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ABSTRACT: Two-dimensional (2D) semiconductors possess promise for the development of field-effect transistors (FETs) at the
ultimate scaling limit due to their strong gate electrostatics. However, proper FET scaling requires reduction of both channel length
(Lcy) and contact length (L), the latter of which has remained a challenge due to increased current crowding at the nanoscale.
Here, we investigate Au contacts to monolayer MoS, FET's with Ly down to 100 nm and L down to 20 nm to evaluate the impact
of contact scaling on FET performance. Au contacts are found to display a ~2.5X reduction in the ON-current, from 519 to 206 yA/
pum, when L is scaled from 300 to 20 nm. It is our belief that this study is warranted to ensure an accurate representation of contact
effects at and beyond the technology nodes currently occupied by silicon.

KEYWORDS: scaling, two-dimensional materials, semiconductors, interfaces, transistors

wo-dimensional (2D) semiconductors have seen intense

investigation over the past decade as candidates for the
development of field-effect transistors (FETs) at the ultimate
scaling limit due to their atomically thin nature and
accompanying strong gate electrostatics. However, proper
FET scaling requires reduction of both channel length (Lcy)
and contact length (L), the latter of which has remained a
challenge even for conventional Si complementary metal-
oxide-semiconductor (CMOS) technology due to increased
current crowding at the nanoscale. 2D FETs are no exception,
with contact-related challenges being highlighted since the
early developmental phase of 2D semiconductors.” Recent
publications have shown that a combination of aggressive
channel length scaling and contact engineering in 2D MoS,-
based FETs can offer an impressive electrical performance
capable of satisfying the International Roadmap for Devices
and Systems (IRDS) targets for 2028 and beyond.””"” Thanks
to successes such as these, early skepticism on the potential of
2D materials is finally evaporating, and leading semiconductor
manufacturing corporations have begun introducing 2D
materials into their future technology roadmaps.”’™** Addi-
tionally, 2D FETs have shown promise for edge devices in
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many Internet of Things (IoT) applications.”*™*’

It is,
therefore, the right time to identify and resolve the remaining
challenges pertaining to the contacts to 2D monolayer
semiconductors.

As alluded to previously, these contact challenges are
exacerbated in scaled devices where not only Ly but also
Lc must be aggressively scaled. While L.y scaling naturally
leads to higher channel conductance and improves device
performance, L. scaling increases contact resistance (Re)
owing to the phenomenon of current crowding and thereby
limits device performance. The impact of L¢ scaling on R is
derived from the distributed resistive network model®" shown
in Figure la and can be described by using eq 1.
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Figure 1. Importance of contact scaling. (a) Schematic showcasing the resistor network model of contact resistance at the metal/semiconductor
interface. The resistance of the bulk metal contact, Ry is assumed to be negligible in comparison to the contact resistance, R. (b) Example plot
of R¢ versus L given by eq 1. For L > L, R is independent of L. However, once L. is scaled below Ly, R increases asymptotically with L. (c)
Survey of the literature on contacts to synthetic MoS, FETs,”™"” categorized by L¢y; and L. Diamonds denote the smallest FETs reported in each
work, with the color corresponding to their contact material. Yellow stars represent the devices investigated in this work.
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L
Re= /pCRSH_Ccoth[L—C} L=
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Here, pc is the specific contact resistivity given in um,”
Rgyy.c is the sheet resistance of the 2D channel underneath the
contacts given in € per square, and Ly is the transfer length,
which is a metric used to assess the prevalence of current
crowding at the metal/2D interface. Ideally, Rgy.c should be
equal to the sheet resistance of the 2D channel (Rgy).
However, damage from contact metal deposition and contact-
induced doping often prevents this in real-world scenarios.
Figure 1b shows R as a function of L. Note that for L >> L,
the hyperbolic cotangent in eq 1 reduces to unity and

Rc = /o-Rsgc, i-e, Rc remains independent of L.
Conversely, when Lo < Ly, the hyperbolic cotangent in eq

1 can be replaced by %, which gives inverse dependence
C

. ’ .
between L¢ and R, i.e, Rc = L—Z In other words, R increases

as a function of L.

Some studies have attempted to bypass Ly limitations, thus
reaching the theoretical limit of L, by exploiting edge
injection to 2D semiconductors.””"** While promising, the
ON-currents reported for edge-contacted 2D FETs are
relatively low compared to those of top-contacted 2D FETs;
even the highest reported ON-currents reach only tens of yA/
um’*** on MoS, despite the utilization of precise Ar* beam
etching and in situ metallization to obtain pristine interfaces.
One-dimensional (1D) contacts to MoS, with L values below
2 nm have also been demonstrated using semimetallic carbon
nanotubes (CNTs).*® However, this technology currently
relies on the manual identification and transfer of individual
CNTs, making its practical/scalable implementation uncertain.
With industrial/commercial implementation of 2D-based
devices and technology imminent, greater emphasis must be
placed on scaled contacts capable of being fabricated in a
reliable, reproducible, and scalable manner. While recent
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studies have offered breakthrough demonstrations of reliable
low R¢ contacts to MoS,, experimental investigations of L
scaling are relatively sparse, especially for the synthetic
monolayer films currently of interest to the 2D materials
community. Figure 1c compares recent works on contacts to
synthetic, large-area MoS, FETs" ™'’ by categorizing them
based on their experimental demonstrations of Ly and L. As
can be seen, while a wide variety of different contact materials
have been investigated, most reports have been primarily
concerned with verifying L¢yy scalability with low R and have
neglected to pay a similar heed to L scalability. Though Ni
contacts have seen comparatively intense investigation,7‘9’lI
they have also seen increasing scrutiny in recent years due to
their Schottky nature,””* thus necessitating experimental
investigations of L scaling in different contact metals.

The contribution of this work lies in a comprehensive study
of Au contacts for monolayer MoS, FETs. By scaling down
Ly to ~100 nm and L to ~20 nm, we investigate the effects
of Lcy scaling and L scaling on the total resistance.
Considering the recent explosion of contact studies for high-
performance MoS, FETs, it is our belief that an experimental
investigation of L scaling is both warranted and beneficial as
2D materials enter a new phase of technology readiness and
scrutiny for imminent industrial/commercial implementation.
We hope for this work to serve as a stepping stone to promote
further experimental investigations of ultrascaled contacts
using the wide array of contact metals/semimetals of interest
to the 2D community.

A back-gated MoS, FET architecture was used for the
devices discussed in this study. The MoS, used in this study
was grown via metal-organic chemical vapor deposition
(MOCVD) on an epi-ready 2” diameter c-plane sapphire
wafer as previously described.”® Complete details of film
growth can be found in the Methods section. Material
characterization of the MoS, film is discussed in Supporting
Information 1. Al,O5 (&,, & 10) was deposited via atomic layer
deposition (ALD) to act as the back-gate dielectric on Pt/
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Figure 2. Characterization of TLM structures based on Au-contacted MoS,. (a) Scanning electron microscope image of a representative gold (Au)
TLM structure with L¢y values of 100 nm, 200 nm, 300 nm, 400 nm, 500 nm, 1 gm, and 2 pm. The translucent rectangle marks the boundary of
the channel region defined via etching for the TLM. SEM analysis showed few-to-no abnormalities in the physical characteristics (grain structure,
line edge roughness, etc.) of the fabricated TLM structures. Inset shown below the SEM image denotes the total yield (%), defined as the number
of working devices among all Ly across all TLM structures. (b) Transfer characteristics, i.e., source-to-drain current (Ipg) versus back-gate voltage
(Vgg), were taken at a drain bias (Vpg) of 1V for all working MoS, FETs across 20 Au TLM structures. FETs are separated by L¢y. (c) Box plot of
ON-current (Ioy) as a function of Ley. Iy was extracted at a carrier concentration (n,) of ~1.65 X 10" cm™2 and Vppg = 1 V from the transfer
characteristics shown in (b). (d) Ry (normalized by width) versus L. for a representative TLM when extracted at varying n,. Dashed lines are linear
fits whose y-intercept is ~2Rc. (e) R extracted across representative TLMs shown in (d) as a function of n. (f) Output characteristics, i.e., Ing
versus Vpyg, for varying Vg taken from the “champion” (best-performing) Au-contacted FET with Ly = 100 nm.

TiN/p**-Si substrates; this high-k and relatively large band gap taken at a drain bias (Vpg) of 1 V for all working devices with

(>8 €V) dielectric was chosen to allow for better gate Lcy = 100 nm, 200 nm, 300 nm, 500 nm, 1 ym, and 2 pm. As
electrostatics than conventional SiO, while also preventing the expected, all devices showed strong n-type behavior.' Figure 2¢
gate leakage commonly seen in thinner dielectric stacks at shows Iy, extracted for a carrier concentration (n,) of ~1.65
higher overdrive voltages. Supporting Information 2 shows a % 10" cm™? and Vppg = 1V, as a function of Ly for the devices
low gate leakage current (~2 pA) for a representative MoS, shown in Figure 2b. We used eq 2 to calculate n,.

FET even at high back-gate bias (Vg = +10 V). Further

details pertaining to device fabrication can be found in the Cox(Vag — Vo)

Methods section. Figure 2a shows the scanning electron s = q @)

microscope (SEM) image of a representative transmission line
measurement (TLM) structure where the MoS, channel is in
contact with 40/30 nm Au/Ni. The fill bar shown beneath the
SEM image denotes the total yield (percent of working
devices) among all Ly tested. The Au-contacted devices
discussed had a total yield of ~87.5%; this nonideality is
unsurprising, as Au possesses weaker adhesion to the MoS,
film and underlying substrate than other contact metals
conventionally used in research settings such as Ni.'”*” Note

Here, Cox ~ 1.77 X 107> Fm™ is the capacitance of the back-
gate oxide, and Vipy is the threshold voltage extracted at an
isocurrent of 100 nA/um. The devices with Loy = 100 nm
achieved a median Iy value of 40 uA/um, while the
“champion”, ie., best performing, device demonstrated an
Iy value of 101 pA/pum. Box plots for Viy, subthreshold slope
(SS), and peak field-effect mobility (,upeak) extracted at

that the yield for each set of long channel (Lcy > 200 nm) different Lcy are shown and discussed in Supporting
devices was >85%. The yield for devices with Loy = 100 nm Information 3.
was lower (~60%) due to inherent challenges with fabricating To gain further insight into the contact effects displayed by
short channels using a bilayer resist process; adoption of an our experimental findings, we used the TLM structures to
alternate lithography process, as discussed in the Methods extract R¢ and evaluate the impact on Lcy scaling. Figure 2d
section on the fabrication of devices with scaled L., would shows a plot of Ry (normalized by width) versus Lcy at
allow for higher yields. Figure 2b shows the transfer different ng values for the devices shown in Figure 2b. The
characteristics, i.e., source-to-drain current (Ipg) versus Vi, complete Rp—Ly relationship is presented in eq 3.
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Figure 3. L scaling of Au-contacted MoS, FETs. SEM images of representative MoS, FETs with L values of (a) 300 nm, (b) 100 nm, (c) 40 nm,
(d) 30 nm, and (e) 20 nm. Translucent rectangles mark the boundaries of the channel region defined via etching for each FET. (f—j) Overlaid
transfer characteristics of multiple FETs with L values corresponding to those shown in parts (a—e), respectively. As L. decreases, the ON-state
performance of the FETs decreases. (k—o0) Output characteristics of the “champion” devices shown in (f—j), respectively, taken at n, ~ 2.2 X 10"
cm™ Long (>100 nm) L values display near-Ohmic behavior and high drive currents, while short (<40 nm) L values display drive currents

reduced by ~50%.

Ry = Rey + 2R¢;
LCH LCH

Hrim Cox(Vag = Vrn) angr v

Rey =

©)

As indicated by eq 3, Ry decreases as Lcy is scaled. Rg,
however, is independent of Ly and can thus be extracted from
the y-intercept of the given Ry versus Lcy plots, albeit as 2Rc.

The dependence of R¢ on n, for Au-contacted MoS, FETs is
illustrated in Figure 2e. Increasing n, steadily decreased R.
Previous observations of this phenomenon in back-gated 2D
FET architectures attributed it to gating of the semiconducting
film underneath the contact regions; this modulates the
Schottky barrier at the metal/2D interface, allowing for easier
carrier tunneling and a reduction in R Re was found to
be 4.43 kQ pum for Au contacts at n, = 1.65 X 10"* cm™ Figure
2f shows the output characteristics, ie., Ipg versus Vpg, at
varying Vpg for the “champion” device with Lcy = 100 nm.
Near-Ohmic behavior was displayed, as evidenced by the linear
Ing—Vpg relationship at low Vg (Vs < 1 V); this can be more
easily observed in the zoomed-in output characteristics given
in Supporting Information 4. The “champion” device was
found to achieve drive currents of Iy = 84 pA/pm for Vg =1
V and Iy = 158 pA/um for Vg = 4 V when taken at n, = 2 X
10" cm™

Beyond merely ascertaining the R¢ of contacts to MoS,, it is
equally important, if not more so, to investigate the ultimate
scaling limits of these contacts; without developing nanoscale
contacts, 2D MoS,-based FETs will never be able to reach the
technology nodes currently occupied by Si, limiting their
potential for commercialization. An investigation of the
scalability of the Au contacts is thus warranted. To this end,
we have fabricated and characterized Au-contacted MoS, FETs
with L values scaled from 300 nm down to 20 nm, with the
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results being shown in Figure 3. SEM images of representative
FETs with L values of 300, 100, 40, 30, and 20 nm are shown
in Figure 3a—e, respectively. The overlaid transfer character-
istics of multiple FET's with L values corresponding to those
shown in Figure 3a—e are shown in Figure 3f—j, respectively.
The greater ON-state performance (Ioy) shown here than in
Figure 2 is due to the use of a different large-area MoS, film
(see the Methods section for further details). The higher
quality of the material used for these devices allowed them to
better exploit the previously observed low R and near-Ohmic
nature of the Au contacts.

The Iy, Vi SS, and py,eq extracted for each L are shown
in Supporting Information 5. Notably, the ON-state perform-
ance of the MoS, FETs was found to rapidly degrade once L
was scaled below 100 nm, with Ipg taken at Vg =1V and n, =
2.21 X 10" cm™ decreasing from 192 yA ym™" at L = 300
nm to 76.8 uA um™' at Lc = 20 nm. This is typical of
ultrascaled contacts, as shown by the relationship between R¢
and L in eq 1. Consequently, Ry increases rapidly, resulting in
a loss of Iny. This is supported by the output characteristics
shown in Figure 3k—o for the “champion” FETs. For L = 300
and 100 nm, the output characteristics display near-Ohmic
behavior and reach drive currents of Ioy = 177 and 232 pA
um™" for Vg = 1V, respectively, and Ioy = 519 and 590 pA
um™" for Vipg = 4 V, respectively. However, when L < 40 nm,
a drastic decrease in performance can be noted. The MoS,
FETSs with L = 40, 30, and 20 nm display drive currents of Iy
=110, 106, and 76.4 uA um™" for Vg = 1V, respectively, and
Ion = 282, 268, and 206 pA um™" for Vg = 4 V, respectively.
Note that all Iy were taken at n, & 2.2 X 10" cm™. As shown
in Supporting Information 6, a closer examination of the
output characteristics shown in Figure 3m—o reveals a linear
Ins—Vpg relationship even at Vg < 0.5 V, indicating that Au
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Figure 4. Investigation of contact resistance at scaled Lc. (a) Plot of Ry (normalized by width) versus L for the devices shown in Figure 3. Ry
appears relatively constant until L is scaled below 100 nm, at which point it begins to increase asymptotically. This can be attributed to the scaling

of L below Ly. Solid curve is a numerical fit to the experimentally extracted data based on eq 1 and given by the formula R¢, X coth(L:/Ly),
where R is a fitting parameter. From the fit, Ly is estimated to be ~45 nm. (b) Plot of Ry (normalized by width) versus L, for the devices shown
in Figure 3 at varying Vpg. Dashed curves are numerical fits to the experimentally extracted data. The derived Ly was found to be approximately the
same for each Vpg demonstrating that Ly is independent of the electric field across the channel. (c) Example plot of R¢ versus L. under
representative pc and Rgy conditions. The solid purple curve is indicative of the Rc—L relationship for a given contact resistivity (pc; = 107° Q
cm™) and sheet resistance (Rgy; = 50 kQ). Once L is scaled below Ly;, R¢ asymptotically increases due to current crowding at the metal/2D
interface. When the contact resistivity is reduced from pc| to pc,, as denoted by the solid red line, R can be seen to reduce for all L and Ly
becomes smaller (L, < Ly;). Conversely, decreasing the sheet resistance from Rgyy to Rgys, as denoted by the dashed blue line, has minimal impact
on R¢ for L < Ly, though R can be seen to decrease for L >> L. This demonstrates that, while optimizing Rgyy improves R and Ry at longer
L values, improving Rc in scaled contacts is dependent on lowering pc.

contacts remain near-Ohmic even at small L. Another
important factor to consider for short L values is the grain
size of the Au contacts, the potential impact of which is
discussed in Figure S7.

The distinction between the performance of the long (>100
nm) and short (<100 nm) contacts was examined by
considering the Ry extracted from each. Figure 4a shows a
plot of Ry (normalized by width) versus L for the Au-
contacted MoS, FETs, with L values ranging from 300 to 20
nm, as shown in Figure 3a—e. The solid red line is a numerical
fit to the experimentally extracted data based on eq 1 and given
by eq 4.

Lc
Ry = A coth .

T

4)
Here, A is a fitting parameter representing the contributions of

Rey = JPRsu.c and Rcy. Ideally, Rey would be derived

independently for an accurate fitting of R, However, the
position of Ly on the x-axis would remain the same for either
case. As can be easily observed, Ry appears to be saturated at
~5.7 kQ pm until L is scaled below 100 nm, at which point it
begins to increase asymptotically until it reaches ~13.5 kQ ym
at Lc = 20 nm. This closely matches the example given in
Figure 1 for scaling of L. below Ly and is in agreement with
such a case as presented by eq 1 for an Ly of ~45 nm. A plot of
Ry (normalized by width) versus L is shown in Figure 4b for
various Vpg. The solid lines corresponding to each Vg are
numerical fits following eq 4. It can be seen that Ly = ~45 nm
remains consistent for all V5, demonstrating that Ly extraction
using this method is independent of the electric field applied
across the channel. While these results reaffirm that Au-
contacted MoS, FETs are Ly-limited, the 15X reduction in L.
resulted in a mere ~2.37X increase in Ry, or R, indicating that
L scaling for Au contacts is not debilitating.

Further optimization of scaled contacts is possible following
the principles demonstrated by the simulations shown in
Figure 4c. The solid purple curve in Figure 4c shows R¢ as a
function of L. for a given pc (pc; = 107° Q cm™) and Rgyy ¢ =
Rgy (Rgyyy = S0 kQ), leading to Ly; = 44.7 nm. As shown by
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the solid red curve, when p is arbitrarily reduced from pc,; to
Py =107 Q em™2, R reduces for all L and Ly is reduced to
L, = 14 nm. Conversely, as shown by the dashed blue curve,
reducing Rgpy to Rgyz = 5 k€2 has a minimal effect on R for L
< Lyy. Instead, R¢ only decreases at higher L¢ values (L >
Lyy) and Ly drastically increases (Lyy; = 141.4 nm). This
demonstrates that while optimizing Rgy; improves the observed
Rc in longer contacts, further improvement of R¢ in scaled
contacts is solely reliant on ensuring a low p¢. This distinction
is important as contact engineering strategies that report low
Rc in long contacts may not perform as well when scaled to
short contacts. Figure 1c¢ com%)ares recent works on contacts to
large-area-grown MoS, FETs”*~"? by categorizing them based
on their experimental demonstrations of Ly and L. As can be
seen, while a wide variety of different contact materials have
been investigated, most reports have been primarily concerned
with verifying Lcy scalability with low R and have neglected
to pay similar heed to L scalability. This highlights the unique
and important contributions of our work.

In conclusion, we have systematically investigated scaled
monolayer MoS, FET's with Au contacts. Au was found to offer
an impressive ON-state performance (up to S90 pA/pm),
indicating that Au contacts present a reliable and scalable
option for obtaining high device performance. Additionally, we
have demonstrated that sufficiently short Au contacts exhibit
low contact scaling effects, with a mere ~2.5X reduction (519
to 206 uA/um) in Ioy for a 15X reduction in L (300 to 20
nm). It is our belief that this study advances the rapidly
growing field of 2D semiconductors by demonstrating the
potential of Au contacts to reliably realize scaled devices with
low contact resistance. Furthermore, we hope that this work
serves as a stepping stone to promote further and more in-
depth experimental investigations of ultrascaled contacts to
MoS, and other 2D materials using the wide array of metals/
semimetals of interest to the 2D community.

Methods. Large-Area Monolayer MoS, Film Growth. The
MoS, used in the TLM structures shown in Figure 2 was
deposited on an epi-ready 2” c-sapphire substrate using a
metal—organic chemical vapor deposition (MOCVD) techni-
que. An inductively heated graphite susceptor equipped with
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wafer rotation in a cold-wall horizontal reactor was used to
achieve uniform monolayer deposition as previously de-
scribed.** Molybdenum hexacarbonyl (Mo(CO)g) and hydro-
gen sulfide (H,S) were used as the metal and chalcogen
precursors, respectively, while H, was used as the carrier gas.
Mo(CO)¢ maintained at 10 °C and 650 Torr in a stainless-
steel bubbler was used to deliver 1.1 X 107> sccm of the metal
precursor for the growth, while 400 sccm of H,S was used for
the process. MoS, deposition was carried out at 900 °C and 50
Torr in ambient H,, where monolayer growth was achieved in
1S5 min. After growth, each substrate was cooled in H,S to 300
°C to inhibit decomposition of the MoS, film. More details on
the growth process can be found in an earlier work.*® For the
FETs with scaled contacts shown in Figures 3 and 4, a uniform
monolayer MoS, film was grown on a 1 cm® c-plane sapphire
substrate (Cryscore Optoelectronic Ltd., 99.996% purity)
using a custom-built MOCVD system. The MOCVD chamber
was equipped with a stainless-steel bubbler containing 10 g of
Mo(CO); (99.99% purity, Sigma-Aldrich), which served as the
Mo precursor source, and a S00 mL H,S (99.5%, Sigma-
Aldrich) lecture bottle, which provided sulfur during synthesis.
Prior to introducing Mo(CO)g and H,S, 2 slm of high-purity
Ar gas was continuously flown through the chamber, serving as
the main push gas to deliver precursors to the substrate.
During film synthesis, chamber temperature and pressure were
set to 1000 °C and 50 Torr, respectively. A multistep growth
process comprising nucleation, ripening, and lateral growth
stages was employed to better control nucleation rate on the
sapphire substrate. Mo(CO)4 was injected at flow rates of 1.5
X 107 and 7.5 X 107* sccm during the nucleation and lateral
growth steps, respectively. H,S flow was maintained at 20 sccm
throughout the entire growth process. Complete monolayer
coalescence was achieved after 42 min of total growth time.

Application Substrate Preparation and MoS, Film Trans-
fer. To fabricate the 2D memtransistors, the MOCVD-grown
monolayer MoS, film first had to be transferred from the
sapphire growth substrate to the application substrate, which
consisted of a global AlL,O3/Pt/TiN/p**-Si back-gate stack.
The TiN and Pt layers were deposited using reactive sputtering
to act as a diffusion barrier with the underlying Si and a back-
gate electrode, respectively. S0 nm of ALO; (g, ~ 10) was
grown on the Pt electrode via ALD to act as the back-gate
dielectric for the TLM structures; 25 nm of Al,O; was used for
the FETs with scaled contacts. Film transfer was performed
using a polymethyl methacrylate (PMMA)-assisted wet
transfer process.*”*” First, the as-grown MoS, on the sapphire
substrate was spin-coated with PMMA and baked at 150 °C for
90 s to ensure good PMMA/MoS, adhesion. The edges of the
spin-coated film were then scratched using a razor blade, and
the substrate was immersed inside a deionized (DI) water bath
held at 90 °C for 1 h. Capillary action caused the water to be
preferentially drawn into the substrate/MoS, interface, owing
to the hydrophilic nature of sapphire and hydrophobic nature
of MoS, and PMMA, separating the PMMA/MoS, stack from
the sapphire substrate. The separated film was then fished from
the water bath by using the application substrate. Sub-
sequently, the substrates were baked at 50 and 70 °C for 10
min each to remove moisture and promote film adhesion, thus
ensuring pristine interfaces, before the PMMA was removed by
immersing the samples in acetone for 12 h followed by a 30
min 2-propanol (IPA) clean.

Fabrication of 2D FETs. To define the channel regions of
the MoS, FETs discussed in this work, the application
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substrates, with MoS, transferred on top, were spin-coated
with PMMA A6 (4000 rpm for 45 s) and baked at 180 °C for
90 s. The resist was then exposed using electron beam (e-
beam) lithography and developed using a 1:1 mixture of 4-
methyl-2-pentanone (MIBK) (60 s) and IPA (4S s). The
exposed monolayer MoS, film was subsequently etched by
using one of two different methods. For the TLM structures
discussed, etching was performed using a sulfur hexafluoride
(SFg) RIE at 5 °C for 30 s; conversely, the MoS, surrounding
the channels for the scaled contact devices shown in Figure 3
was treated with O, plasma to convert the film into MoO,,
which was subsequently removed by submerging the substrate
in a water bath for 1 h. Next, the samples were rinsed in
acetone and IPA to remove the e-beam resist. To define the
source and drain contacts, samples were then spin-coated with
a bilayer resist consisting of methyl methacrylate (MMA) and
A3 PMMA. E-beam lithography was used to define the source
and drain contacts, and development was performed using the
same 1:1 mixture of MIBK and IPA. E-beam evaporation was
used to deposit the metal contacts (40/30 nm Au/Ni). Finally,
a lift-off process was performed to remove excess resist and
metal by immersing the sample in acetone for 1 h followed by
IPA for another 30 min.

Fabrication of the MoS, FET's with scaled contacts (L. < 40
nm) was conducted by using a different process than that
already described. Following channel isolation, contact pads
were defined using e-beam lithography with bilayer MMA/
PMMA-A3 resist. E-beam evaporation was then used to
deposit 25 nm Ni to serve as the contact pads for probing. The
contacts to the semiconducting MoS2 channel were then
defined. ZEP 520A 1:1 was used as the photoresist in this step
due to its previously reported realization of high-resolution
features.*> " Prior to resist spinning, the sample was dipped in
Surpass 4K for 60 s, rinsed in DI water, and baked at 100 °C
for 1 min; this was done to improve the wettability of ZEP 1:1
with metal alignment markers already present on the substrate.
Immediately following Surpass 4K treatment, the sample was
spin-coated with ZEP (5000 rpm for 4S s) and baked at 180
°C for 3 min. The resist was then exposed using e-beam
lithography; note that the highest possible beam energy (100
keV) allowed on the e-beam system was utilized to ensure a
narrow exposure profile. Development was performed using a
cold development process. Similar processes have already been
demonstrated to improve feature resolution by “freezing-out”
polymer chains surrounding the area of direct e-beam
exposure.*™*” These peripheral chains are often subjected to
partial scission and are prone to being washed away during
room-temperature development, causing the loss of fine
features. However, when development is conducted at low
temperatures, i.e., below the glass transition temperature of the
resist, these partial chains “freeze” before the directly exposed,
fully cleaved chains, preventing them from being washed
away."” For this work, the sample was developed in n-amyl
acetate chilled to —10 °C (3 min) and room-temperature IPA
(60 s). Fifteen nanometers of Au and 20 nm of Ni (20 nm)
were then deposited via e-beam evaporation to form the
channel contacts. The remaining resist and excess metal were
then removed using a lift-off process. The sample was
immersed in a heated (60 °C) photo resist stripper 3000
(PRS 3000) bath for 1 h to remove the resist and was then
cleaned in an IPA bath for 30 min.

Scanning and Transmission Electron Microscopy. Scan-
ning electron microscopy of the 2D MoS, memtransistors used
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in this study was conducted using a Zeiss Gemini 500 field
emission scanning electron microscopy (FESEM) system at an
accelerating voltage of S kV. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
was performed using an aberration-corrected ThermoFisher
Titan® G2 60—300 system with monochromator and X-field
emission gun source at an accelerating voltage of 80 kV. The
convergence semiangle used for STEM imaging was 30.0 mrad
and the collection angle range of the HAADF detector was
42—244 mrad. The selected area electron diffraction (SAED)
spot pattern was collected using a ThermoFisher Talos F200X
system at an accelerating voltage of 200 kV.

Raman and Photoluminescence (PL) spectroscopy.
Raman and PL spectroscopy of the MoS, film were performed
on a Horiba LabRAM HR Evolution confocal Raman
microscope with a 532 nm laser. The power was 34 mW
filtered at 5% to 1.7 mW. The objective magnification was
100X with a numerical aperture of 0.9, and the grating had a
spacing of 1800 gr/mm for Raman and 300 gr/mm for PL.

Electrical Characterization. Electrical characterization of
the fabricated devices was performed in a Lake Shore CRX-VF
probe station at room temperature and under atmospheric
conditions using a Keysight B1500A parameter analyzer.
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