the colored symbols represent the estimated device temperature at each bias
point. Black lines are fits using the Caughey-Thomas model, Eq. 5 in the main text.
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Figure S10. Data for measured vsat vs. device T taken from Figures 4 and S9, showing a steep roll-off of
T-2.65. Note that due to the average carrier density in the channel changing as the drain is swept to more
negative voltages, n also varies with T. More detailed calculations will need to be performed by, e.g.,
Monte Carlo simulations to decouple the effects of T, n¸ and differing conduction valley populations on
vsat.
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J. Measurement and Modeling Uncertainty

To calculate uncertainty in vsat and T, we return to our models for vd and T. In the case of vd, the
largest sources of error come from the linear model for Qeff, by way of both Cox and VT. Due to our
use of a highly doped Si gate, Cox changes slightly (≤ 6%) with VGS as the semiconductor moves from
inversion to depletion to accumulation; furthermore, there is a small amount of uncertainty associated
with fitting VT linearly from the ID-VGS data as shown in Figures S1 and S7. Due to the nature of
these error terms, ID-VD sweeps at lower VGS (corresponding to the uppermost curves in Figures 4 and
S9) will have the largest uncertainty; this notwithstanding, we calculate the largest uncertainty in our
estimates of vsat to be ~13% (see Figure 4c). [The smallest uncertainty in vsat is 2%, and the
uncertainty in the measurement for vsat at 291 K is ~10%, or vsat = (3.4 ± 0.4) ×106 cm/s.]
For calculating device T, the largest source of uncertainty comes from our previous
measurements14 of the MoS2-SiO2 TBC, which is 14 ± 4 MW/m2/K at 300 K. By propagating the
uncertainty of 4 MW/m2/K through our thermal model, we arrive at a maximum uncertainty in T of
~20 K.
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K. Comparison with Saturation Velocity in Other Semiconductors and Graphene

Material

Bulk

<1 nm

Band Gap (eV)

Electron vsat
(×107 cm/s)

Hole vsat
(×107 cm/s)

Si

1.12

1.02

0.72

Ge

0.66

0.70

0.63

GaAs

1.42

0.72

0.9

InAs

0.35

0.9

0.5

GaP

2.26

0.88

0.5

InP

1.34

0.68

0.7

GaN

3.2

1.4

-

AlN

6.2

1.6

-

InN

1.97

1.5 – 2.5

-

InSb

0.18

~1

-

SiC

2.36 – 3.33

2

-

IGZO

2.7 – 3.5

0.39

-

BP

0.3

-

0.55

CNTs

variable

3–5

-

Graphene

0

2–6

-

MoS2

~2.3

0.34

-

Table S1. Comparison of saturation velocity values for electrons and holes in several materials at room
temperature. This is the table version of Figure 5 from the main text. While 1L MoS2 has the lowest
electron vsat of all materials on the table, it is also the only sub-nanometer thin semiconductor listed.
Values are adapted from Refs. 17–27.
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L. Electron Temperature
We note that for all our measurements, the electron temperature (Te) is reasonably approximated by
the lattice temperature T during device operation and self-heating. As shown in Ref. 28, the average
velocity of electrons populating two valleys is given by

v=

µ1 n1 + µ 2 n2
n1 + n2

ε ≈ µε → vsat ,

(Eq. S6)

with µi and ni representing the effective mobility and carrier density in each valley, and ε being the lateral
electric field. In the approximation that µ1 ≈ µ2 (more valid here for 1L MoS2 as opposed to high-mobility
III-V materials, where µ1 ≫ µ2), the equation collapses to the familiar form v ≈ µε → vsat. Furthermore, the
electron temperature is determined through the energy relaxation time τe as:28,29

qvε =

k B (Te − T )

τe

.

(Eq. S7)

Combining these equations with the relation µ = qτe/m* and replacing µε with vsat in the limit of velocity
saturation yields

Te = T +

m*
m* 2
vµε → T +
vsat
kB
kB
.

(Eq. S8)

In the case of electrons in 1L MoS2 with v ~ 3.4×106 cm/s, the latter term is ∆T ≈ 34 K (at T = 300 K). At
higher T, ∆T will be even smaller due to increased scattering events lowering vsat further (e.g. ∆T = 5 K at
T = 450 K, when vsat = 1.3×106 cm/s).
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