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Nanoscale transistors demand aggressive scaling of all channel
dimensions—length, width and thickness. Two-dimensional semiconductors
(2DS) provide the ultimate thickness limit, yet good device performance has
largely remained restricted to micrometre-wide channels. Here we report
monolayer 2DS nanoribbon transistors with both n- and p-type operation,
fabricated by a top-down multipatterning process thatincludes ‘anchored’
contacts to limit nanoribbon delamination. This approach achieves channel
lengths and widths down to 25-30 nm, with minimal edge degradation
confirmed through nanoscale characterization, including tip-enhanced
photoluminescence. Integrated with thin high-k gate dielectrics, the devices
deliver on-state currents up to 560, 420 and 130 pA pm™ at a drain-to-source
voltage of 1V for n-type MoS,, n-type WS, and p-type WSe,, respectively.
These results exceed prior single-gated 2DS nanoribbon reports, with WS,
improving by more than two orders of magnitude, even for normally off
(enhancement-mode) operation. Overall, these findings position top-down
patterned 2DS nanoribbons as promising building blocks for future
nanosheet transistor architectures.

The history of transistors for digital computing has experienced only
three major changesindevice architecture: the transition frombipolar
to metal-oxide semiconductor field-effect transistors (FETs)" in the
1970s, the transition to FinFET or tri-gate transistors®around 2007,
and the present transition to gate-all-around (GAA) nanosheets®in
2025. Althoughssilicon-based GAA transistors are expected to scale for
atleastanother decade, itis unclear if the further thickness reduction
required below 3 nm to retain electrostatic control is feasible due to
the degradation of electrical properties*°. Instead, two-dimensional
(2D) semiconductors, like monolayer transition metal dichalcogenides

(TMDs), are appealing alternatives due to their good electrical proper-
ties (for example, mobility and band gap) in subnanometre thin films”®
and their potential in scaled GAA devices’. Accordingly, 2D transistors
have been recently placed on technology roadmaps'®, with targeted
integration by the late 2030s or early 2040s.
Themostimportantbuilding block of GAA nanosheet transistors is
the nanoribbon channel, which must be between 10 to 50 nm wide" and
atomically thin for the best electrostatic gate control>">, Monolayer
2D semiconductors with subnanometre thickness should also enable
shorter, sub-5 nm, gates'*" than thicker silicon nanosheets’, making
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Fig.1| Anchored contacts and multipatterning forimproved device
fabrication. a, Schematic of the dog-bone-shaped back-gated monolayer MoS,
transistor, defining the channel width (W,,), length (L), contact width (W,) and
contactoverlap region (L,,). b, Transfer characteristics of various short-channel
devices (100 nm), displaying larger contact widths in light blue (1.5 pm) and
smaller contact widthsin dark blue (75 nm). ¢, Box plots of the maximum drain
current density (/,,,,) and drain current at fixed gate overdrive (/,,at V,, = Vs - Vi)

'jEtCh #2

for varying contact widths. Each box plotincludes five to six devices, totalling
22 tested devices. d, Schematic of LE single patterning approach (left), which
can define nanoribbon widths down to ~50 nm with reduced e-beam dose.
Representative false-coloured SEM image (right) of the resulting nanoribbon.
e, Schematic of the LELE multipatterning strategy (left; Extended Data Fig. 1
provides more details), used to achieve nanoribbon widths below 50 nm. False-
coloured SEM image (right) shows a nanoribbon with ~30 nm width.

them promising for continued scaling and higher device density. How-
ever, so far, most demonstrations of good performance in monolayer
2D TMD transistors have used short, sub-100 nm, but micrometre-wide
channels. The reasons are manifold but probably include difficulty in
fabrication (for example, TMD delamination and lithography limita-
tions), difficulty in making good contacts and mobility degradation
duetoedge imperfections. Little is known, for example, about how or
if charge transportin narrow TMD ribbons changes in channel widths
below a micrometre, and there are concerns about magnified edge
effectsinsuch devices'".

Here wetackle the challenges mentioned above (adhesion, width
scaling, contacts and edge roughness) by realizing n- and p-type mon-
olayer TMD nanoribbons with similar performance as co-fabricated
micrometre-wide control devices. A key advance is anchoring the
contacts to the substrate during fabrication, which limits nanoribbon
delamination and cracking, allowing us to study many such devices.
Wealsointroduce a multipatterning approach to achieve nanoribbon
widths down to 25 nm. With these advances, we reach a high current
density in monolayer MoS, nanoribbons, over 600 pA pm™ with a SiO,
gate dielectric (560 pA pm™with a HfO, dielectric) ata drain-to-source
bias of 1V. We also improve saturation current densities in monolayer
WS, nanoribbons by over 100x in enhancement mode, in normally off
devices. Imaging the nanoribbons and their edges by tip-enhanced
photoluminescence (TEPL) and transmission electron microscopy
(TEM) suggests that edge disorder is not the limiting factor at these
dimensions, indicating that such top-down monolayer TMDs are prom-
ising candidates for future nanosheet transistors.

Fabrication of anchored nanoribbons

Due to the lack of out-of-plane chemical bonds, monolayer TMDs
adhere to substrates by van der Waals forces, making them prone
to delamination during lithography, etching and wet processing. To
mitigate this, we designed a dog-bone-shaped structure in which
the TMD is narrow only in the channel but expands into wider pads
under the source and drain contacts (Fig. 1a). These micrometre-sized
regions anchor the nanoribbonto the substrate, thereby increasing the

mechanical stability and reproducibility when reducing the nanoribbon
widths. The approachis somewhat analogous to the wider source and
drainregions used for silicon nanosheets to enable channel release and
reduce the contact resistance’®.

We first study MoS, nanoribbons on conventional SiO, (96 nm)
on p*™* Si substrates, which also serve as back-gates. This allows more
rapid process optimization, because the monolayer MoS, is grown
directly onSiO,, enabling higher throughput and better adhesion than
layer-transferred films. AsshowninFig. 1b, short-channel devices with
width W, =75 nmand W,_of either 75 nm or 1.5 pmdisplay nearly identi-
cal transfer curves. Encouragingly, we observe a good maximum cur-
rent density, up to/,,,, =400 pA pm™at Vs =1V, and off-state currents
limited by the measurement noise floor. Figure 1c shows that the current
at fixed gate overdrive, I, at V,, = Vs - V1, remains nearly unchanged,
whereas W, increases by a factor of 20 (V; is the threshold voltage;
Supplementary Fig. 1b.) We attribute this behaviour to two factors: (1)
the contact-channel overlap (L,, > 100 nm) exceeds the expected cur-
rent” and thermal transfer length of the contacts, and (2) a fabrication
process that minimizes patterning damage at sub-100 nmwidths, which
we discuss below (we estimate the temperature profile along the nanor-
ibbonsinSupplementary Fig.2). Thus, the dog-bone-shaped structure
preservesthe nanoribbon transistor behaviour, greatly improving our
yield due to contact anchoring. Without it, sub-100 nm-wide nanorib-
bons often delaminate during processing, whereas the anchored con-
tactsenabled >85%yield downto 60 nmwidths (Supplementary Fig.1c).
For these reasons, the nanoribbons investigated in the remainder of the
manuscript use the wider W, =1.5 pum, although we note that industrial
manufacturing will require alternative yield improvement methods
compatible with smaller contact areas'®*°.

Althoughsingle-step lithography and etching (LE; Fig. 1d) is com-
monly used to pattern the 2D channelin academic studies, we wanted to
limit the electron-beam (e-beam) exposure dose to reduce the density
of lithographically induced defects***; thus, this method reaches a
limit of ~50 nm widths due to the reduced dose and other fabrica-
tion trade-offs (Methods). To make narrower ribbons, we use a litho-
etch-litho-etch (LELE) multipatterning approachinspired by modern
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Fig.2|Monolayer MoS, nanoribbons on Si0,. a, Transfer characteristics of
nanoribbons with four different channel lengths, showing high on-state current
density and consistent device behaviour. Between six and ten nanoribbons are
measured for each length and 30 devicesin total. W, =75nm; W,=1.5um.b,
Transfer-length-method analysis of the same devices; each symbol and error bar
represent the average and standard deviation of devices with the same channel
length, respectively. The contact resistance is comparable with state-of-the-

art MoS,/Au contacts reported®in the literature (R, < 560 Q pm at the highest
V,). Inset: SEM image of such a transfer-length-method structure. c, Transfer
characteristics of ananoribbon device at low temperature (9 K) compared with
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room temperature, as a function of the Vs - V; overdrive; V; is taken at a constant
current density of 100 nA um™. d, Transfer characteristics of other nanoribbons,
at Vps=1V.The two with 43 nm (LE) and 25 nm (LELE) channel widths reach

Iax = 620 HA pm ™ and ~310 pA pm™, respectively, some of the highest current
densities reported so far for single-gated monolayer TMD nanoribbons at these
widths. The 160 nm wide nanoribbon (dashed grey line, also on the LELE chip) has
asimilar current density as the 25 nm wide device, suggesting that both devices
were limited by a higher contact resistance rather than edge disorder. The inset is
afalse-coloured SEM of the 43 nm wide nanoribbon device.

industrial lithography (Fig. 1e and Extended Data Fig. 1). This enables
nanoribbons down to ~-25 nm widths and maintains the same overall
low dose as the single patterning LE approach (Methods). Achieving
sub-25 nm wide nanoribbons should be possible by optimizing the TMD
adhesion and anchoring; however, sub-15nmnanoribbons may notbe
desirable for GAA transistors due to larger parasitic capacitance®?.

Electrical characterization of MoS, nanoribbon
transistors
We also investigate the effect of contact resistance, by evaluat-
ing nanoribbon behaviour as a function of channel length using
ten transfer-length-method structures. These nanoribbons have
W, =75 nmand anchored contacts with W, = 1.5 pm. AsshowninFig. 2a,
the devices exhibit excellent channel length dependence, maintaining
stable characteristics and achieving an on-state current density up to
~400 pA um™at channel lengths of L, = 300 nmand V,s=1V.Figure 2b
displays the total device resistance R, versus channel length and the
linear extrapolation yields a contact resistance of R, < 560 Q um, or
190 + 370 Q um from the linear fit at the highest V,,, comparable with
some of the best MoS,/Au contacts reported so far®. We note that R, and
R, are normalized by the channel width W,,, not by W,, because the
contacts have anon-negligible overlap with the channel (L., >100 nm,
greater than the expected current transfer length at these contacts®'?),
asshowninFig. 1a.

Interestingly, we do not see mobility degradationin nanoribbons
(-75 nm wide) compared with much wider devices (-850 nm wide)
fabricated on the same chip. As summarized in Supplementary Fig. 3,

thefield-effect electron mobility p isin the range of 30-60 cm? V's™
for ten devices at room temperature, with greater device-to-device
variation than any apparent width dependence. This is not surpris-
ing, because the intrinsic electron mean free path in monolayer
MoS, is expected* to be 3-5 nm, much shorter than the nanoribbon
width. Nevertheless, itisreassuring that the edges produced from the
top-down patterning process used here do not appear to deteriorate
device operation, a topic we return to below. Figure 2c displays the
low-temperature measurements of a nanoribbon at ~9-K ambient
temperature, revealing that mobility approximately doubles, which
suggests thatlow-temperature transportis ultimately limited by impu-
rities and possibly by the edges (Supplementary Fig. 4).

We also show transfer characteristics of other nanoribbons in
Fig. 2d; one has W, =43 nm and L., = 300 nm, using the single-step
LE approach, and two others have W, =25 nm and 160 nm with
L., =50 nm, using the LELE multipatterning approach. The first two
reach/,,,~ 620 pA pm™and-310 pA pm™, respectively, at Vs =1Vand
similar Vg; the formeris one of the highest current densities reported
sofarinsingle-gated MoS, nanoribbons; the latter is one of the highest
values for any monolayer ribbon of such small width. The 25 nm and
160 nm wide nanoribbons on the same LELE chip have similar current
densities, suggesting that they are not limited by edge disorder. How-
ever, their I, is lower in a shorter channel than the device on the LE
chip, which we attribute to the higher contact resistance arising from
our chip-to-chip variation (Supplementary Fig. 5). The nanoribbon
width estimates have a 3-5 nm uncertainty (Methods), which implies
10%-20% uncertainty in current density.
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Fig. 3| Nanoribbon material and edge characterization. a, Raman spectra

of monolayer MoS, device channels between ~45 nm to 850 nm wide, showing
neither discernible broadening of the E’ or A modes nor contributions from the
LA(M) defect-mediated peak. The Raman data are normalized to the Si substrate
peak at 520 cm™ (not shown). Inset: full-width at half-maximum (FWHM) of the
E’ mode as a function of the channel width. b, Averaged TEPL spectra comparing
ananoribbon channel region with the much wider anchor region of the same
nanoribbon, showing minimal broadening of the A-exciton peak and a slight

650 700 750
Wavelength (nm)

increase in the trion-to-exciton intensity ratio. ¢, TEPL intensity map of an entire
~75nmwide and -1 um long nanoribbon, with uniform optical emission along
the channel. The black spotin the top third of the nanoribbon is ameasurement
artefact. d, STEM image of two parallel monolayer MoS, nanoribbons (from an
array transferred onto the SiN, membrane). Insets: diffraction patterns of three
regions, revealing good crystallinity in the channel and near the edge.

e, Magnified edge region in the TEM mode from the same STEM.

Nanoscale spectroscopic and structural
characterization

We next wish to understand the origin of good performance in our
nanoribbon devices, thus we turn to materials characterization tech-
niques to further evaluate the fabrication process and the effect of
the edges. The Raman spectra shown in Fig. 3a for representative
monolayer MoS, devices reveal no discernible signs of damage, as
the predominant E’ (in-plane) and A,” (out-of-plane) phonon modes
do not broaden with reduced nanoribbon widths, down to 45 nm. We
do not observe defect-mediated phonon modes®* (for example,
LA(M) around 227 cm™) in any of our nanoribbons, suggesting that
edge-related defects are not predominant. We also map our nanor-
ibbons with TEPL (Fig. 3b,c), which reveal uniform signal across a
long and narrow channel (L, =1 pm, W, =75 nm). The TEPL spectra
confirmthe quality of the nanoribbons, where the A-exciton does not
broaden compared with the wider regions. The nanoribbons do exhibit
aslightly larger trion-to-exciton ratio (Supplementary Fig. 6), which
potentially suggests doping from the edges (see Extended Data Fig. 4
for more discussion).

To visualize the atomic structure and edge roughness, we per-
formed high-angle annular dark-field scanning transmission electron
microscopy (STEM) and monochromated TEM imaging on monolayer
MoS, nanoribbons transferred onto 10 nm thick SiN, membranes
(Fig.3d,e). Compared with the nanoribbon transistors, these samples
may be subject to some additional damage from the transfer process
andthe e-beam exposure during imaging. Despite this, the nanoribbon
edgesappear clean, withedge roughness of at most afew nanometres.
Theedge termination probably alternates betweenzigzag and armchair
segments, as expected from a top-down patterning process without
edge-selective anisotropy. Energy-dispersive X-ray spectroscopy and

electron energy loss spectroscopy reveal no discernible accumula-
tion of oxygen or fluorine near the edgesin monolayer MoS, and WSe,
(Supplementary Figs. 7-9). These findings suggest that our top-down
fabrication approach does notintroduce observable disorder or con-
tamination of the nanoribbons and their edges, supporting the lack of
degradation seenin electrical characteristics.

High-k dielectricintegration

To reduce the operating voltage of our nanoribbon transistors, we
integrate ultrathin high-k dielectrics into the gate stack. Achieving this
involves transferring monolayer TMD films onto prepatterned local
back-gates with HfO, dielectric (1.5 nm equivalent oxide thickness)
and then applying our optimized nanoribbon process described earlier
(Methods). The schematic of the resulting nanoribbon devices is shown
in Fig. 4a and confirmed by top-down scanning electron microscopy
(SEM) in Fig. 4b.

Here, we expand beyond MoS, by also examining monolayer
n-type WS, and p-type WSe, nanoribbons, all patterned down to ~50
nm widths. Raman spectroscopy (Supplementary Fig. 10) indicates
that the nanoribbon fabrication steps do not appear to introduce
additional damage. Figure 4c compares the transfer characteris-
tics of three such nanoribbon channels that are just 50 nm x 50 nm.
Among these, monolayer MoS, achieves the highest on-state cur-
rent density, /., = 460 pA pm™ at Vs =1V, although with a negative
V; (that is, a normally on, depletion-mode device). An ~-60 nm wide
monolayer MoS, nanoribbon reaches /,,,, = 560 pApm™at V=1V
(Supplementary Fig.11).

On the other hand, monolayer WS, nanoribbons show a desir-
able positive V; (that is, a normally off, enhancement-mode device),
butstillreach/,,,, =420 pA pum™at Vs =1V (and up to ~460 pA pmat
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Fig. 4| Complementary monolayer TMD nanoribbons with ahigh-« dielectric.
a, Schematic of amonolayer nanoribbonincluding anchored contacts, here

with a thin HfO, gate dielectric (figure not to scale). b, Top-down SEM image of
arepresentative nanoribbon transistor. ¢, Measured transfer characteristics of
monolayer MoS,, WS, and WSe, nanoribbons with a high-« dielectric, all with
channellengths and widths of ~50 nm. d, Measured output characteristics of
monolayer WS, nanoribbon, showing well-behaved, normally off (enhancement-
mode) operation with high current saturation. e, Comparing |/,,,,| of single-gated
monolayer TMD nanoribbons versus channel width, at |Vps| =1V and maximum

|Vesl- Unlabelled symbols are MoS,, whereas WS, and WSe, are labelled. Our
devices, marked by star symbols, reach some of the highest current densities
reported so far. Our WS, (blue star) has the highest /,,,,, ~ 420 pA um to date (at
Vps =1V) inamonolayer nanoribbon of this 2D semiconductor. Filled markers are
on Si0, back-gate substrates®**~**; open markers are devices with a high-x gate
dielectric****. Symbols with the red border are p-type WSe, and all others are n
type. f, Additional benchmarking of

single-gated nanoribbon devices, here versus channel length L. Block arrows
point to the desirable corner in both benchmarking plots.

Vps=1.5V; Fig. 4d). These WS, current densities are some of the high-
estvaluesreported so far, by >100x, for ananoribbon of this material,
probably due to our fabrication process and our use of stressed Ni/
Au contacts” with good R, = 675 + 268 Q pm (Supplementary Fig.12).
Finally, the p-type WSe, nanoribbons reach |/,,| =130 pA pm™, an
encouraging result given its desirable negative V; (that is, a normally
off, enhancement-mode device) and the historical performance gap
between p-type and n-type TMD transistors. Figure 4d shows the out-
put curves of the 50 nm x 50 nm WS, nanoribbon, with good current
saturation and device turn-off at zero gate voltage, essential for future
circuitimplementation.

Figure 4e,fcompares our results with other single-gate monolayer
TMD nanoribbons reported to date, at | V5| =1 V. Here we benchmark
the current density, |/,,,,l, rather than mobility or contact resistance,
because/,,isless proneto measurement error (its greatest uncertainty
comes from the nanoribbon width) and because, in principle, the
threshold voltage can be adjusted by gate-stack engineering®?. I,
alsoincorporates information about contact resistance and mobility,
and it is ultimately responsible for circuit delays, which are inversely
proportional to the current density*’. Our monolayer MoS, nanorib-
bons match or exceed previously reported/,,,, at comparable channel
widths, whereas our monolayer WS, and WSe, nanoribbons exceed
existing results, the WS, by a factor of >100x (we provide additional
output curves, current drive statistics and V; discussion across 140
devices; Extended Data Figs. 2-4). Although sub 50 nm and even sub-
10 nm-wide nanoribbons (monolayer and multilayer) have been dem-
onstrated using bottom-up®* or anisotropic etching techniques®,

such devices have not reached the current densities of our top-down
patterned nanoribbons at comparable channel widths.

While we have shown that the on-state of these nanoribbons
can be as good as existing micrometre-scale devices, a remaining
aspect is to enquire whether the off-state is affected by their edges.
To probe this regime, we measured arrays of MoS, nanoribbons
(Extended Data Fig. 5). These reach I,,,,,//..., current ratios of >10°, lim-
ited by the measurement noise floor, also comparable with some of
the best-known micrometre-scale devices reported to date. In other
words, we conclude that at least down to the channel widths probed
here, thereis no measurable edge conductionin the off-state, probably
due to the mixed character'®” of our edges (Fig. 3e). To our knowledge,
no previous efforts on parallel nanoribbon arrays have probed the deep
off state, although a previous study*® on random networks composed
of narrower (10-30 nm) ribbons also found no evidence of off-state
degradation. We provide additional comparisons of monolayer TMD
nanoribbons, including some with unconventional geometry or fab-
rication approachesin Supplementary Table 1.

Conclusions

We have demonstrated both n- and p-type (that is, complementary)
nanoribbon transistors with MoS,, WS, and WSe, at the ultimate limit
of monolayer channel thinness. These achieve high current densities
in channels down to ~25 nm widths, with WS, nanoribbons in particu-
lar showing desirable, normally off (enhancement-mode) behaviour,
with good current saturation (-460 pA pm™at 1.5 V drain-to-source
voltage). The nanoribbons were enabled by mechanically robust
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anchored contacts that improve yield, a low-dose multipatterning
strategy with low-residue resist, and minimal edge degradation, stud-
ied by advanced nanoscale imaging, including TEPL. Our work shows
that scaling monolayer TMD channels down to ~25 nm widths does not
degradetheir on- or off-state, and such nanoribbon demonstrations are
more technologically relevant than micrometre-wide devices. Look-
ing ahead, the compatibility with high-« dielectrics, complementary
device polarity and good performance across several TMDs position
monolayer nanoribbons as important building blocks of future GAA’
nanosheet transistors.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

TMD synthesis and transfer

All monolayer MoS, and WS, films were grown onto thermal 96nm
SiO,/Siand sapphire substrates, respectively, as described in previous
works***¢, The chemical vapour deposition grown monolayer WSe, on
sapphirewas purchased from 2D Semiconductors. For devices on HfO,
(either 5.5 nmor 7.5 nm thick) with local back-gates, all the monolayer
films were transferred fromtheir growth substrates by spinning poly-
styrene (PS)at1,250 rpmfor 60 s onto the growth substrate, followed
by baking at 85 °C for 5 min. The TMD/PS stack was thenimmersed in
deionized water to delaminate it from the growth substrate. The TMD/
PSstack wasthenplaced onto the chip with local back-gate structures,
dried with N, and leftinaN, dry box overnight. The following morning,
the chips were heated at 85 °Cfor1h,150 °C for1 handthen cooled to
room temperature. The chips were then placed in toluene overnight,
followed by acetone and isopropanol cleaning (10 min each) to remove
the PS from the surface. Before device fabrication, the chips were
annealed in vacuum (-107° torr) at 200 °C for 2 h to promote TMD
adhesion to HfO,.

Fabrication process
For the devices shown in Figs. 1, 2 and 3a, the monolayer MoS, films
were grown by solid-source chemical vapour deposition directly onto
dry thermal SiO, (96 nm) on p** Si (resistivity, <5 mQ cm) substrates
and were processed with no transfer, thereby having better adhesion
and higher yield. For these devices, e-beam lithography (Raith EBPG
5200+with100kV accelerating voltage) was used to first define coarse
probing pads, which consist of e-beam-evaporated SiO, (20 nm)/Ti
(1nm)/Pt (15 nm), where SiO, is used to limit probing pad leakage to
the Siback-gate. To construct the local back-gate samples (Fig. 4a-d),
back-gate metals of Ti (1 nm)/Pt (13 nm) are defined by lift-off and then
7.5nm HfO, is deposited by atomic layer deposition at 200 °C.
Allnanoribbon channels were then defined using e-beam lithogra-
phy and etched using XeF,. A high-resolution AR-P 6200.04 (CSAR 62)
resist was spun (3,000 rpm, 60 s) and baked at 120 °C (5 min), yielding
an ~50 nm resist thickness. Compared with conventional polymethyl
methacrylaterecipes, we found that the CSAR 62 resist allows for lower
writing doses (here we use 425-475 pC cm™) and leaves less residue
on the TMD surface. The resist was developed in room-temperature
xylenes (45 s), followed by a quick isopropanol dip. This procedure
would be repeated if implementing the multipatterning (or LELE)
approach (Extended DataFig.1). We found that a colder or more dilute
developer can further improve resolution (even using the single pat-
terning (LE) process), but at the cost of requiring higher doses that
risk TMD damage”**. After channel formation, we defined fine source/
drain contactsbyathird e-beam lithography step and deposited using
e-beamevaporation (-10°8 torr). For monolayer MoS,, ~40 nm Au con-
tacts are used, without an adhesion layer®. For monolayer WS,, stressed
Ni (10 nm)/Au (20 nm) fine contacts were used, following our previous
work”, to obtaingood R.. For monolayer WSe,, Pd (10 nm)/Au (20 nm)
contactsare utilized to promote hole injection, given the higher work
function of Pd. Monolayer WSe, devicesin this work wereimmersedin
chloroform overnight before measurements, as chloroform has been
foundtolower R.for holes* inmonolayer WSe,. Extended Data Figs. 2-4
show all three monolayer TMDs with Au (35 nm) contacts and with a
5.5 nm HfO, back-gate dielectric, where both the n-type semiconduc-
tors experience vacuum annealing and the p-type semiconductor is
immersed in chloroform overnight before measurements.

Electrical measurements

Unless otherwise stated, electrical measurements were performed
at room temperature using aJanis ST-100 vacuum probe station at
~10"* torr, using a Keithley 4200A semiconductor parameter analyser.
Allmonolayer MoS, devices presented in this work were first annealed
at 250 °Cfor2 hunder vacuuminside the probe station, toimproveR,

and remove adsorbates from the channel®. The monolayer MoS, devices
are then measured after cooling back to room temperature, without
breaking vacuum. The monolayer WS, devices shown in Fig. 4 did not
undergo any annealing procedures (to retain the strain state fromthe
Ni/Au contacts), whereas the WS, devices (Extended Data Figs. 2 and
3) experienced annealing to improve their Au contacts. Allmonolayer
WSe, devices presented here did not experience any annealing before
electrical testingin vacuum. Cryogenic measurements were conducted
using a Lakeshore cryoprobe station under vacuum (<10 torr) and a
Keithley 4200A semiconductor parameter analyser.

Material characterization

Micro-Raman spectroscopy was performed using a Horiba LabRAM
instrument with a 532 nm laser with 1,800 spectrometer grating at a
laser power of 120 pW. Measurements were performed at room tem-
perature and in ambient conditions. Atomic force microscopy (AFM)
was conducted using a Bruker Dimension Iconinthe standard tapping
mode withaNSC18 Pt probe. Scanning electron microscopy (SEM) was
performed using either an FEI Magellan or Helios, withan accelerating
voltage of 2 kVand beam current of 43 pA.

After the nanoribbons were visualized by AFM and/or SEM, we
extracted the average nanoribbon width across the channel. This chan-
nel extraction was systematically conducted using ImageJ analysis
softwareinwhichanaverage contrast line profile across the substrate
and nanoribbon can be determined. This contrast line profile can be
fitted toa Gaussian functionin which the nanoribbon widthis defined
as the full-width at half-maximum of the fitted function. The fitting
allows us to simultaneously calculate the uncertainty in our channel
width estimates, which was typically 3-5 nm.

High-resolution TEM images were taken at 80 kV using a Thermo
Fisher Spectra 300 operated in the monochromated TEM imaging
mode. To account for sample drift during acquisition, 80 frames were
collected with drift correction enabled. The frames were then aligned
and averaged to compensate for drift and improve the signal-to-noise
ratio. Imaging was performed using a collection angle of 228 mrad.
Final images were processed using a drift-corrected frame integra-
tion routine on the Ceta camera, which registers and integrates the
aligned frames. A radial Wiener filter was applied to further suppress
high-frequency noise and enhance image clarity. Energy-dispersive
X-ray spectroscopy was performed in the STEM mode at 80 kV on the
same instrument. Electron energy loss spectroscopy measurements
were performed in the single-mode high-quality acquisition using the
energy-filtered charge-coupled device detector. The microscope was
operated with a 50 pm C2 aperture, corresponding to a convergence
semi-angle of 21.4 mrad and a camera length of 29 mm. The beam
current was set to 0.213 nA. A smaller entrance aperture was used to
improve the energy resolution. The zero-loss peak was aligned before
acquisition, and the spectrometer was tuned for optimal focus. The
final zero-loss peak full-width at half-maximumwas 1.05 eV, confirming
good energy resolution. The dispersion was set to 0.3 eV per channel,
suitable for resolving the C-K, N-K, O-K and F-K edges and maintain-
ing sufficient signal intensity. The monolayer MoS, samples for this
experiment (Fig. 3d,e) were grown directly onto 300 nm SiO, on Si
substrates, and then underwent e-beam lithography and dry etching
(following the channel definition procedure described above) to pro-
duce nanoribbons. The finalized nanoribbons were delaminated using
adroplet of deionized water onto a polydimethylsiloxane stamp. The
nanoribbons were then dry transferred from the stamp down onto a
10 nm thick SiN, TEM window (Norcada TA301Z2).

TEPL maps were collected on aLabRAM-Nano AFM Raman system
(HORIBA Scientific) modified for the concurrent excitation and collec-
tion using two lasers simultaneously*®. Excitation and collection of the
Raman signal were done using the side 100x, 0.7-numerical-aperture
objective (Mitutoyo) inclined at 25° to the plane of the sample. Laser
power on the sample for both 633 nm and 594 nm excitations were
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about150 pW. The TEPL maps were collected using Omni-Access-NC-Au
(APPNano) TERS probesinthe DualSpec version of the SpecTop mode
wherein each pixel of the map, the spectrawere collected with the tip
in direct contact with the sample (near + far field) and in the tapping
operation with an amplitude of about 20 nm (far field). The far-field
data were subtracted from the combined map to produce the pure
near-field response. The monolayer MoS, samples for this experiment
(Fig.3b,c) were grown directly onto 300 nm SiO, on Sisubstrates, which
then underwent e-beam lithography and dry etching (following the
channel definition procedure described above) to complete the nanor-
ibbons. The samples were vacuum annealed at ~10~* torr at 250 °C for
8 htoremove the adsorbates and resist residues before experiments.

Data availability
All data needed to evaluate the conclusions in this paper are present
inthe Article or its Supplementary Information.
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I. Start with monolayer TMD 1. Spin coat with resist 11l. Pattern with electron-beam lithography IV. Develop resist

V. Etch TMD with XeF, VI. Strip resist VII. Spin coat with resist VIII. Pattern with electron-beam lithography

VI $

XI. Strip resist
(Final product)

X. Etch TMD with XeF,

Extended DataFig. 1| Litho-etch-litho-etch (LELE) patterning of monolayer overcoming proximity-effect limitations inherent to single-step patterning, while
TMD nanoribbons. The process involves two sequential e-beam lithography maintaining the same (overall) low dose. See Methods for more information
and etch steps. This dual-exposure approach enables sub-30 nm features by about doses and the low-residue resist used for lithography.
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Extended Data Fig. 2 | Off-state current and output characteristics for various WS, and WSe,, respectively, explaining the lower on-current densities seen here
monolayer transition metal dichalcogenide (TMD) nanoribbons on 5.5 nm compared to Fig. 4cin the main text. Nevertheless, these each display /,,,,.//nin
HfO, back-gate dielectrics. a, Device schematic, for various TMD nanoribbons ratios over 10%. ¢, Output characteristics of a WS, nanoribbon with dimensions
with Au contacts on 5.5 nm HfO, back-gate dielectric. Note that the HfO, and voltages as listed. d, Output characteristics of a MoS, nanoribbon with
dielectric on these test chips was slightly thinner than the 7.5 nm thick HfO, used dimensions and voltages as listed. Both nanoribbons here had Au source and
inFig. 4 of the main text. b, Measured transfer characteristics of monolayer MoS,,  drain contacts, for direct comparison. (In contrast, WS, nanoribbons in main
WS,, and WSe, nanoribbons with Au source and drain contacts, on local back- text Fig. 4 had Ni/Au contacts.) Small arrows indicate voltage sweep directions,
gates with high-k dielectric, including the deep off-state. Note that Au source- illustrating small hysteresis. Allmeasurements are at room temperature.

drain contacts are optimal for MoS, while Ni/Au and Pd/Au are preferable for
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Extended DataFig. 3| Width-dependent current density across our monolayer  for n-type and p-type films respectively, where V; . is taken at/, =100 nApm™.
TMDs. Drain current density (/p) vs. channel length (L,,) for monolayer n-type Within the device-to-device variability typical of academic nanofabrication,
MoS, devices with channel widths (W,,,) of approximately a, 25 nm, b, 50 nm, we observe no obvious changes in current density between nanoribbons (left
¢,75nm,d, 450 nm, and e, 850 nm. Corresponding data for monolayer n-type columns) and microribbons (right columns) of a given material, after accounting
WS, with W,,, of approximately f, 50 nm, g, 75 nm, h, 450 nm, and i, 850 nm. for V;changes. The slightly higher /,,.in wider channels of MoS, and WS, is due
Corresponding data for monolayer p-type WSe, with W,,, of approximatelyj, to their lower V; .. (see Extended Data Fig. 4 for more discussion); accordingly, no

75nm, k, 450 nm, and 1, 850 nm. All devices in this figure have Audrainand source ~ obvious nano- vs. microribbon difference is seenin/,,. Note, some nanoribbon
contacts, and were fabricated on 5.5 nm HfO, with local back-gates (see Extended widths are missing for WS, and WSe, due to adhesion and yield issues from the
Data Fig. 2a), measured at [V | =1V. Each panel shows both /,,,,, (at maximum layer transfer process onto HfO, with local back-gates.

|Ves1=3Vfor WSe,and 3.5V for the others) and /,, at V,,, = Vs - V. |=1and 0.5V,

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-026-02161-w

h =25 nm

Decreasing W,

I.c =100 nA pm |

W,

o = 75 Nnm

W,

'.n = 850 nm

vV VV©®

1.0} .
<]
05F .
—_ =]
S
g 0.0F °© ©
>F 88 o g
05f g B
RS
~10} ®%
|> 1
000 025

Extended DataFig. 4 | Width-dependent threshold voltage across monolayer
MosS, nanoribbons. Threshold voltage as a function of channel length and
width, for our monolayer MoS, devices on HfO, from Extended Data Fig. 3a-e.
Displayed are devices with channel widths W, = 850 nm (grey triangles),

75 nm (blue circles), and 25 nm (purple squares). V; .. is estimated at a constant
currentof 100 nA pm™. V. increases as W, is reduced, causing an apparent
decrease of I,,, for the nanoribbons at maximum Vs (=3.5V here on-5.5 nm
HfO, back-gate dielectric). Our findings here are consistent with earlier work*
onthick MoS, nanoribbons (-10 layers), which also found increased V; as W, is
reduced, attributing it to negative charges adsorbed at the edges. Fixed edge

0.50 0.75 1.00
Lch (pm)

charges may arise from fabrication or atmospheric exposure, and are likely
below electron energy loss spectroscopy detection limits. On thick back-gate
dielectrics (comparable to or thicker than W,,), the relatively higher contribution
of fringing fields at the edges could have a competing effect and decrease V;

as W isreduced, as seenin Supplementary Fig. 3¢ for devices on 96 nm SiO,.
The analysis here was conducted for the forward-sweep of the transfer curves,
however, we note that the hysteresis was quite small for these devices (see
Extended Data Fig. 2d), thus rendering the trends here to be robust to either
sweep direction.
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Extended DataFig. 5| Electrical performance of monolayer MoS, nanoribbon
arrays. a, Top-down scanning electron image of the nanoribbon array, showing
widths down to -75 nm and 10 parallel nanoribbons. The devices here are
monolayer MoS, directly grown and fabricated onto 96 nm SiO, on p** Si. Inthe
image, the nanoribbons appear dark, while the lighter large rectangles are the
Au contacts. b, Measured transfer characteristics of short- and long-channel
nanoribbon array devices. The on-state current density is comparable to that of

r Wy, ~ 75 nm A
107 10 Nanoribbons
i Vos=1V ]

10—9 1 1 1 1 1
-40 -20 0 20 40 60

Vas (V)

single nanoribbons (see main text Fig. 2a). The off-state current density is one

to two orders of magnitude lower than that measured inindividual nanoribbons
due to the width difference and differences in measurement settings, and
comparable to some of the best-known micrometer-scale devices (/p.//min
currentratio >10°). The short-channel device (100 nm here) exhibits slightly
degraded off-state, likely from V; roll-off and other short-channel effects, on the
thicker SiO, (96 nm) back-gate oxide.
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