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Drift velocity saturation (at some characteristic value, vfiat) is a critical process that limits the ultimate
current-carrying capacity of semiconductors at high electric fields (~10* V/cm). With the recent emer-
gence of novel two-dimensional (2D) semiconductors, there is a need to understand the manner in
which velocity saturation is impacted when materials are thinned to the monolayer scale. Efforts to de-
termine vgaf are typically hampered, however, by self-heating effects that arise from undesirable ener-
gy loss from the active 2D layer to the dielectric substrate that supports it. In this work, we explore this
problem for an important 2D semiconductor, namely molybdenum disulfide (MoS,). By applying a strat-
egy of rapid (nanosecond duration), single-shot, pulsing, we are able to probe the true hot-carrier dy-
namics in this material, free of the influence of self-heating of its SiO, substrate. Our approach allows us
to realize high current densities (~mA/um) in the MoS, layers, representing a significant enhancement
over prior studies. We similarly infer values for the saturated drift velocity (vflat ~5—7 x 10° cms™) that
are higher than those reported in earlier works, in which the influence of self-heating (and carrier injec-
tion into oxide traps) could not be excluded. In fact, our estimates for vfiat are somewhat close to the
ideal velocity expected for normal (parabolic) semiconductors. Since a proper knowledge of this para-

meter is essential to the design of active electronic and optoelectronic devices, the insight into velocity

saturation provided here should provide useful guidance for such efforts.
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I. INTRODUCTION

The study of hot-carrier dynamics in semiconductors has provided the focal point for experi-
mental and theoretical investigations for more than half a century, yielding profound impact on our fun-
damental understanding of transport phenomena in these materials, and wide-ranging technologies
that have transformed our daily lives. With the recent emergence of novel two-dimensional (2D) semi-
conductors, prominent among which are graphene and the transition-metal dichalcogenides® (TMDs),
there is a need to understand the manner in which hot-carrier action is modified when materials are
thinned to the monolayer scale. One of the critical problems here concerns the details of drift-velocity
saturation, a phenomenon that arises from the spontaneous emission of optical phonons by hot carriers
at high electric fields (~10* V/cm).>* This dissipative process results in a saturation of the drift velocity
under high bias, at a value (vfiat) that reflects the details of the carrier and phonon dispersions in the
conducting material. A proper knowledge of véat is essential to the design of active electronic and op-
toelectronic devices, making this parameter a crucial one for 2D materials.

Attempts to study the intrinsic aspects of hot-carrier action in 2D semiconductors are typically
complicated by a number of extrinsic factors, which may mask the true electrical properties of these ma-
terials. Many of these problems arise from the need to support the 2D layer on an appropriate (dielec-
tric) substrate, the introduction of which may give rise to undesirable remote- and interfacial-phonon
scattering,*® and to deep traps that can capture energetic carriers from the ultrathin channel.”® Another
criticial problem is that of self-heating, in which the application of large (static) electric fields to the 2D
channel results in significant Joule heating, and to a subsequent transfer of energy to the dielectric lay-
ers in contact with the channel. (This phonon-mediated mechanism should be contrasted with the dy-
namics of carriers in the channel itself; these very quickly equilibrate at an elevated, or “hot”, tempera-
ture,” reaching this steady state in as little as a few picoseconds.)

The various problems described above are well understood for graphene,®* for which it has
been shown® that substrate-related complications may be avoided at high fields by using a strategy of

rapid electrical pulsing, rather than static (DC) biasing, to excite the graphene. The key idea of this ap-



proach is to exploit the large thermal mismatch between graphene and SiO,, with the much lower ther-
mal conductivity of the latter giving rise to a long (~100 ns) time constant for the transfer of heat'! from
the 2D layer to its substrate. By driving the graphene with pulsed voltages that are much shorter (~1 ns)
than this time scale, it is therefore possible to reveal the true electrical characteristics of this material,
independent of self-heating (and other extrinsic factors)."*

While the details of velocity saturation in graphene are now fairly well understood,™™ the situ-
ation is less clear for the TMDs. Among these, MoS, has been the most extensively studied, yet little
consensus exists with regards to the details of its high-field behavior. In early studies of this material,
various (indirect) approaches™*’ were applied to determine v3%, yielding estimates in the range of ~1
— 4 x 10° cms™. In order to address these differing results, Smithe et al.’® have analyzed the details of
current saturation in monolayer MoS,, using temperature-dependent studies to account for the influ-
ence of self-heating. By combining their measurements with a theoretical model, for heat flow within
the various layers of their devices, these authors showed how backing out the influence of self-heating
results in an increase in the inferred saturation velocity, from ~1.3 — 2.5 x 10° cms™ to ~3.4 x 10° cms™.

As noted above, in the work of Ref. 18, the influence of self-heating was accounted for by com-
bining the results of temperature-dependent experiments, with a thermal model for the Joule heating
under high bias. A more ideal approach, however, would be to implement an experiment in which the
influence of self-heating is strongly suppressed through deliberate design. It is this objective that we
realize here, where we apply a strategy of rapid, single-shot pulsing to suppress self-heating and to
study the true current-saturation characteristics of monolayer MoS,. By varying the pulse duration in
these experiments, we also identify the existence of a characteristic time scale in transient transport,
beyond which the injection of hot carriers into deep oxide traps compromises the measured characteris-
tics. As the electric field applied along the channel is varied from a few, to a few tens of, kV/cm, this cha-
racteristic time scale decreases from a few hundred, to a few tens of, nanoseconds. By ensuring that the
pulse duration is kept much shorter than the lower end of this range (i.e. no more than a few nanose-

conds), we are therefore able to investigate the true aspects of velocity saturation in MoS,, free of ex-



trinsic influences. At a carrier concentration of 7.5 x 10> cm, we determine a corresponding saturation

velocity v5% ~5 — 7 x 10° cms™, values that are considerably higher than those reported previously.”™*®
In fact, our estimates are somewhat close to the ideal value (v3% = 1.2 x 10’ cms™) expected,™?° from

a high-field energy-balance analysis for normal (parabolic) semiconductors. We therefore suggest that

our findings may be attributed to the suppressed role of self-heating (and carrier capture) in our expe-

riments, which reveal the true hot-carrier function of MoS,. It is also worth pointing out that, in Ref. 18,

it was suggested that current densities in MoS, should approach 1 mA/pum in the absence of self-

heating. We achieve such high current densities here, representing a significant improvement over prior

work*®*® and furthermore pointing to a suppression of self-heating in our experiments. Since a proper
sat

knowledge of v;*" is essential to the design of active electronic and optoelectronic devices based on

MoS,, the results of our study should provide useful guidance for such efforts.

Il. EXPERIMENTAL METHODS

Single-crystal, monolayer MoS, was synthesized on SiO, substrates by chemical vapor deposition
(CVD), using an approach that is described in more detail in Refs. 21 & 22. The growth yielded triangular
crystals with grain sizes exceeding 100 um, which were patterned with a gentle O, plasma to form wide
(~150 — 200 um) channels for the transient measurements. These structures were then contacted in a
two-step process, the first step of which involved the deposition (under high vacuum) of the low-
resistance®® Ag/Au contacts shown in Fig. 1(a). From previous work, this is known to yield contacts that
contribute a total resistance of less than 5% to the overall device resistance.’®** Following this, much
larger (Cr/Au) contact pads, designed to provide 50-Q matching to the substrate, were defined by elec-
tron-beam lithography and metal lift-off. As described in our earlier work,' realizing the impedance-
matched environment that is required for these measurements necessitates the use of a high-resistivity
Si/SiO, (0.5 mm/300 nm) substrate. This allows the metallized bottom facet of the Si wafer to be utilized
as a ground plane, thereby making the design of the on chip striplines manageable. Completed samples

were mounted on FR-4 boards that enabled SMA connections to be made to the external electronics;



see Ref. 14 for further details. A schematic of the pulsed-measurement setup is indicated in Fig. 1(a),
which shows how a trigger unit (Model 577; Berkley Nucleonics Corp.) is used to generate an isolated
pulse that triggers a much faster single-shot pulse (of peak amplitude V;,) from a second generator
(AVMP Series; Avtech Electrosystems Ltd.) After passing through the sample, the pulse is fed into the 50-
Q input of a mixed-signal oscilloscope (DSO-X 6000A Series; 6-GHz bandwidth; Keysight Technologies,
Inc.), whose output voltage (V,.:) therefore represents the time-dependent variation of the current
through the device. The measurements reported here were made at room temperature, with the sam-
ples mounted inside a homemade light-tight enclosure that was maintained at a background pressure of
a few mbar. A total of five different devices were measured for this study (D1 — D5), with source-drain
separation of 1 um and various widths (D1 — 154 pum; D2 — 180 um; D3 — 210 um; D4 — 160 pm; D5 — 164

pum).

lll. RESULTS & ANALYSIS

We begin our investigations by establishing the conditions under which the pulsed measure-
ments may be performed, without suffering from the degradative influence of self-heating and hot-
carrier trapping. To illustrate the issues involved here, in the left panel Fig. 1(b) we plot the output pulse
detected in a series of experiments, in which we apply 4.0-V pulses of varying duration (#1 — #7, in the
sequence indicated) to one of our devices. As the pulse duration is initially increased from 40 ns to 1 s
(pulses #1 — #3; rise time of 5 ns), the output voltage decreases by some 20%, implying a similar de-
crease in the corresponding current level. While the aforementioned self-heating and hot-carrier trap-

ping are two possible sources of such a reduction,?**

the outcome of the experiment involving the ap-
plication of pulses #4 — #7 indicates that the latter mechanism is primarily at play. In this latter se-
guence, we apply a series of 40-ns pulses, at various times subsequent to the conclusion of pulse #3.
These delays range from roughly one second for pulse #4, to one hour for pulse #7. From these data it is

clear that it is only for pulse #7 that the original current level, observed for pulse #1, is recovered. Clear-

ly, this long recovery time is inconsistent with any effect due to heating, and points instead to a mechan-



ism in which charge trapped in deep oxide levels during the application of the pulse, is slowly released
over a time scale of tens of minutes. Such behavior is, in fact, consistent with the results of our prior in-

vestigations of pulsed transport in graphene-on-Si0,."*
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Figure 1. (a) Schematic diagram, illustrating the main features of the transient measurement setup used to in-
vestigate velocity saturation in MoS,. The trigger unit is a pulse generator that supplies a single-shot pulse to a
second supply, triggering it to generate a single pulse that may be as short as 4 ns. The current associated with
this pulse is then detected by a mixed-signal oscilloscope with 6 GHz bandwidth. The central portion of the
figure shows an MoS, crystal that is contacted with Ag/Au ohmic contacts, prior to the deposition of its micro-
strip line. (b) The left panel plots the output voltage transient detected at the oscilloscope, for single-shot
pulses of various duration (V;, = 5.0 V). Pulses are applied in the sequence 1. — 7. The right panel shows the re-
sult of applying four single-shot pulses, each of amplitude 5 V and length 4 ns, subject to the delays indicated
in the plot. See main text for further details. Measurements are for device D5. In both panels of (b), it should
be noted that the positions of the different pulses are indicated arbitrarily; the exact temporal relationship
among the different pulses is indicated in the legends to the two panels.

Having identified the importance of hot-carrier capture by deep oxide traps, in Fig. 2 we explore
how this process depends on the characteristics of the applied voltage pulse. The main panel summariz-

es the results of three different experiments, in which the pulse duration was varied for three fixed
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pulse amplitudes (0.5, 2.0, and 4.0 V, corresponding to black, blue, and red data, respectively). Plotted

End'

on the ordinate axis is the output voltage measured at the end of the pulse (V,,; ), normalized relative

to that of the shortest (the 40-ns) pulse. (The manner in which the output waveform varies with pulse
duration is indicated in the inset to the figure.) Starting with the behavior exhibited for a pulse ampli-
tude of 0.5V, the data in the main panel indicated that the output pulse amplitude remains essentially
unchanged up to a pulse duration that is estimated to lie (as identified by the black dotted line) some-
where in the range of 200 — 300 ns. Turning to the (blue and red) data exhibited for the larger input
pulses, it is clear that a similar effect is observed; as the pulse duration is initially increased, the output
amplitude remains almost unchanged, before a crossover to a new regime occurs where the output vol-
tage becomes strongly pulse duration dependent. As the pulse amplitude is increased, it is apparent
from the blue and red dotted lines that the crossover occurs at ever shorter durations, with the thre-

shold corresponding to just a few tens of ns for the 4.0-V input.
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Figure 2. The main panel summarizes the results of measurements of the output pulse amplitude as a function
of pulse duration. The different color symbols represent the results of measurements obtained for input
pulses of different amplitude (V;,, indicated in legend). The ordinate axis plots the output voltage (mend) de-
tected at the oscilloscope at the end of the pulse, normalized to this value for the shortest (40-ns) pulse
measured. The dotted lines in the figure very roughly identify the crossover from a duration-independent, to a
duration-dependent, pulse amplitude with increasing pulse length. The inset indicates the influence of increas-
ing pulse duration on the output=pulse lineshape. Measurements are for device D4, for an input-pulse ampli-

tude of V;, =4.0 V.



The data of Fig. 2 provide important insight as to how to mitigate the influence of hot-carrier
capture by deep traps on our pulsed measurements. Essentially, they indicate that this non-volatile
function does not arise instantaneously, but rather requires a minimum characteristic time that is de-
pendent upon the pulse amplitude. In a sense, this is much like the influence of self-heating noting al-
ready, although we note that the carrier capture can occur on a significantly quicker time (just a few
tens of ns) when the applied pulse is sufficiently large. In order to avoid the influence of such effects, it
is crucial to make use of extremely short pulses, and in the discussion that follows in this paper we
therefore present the results of experiments obtained for a pulse duration of just 4 ns. In the right panel
of Fig. 1(b), we demonstrate the absence of charge-memory effects in a series of such measurements
performed over a time interval of half an hour. It is absolutely clear that these data are not compro-
mised in any way by the influence of the oxide traps.

Having established the appropriate protocol for the pulsed measurements, we now move to
summarize the results of our investigations of the intrinsic aspects of high-field transport in monolayer
MoS,. Pulsed current-voltage characteristics of the five different devices are presented in Fig. 3(a), in
which the data are plotted to show the variation of current density vs. electric field. The various devices
show a consistent trend, with the onset of current saturation apparent for electric fields approaching
100 kV/cm. At these fields the current reaches a level of almost 1 mA/um, corresponding to total cur-
rents in the range of 150 — 200 mA. These levels are several orders of magnitude higher than those re-

ported in earlier studies,*®***

an observation that we attribute to two key factors. The first of these is
the low contact resistance achieved through the use of the Ag/Au contacts to our devices,”®* which mi-
nimizes their total, two-terminal resistance. Indeed, closer inspection of the pulse waveforms in Figs. 1
& 2 indicates that this resistance was typically of order several tens of ohms, a feature that makes the
devices also well-matched to the 50-Q pulsed environment. The second important factor is the use of

our pulsed measurement scheme, which, as we have noted already, significantly suppresses the influ-

ence of the extrinsic processes of self-heating and hot-carrier trapping.
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Figure 3. (a) The main panel shows the current voltage characteristics of the different MoS, crystals, measured
using single-shot pulses 4 ns long. The upper inset is an optical micrograph of one of the fabricated Hall bars,
in which the separation of the voltage probes along the same edge is 6 um. The lower inset shows the meas-
ured Hall voltage (V,) for one of the Hall bars as a function of magnetic field, allowing the electron concentra-
tion to be determined. (b) Variation of drift velocity with electric field, determined from the data of panel (a)
(symbols correspond to those in that panel), and from measurements of the carrier concentration via the Hall
effect. The upper and lower insets show the variation of drift velocity for D1 and D2, respectively, along with
fits (solid lines) to the form of Equation (1).

For an estimate of the drift velocity from the data of Fig. 3(a), knowledge of the carrier concen-
tration in the MoS, layer is required. To determine this quantity, we have used similar MoS, crystals,
synthesized on the same wafer as those utilized in our pulsed measurements, and have patterned these
into Hall bars (see the upper inset of Fig. 3(a)) by a combination of electron-beam lithography and oxy-
gen-plasma etching. A representative Hall measurement is indicated in the lower inset to Fig. 3(a), from

which we infer a carrier concentration of 7.5 + 0.5 x 10** cm™. A similar value was obtained in measure-
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ments of a second device, and is consistent with the findings of a separate study performed using the

same material.*®

Using this value for the carrier concentration, we determine the velocity-field characte-
ristics of our devices as demonstrated in Fig. 3(b). From this figure, it is clear that the drift velocity satu-

rates at a value of around 5 — 7 x 10% cms™.

IV. DISCUSSION
Recently, Ferry has calculated the characteristics of hot carriers in monolayer MoS, using an en-
semble Monte Carlo approach that includes all relevant phonon processes, the transfer of electrons to
the conduction-band side valleys, and the influence of surface polar optical phonons of a SiO, substrate.?

In this way he predicts a saturated velocity of 5 — 6 x 10° cms™ at a carrier concentration of 5 x 10** cm?,

a value that is consistent with our measurements. We also note that our estimate for v35*" is within the
range predicted in the earlier theoretical study of Ref. 31, which utilized a density functional theory cal-
culation combined with a full-band Monte Carlo analysis.

As for related experiments on MoS,, while the number is relatively small they have systematical-
ly yielded lower values for the saturation velocity than we obtain here. Fiori et al. undertook an exten-
sive investigation of velocity saturation in multilayer devices, using a DC-biasing scheme,” and found a
saturation velocity of ~3 x 10° cm/s at room temperature. This decreased by around an order of magni-
tude on raising the ambient temperature to 500 K, demonstrating the impact that self-heating may sep-
arately exert when induced by DC biasing. In work by He et al.,*® we extended the studies of Fiori et al.
to monolayer MoS,, measuring its transistor curves at various temperatures and subject to similar DC
biasing. Through a combination of experiment and modeling (using the SILVACO Atlas package), we in-
ferred a saturation velocity of 3 x 10° cm/s, consistent with the results of Fiori et al. Without doubt, self-
heating arising from the DC biasing would have exerted an influence on these measurements. Finally, in
a most-recent study by Smithe et al., we demonstrated very clearly how reduction of the substrate tem-

perature may be used to suppress (but not eliminate) the role of heating.’® For ambient temperature

(300 K), however, saturation velocities were again in the range of 1 — 2 x 10° cm/s, with thermal model-
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ing suggesting that self-heating raises the substrate temperature to as much as 450 K. It therefore seems
clear that the much higher saturation velocities that we determine here should arise from the single-
shot pulsing strategy that we apply; this allows us to generate fields well in excess of 100 kV/cm, while
dissipating less than a nano-Joule of energy per applied pulse (an effective power some 8 — 9 orders of

magnitude smaller than that dissipated in DC studies).

Table 1. Parameters for fitting to the Caughey-Thomas model.

D1 D2 D3 D4 D5
Hor (cm®/Vs) 30 30 25 43 37
v (10° cm/s) 6.1 4.9 5.6 7.2 6.1
Y 2.6 2.5 2.1 2.1 2.0

32
I

In Ref. 18 we used the Caughey-Thomas model*” to describe the variation of drift velocity (v;) as

a function of electric field (F):

va(F) = — ML (1)

where y; ¢ is the low-field mobility, and y is an empirical fitting parameter. In the upper and lower insets
to Fig. 3(b), we show two examples where have fitted the observed variation of drift velocity to this
form. The fits use p.r, V5% and y is free parameters, with u;r being determined by a fit to the linear
variation of the drift velocity near zero field. The plots shown in the insets indicate that this model is
able to capture the variations observed in experiment, and a summary of the different fitting parame-
ters is provided in Table 1. The mobility values (u;r) indicated here correspond well to those obtained in
the study of Ref. 18, which we would expect given that the crystals used in that study are very similar to
ours. As for the value of the free parameter (y), which ranges from 2.0 — 2.6, this is considerably lower

than that utilized in Ref. 18, where the need for values of this parameter approaching as much as 5 was
11



attributed to the influence of self-heating. As we have noted several times already, this should not be an
issue in our measurements.

Finally, it is worth mentioning that Taniguchi et al.* recently used an approach based on gate
pulsing to investigate the interfacial trap density for monolayer MoS, supported on quartz substrates.
They revealed that the trapping of carriers by interfacial states (when the pulse is applied) can be much
faster than the reverse one of emission (when the pulse is removed). Their observations were made on
a time scale of a tens to hundreds of microseconds, however, and so did not address the issue of much

longer, nonvolatile, oxide trapping discussed here.

V. CONCLUSIONS
In conclusion, we have investigated the details of high-field drift velocity saturation in monolay-
er MoS,, using a strategy of rapid (nanosecond-duration) electrical pulsing to probe hot-carrier transport

in this material, free of the influence of self-heating. Our approach yields values for the saturated drift

sat 15-18

velocity (v;* ~5 -7 x 10° cms™) that are considerably higher than those reported previously, and
close to the ideal value expected'®?® for normal (parabolic) semiconductors. We furthermore observed
current densities approaching 1 mA/um, again representing a significant improvement over prior
work.'®*® Our studies therefore highlight how strategies of rapid pulsing can be used to manage heating
effects in 2D materials, when they are subject to high electric fields. Since a proper knowledge of vgaf is

essential to the design of active electronic and optoelectronic devices based on MoS,, the results of our

study will also be important for such efforts.
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