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ABSTRACT: Semiconductors require stable doping for appli-
cations in transistors, optoelectronics, and thermoelectrics.
However, this has been challenging for two-dimensional (2D)
materials, where existing approaches are either incompatible
with conventional semiconductor processing or introduce time-
dependent, hysteretic behavior. Here we show that low-
temperature (<200 °C) substoichiometric AlO, provides a
stable n-doping layer for monolayer MoS,, compatible with
circuit integration. This approach achieves carrier densities >2
X 10" cm™?, sheet resistance as low as ~7 kQ/[], and good
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contact resistance ~480 Q+um in transistors from monolayer MoS, grown by chemical vapor deposition. We also reach record
current density of nearly 700 yA/um (>110 MA/cm?) along this three-atom-thick semiconductor while preserving transistor
on/off current ratio >10° The maximum current is ultimately limited by self-heating (SH) and could exceed 1 mA/um with
better device heat sinking. With their 0.1 nA/pm off-current, such doped MoS, devices approach several low-power transistor

metrics required by the international technology roadmap.
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he success of modern electronics has relied on
conventional silicon transistor scaling, enabling
advancements in computing technology year after
year for over five decades. Recent field-effect transistors
(FETs) have used top-down fabrication to realize ultrathin
silicon “fins” (i.e., FinFETs)"” for improved control of leakage
current and performance. However, these approaches have
limitations imposed by process variation and the degradation
of silicon mobility in ultrathin, approximately sub-4 nm
layers.” The emergence of sub-1 nm thin monolayer 2D
semiconductors could therefore extend transistor scaling,
representing the ultimate limit of semiconductors, without an
analogue among bulk materials like silicon. For example,
monolayer 2D semiconductors like MoS, could enable sub-5
nm scale transistors® and, owing to their direct band gap, could
also allow integration with optoelectronic devices.” Recent
research has demonstrated the integration properties of
monolayer 2D semiconductors, including three-dimensional
(3D) monolithic systems’ and flexible electronics.®
However, the atomic thinness of 2D semiconductors has
raised questions about the ability to dope them and,
consequently, about their ultimate performance in integrated
circuits. While doping bulk materials like silicon is achieved
with substitutional impurities, such an approach in a three-
atom-thick material could significantly degrade the mobility. In
addition, performance can be judged based not only on (low-
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field) mobility but also on the maximum drive current I,
because circuit delays are proportional to CV/I,,, where C is
the capacitance including parasitics and V is the voltage. To
meet International Roadmap of Devices and Systems (IRDS)’
specifications for low-power transistors, the on-state current
must exceed I, > 480 pA/pum, while the off-state current must
remain I g < 0.1 nA/pum, ideally within a narrow voltage swing
(e.g, 0.5 to 1 V) for low-power operation.

Past studies of doping 2D materials have explored surface
functionalization of acceptor'®'" or donor'” states, but a large
degradation in transistor subthreshold swing (SS) was often
observed due to induced trap states. Chemical charge-transfer
doping was also proposed;'”'* however, such approaches face
stability and integration issues. Instead, substoichiometric
metal oxides (like MoO, for p-type'® and AlO, or TiO, for
n-type'®'”) have been used as stable doping layers of 2D
materials, but doped devices typically experience a severe
reduction in on/off current ratio (I,,/I¢) and poor SS. Such
challenges have ultimately prevented the achievement of 2D
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Figure 1. AlO, doped MoS, FET. (a) Schematic of FET with Au contacts, 16 nm AlO, capping, and monolayer MoS, channel grown on f,,
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30 nm SiO, with a highly doped Si substrate back-gate. (b) Atomic force microscopy (AFM) image of transfer length method (TLM)
structures used for extracting contact and sheet resistances. (c) Photoluminescence (PL) measurements of MoS, before and after AlO,
deposition and N, annealing, showing a decrease of intensity and slight red-shift in PL peak position after AlO, deposition. (d) Raman
spectra of MoS, before and after AlO, deposition. The AlO, deposition induces a red-shift and asymmetry of the E’ mode, consistent with

the Fano effect of high doping,>*°**"

while the red-shift and peak broadening of the A,” mode has also been correlated with MoS, doping.*>

The corresponding full-width half-maximums (FWHM) before AlO, are 3.2 cm™' (6.1 cm™) for E’ (A,’) which then increase after AlO,

deposition to 6.8 cm™ (7.3 em™) for E’ (A,’).

transistors with high on-current and good I,,/I ¢ Furthermore,
most doping studies on 2D semiconductors have been limited
to thicker, multilayer semiconductors,">'® which have no clear
technological benefit over ultrathin silicon-on-insulator (SOI)
or FinFETs,""” far more mature technologies.

In this work, we demonstrate a stable doping approach that
preserves the transistor I, /I ¢ while enabling record-high I,
record-low sheet resistance, and low contact resistance in a
three-atom-thick semiconductor. These results are enabled by
the increase in carrier concentration from doping while
maintaining a low interface trap density through annealing.
Importantly, this is achieved with MoS, grown by large-area
chemical vapor deposition (CVD),”’ which is necessary for
practical applications. Our three-atom-thick MoS, transistors
reach I, ~ 700 yA/um at 5V (~300 uA/pum at 1 V) while
maintaining Iz < 0.1 nA/um. These achievements advance
monolayer semiconductors to an important position for low-
power logic and memory, approaching industrial specifications.

RESULTS AND DISCUSSION

Device Design. Figure la shows the schematic of our
transistors fabricated using monolayer MoS, grown by CVD
directly onto SiO, (t,, = 30 nm) on highly doped (p**) Si,
which also serves as a back-gate, with pure Au contacts® (also
see the Methods). The uncapped (and undoped) monolayer
MoS, has a field-effect mobility of 35 to 40 cm® V™' s™" in this
work, which could range from 30 to S0 cm®* V™' 57! in our
previous studies on similar CVD-grown material.”> To dope
these, we first use electron beam evaporation to deposit a thin
1 nm Al seed layer that immediately oxidizes upon air exposure
to form substoichiometric AlO,, followed by 15 nm of AlO,
deposited by atomic layer deposition (ALD), and additional
details are given in the Methods. Figure 1b displays an atomic

1588

force microscopy (AFM) image of multiple such MoS, devices
in a transfer length method (TLM) structure with channel
lengths from L = 180 to 980 nm, as measured. For good
contact resistance (RC) estimates, these TLM structures must
include channel lengths ranging from “short” (dominated by
their contacts) to “long” (dominated by the channel
resistance).”’ Extrapolating R¢ only from long channel devices
could lead to large uncertainty and even apparently negative
contact resistance from TLM extractions.”” The corresponding
photoluminescence (PL) and Raman spectra before and after
AlO,-capping are displayed in Figure 1c,d, respectively, and
additional details are provided in Supporting Section S1.

Doping vs Trapping Induced by the Oxide. Before
presenting the electrical data, we note that doping the 2D
material by metal oxides can result from at least two distinct
processes. In the first process, the charge is induced by trap
states at the semiconductor/oxide interface (classically referred
to as D) or in the oxide near the interface (e, border
traps).”>** These traps are energetically located within the
energy gap of the 2D semiconductor and ultimately lead to
degradation of mobility or SS. The other process for doping
the 2D material is by transfer of electrons or holes from states
that do not overlap with the energy gap of the 2D
semiconductor, analogous to modulation doping in high
electron mobility transistors (HEMTs).>® Similar effects have
been attributed to dipoles in high-k dielectrics on Si transistors,
where dipoles affect the mobile carrier density in the channel.”®
In this case, the induced charge carriers end up in the
conduction (valence) band for n-type (p-type) doping, and do
not degrade the SS or mobility of the 2D transistor. Such
techniques are commonly used in the semiconductor industry
to adjust the threshold voltage (V1) in Si transistors, utilizing
either fixed charge or dipoles.””
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Figure 2. Trapping and doping in MoS, FET. (a) Linear and (b) log scale measured transfer characteristics of MoS, FET before AlO,
deposition (gray), after AlO, deposition (light red), and after 200 °C N, anneal for 40 min (dark red). The —12 V shift in V; after N,
annealing indicates an induced negative charge density of ~8.6 X 10'> cm™? in the MoS,. Interface trap model fitting shown in (b) matches
the experimental data, demonstrating how midgap trap states can pin the MoS, Fermi level and reduce gate control. Small arrows show both
backward and forward measurements (dual sweep), revealing minimal hysteresis. (c) Schematic band diagram of the trapping and doping
states of the AlO,/MoS, interface, D® being a defect with no charge, D'* a defect with 1 positive charge, and D** a defect with 2 positive
charges. Band bending in the AlO, is shown schematically to illustrate presence of charge.

Figure 2a,b show measured linear and logarithmic drain
current vs gate voltage of a 3 ym long MoS, channel before
AlQ,, deposition (gray), immediately after AlO, doping (light
red), and after an anneal in N, at 200 °C for 40 min (dark
red). Note that all -V measurements shown here include
forward and backward sweeps, as labeled by small arrows,
while the minimum and maximum gate voltages are limited by
the breakdown field of the gate dielectric. Immediately after
ALD of AlO,, the carrier and current density increase, but the
SS and transconductance (g, = 0I,/0Vs) degrade, indicating
the as-deposited AlO, leads to carrier trapping. The induced
trap density is high, AD;; ~ § X 10> cm™ eV~ estimated from
the change in SS (Supporting Section S2). However, after
annealing in N, the SS, mobility, and g, recover to their values
measured in the undoped channel, with a negative Vi shift
corresponding to ~8.6 X 10" cm™* electron doping
(Supporting Section S3), and a current increase by >50% at
the highest Vg shown. The sheet resistance of this long
channel after doping and annealing is the lowest reported for
monolayer MoS, to date, Ry, & 7 kQ/[] at room temperature,
estimated after subtracting the small (<4%) contribution of the
contact resistance discussed below.

The trapping and doping states observed in Figure 2a,b are
linked to AlO, defects and their energy distribution at or near
the AlO,/MoS, interface.”*™*° Figure 2c displays an energy
band diagram of the doping effect, showing three defect states
in AlO, modeled previously using density functional theory
(DFT),30 originating from oxygen vacancies in substochio-
metric AlO,. These defect states each have a charge and energy
level that depend on the electron occupation. Defects with
high electron occupation have lower energy levels and no
charge (D°), whereas removing electrons raises the defect
energy level and leaves positive charge. The change in defect
energy level from removing or adding electrons has been
shown with DFT to occur from redistribution of the
surrounding atoms in the metal oxide, changing the required
energy to add or remove an electron, respectively.”* ™’

Shallow defects that have energy levels within the MoS,
band gap and available electron states (D'*) lead to trapping of
MoS, channel electrons, decreasing their mobility because the
localized electrons “hop” between defects.”’ If the defects
donate their electrons and reside at energy levels above the
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MoS, conduction band (D**), the MoS, electrons are not
trapped. These higher energy defect states donate electrons
and become positively charged, inducing negative (mobile)
charge in the MoS, channel. Remote Coulomb scattering with
these charged D** states could limit the channel mobility, as is
the case for HEMTs,** but this is not observed here as the
MoS, mobility after AlO, capping and anneal is virtually
unchanged from the uncapped samples. This indicates that
such remote Coulomb scattering is either screened by the AlO,,
or that the MoS, mobility is more strongly limited by intrinsic
defects and phonons in our samples.™

Using the Stanford 2D Semiconductor (S2DS) FET
model,”* we successfully simulate the data in Figure 2b. The
model can describe both the subthreshold (diffusion) and
above-threshold (drift) current components, with additional
details in Supporting Section S3. The large degradation of SS
immediately after AlO, deposition is due to midgap defects,
included in the model as an interface capacitance (C,
¢°D,,)*” which reduces the overall gate capacitance (1/Cg = 1/
Cox + 1/C;) where q is the elementary charge and C,, = €.,/t,,,
€. and t,, being the permittivity and thickness of the SiO,,
respectively. Thus, C; < C,, which can lead to an
overestimation of carrier density and underestimation of
mobility (Supporting Section S3).

The good agreement between the experimental data and the
Dy, model shows how trapping and doping can be induced by
changing the energy level and defects density in the AlO,.
Annealing in a nonreactive, inert N, ambient” ¢ after AlO,
deposition helps promote the defects to donate electrons to
the MoS,, analogous to dopant activation steps in conventional
semiconductors. These results highlight the difference between
trapping and doping of mobile charge in 2D materials. Here we
achieve 2D doping without degradation of I, /I, unlike
previous studies where the decreased I,/I ¢ was (incorrectly)
attributed to large doping, although this was likely a D, effect.

We also fabricated long channel (L = 6 ym) top-gated MoS,
FETs using the AlO, as the top gate insulator (Supporting
Section S4). As expected, we found that after anneal (the
doping state), the AlO, enables good electrostatic control and
low gate leakage, evidence of an insulating oxide. However,
before anneal (in the AlO, trapping state) the top gate control
was weak and the gate leakage current was much higher (see
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Figure 3. Electrical characteristics in trapping and doping states of MoS, FET. (a) Effective mobility (s.) and (b) contact resistance (R()
extractions vs electron concentration with the TLM. The doping state (dark red) demonstrates higher p g than the trapping state (light red),
as the reduction in traps yields a lower sheet resistance of the MoS,. By reaching higher carrier density, our highly doped Au-1L MoS, FETs
demonstrates lower Rc than previously measured R between Ag-1L MoS, and Au-7L MoS,.>"** (c) Measured output and (d) log-scale
transfer characteristics of a 380 nm long AlO,-doped MoS, device, reaching nearly ~700 #A/pm while maintaining a high on/off ratio of
~10°. The doping method is stable with only slight degradation after 60 days in air, as shown in (d). Every I-V shows forward and backward

measurements (small arrows), with minimal hysteresis.

Supporting Section S4). The leaky AlO, in the trapping state is
consistent with defect states within the MoS, band gap, which
lead to trap-assisted tunneling and therefore gate leakage.

We have analyzed other substoichiometric oxides for doping
2D materials in previous studies, including MoO; (for p-
doping WSe, and graphene),"”” as well as TiO, and NiO,.”*
However, we find that AlO, provides the best results for n-type
doping likely due to the Al seed not reacting with nor
damaging MoS,. In contrast, Ti and Ni can react with and
damage monolayer MoS,,*® respectively, leading to lower
mobility.

Contact and Sheet Resistance. To obtain the contact
resistance of the doped MoS,, we use the TLM structures”'
shown in Figure 1b and measure resistance vs length (Figure
SS). Figure 3a displays the effective mobility (p.4 here an
average over the six channels) from the sheet resistance, before
and after the N, anneal. The mobility increases from 12.8 cm”
V™' s7! before the anneal (due to the large D) to 33.5 cm* V™!
s~! after the anneal, similar to that of our undoped monolayer
MoS,.”” The average sheet resistance is Ry, = 9.0 + 0.5 kQ/[]
atn~ 2 X 10" cm™? in this TLM and ~7 kQ/[] in the doped
long-channel device of Figure 2a. These are the lowest sheet
resistances observed to date for monolayer MoS, at room
temperature, comparable to those achieved using superionic
conductor (LaF;) gating at the lower temperature of 220 K.
Figure 3b shows the contact resistance vs n, reaching as low as
Rc =~ 480 Q-um for Au with monolayer MoS, after AlO,
doping. This is also the lowest contact resistance to any CVD-
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grown monolayer semiconductor and one of the lowest among
all 2D semiconductors.'>*°

We attribute the low R to the reduction in Schottky barrier
width between Au and MoS, with increased carrier
concentration, although the AlO, doping layer only touches
the edge of the contact. This reduction in R from channel
doping has been observed before''® and can be attributed to
two causes. First, as the Ry, of the metal is far less than that of
the 2D material, the current transfer length ~50 nm (i,
region of current injection under the contact, see Supporting
Section S5), leading to most of the current being injected very
close to the contact eclgef“’42 Second, due to the 2D nature of
the channel, the depletion region of the Schottky contact
extends beyond the contact edge into the channel.” As a
result, increasing the carrier density by AlO, doping at or near
the edge of the metal contact reduces the Schottky depletion
region, increasing tunneling from metal to semiconductor as is
observed in highly doped Si/metal contacts. This is further
evidenced by comparing this result to our previous R results
in MoS, devices,”* as shown in Figure 3b, where the new
reduction in R is achieved by reaching higher carrier densities
through the use of AlO, doping.

The low Rc and Ry, in our monolayer MoS, allow us to
reach a maximum current I, & 690 yA/pum in a 380 nm long
channel at Vg = S V (Figure 3c), achieving a record current
density J,, > 110 MA/cm? for the three-atom-thick MoS, with
ts = 6.15 A** This current density is the highest recorded to
date in a 2D semiconductor, approximately 5X higher than the
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Figure 4. High current density and self-heating in AlO,-doped MoS, FET. Measured data (symbols) compared to model with self-heating
(with SH, lines) and model without self-heating (without SH, dashed). The (a) output and (b) transfer characteristics correspond to the
device in Figure 3, with L = 380 nm. The model includes self-heating with measured thermal conductance.”’ Including self-heating
accurately reflects the saturation of current, while the model without self-heating suggests I, could reach over 1 mA/um. The simulations
also capture the decrease of the saturation voltage (Vp,,) with increasing Vg, which is only modeled correctly when including self-heating.

typical electromigration current densities of common metals
and surpassed only by that of graphene (a 2D semimetal)*
and carbon nanotubes*® which are near ~1 GA/cm?. Strictly
speaking, this device reaches Iy & 300 yA/um at Vpg =1V
and the IRDS low-power specification” (>480 yA/um) is met
at Vpg = 2 V. To meet this at <1 V would require a 2-fold
improvement in mobility or a combined increase in mobility
and carrier density, coupled with a reduction of contact
resistance. We also keep in mind that the device shown in
Figure 3¢ has L = 380 nm, whereas the IRDS specifications’
are meant for FETs of 10—20 nm channel length.

Figure 3d shows the transfer characteristics of the same
transistor, demonstrating stable doping with only slight
degradation after 60 days in air, and negligible hysteresis
(both forward and backward measurement sweeps are shown).
The device can turn off to 0.1 nA/um and exhibits I /I 4 =~
2.5 X 10° at Vpg = 1 V despite the high doping (see Supporting
Section S6 for Vg = 2 and S V) contrasting other doped 2D
material transistors where the high on-state current was only
achieved with low on/off ratio. These metrics are comparable
to or better than those of recent silicon-on-insulator (SOI)
devices,"” yet achieved in a ~16 times thinner monolayer
MoS, channel, and additional comparisons are provided in the
Benchmarking section below. We emphasize that reaching high
on-current density while preserving SS and sufficient I, /I ¢ is a
critical figure of merit to benchmark practical doping
techniques of 2D materials.

Current Density Limits. Despite the record current
density achieved here in a three-atom-thick semiconductor, it
is important to ask what is limiting the maximum current and
whether this could be improved further, given that high current
(per transistor width) is required for high speed circuit
operation. With a fixed parasitic resistance of 960 Q-ym (=
2R¢) and channel resistance of 300 Q-um, our devices could
reach 600 yA/pm at 20 nm gate lengths and Vpg = 0.75 V,
meeting IRDS low-power specifications.” In comparison, state
of the art Si or III—V transistors can reach >1 mA/um,"*® but
in much “thicker” channels.

The maximum current density of a transistor is limited by
mobility or saturation velocity, carrier density, contact
resistance, and self-heating (SH) during operation. Naturally,
higher mobility (such as in III-V semiconductors or
graphene) automatically leads to higher current density, but
high carrier density can compensate for a lower-mobility
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semiconductor (as in this work). Shorter channel transistors
can also reach higher operating currents, down to channel
lengths that are limited by their contact resistance and
injection velocity.”” However, with a “given” set of material
and contact parameters, we find that self-heating ultimately
limits the maximum current achieved in our devices.

To understand this, we turn to Figure 4, which compares our
measurements (symbols) with simulations (lines) including
velocity saturation,” contact resistance, and self-heating effects
(further details provided in Supporting Section S7). By
including these effects, our simulations capture the deviation
from linearity in Figure 4a, at high drain bias Vg > 2 V. These
devices heat up significantly during measurement due to the
high current density and relatively high thermal resistance of
the MoS,/SiO, interface and the SiO, substrate.’” Thus, as the
input power (e IpVps) increases, the temperature rise AT
degrades the electron mobility and saturation velocity. We
estimate AT ~ 400 K channel temperature rise at the highest
bias probed here, with heat flow being limited by the relatively
low thermal boundary conductance between MoS, and SiO,
(TBC ~ 15 MW m™2 K71).%°

We also compare the measurements with our simulations in
Figure 4b. The simulations including self-heating (solid lines)
faithfully reproduce the experimental data, while simulations
without self-heating (dashed lines) predict much higher
current. The measured transconductance (g, = 0I,/0Vs)
decreases with increasing gate voltage V. In transistors based
on typical bulk semiconductors (eg, Si or III-Vs) such
behavior is attributed to either contact resistance or mobility
degradation from increased surface scattering at the higher
transverse electric fields.”””' However, 2R only accounts for
~26% of the total resistance even at n =2 X 10" cm™ for this
MoS, device, and we find no degradation of mobility with
increasing Vs (Figure 3a), as the electrons are already highly
confined within the three-atom-thick semiconductor. The g
decrease is also more pronounced at higher Vi, ie., higher
input power, indicating that self-heating effects limit our MoS,
transistor performance at high fields.

Simulations without self-heating (dashed lines in Figure 4b)
reveal this transistor could reach I, & 1.2 mA/um at n & 2 X
10" cm™ and Vpg = S V. These findings are consistent with
recent studies of velocity saturation in monolayer MoSZ,%’52
underlining that self-heating dominates the measured high-field
behavior, and suggesting that other reports of high current in
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Figure S. Benchmarking various 2D semiconductor FETs. (a) Maximum current density (J,, = I,,/ta,) vs Io,/I ¢ for our monolayer MoS,, for

. : o 5/15,16,18,53,64—68
other high-current 2D semiconductor devices™ "> >

of varying layer thickness (0.6 nm < t; < 14 nm), and a Si nanowire device.*

(b) Maximum I, vs I,,/I ¢ of our AlO,-doped MoS, compared with other doped 2D-FETs.'*'*'%18%9=72 whjle some doping methods yield
high I, the I, /I & can be much lower due to charge trapping in the 2D material or its interface. (c) Benchmarking of monolayer MoS,
transistor I, vs channel length (L) at Vg =1 V. 516436873778 Algo shown are IRDS high-performance (HP) and low-power (LP) metrics at
Vps = 0.75 V and 10—20 nm gate lengths.” The simple model (solid lines) estimates achievable I, with Rc = 480 Q-um (this work) or 1
kQ-pm. The low R achieved in this work (or lower) is needed to meet IRDS-HP metrics at reduced channel lengths. The data points are
representative and not exhaustive. A more complete data set is available on our 2D transistor benchmarking website.*®

2D transistors are also limited by self-heating.'*'®** (Also see
Supporting Section S7.) We note that even with thinner
insulating substrates (here the SiO, is only 30 nm), thermal
dissipation is limited by poor heat transfer across the weak van
der Waals MoS,/SiO, interface, which is equivalent in thermal
resistance to ~90 nm of Si0,.”° Thus, future efforts must
consider improving heat dissipation in 2D transistors or
operating them in a transient regime that is faster than typical
thermal time constants,”> which are sub-nanosecond for the
2D material®* and of the order 10—100 ns for the transistor
including its gate and dielectrics.”

Benchmarking. Figure Sa compares our results with other
reports of high current in 2D semiconductors (from monolayer
to ~14 nm thick) and various doping studies, including a fully
depleted Si nanowire FET.*® Here, we normalize the current
by the conduction area [J,, = L,,/(Wt4)], as opposed to only
channel width to account for the channel thickness ¢, which is
a key limiter in transistor scaling.”” Figure Sa reveals that while
many 2D transistors display good on/off ratio, they lack the
current density to compete with high-performance Si
technology. By achieving high current drive in atomically
thin, monolayer MoS, we surpass the current density of Si
nanowires while maintaining good electrostatic control,
highlighting the large current density and excellent electro-
statics of 2D semiconductors.

These are the monolayer semiconductor transistors with the
best current density reported to date, approaching IRDS low-
power requirements’ both in terms of I,, and Iz We also
compare our results with other 2D material doping studies by
plotting I, vs I,./I ¢ in Figure Sb. As before, we emphasize
that doping methods of 2D materials should not only be
evaluated on the basis of Ry, R¢, and I, but also on SS and
I,./I as the inability to turn off 2D FETs could be an
indication of charge traps. Figure Sb shows that most doping
methods can induce high current in 2D semiconductors, but
often by sacrificing I,,/I. As with our observations of
trapping vs doping using AlO,, the doping methods that
display low I,,/I ¢ could be introducing a substantial number
of midgap traps. Furthermore, many of these methods have not
been applied to 2D monolayers (as in this work), which are
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electrostatically more favorable and represent the “ultimate
atomic limit” of semiconductors.

Finally, in Figure Sc we compare the I, achieved in this
work and in previous studies of monolayer MoS, as a function
of transistor channel length, at the same Vpg = 1 V and
maximum Vgg reported. Solid curves are a simple model with
Ip = Vpg/(LRy, + 2Rc) where Ry, = (gnu) ™ ~ 8.1 kQ/[] is the
average channel sheet resistance with n = 2.2 X 108 em™, pu =
35 cm? V7' 57!, and Rc = 1 kQ-um (achieved previously,>**
gray line) or 480 Q-um (achieved in this work, black line). The
horizontal red lines show the IRDS low-power (LP) and high-
performance (HP) requirements (at a more aggressive 0.75 V
in 10—20 nm gate length FETs).” It is evident that micron-
scale devices are limited by their mobility, but short channels
(L < 2R¢/Ry, especially <100 nm) are strongly limited by their
contacts. Thus, we expect that the largest improvements of
short-channel MoS, transistors will be achieved by further
reducing the contact resistance, together with reduction of
equivalent oxide thickness (EOT) which will allow lowering
Vgs.- More benchmarking data on multilayer and other 2D
semiconductor transistors are summarized on a new website”®
recently launched while preparing this manuscript.

CONCLUSIONS

We have demonstrated the doping effect of substoichiometric
AlO,, on monolayer CVD-grown MoS,. By activating dopants
and reducing trap densities, we achieved record transistor
current of nearly 700 uA/um at S V (~300 yA/pum at 1 V),
limited primarily by self-heating due to large current densities.
The doping achieved with AlO, is stable, also yielding excellent
sheet resistance (down to 7 kQ/[]) and contact resistance
(down to 480 Q-um) for monolayer MoS, without degrading
mobility or subthreshold swing. In contrast, previous 2D
material doping methods often induced large density of
interface traps that limit on- and off-state current. These
interface traps can also lead to an overestimation of carrier
density and underestimation of mobility. Future work should
focus on selective doping near contacts, doping of the channel
for threshold voltage control, p-type doping to enable CMOS
and reducing the gate oxide thickness for lower gate voltages of
high-performance transistors and 2D circuits.
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METHODS

MoS, FET Fabrication. Monolayer MoS, was deposited using a
chemical vapor deposition (CVD)?® process directly onto t,, = 30 nm
of thermal dry SiO, on p*™* Si substrate (electrical resistivity of 1 to S
m€2-cm), which acts as a global back-gate. The MoS, was first etched
into ~2 um wide rectangular channels using electron beam
lithography (EBL) and a XeF, etch. Source and drain electrical
contacts were defined using EBL with channel lengths varying
between 180 nm and 3 um. EBL steps used 950 K poly(methyl
methacrylate) (PMMA) for the resist, with either AS PMMA for large
features (i, pads, channel) or A2 PMMA for small features (i.c.,
contacts). For EBL writing, we used a Raith 150 operating at 20 kV
acceleration voltages using doses of 180 uC cm™ for A2 PMMA and
380 uC cm™? for AS PMMA. Pure Au contacts of 35 nm thickness
were deposited on the MoS, using electron beam evaporation at high-
vacuum (~8 X 107% Torr) followed by lift-off in acetone and
isopropyl alcohol cleaning.”' We stress the importance of using pure
Au contacts to MoS, for a clean contact interface, compared to metals
that oxidize or react with the monolayer MoS,. Fabricating Au
contacts without Ti or Cr adhesion layers requires careful processing,
applying very little agitation to the sample during lift-off, and utilizing
the pure Au only for the contacts and leads, not the large probing
pads (which do have a ~3 nm Ti adhesion layer). The large probing
pads (away from the device channels) were a stack of 20 nm SiO,, 3
nm Ti, and 40 nm Au, with the additional SiO, to limit leakage
current from the 200 X 200 ym pad area to the substrate. If these
steps are carefully followed, our liftoff yield is about 70% for the Au
contacts vs the Ti/Au probing pads.

Measurements. All electrical measurements in this work were
performed in the dark and under vacuum (<107 Torr) using a
Keithley 4200-SCS parameter analyzer, in a Janis ST-100 probe
station, at room temperature. We scratched through the AlO, layer on
top of the electrical pads using the W probe tip to make electrical
contact with the Au. All plotted I-V data shows both forward and
backward sweeps, indicating minimal hysteresis in our devices. For
measuring the transistor on/off current ratio, we divide the maximum
on current (I,,) by the minimum off current (I,;) over the whole gate
voltage sweep. Raman and PL data were taken using a Horiba Labram
with 532 nm excitation laser.

AlO, Deposition. For the AlO, capping and doping layer, an Al
seed layer was first deposited on the MoS, devices by electron beam
evaporation at a base pressure of ~4 X 1077 Torr. After exposure to
air, the Al seed layer immediately oxidizes into AlO,. Supporting
Section S8 shows the Al seed layer doping effect on MoS, FETs by
applying several cycles of 1.5 nm Al deposition and oxidizing in air for
2 h. We use a 1 nm Al layer to seed ~15 nm of AlO, deposited by
ALD at 150°C with a trimethylaluminum precursor and H,O
oxidizing step. The Al seed layer promotes the nucleation of ALD
AlO, for complete coverage of the MoS,.>” We also found that
hydrogen annealing can effectively reduce the AlO,, increasing the
trap density and doping (Supporting Section S9).
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Section S1. Raman and PL Data on Doping

We used Raman spectroscopy and photoluminescence (PL) measurements for initial characterization
of AlOx-doped MoS:. Figure 1d from the main text displays Raman spectra of MoS: before and after
doping with the AlOx encapsulation layer. We observe red-shifts in both the E* and A:1’ peaks after
AlOx deposition. The A1’ peak is expected to red-shift with increasing carrier concentration of MoS2,’
and the observed 0.7 cm™ shift corresponds to induced carrier density An ~ 3.2x10'2 cm™, lower than
An ~ 8.6x10'> cm™ obtained by electrical characterization. However, we note the electrical measure-
ment is more accurate than the Raman estimate, due to the limited spectrometer resolution.

The E’ peak of monolayer (1L) MoS: is sensitive to strain® but its asymmetry seen in main text Fig. 1d
is consistent with a doping-induced Fano effect, which has been previously noted in several other sem-
iconductors with high doping.*>* Raman measurements of MoS: capped by 150°C ALD-deposited AlOx
without the Al seed layer (Fig. S1) show no shift of the A1’ peak and no asymmetry of the E’ peak,
suggesting that the doping effect is enhanced with the Al seed layer (which subsequently oxidizes) for
conformal deposition of AlOx and doping of the underlying MoS..

PL measurements in main text Fig. 1c¢ show a decrease and slight red shift of MoS2 PL after AlOx
capping. The shift is consistent with the effects of tensile strain” and dielectric screening’ that decrease
the MoS: optical band gap. In addition, the broadening of the PL peak indicates higher rate of non-
radiative recombination, ostensibly due to the presence of charge and defects in the AlOx.
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Fig. S1 Raman Spectra. Raman spectra of bare MoS, before AlOx and after 150°C ALD-AlOx deposition
without Al seeding layer. Contrasting with the Raman spectra in main text Fig. 1d, not using the Al seeding
layer causes no change in the A;’ peak and no Fano asymmetry of the E’ peak.



Section S2. Extraction of Interface Trap Density from Change in Subthreshold Swing
We estimate the interface trap density (Dit) with the standard model of subthreshold current in field-
effect transistors (FETs), aided by the diagram in Fig. S2. The subthreshold swing is:%’

kT
q

Cit + Cq

(1 + —) (E1)

COX

SS ~ (In10)

where ks is the Boltzmann constant, 7'is the temperature, g is the elementary charge, Cit is the interface
trap capacitance (Cit = ¢*Dit), Cq is the MoS2 quantum capacitance, and Cox is the oxide capacitance
(Cox = €ox/tox = 115 nF/cm? for our 30 nm SiO> back-gate oxide). We ignore the depletion capacitance
(Cp = emos2/tmos2) for monolayer MoSz, as it will be much larger than the series Cq and Ci.. As the Al
deposition (on top) will not affect Cox (bottom) or Cq, we can approximate the change in Dit due to
AlOx capping of MoS: from the change in S, resulting in:
ASSXCoyx

ADje ~ (In 10)kgT

(E2)

This equation stipulates that the SS of MoS2 FETs depends on the interface trap density (Dit), but is
independent of the mobile charge concentration and should not change with doping.
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Fig. S2. MoS; FET Capacitance Schematic. Circuit schematic of the monolayer MoS; transistor including
quantum capacitance (Cy) and interface trap capacitance (Ci;) effects on the gate control. Ve, and Vo are the
voltages dropped across the channel and oxide, respectively.

Section S3. Modeling of Charge Trapping and Charge Doping

To illustrate the difference between trapping and doping, we use a drift-diffusion model® to capture the
transfer characteristics of a 2D n-type FET with both interface traps and doping. The classical drift
current’ in the linear region describes electron motion from source to drain:

Larife = qnvg (E3)
14

n = Cox (Vas — Vr -225) /q (E4)

vy = % (E5)

F\Y
)]
Vsat

where V' is the threshold voltage, 7 is the average electron density between source and drain, vd is the
average drift velocity in the MoS: channel, F is the average lateral field F = (Vbs — 2IpRc)/L), vsat s
the saturation velocity of MoS2 (= 4x10° cm/s), y is an empirical fitting parameter (y = 5) and pefr is the
effective electron mobility.?



However, modeling the subthreshold diffusion current is difficult in a monolayer 2D transistor, as the
depletion capacitance is large and the quantum capacitance (Cq) dominates. Ref. 9 gave equations for
Cq with a known Fermi energy (E¥), although EF is not easily estimated in experimental devices. As
our goal is modeling the effects of traps on the change in subthreshold current, we estimate Cyq from
the undoped 2D FET using eq. E1 over a Vas range, and then calculate Er using Ref. 9. With the
extracted Er for the undoped MoS: FET, we then incorporate trap levels with delta distributions in
computing Cq using eq. 4 of Suryavanshi et al.® Thus, the subthreshold diffusion current is:

aVgs - VT)]
i _ anNle EXP[ CrkgT +1 E6
diff — I n aVgs - VT -Vps) ( )
eXp[—CrkBT +1

where Dn = (ksT/q)uett is the electron diffusion coefficient, Vop is the 2D density of states from equation
2 of Suryavanshi et al.® and C: is the normalized capacitance term [C: = 1 + (Cq + Cit)/Cox]. The total
current is then simply /b = larist + laitr from equations (E3) and (E6) above.

For the simulations shown in the main text Fig. 2 we use the following parameters, also labeled on Fig.
S3. For the initial MoS: device without AlOx capping we use V1 = 10 V, uetr = 33 cm?*V'!s!, and a
native interface trap density Dit = 510" cm™eV™' at an energy level Eii = -100 meV (i.e. 100 meV
below the MoS2 conduction band) to capture the traps already present within the CVD-grown MoS: or
at the Si02/MoS: interface. This Di at Eit = -100 meV is present in all our simulations, as these traps
remain at the Si02/MoS: interface.

After deposition of AlOx, we add two trap levels at Eit = -200 meV and -50 meV, each with Dit =
2.5%10" cm?eV! without changing other model parameters (i.e. constant V1 and uerr). To model the
channel after 200°C annealing in N2, we remove the trap levels from Eit = -200 meV and -50 meV, but
add an additional trap level at Ei = 250 meV (above the conduction band) with Dic = 7x10'2 cm?eV.
These parameters are listed on and correspond to the three scenarios labeled in Fig. S3.
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Fig. S3. Experimental I-V and Trap Modeling. (a) Measured Ip vs. back-gate Vgs (symbols) shown in
main text Fig. 2b. Simulations (lines) are shown with parameters used. Colors are consistent with Fig. 2 in
the main text: (1) gray is the bare MoS; device before AlOy deposition, (2) light red is right after deposition,
and (3) dark red is after the anneal step. We note the negative threshold voltage shift after AlOx deposition
(due to doping), and the recovery of the good on/off ratio after the anneal step. (b) Band diagram showing
Ei; and Dy in the AlOx on MoS:; in the trapping state, i.e. Ej; within the MoS, band gap. The charge trap
distribution is incorporated in the model as a delta function Dyd(E-Ey), as described by Suryavanshi et al.®



Section S4. Top-Gate Measurements with Doping AlO, Layer

We also evaluate the AlOx capping layer as a top-gate dielectric (Fig. S4a). The double-gate transistor
has a source-drain contact separation L = 6 um, top gate length L = 5 um, and channel width W =3
pum, confirmed by atomic force microscopy (AFM). The Pd top-gate was defined using electron beam
lithography and deposited with electron-beam evaporation. After the electron-beam evaporation step,
we observed that all devices on the sample displayed trapping-like characteristics (Fig. S4b). The deg-
radation of top-gate control originates from an increase in the density of mid-gap defect states due to
oxide damage induced by the high energy X-rays emitted during electron-beam evaporation.'®!! How-
ever, a 40 min 200°C Nz anneal recovers the gate control to the “doping” state (Fig. S4b).
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Fig. S4. Top-Gate Measurements: (a) Schematic of dual-gated MoS; FET, using the AlOy layer as a top-
gate dielectric. (b) Measured /p vs. V1c data showing the large lon/Iofr of the doping state and small Zon/losr
of the trapping state, similar to data using the back-gate. The arrows mark forward and backward sweeps,
indicating relatively low hysteresis. (¢) Top-gate leakage measurements showing that the AlOx dielectric
with a large trap concentration (“trapping”) is more conductive than with low trap concentration (“doping”).
(d) Energy band diagram showing how mid-gap traps in the AlOy lead to trap-assisted tunneling and high
gate leakage, but higher-energy state traps (in the “doping” state of the oxide) do not.

Fig. S4c displays the measured top-gate leakage current (/1) for the trapping and doping states. Large
ItG is measured for the trapping state, limiting the top-gate voltage (V'16) sweep from only -2 Vto 3 V
in Fig. S4b. For the doping state, /1 is reduced to <10 pA, allowing for a V't sweep from -5 V to 5
V. The large contrast in It between trapping and doping offers insight into the state of the AlOx in
these two cases, illustrated with schematic energy band diagrams in Fig. S4d. AlOx in the trapping state
is leaky due to defects that promote electron conduction and trap MoS: electrons, degrading FET per-
formance and increasing /1 by trap-assisted tunneling. AlOx in the doping state has higher defect
energy levels, above the MoS: conduction band, reducing trap-assisted tunneling and decreasing /rc.
The lower /I1c indicates that post-anneal AlOx can be effectively used to dope the underlying 2D sem-
iconductor while also serving as a top-gate dielectric, allowing for process integration of doping and
dielectric formation. However, future studies will need to reduce the physical (and equivalent) oxide
thickness of the top-gate dielectric, and/or combine it with an additional layer which has a higher die-
lectric constant (e.g. HfO2). This is needed to reduce the operating gate voltage of MoS: transistors.



Section S5. Transfer Length Method Measurements

We use the transfer length method (TLM)'? to obtain both sheet and contact resistance of our MoS2
after doping with the AlOx capping layer. Fig. S5a shows a TLM structure with six channel lengths of
180, 280, 380, 480, 680, and 980 nm (measured by AFM). Fig. S5b plots the measured resistance (Rtot)
vs. channel length (L), showing the expected linear scaling. Here, we account for the (small) Au wiring
resistance in the TLM, reducing the measured resistance of all devices by 5 Q (or 10 Q-um normalized
by the 2 pm channel width), which was estimated from shorted Au test structures. The sheet resistance
(Rsh) and contact resistance (Rc) are extracted from the slope and vertical intercept of the TLM plot as:

With the extracted Rsh, the effective mobility (uefr) is obtained as:
Hett = (qnRgy) ™ (E8)

where the carrier density # i1s estimated from the gate voltage in eq. E4. We note that due to uncertain-
ties in the threshold voltage ¥t (and due to small contributions from Cq < 5% at n>5 x 10'> cm™) the
carrier density n and therefore the mobility are more accurately estimated at larger Ves. There are also
small V't variations between the different channels within the TLM structure, and thus the TLM ex-
traction is performed at the same gate overdrive (Vas — V1) for each individual channel. Additional
details of TLM extraction, uncertainty estimates, and other pitfalls are given by English et al.'?
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Fig. S5. TLM Measurements: (a) AFM of TLM structure on monolayer MoS,, from main text Fig. 1b.
(b) Measured R vs. L, used for extracting Rc and R, at different carrier densities. All lengths were meas-
ured by SEM and AFM, confirming channel lengths ~20 nm smaller than target values (i.e. L = 980 nm,
680 nm, 480 nm, etc.). The 380 nm channel had slightly better characteristics than other channel lengths
(i.e. lower V1) while 680 nm was slightly worse, causing some of the uncertainty in the Rc extraction.

The effective mobility uefr may be underestimated vs. the Hall mobility because the extraction of n may
be overestimated due to traps in the MoS2 and/or surrounding dielectrics,'*'* as discussed in the main
text. However, petr is an effective mobility that captures how well the gate controls Rsh of the MoS2
(independent of Rc), and is also used to calculate the current with eqs. E3-ES. Thus, e is the correct
metric which captures the transconductance and net current flow in these transistors.

From the TLM data, we can also extract the current transfer length (Lt), which is the characteristic
distance that electrons travel in the semiconductor under the metal contact before flowing up into the
metal. This can be simply estimated as Lt = Rc/Rshe Where Rshe 1s the sheet resistance of the MoS2
under the contact.'? For simplicity, we use our average channel Rs = 9 kQ/0 but the actual Rsh.c could
be higher due to (some) metal evaporation damage to the MoS: under the metal contact. From this, we
estimate an upper bound of Lt = 53 nm at n = 2x10"* cm™, indicating the contact length of our devices
could be scaled to ~50 nm before contact current crowding effects become non-negligible.



Section S6. High On-Current and High On/Off

While achieving high drain current in transistors can decrease circuit delay, transistors must also have
a high lon/lofr ratio to maintain low leakage current. Fig. S6 plots the measured log-scale /Ip vs. Vs of
a doped MoS> FET showing lon/Iotr > 10° at both Vbs = 2 V and 5 V. These results contrast many
previous reports of high current in 2D material transistors, where increasing lateral field (i.e. Vbs)
results in an exponential increase in /lofr, reducing lon/lofr. The increase in loff is common in small band
gap material transistors, such as black phosphorus, where larger lateral field increases band-to-band
leakage current. Our devices can maintain a high Zon/Iofr as monolayer MoS: has a larger band gap (Ec
>2 eV)" reducing band-to-band tunneling effects.
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Fig. S6. High-Current Ip-Vgs: Measured log Iy vs. Vs of a highly doped MoS, FET showing Zon/Zor > 10°
at Vps =2 V and 5 V. The channel length L = 380 nm and back-gate oxide thickness fox = 30 nm.

Section S7. Thermal Modeling of MoS; FET's

We use a compact thermal model of 2D material FETs to estimate the effects of self-heating on device
performance. We first calculate the thermal conductance per unit length (g) and thermal resistance (R)
from MoS: to the Si substrate back-side from the equations:®

-1 1
g=tosi | me ] 4 (LY (£9)

w ln[e(t"Wx+ 1)] tox 2ksi \Wess

1

=~ (E10)

Ry, =

where Rcox is the thermal boundary resistance between MoS: and SiO2, W is the width of the MoS:
channel, xox is the thermal conductivity of SiOz, tox is the thickness of the SiO2, s is the thermal con-
ductivity of the highly doped Si substrate, Werr is the effective width of the MoS: device including
thermal spreading'® into the SiO2 (Wetr = W + 2fox) and L is the length of the MoS2 channel. With an
estimation of R, the increase in temperature can be expressed as:

Tavg _ To + PRth {1+gLHRTx—2xLH/L} (Ell)

1+gLyRTX

where 70 is the ambient temperature (~295 K for our measurements unless otherwise stated), P is the
input power [corrected for the voltage drop across the contacts, P = In(Vbs — 2IpRc)], Rt is the thermal
resistance into the 35 nm thick Au contacts,'® x = tanh[L/(2Lu)], and Lu is the thermal healing length
along the MoS:z and to the metal contacts. We estimate Lu = 110 nm using the equation:

w
LH = \/KefftMOSZ (E + RCox)a (EIZ)

where #eft = kMos2 + Keap(feap/tMos2) s the effective lateral thermal conductivity'” accounting for parallel
heat flow along the MoS: and the AlOx capping layer (fcap = 15 nm and xcap = 3 Wm'K™).!® Thus, the




thermal model includes both heat sinking to the substrate (most important in longer channels, L > 3Lu
~ 330 nm) and heat sinking to the contacts (more important in the shorter channels, L <3Lu ~ 330 nm).

Additional details about this thermal model can be found in previous work.%%!”
Parameter Value Reference
Rcox 7x10% m*’KW! | 19
Kox 1.3 Wm'K! 20
Ksi 95 Wm'K! 19
KMoS2 34 Wm™'K"! 21

Table S1. Thermal Parameters used for our calculations, all near 300 K. Rcox is thermal boundary re-
sistance, i.e. the inverse of the thermal boundary conductance (TBC). The thermal conductivity of silicon
(ki) corresponds to our highly doped substrates, as measured in Yalon et al."®

The effect of temperature on the /- characteristics is included through:

T\B
e = o (1) (E13)
where 8 = -1.24 is extracted from temperature-dependent measurements of MoS2 mobility® and uo is
the effective mobility at 295 K (~33 cm?V-'s™! is this work). For thermal conductivities and boundary
resistances, we used the values listed in Table S1. The model results shown in the main text Fig. 4
demonstrate how self-heating can significantly limit the on-state current. Thus, improved heatsinking
will reduce mobility degradation and velocity saturation,® improving overall device performance.

We also estimate the performance of our devices with a 3x reduction of thermal boundary resistance
(Rcox/3) in Fig. S7. The maximum /lon increases to 930 pA/um at n =2x10" cm™ and Vbs =5 V, as the
max temperature decreases from 700 K to 500 K with the improved heatsinking. There is also a more
linear increase in current with Vs as the device approaches the vsa-limited regime and the current
saturation is less dominated by self-heating. Improvement in device thermal resistance can be achieved
by using more thermally conductive dielectrics (e.g. h-BN, AIN)* or improved thermal interfaces
(lower Rcox), because the intrinsic thermal conductivity of the MoS:z plays only a small role. Although
shorter channel transistors will have higher power density, decreasing the channel length (L < 3Ln)
should reduce the overall self-heating by increasing heat sinking to the contacts.
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Fig. S7. Model with Improved Heat Sinking. Measured /p vs. V'ps data (symbols) of a high-current mon-
olayer MoS, FET (L = 380 nm) and simulations (lines) showing that reducing the MoS,-SiO; thermal
boundary resistance (Rcox) increases the maximum current drive by reducing self-heating. Rcox was reduced
from 7x10® m?KW~' (default parameter in Table S1) to 2.3x10"®* m>KW', corresponding to increased ther-
mal boundary conductance (TBC = 1/Rcoy) from 14.3 MWm?K™! to 43 MWm?K"'.



Section S8. Effect of Al Seed layer on Doping

We also studied the effect of electron-beam physical vapor deposited (EBPVD) Al layers on our CVD-
grown monolayer MoS2 FETs. We deposited a series of 1.5 nm layers of Al at a pressure of 10 Torr
on MoS: FETs, exposing the Al to atmosphere for several hours and measuring the electrical charac-
teristics (in a vacuum probe station) between each Al deposition. From previous studies,” we know
the thin layer of EBPVD Al will completely oxidize upon air exposure, forming a sub-stochiometric
AlOx compound. Thus, this AlOx layer capping the MoS: channel is not conductive, and the current is
entirely carried by the MoSo.

Fig. S8 shows the n-type doping effect of the thin AlOx layers on the electrical characteristics of the
MoS: FET after the first two 1.5 nm of Al depositions (1.5 nm and 3 nm). However, after further Al
depositions (4.5 nm and 6 nm), we see a decrease in MoS: conductivity as the AlOx doping effect
begins to degrade from continued exposure to air. We believe this degradation in conductivity results
from carbon contamination on the AlOx surface and decrease in the fixed charge doping density in the
AlOx layers.?* This degradation in device performance with Al seeding alone contrasts the stable dop-
ing observed with seed layer followed by ALD-deposited AlOx, as the higher quality and thicker ALD
AlOx prevents carbon contamination to the AlIOx/MoS: interface. Thus, we conclude that a thin (sub-3
nm) seed layer of Al is necessary but not sufficient to induce the maximum doping effect observed in
our MoS:2 devices.
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Fig. S8. Effect of Al Seed Layer. Measured (a) log and (b) linear scale /p vs. Vs of an MoS, device after
a series of Al seed layer depositions (see arrows), showing increase in conductivity from no Al to 1.5 and
3 nm of Al. However, after 4.5 and 6 nm of Al, the conductivity degrades, likely due to surface contamina-
tion. The sample is exposed to air after each deposition round, ensuring the AlOx formed is not conducting.
Double sweeps (forward and backward) are shown for each data set, revealing minimal hysteresis.

Section S9. H> Annealing to Increase Defects

While N2 annealing can reduce MoS2/AlOx interface traps, we found that Hz annealing can increase
the interface traps. Fig. S9 demonstrates how the doping concentration can be further increased by a
combination of H2 and N2 anneals on an MoS2 device doped with 15 nm ALD-capped AlOx. Hz anneals
promote the generation of oxygen vacancies in AlOx by reacting with oxygen and reducing AlOy.>
After a 30 minute 150°C Ar/Hz anneal (5% Hz), the measured /b vs. Vas shows trapping, as indicated
by the significant increase in SS. An N2 anneal increases the trap energy levels, shifting the /'t by -10
V (to more negative values) and increasing the induced carrier concentration by An ~ 6x10'* cm™
compared to the FET before Hz annealing.
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Fig. S9. H; Annealing: Measured /p vs. Vs data of a MoS; device doped by ~15 nm ALD-deposited AlOx
capping before treatment, after Ar/H, annealing, and after N, annealing. A clear negative threshold voltage
V't shift is observed, indicating the series of Ar/H, and N, anneals can increase doping.

References

1

10

11

12

Chakraborty, B., Bera, A., Muthu, D., Bhowmick, S., Waghmare, U. V. & Sood, A. K., Symmetry-
Dependent Phonon Renormalization in Monolayer MoS, Transistor. Physical Review B 2012, 85
(16), 161403.

Conley, H. J., Wang, B., Ziegler, J. 1., Haglund, R. F., Pantelides, S. T. & Bolotin, K. 1., Bandgap
Engineering of Strained Monolayer and Bilayer MoS,. Nano Lett. 2013, 13 (8), 3626-3630.
Chandrasekhar, M., Renucci, J. & Cardona, M., Effects of Interband Excitations on Raman Phonons
in Heavily Doped N-Si. Physical Review B 1978, 17 (4), 1623.

Tsang, J., Freitag, M., Perebeinos, V., Liu, J. & Avouris, P., Doping and Phonon Renormalization in
Carbon Nanotubes. Nature Nanotech. 2007, 2 (11), 725-730.

Lin, Y. X., Ling, X., Yu, L. L., Huang, S. X., Hsu, A. L., Lee, Y. H., Kong, J., Dressehaus, M. S. &
Palacios, T., Dielectric Screening of Excitons and Trions in Single-Layer MoS,. Nano Lett. 2014, 14
(10), 5569-5576.

Suryavanshi, S. V. & Pop, E., S2DS: Physics-Based Compact Model for Circuit Simulation of Two-
Dimensional Semiconductor Devices Including Non-Idealities. Journal of Applied Physics 2016, 120
(22), 224503.

Streetman, B. & Banerjee, S. Solid State Electronic Devices. 6; Prentice Hall: United States, 2005;
311.

Smithe, K. K., English, C. D., Suryavanshi, S. V. & Pop, E., High-Field Transport and Velocity
Saturation in Synthetic Monolayer MoS,. Nano Lett. 2018, 18 (7), 4516-4522.

Ma, N. & Jena, D., Carrier Statistics and Quantum Capacitance Effects on Mobility Extraction in
Two-Dimensional Crystal Semiconductor Field-Effect Transistors. 2D Materials 2015, 2 (1),
015003.

Shaneyfelt, M., Fleetwood, D., Schwank, J. & Hughes, K., Charge Yield for Cobalt-60 and 10-Kev
X-Ray Irradiations of MOS Devices. IEEE Trans. Nuclear Science 1991, 38 (6), 1187-1194.
Benedetto, J. M. & Boesch, H., The Relationship between %Co and 10-Kev X-Ray Damage in MOS
Devices. IEEE Transactions on Nuclear Science 1986, 33 (6), 1317-1323.

English, C. D., Shine, G., Dorgan, V. E., Saraswat, K. C. & Pop, E., Improved Contacts to MoS,
Transistors by Ultra-High Vacuum Metal Deposition. Nano Lett. 2016, 16 (6), 3824-3830.



13

14

15

16

17

18

19

20

21

22

23

24

25

10

Kim, T., Hur, J.-H. & Jeon, S., Pulse I-V Characterization of a Nano-Crystalline Oxide Device with
Sub-Gap Density of States. Nanotechnology 2016, 27 (21), 215203.

Kim, T., Choi, R. & Jeon, S., Influence of Fast Charging on Accuracy of Mobility in a-InHfZnO
Thin-Film Transistor. IEEE Electron Device Letters 2016, 38 (2), 203-206.

Hill, H. M., Rigosi, A. F., Rim, K. T., Flynn, G. W. & Heinz, T. F., Band Alignment in MoS,/WS,
Transition Metal Dichalcogenide Heterostructures Probed by Scanning Tunneling Microscopy and
Spectroscopy. Nano Lett. 2016, 16 (8), 4831-4837.

Liao, A. D., Wu, J. Z., Wang, X., Tahy, K., Jena, D., Dai, H. & Pop, E., Thermally Limited Current
Carrying Ability of Graphene Nanoribbons. Physical review letters 2011, 106 (25), 256801.
Mleczko, M. J., Xu, R. L., Okabe, K., Kuo, H.-H., Fisher, I. R., Wong, H.-S. P., Nishi, Y. & Pop, E.,
High Current Density and Low Thermal Conductivity of Atomically Thin Semimetallic WTe,. ACS
Nano 2016, 10 (8), 7507-7514.

Cappella, A., Battaglia, J. L., Schick, V., Kusiak, A., Lamperti, A., Wiemer, C. & Hay, B., High
Temperature Thermal Conductivity of Amorphous Al,O3 Thin Films Grown by Low Temperature
ALD. Advanced Engineering Materials 2013, 15 (11), 1046-1050.

Yalon, E., McClellan, C. J., Smithe, K. K., Mufioz Rojo, M., Xu, R. L., Suryavanshi, S. V.,
Gabourie, A. J., Neumann, C. M., Xiong, F., Farimani, A. B. & Pop, E., Energy Dissipation in
Monolayer MoS; Electronics. Nano Lett. 2017, 17 (6), 3429-2433.

Lee, S.-M. & Cahill, D. G., Heat Transport in Thin Dielectric Films. Journal of Applied Physics
1997, 81 (6), 2590-2595.

Yan, R., Simpson, J. R., Bertolazzi, S., Brivio, J., Watson, M., Wu, X., Kis, A., Luo, T., Hight
Walker, A. R. & Xing, H. G., Thermal Conductivity of Monolayer Molybdenum Disulfide Obtained
from Temperature-Dependent Raman Spectroscopy. ACS Nano 2014, 8 (1), 986-993. Also see:
Gabourie, A.J., Suryavanshi, S., Farimani, A.B., & Pop, E., Reduced Thermal Conductivity of
Supported and Encased Monolayer and Bilayer MoS,. 2D Materials 2021, 8, 011001.

Xu, R. L., Muiioz Rojo, M., Islam, S., Sood, A., Vareskic, B., Katre, A., Mingo, N., Goodson, K. E.,
Xing, H. G., Jena, D. & Pop, E., Thermal Conductivity of Crystalline AIN and the Influence of
Atomic-Scale Defects. Journal of Applied Physics 2019, 126 (18), 185105.

English, C. D., Smithe, K. K., Xu, R. L. & Pop, E. In Approaching Ballistic Transport in Monolayer
MoS; Transistors with Self-Aligned 10 nm Top Gates, 2016 IEEE International Electron Devices
Meeting (IEDM), IEEE: 2016; pp 5.6. 1-5.6. 4.

Leonhardt, A., Chiappe, D., Afanas’ev, V. V., El Kazzi, S., Shlyakhov, I., Conard, T., Franquet, A.,
Huyghebaert, C. & De Gendt, S., Material-Selective Doping of 2D TMDC through AliOy
Encapsulation. ACS Applied Materials & Interfaces 2019, 11 (45), 42697-42707.

Braaten, O., Kjekshus, A. & Kvande, H., The Possible Reduction of Alumina to Aluminum Using
Hydrogen. JOM 2000, 52 (2), 47-53.



