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The foundry industry and academia are confronting the limits of Moore’s 
Law scaling for logic transistors. Silicon field‑effect transistors (FETs) 
now rely on gate‑all‑around structures and ultrathin channels, even at the 
cost of decreased carrier mobility and complex fabrication processes. 
Two‑dimensional (2D) semiconductors offer a promising alternative 
because they retain their crystalline quality at atomic thicknesses. 
Nonetheless, whether they truly exhibit higher performance than silicon 
remains questionable. Here, by implementing a dual‑gate structure 
on bilayer MoS2 FETs, we mitigate the fringing‑field barrier created by 
the elevated top contact and achieve high carrier densities without 
increasing fabrication complexity. Simulations and statistical analysis 
confirm that the dual‑gate compensates the fringe field, enabling a 
drain current of 1.55 mA µm−1 even with conventional gold contacts. 
Quantum‑transport simulation indicates that, with further gate‑length and 
equivalent‑oxide‑thickness scaling, the on-state current can reach levels 
comparable to silicon FETs at the 3-nm node, and monolithic 3D integration 
can extend the applicability of dual‑gate 2D transistors to future logic 
technologies.

Silicon field-effect transistors (FETs) are now reaching the physical limit 
of gate‑length (Lg) scaling. To keep improving electrostatic control, the 
semiconductor industry has successively enlarged the gate–channel 
interface area: from planar, through Fin‑FET, and now to gate‑all‑around 
(GAA) FET1,2. At the same time, channel thickness has been reduced to 
strengthen gate coupling, but silicon carrier mobility collapses sharply 
below 5 nm, causing a large loss of on‑state current (Ion)3. Multichannel 
architectures could, in principle, restore current, yet they require new 

and highly challenging contact and gate processes and still cannot sus‑
tain Moore’s Law for nodes below 1 nm (refs. 4–6). Two‑dimensional (2D) 
transition‑metal dichalcogenides (TMDs) have emerged as a compelling 
alternative. Because a monolayer or bilayer crystal retains high mobility 
even at 1- to 2-nm thickness, its channel can be fully electrostatically 
controlled at Lg ≈ 5 nm or less3,7,8. Consequently, ultrathin geometry also 
allows a dual‑gate design to achieve the same electrostatic control as a 
GAA structure. Moreover, large‑area growth or transfer of TMDs onto 
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requires balanced top‑ and bottom‑gate stacks23. However, forming 
a high-quality top-gate dielectric layer on a 2D material is challeng‑
ing due to the noble surface, as widely acknowledged24. We utilized 
a low-temperature interlayer deposition method to deposit the 
high-quality top-gate dielectric14. Gold was chosen for the source‑drain 
and gate electrodes to eliminate artefacts originating from the native 
oxides. Figure 1b,c respectively shows top‑view scanning electron 
microscopy (SEM) and cross‑sectional transmission electron micros‑
copy (TEM) images of the dual‑gate device.

The TCAD model was built directly from the measured device 
geometry (Fig. 1d). Earlier 2D material simulations did not fully consider 
the true electrode shape and relied on silicon‑based tools that treat the 
channel only as a thickness‑scaled bulk, which leads to large errors25–27. 
To accurately capture the physics of bilayer MoS2, we explicitly incor‑
porated the van der Waals (vdW) gap between the two layers and used 
experimentally validated material parameters (Extended Data Table 1). 
Using this geometry we simulated four configurations: monolayer/
bilayer combined with single‑gate/dual‑gate, under gate-source volt‑
age Vgs = 3 V and drain-source voltage Vds = 1 V. For the monolayer, add‑
ing a top gate roughly doubles the total gate capacitance, giving an 
∼2-fold increase in electron density and Ion. In the bilayer the dual‑gate 
device shows an ∼5-fold Ion boost relative to the single‑gate case; the 
extra gain (marked by a question mark in Fig. 1e) exceeds the simple 
capacitance scaling and originates from a reduction of a contact‑side 
potential barrier. Transfer curves (Extended Data Fig. 1) reveal that the 
threshold voltage (Vth) is unchanged, while the subthreshold swing (SS) 
and leakage improve because short‑channel effects are suppressed.

Figure 1f–g shows the simulated on‑state electrostatic potential 
of monolayer and bilayer MoS2 FETs (see Supplementary Fig. 1 for 
enlarged view). In both devices a pronounced potential drop appears 
near the source electrode when only a back gate is used; this drop 
disappears when a top gate is added. The corresponding conduc‑
tion‑band‑edge and electron‑density line profiles (Fig. 1h–i) reveal that 
the narrow metal‑channel gap produces a strong fringing field that 
lifts the conduction band, creating an energy barrier that suppresses 
charge injection. In the bilayer, the top MoS2 layer—directly contacted 
by the metal—experiences the largest barrier because the bottom layer 
screens the gate field. Meanwhile, the top gate efficiently compensates 
the fringing field at the top layer and therefore reduces the barrier 
height. (For the bottom layer, see Supplementary Fig. 2.) In contrast, in 
the monolayer the barrier is already tightly regulated by the back gate 
and changes only marginally. We demonstrated a low-fringing-field 
structure, suppressing the fringing field and consequently lowering 
the barrier. A low‑fringing‑field geometry further lowers the barrier 
and raises Ion (Supplementary Fig. 3). Capacitance‑model analysis 
(Supplementary Fig. 4) confirms that the barrier‑reduction effect 
yields more than 2‑fold Ion improvement for bilayers. Length‑scaling 
simulations (Supplementary Fig. 5) show that the Ion ratio between 
single‑ and dual‑gate devices remains essentially constant up to a chan‑
nel length (Lch) of 300 nm, indicating that the improvement is rooted 
in contact‑side barrier mitigation rather than channel‑length effects. 
In addition to the Ion boost, the dual‑gate configuration also improves 
SS and reduces leakage (Extended Data Fig. 1).

Growth of 200-mm-scale wafer monolayers and 
bilayers of MoS2
After our simulations demonstrated that a bilayer MoS2 channel pro‑
vides a clear electrostatic advantage over a monolayer, we shifted our 
focus to the far more demanding task of fabricating a wafer‑scale, uni‑
form bilayer on a 200-mm wafer—a milestone that has been reported 
infrequently because wafer‑scale, layer‑by‑layer growth is intrinsically 
difficult28,29. By introducing a small amount of potassium‑iodide (KI) 
additive into the metal–organic chemical vapour deposition (MOCVD) 
chemistry, we substantially increased the surface diffusion length of the 
molybdenum and sulfur adatoms. This change allowed us to suppress 

amorphous substrates is straightforward, which makes the sequential 
fabrication of dual‑gate structures relatively easy9–11. Despite these 
advantages, most high‑performance 2D TMD FETs reported to date use a 
single‑gate architecture12,13, probably because (1) many researchers have 
believed that the ultrathin channel needs only one gate for sufficient 
accumulation, and (2) forming a high‑quality top‑gate dielectric on 
chemically inert 2D surfaces is technically difficult14.

In this study, to maximize carrier density in the channel we delib‑
erately introduced a dual‑gate configuration on monolayer and bilayer 
MoS2. Technology computer-aided design (TCAD) simulations uncov‑
ered a previously overlooked potential barrier generated by the fringing 
field of the elevated source/drain contacts. This barrier hampers the 
accumulation of a high carrier density in the channel, and is especially 
problematic in bilayer devices; therefore, adding a top‑gate to the con‑
ventional single back‑gate can partially cancel the field and lower the 
barrier. Consequently, simulations predict that for monolayer devices 
the introduction of a dual‑gate yields roughly a 2-fold increase in Ion 
compared with a single‑gate, whereas for bilayer devices an increase as 
large as 5-fold is anticipated. Statistical experiments on 200‑mm‑scale 
monolayer and bilayer MoS2 wafers confirm this expectation: dual‑gate 
devices exhibit ∼2-fold higher Ion for monolayer and ∼3.5-fold higher Ion 
for bilayer, and the transfer‑length‑method (TLM) shows a pronounced 
reduction of contact resistance (RC) in bilayers, exactly as the simula‑
tions anticipate. By concentrating the electric field of both gates on an 
ultrathin channel, the dual‑gate architecture raises the sheet carrier 
density (n2D) to 5.5 × 1013 cm−2. Such a massive number of carriers can 
flow efficiently, enabling an outstanding Ion of 1.55 mA µm−1 even with 
the moderate carrier mobility of polycrystalline MoS2 and conventional 
gold contacts. High‑k dielectrics on both sides of the channel also lower 
the operating voltage, bringing the device closer to the voltage window 
of industrial silicon transistors.

Finally, quantum‑transport TCAD simulations, performed on 
a supercomputer with an in‑house solver, were used to evaluate the 
scalability of our devices beyond the 3‑nm node. The calibrated model 
reproduces the experimental data and shows that silicon GAAFETs 
suffer severe short‑channel effects for Lg < 12 nm, whereas the MoS2 
dual‑gate FET retains performance down to Lg = 5 nm. The reduced 
contacted‑gate pitch (CGP) and the intrinsically low parasitic capaci‑
tance of the atomically thin channel promise power‑performance‑area 
(PPA) advantages over silicon GAAFETs. Moreover, the ability to 
transfer or selectively grow single‑crystal 2D layers on amorphous 
substrates supports monolithic 3D (M3D) integration concepts, mak‑
ing dual‑gate bilayer TMD FETs a promising pathway for sub‑1‑nm 
technology nodes9,10.

Ion and electrical potential in single- and dual-gate 
MoS2 FETs as predicted by TCAD simulations
Monolayer MoS2, a widely recognized 2D semiconductor, provides 
excellent gate control but its large bandgap limits performance15,16. 
Bilayer MoS2 has higher mobility and a smaller bandgap, reducing the 
Schottky barrier and improving performance17,18. Its larger quantum 
capacitance also yields higher carrier density19. Hence, a dual‑gate on 
bilayer MoS2 should combine strong gate control with high perfor‑
mance, making it a promising architecture. We first evaluated dual‑gate 
effects on monolayer and bilayer MoS2 with TCAD simulations. We also 
examined the impact of the elevated top contacts. Unlike silicon, 2D 
TMDs cannot be heavily doped and therefore metal contacts must be 
made directly on the undoped channel20. Consequently, a strong fring‑
ing field arises from the metal‑channel potential and work‑function 
difference and from the surface dipole21. Previous work shows that 
this fringing capacitance substantially affects the contact potential 
and device current22. We hypothesize that a dual‑gate can compensate 
this effect and improve performance.

A back‑gate MoS2 FET can be fabricated readily and adding a top 
gate yields the dual‑gate architecture (Fig. 1a). Here, high performance 
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premature nucleation of secondary layers, thereby extending the lateral 
growth of the first layer until it coalesced, after which the second layer 
could nucleate uniformly. The result is a bilayer‑dominated MoS2 film 
that spans the entire 200‑mm wafer, as confirmed by the subsequent 
statistical analyses (see Supplementary Fig. 6 and Supplementary Fig. 7 
for SEM and plan-view TEM images of bilayer MoS2 film).

Figure 2a,b respectively displays cross-sectional TEM images of 
the grown monolayer and bilayer MoS2 films. In Fig. 2c, characteristic 
Raman peaks of monolayer and bilayer MoS2, including E12g  and  
A1g peaks, along with the silicon substrate peak near 520 cm−1, are pre‑
sented. The intensity of the A peak relative to the silicon peak is sub‑
stantially higher in the bilayer than in the monolayer. Moreover, the 
distance between the E and A peaks directly related to the layer number 
is precisely in line with the values reported in the literature, measuring 
19.8 cm−1 for the monolayer and 21.9 cm−1 for the bilayer30. Of course, 
it would be challenging to claim that the entire film is perfectly mon‑
olayer or bilayer, due to the presence of adlayer patches. However, 
through statistical Raman analysis, we can track the average number 
of layers. In Fig. 2d, the distribution of the analysed E–A peak distances 
from 100 Raman spectra within a 10 cm × 10 cm area of as-grown MoS2 
films is plotted. Also, as evident from the Raman mapping in 
Extended Data Fig. 2, it can be confirmed that a generally uniform 
monolayer and bilayer were fabricated. We also analysed the composi‑
tions of the two films to be nearly identical using X-ray photoelectron 
spectroscopy (XPS) analysis. The composition ratios derived from the 
molybdenum (Mo) 3d peak (Fig. 2e) and the sulfur (S) 2p peak (Fig. 2f) 

for the monolayer and bilayer are respectively 32.91:67.09 and 
32.41:67.59, indicating a negligible difference in quality, with only a 
difference in layer number. The slight redshift observed in both the Mo 
and S peaks of the bilayer seems to result from the mitigation of the 
substrate effect and enhanced screening. Additionally, it has been 
confirmed in Supplementary Fig. 6 that the KI additive used during the 
bilayer MoS2 growth remains after growth but is easily removable in 
most solvents such as acetone, alcohols or water. Consequently, after 
the transfer and subsequent processes, it is undetectable by atomic 
force microscopy (AFM) and XPS, as shown in Supplementary Fig. 8.

Statistical assessment of monolayer and 
bilayer MoS2 FETs with single- and dual-gate 
configurations
Using the wafer‑scale mono‑ and bilayer MoS2 films, we fabricated FET 
arrays on 200‑mm wafers (Fig. 3a, inset). The devices have the same 
architecture as the TCAD model shown in Fig. 1a; the detailed process 
flow is given in Supplementary Fig. 9 and the Methods, and cross‑sec‑
tion TEM images are shown in Fig. 1c and Supplementary Fig. 10. To 
directly compare single‑gate and dual‑gate operation we measured 
each transistor before and after adding the top‑gate metal. The 
top‑gate‑only configuration was not studied in the scaled devices 
because its electric field contributes little to contact‑region doping, 
whereas the back gate strongly modulates the contacts in the on‑state. 
Extended Data Fig. 3 (Lch > 500 nm devices made by photolithography) 
confirms that top‑gate‑only devices show 10‑fold lower performance 
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Fig. 1 | TCAD simulation results based on the actual MoS2 dual-gate FET. 
a, Schematic illustrating the MoS2 dual-gate FET with elevated gold contacts. 
b, False-colour top-view SEM images of a device with an Lch of 30 nm among 
the actually fabricated MoS2 FETs before the fabrication of the top gate. S, 
source; D, drain; BG, back gate. c, False-colour cross-sectional TEM image of 
a representative MoS2 dual-gate FET. d, TCAD simulation model of the MoS2 
dual-gate FET fabricated based on the observed TEM image. MoS2 is represented 
in black, HfOx in red, and the S, D and BG metals are implemented in the form of 
the potential touching the surface. The top surface, represented in purple, is 
calculated as empty in the case of single-gate simulation and with the potential of 
the gold in the case of dual-gate simulation. The reproduction of such an elevated 
contact structure in the simulation makes it possible to calculate the role played 
by the fringing field. e, The Ion values calculated through TCAD modelling 
for single- and dual-gate configurations in monolayer (sky blue) and bilayer 
(yellowish green) MoS2 FETs. The on-state is defined at Vds = 1 V and Vgs = 3 V. 

Primarily, due to the smaller bandgap in bilayer MoS2, an ∼3-fold increase in 
Ion was calculated in the same single-gate configuration compared with the 
monolayer. An ∼2-fold increase in Ion in the dual gate compared with the single 
gate is expected due to the 2-fold gating effect. However, in the case of bilayer, a 
>2-fold unidentified increase in Ion is observed. f, Visualized electrical potential 
of a monolayer MoS2 FET in HfOx and MoS2 at the on-state (Vds = 1 V, Vgs = 3 V) for 
both single- and dual-gate configurations. g, Visualized electrical potential of a 
bilayer MoS2 FET in HfOx and MoS2 at the on-state for both single- and dual-gate 
configurations. h, Line profile along the y direction of the conduction band (CB) 
energy and corresponding electron density within monolayer MoS2. While the 
presence of a fringing field-induced barrier near the source electrode is evident, 
the difference between single- and dual-gate configurations is not substantial. 
i, Line profile along the y direction of the CB energy and corresponding electron 
density within the top layer of bilayer MoS2. The reduction in the barrier due to 
the introduction of the dual gate through the fringing field is clearly evident.
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than back‑gate devices, which is attributed to the lower quality of the 
top‑gate dielectric and the absence of contact gating.

Transfer curves (sheet conductance σsh versus Vgs) for hundreds 
of monolayer and bilayer MoS2 FETs (Fig. 3a,b) were measured over Lch 
ranging from 30 nm to 300 nm; σsh normalizes the current to device 
geometry. In every case the dual‑gate configuration yields lower 
SS and higher Ion than the single‑gate device. Plotting Ion versus Lch 
(Fig. 3c,d) shows a pronounced increase for dual‑gate transistors across 
the entire Lch range, consistent with the long‑channel TCAD results 
(Supplementary Fig. 5) and the statistical analysis of long‑channel 
devices (Extended Data Fig. 3). Moreover, we demonstrated that insert‑
ing a low‑k SiO2 spacer between metal and channel reduces the fring‑
ing field, further raising Ion and tightening device‑to‑device variation 
(Extended Data Fig. 4). The experimental improvement matches the 
low‑fringing‑field simulations (Supplementary Figs. 3 and 4). Despite 
being fabricated from polycrystalline MoS2, the bilayer‑dual‑gate 
FETs deliver an average Ion of 700 μA μm−1 at an Lch of 30 nm. In bilay‑
ers the Ion gain from the dual gate is essentially constant across all Lch 
values, whereas in monolayers the gain becomes larger as the channel 

length increases. This trend reflects the different operating regimes: 
short‑channel devices are contact limited, while longer devices are 
channel limited. To elucidate the origin of the gain we performed 
transfer‑length‑method (TLM) analysis on devices of varying Lch 
(Extended Data Fig. 5). After converting the gate voltage to overdrive 
voltage (Vod) and then to n2D using capacitances extracted from metal–
insulator–metal (MIM) test structures (Supplementary Fig. 11), we 
plotted RC versus n2D (Fig. 3e,f). Both mono‑ and bilayer devices exhibit 
roughly ∼2‑fold larger gate capacitance in the dual‑gate configuration, 
giving a broader n2D range. For monolayers the lowest RC is similar for 
single‑ and dual‑gate devices (∼4 kΩ µm), consistent with the simulated 
minimal barrier difference. In contrast, bilayers show a dramatic reduc‑
tion of RC from 4.3 kΩ µm (single gate) to 1.3 kΩ µm (dual gate), in line 
with the simulated barrier mitigation as previously shown in Fig. 1h,i. 
Consequently, the dual‑gate monolayer Ion is ∼2-fold higher, while the 
bilayer Ion is ∼3.6-fold higher (Fig. 3g), matching the TCAD prediction 
(Fig. 1e). The extra boost in bilayers arises from the dual gate’s ability to 
compensate the fringing‑field‑induced barrier at the elevated contacts.

Figure 3h shows the partition of total resistance into RC and chan‑
nel resistance (Rch). For the shortest Lch = 30 nm devices, RC dominates; 
the dual‑gate reduces Rch (and, for bilayers, also RC), yielding a large 
overall resistance drop. The experimental mobility extracted by TLM 
varies between single‑ and dual‑gate devices (Supplementary Fig. 12), 
indicating that the dual‑gate field improves carrier accumulation and 
thus effective mobility. Stacking order and occasional defects have only 
a minor effect (Supplementary Fig. 13). Overall, the data confirm that 
a dual‑gate architecture is essential to fully exploit the thin‑channel 
advantage of 2D materials, especially for bilayer MoS2 where it both 
lowers the contact barrier and enhances channel conductance.

Benchmarking Ion of dual-gate bilayer MoS2 FET 
and further Lg scaling with quantum transport 
simulation
To probe the ultimate current capability of MoS2 we selected the 
best bilayer‑dual‑gate device (the ‘hero’ transistor) and extended 
the gate bias to +4 V. With a Vth of ∼–1.4 V, the channel reaches an 
n2D of ∼5.5 × 1013 cm−2. Because the equivalent oxide thickness (EOT 
>3 nm) makes the oxide capacitance much smaller than the quantum 
capacitance, the classical capacitance model accurately predicts this 
density19,31. The transfer curve (Fig. 4a) shows only a mild saturation at 
high Vgs, indicating that the bilayer can accommodate still larger carrier 
populations; a transconductance peak appears in the high‑Vgs region 
(Supplementary Fig. 14). The output characteristic (Ids–Vds, Fig. 4b) is 
linear at low Vds, confirming ohmic contacts. From the slope we extract 
a total resistance of ∼600 Ω µm at Vgs = 4 V, which corresponds to a 
contact‑plus‑channel resistance of ∼300 Ω·µm and yields an outstand‑
ing Iₒₙ of 1.55 mA µm−1 despite a moderate mobility (∼20 cm2 V−1 s−1). 
The top‑ten highest‑Iₒₙ devices are shown in Supplementary Fig. 15. 
The lower RC observed here, compared with the TLM‑extracted value 
in Fig. 3, stems from the much higher n2D (5.5 × 1013 cm−2 versus 
1.7 × 1013 cm−2) used in this measurement.

Figure 4c,d presents a benchmark of the Ion of our n‑type bilayer 
MoS2 dual‑gate FETs against reported 2D devices. To focus on logic‑rel‑
evant operation we excluded devices that draw current at Vds > 3 V and 
plotted Ion versus Vds (Fig. 4c). Even with the simple dual‑gate/bilayer 
architecture, our transistors deliver a higher Ion than single‑crystal 
MoS2 FETs and surpass the Ion target set by the IEEE International 
Roadmap for Devices and Systems 2022 roadmap4. Importantly, this 
performance is achieved at relatively low Vds, whereas many previ‑
ously reported high‑Ion 2D FETs operate at high Vds or require large 
Vgs (tens of volts) because of a highly negative Vth or use of high EOT 
dielectrics12,13,28,32–37. To enable a fair comparison we therefore plotted 
Ion versus the overdrive voltage (Vod) (Fig. 4d). The data show that most 
high‑Ion MoS2 devices rely on high Vod, explaining why few 2D a.c. circuits 
have been demonstrated26,38,39. Our device attains a competitive Ion at 
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peak distances obtained from Raman spectra at 1-cm intervals across a 
10 cm × 10 cm area for monolayer and bilayer MoS2 films. The distinct separation 
of film thickness is clearly evident on average. e, XPS of Mo 3d peaks in monolayer 
and bilayer MoS2. f, XPS of S 2p peaks in monolayer and bilayer MoS2. The Mo:S 
atomic ratio, derived from the XPS of Mo and S, is 32.91:67.09 for the monolayer 
and 32.41:67.59 for the bilayer. a.u., arbitrary units.
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supply voltage (Vdd) comparable to that of a 45-nm silicon transistor (Lg 
≈ 30–40 nm, Vdd ≈ 1 V), although a direct Si–MoS2 comparison is limited 
by the larger EOT of our gate stack40,41.

Because today’s lithography, high‑k gate‑oxide deposition and 
reliable doping techniques are not yet compatible with MoS2, a direct Ion 

comparison with state‑of‑the‑art silicon FETs is difficult. To determine 
whether our dual‑gate bilayer device can outperform silicon under 
aggressive (Lg < 10 nm) scaling we carried out quantum‑transport 
simulations. Non‑equilibrium Green’s function (NEGF) calculations 
were performed with an in‑house solver on a supercomputer, using 
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Fig. 3 | Statistical electrical property analysis of a 200-mm-scale FET array. 
a, Transfer curves (σsh–Vgs) of fabricated monolayer MoS2 FETs with single- and 
dual-gate configurations. The transistor Lch varies from 30 nm to 300 nm, and the 
channel width varies from 500 nm to 3 μm. To normalize for the various channel 
dimensions, the y axis is plotted in terms of conductance. Inset: photograph 
showing the MoS2 FET array fabricated on a 200-mm wafer. For the single-gate 
devices, 271 out of a total of 324 devices were measured; for the dual-gate devices, 
317 out of a total of 324 devices were measured. b, Transfer curves of bilayer MoS2 
FETs with single- and dual-gate configurations. For the single-gate devices, 202 
out of a total of 324 devices were measured; for the dual-gate devices, 282 out of 
a total of 324 devices were measured. c, Graph plotting the Ion values extracted 
from transfer curves at Vds = 1 V and Vgs of 3 V of a monolayer MoS2 FET array as a 
function of Lch. For the single gate, we measured 10 devices for Lch = 30 nm, 52 for 
40 nm, 67 for 50 nm, 16 each for 60, 70, 80, 150, 200, 250 and 300 nm, and 15 for 
100 nm; for the dual gate, we measured 13 devices for 30 nm, 69 for 40 nm, 85 
for 50 nm, and 18 each for 60, 70, 80, 100, 150, 200, 250 and 300 nm. d, The same 
graph of a bilayer MoS2 FET array. For the single gate, we measured 5 devices for 
Lch = 30 nm, 32 for 40 nm, 55 for 50 nm, 14 for 60 nm, 15 for 70 nm, 14 for 80 nm, 14 
for 100 nm, 16 for 150 nm, 16 for 200 nm, 16 for 250 nm and 17 for 300 nm;  

for the dual gate, we measured 13 devices for 30 nm, 57 for 40 nm, 78 for 50 nm, 
16 for 60 nm, 15 for 70 nm, 16 for 80 nm, 17 for 100 nm, 17 for 150 nm, 17 for 
200 nm, 18 for 250 nm and 17 for 300 nm. e, Graph plotting the statistically 
extracted RC from the monolayer FET array using the TLM method as a function 
of the n2D. The minimum RC values for single- and dual-gate configurations are at 
a similar level. f, The same graph for the bilayer FET. A pronounced drop in RC is 
cleanly observed in the dual-gate configuration. g, The average Ion for both single- 
and dual-gate configurations in bilayer and monolayer MoS2 FET arrays with 
a 30-nm Lch. As predicted in the simulation, an ∼2-fold increase in current was 
observed in the dual gate compared with the single gate in the monolayer, and 
similarly, a >2-fold increase in current was observed in the bilayer. As validated 
by the simulation, it was discovered that this additional increase in current is 
due to the compensation of the fringing field by the top gate. For the monolayer, 
10 single- and 13 dual-gate FETs were measured; for the bilayer, 5 single- and 13 
dual-gate FETs were measured. h, Total resistance (Rtot) of single gate and dual 
gate configurations for monolayer and bilayer FETs with a Lch of 30 nm. 2RC 
(purple) and channel resistance (Rch) (yellow) extracted through TLM are shown. 
All data in this figure are presented as mean values ± s.d.
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the exact 3D device geometry instead of the simplified silicon‑based 
models used in earlier works42. The model was calibrated to the 
experimental transfer curves (Fig. 4a,b) by fitting the effective mass, 
dielectric constant and other material parameters obtained from 
density functional theory (DFT) calculations (Supplementary Figs. 16 
and 17 and Extended Data Table 1). Ballisticity as a function of chan‑
nel length was extracted (Supplementary Fig. 18) and incorporated 
together with scattering to predict the I–V characteristics of scaled 
devices (Extended Data Fig. 6). For comparison we also simulated 
a 4‑nm‑thick silicon single‑channel GAAFET at Lg = 12 nm and 5 nm 
(Extended Data Fig. 7). Using an Ioff = 10 nA µm−1 criterion, the MoS2 
dual‑gate device lags silicon at Lg = 12 nm but surpasses it at Lg = 5 nm 
because silicon suffers severe short‑channel effects (Fig. 4e,f). The 
dual‑gate structure reduces the fringing‑field barrier, but a residual 
field remains as long as metal contacts are used; eliminating the fring‑
ing field in the simulation yields an ∼2‑fold Ion increase. Because further 
reduction of the fringing field is impractical, the only viable route 
is to scale the EOT. With a high‑k dielectric that can be deposited to 

EOT ≈ 0.5 nm (ref. 43), the series capacitance (centroid + quantum) 
becomes comparable to the oxide capacitance. In atomically thin 2D 
channels the centroid capacitance is negligible, while the quantum 
capacitance of MoS2 (large effective mass and density of states) is 
high; consequently, sub‑0.5-nm EOT gives MoS2 Ion values comparable 
to those of silicon19. Finally, to be relevant for advanced nodes the 
CGP must be reduced. Although our device’s CGP is relatively large, 
the Lch is comparable, and both literature and short-gate MoS2 FETs 
shown in Supplementary Fig. 19 confirm that even a 10-nm contact 
length in MoS2 FETs provides robust contact performance12,44. Because 
GAAFETs suffer from a large capacitance penalty, a planar dual‑gate 
MoS2 device can achieve similar a.c. performance while benefiting 
from lower parasitic capacitance.

Outlook
The performance improvements observed in this work, although sub‑
stantial, are not yet sufficient to justify a complete replacement of the 
existing silicon‑based manufacturing infrastructure. The wafer‑scale 
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Fig. 4 | Performance benchmark and quantum-simulation-based scaling of 
the best device. a, Transfer curves (Ids–Vgs) of the best bilayer MoS2 dual-gate  
FET measured under Vds varying from 0.1 V to 1 V with a step of 0.1 V, plotted  
in semilog scale (left) and linear scale (right). b, Output curves (Ids–Vds) of the 
same FET plotted in linear scale under Vgs varying from −3 V to 4 V with a step of 
1 V. The observation of linear curves in the subsaturation regime for all curves 
suggests the formation of ohmic contacts. c, Benchmark plot comparing the 
outstanding Ion observed in our device with other studies as a function of Vds  
(refs. 6,12,13,32–35). Despite being obtained at lower Vds compared with results 
using other single crystals, our Ion is the highest. The yellow boxes represent the 
Ion and Vds requirements for the International Roadmap for Devices and Systems 
High Performance Logic specifications in the years 2022, 2028 and 2037  
(ref. 4). While direct comparison with advanced silicon transistors is not possible 
due to the broad operating voltage range of our device, it can be demonstrated 
that the 2D channel allows for sufficiently high current. d, Plot benchmarking 
the Ion of MoS2 FETs from c based on overdrive voltage (Vod = Vgs – Vth) for fair 
comparison. Stars, MoS2 FETs; pentagons, silicon FETs41. Notably, the actual Ion 
values of our best device are represented by red stars. e, Transfer curves (Ids–Vgs), 

plotted in semilog scale (left) and linear scale (right), at Ioff = 10 nA μm−1 with 
Vds = 0.7 V, obtained after Lg and EOT scaling through NEGF simulations based on 
experimental data. The dot-dashed line and dashed line represent the transfer 
curves of a silicon GAAFET with Lg = 12 nm and 5 nm, respectively, obtained from 
quantum simulations, while all solid lines correspond to the transfer curves of 
MoS2 devices. The purple and light blue lines represent the transfer curves after 
scaling Lg to 12 nm and 5 nm, respectively. The green line corresponds to further 
scaling of EOT to 0.5 nm at Lg = 5 nm, while the red line represents the transfer 
curve after removing the fringing field effect at Lg = 5 nm. f, Comparison of Ion as 
a function of Lg for MoS2 and Si, plotted based on Ioff = 10 nA μm−1, with Vdd = 0.7 V, 
obtained through NEGF simulations. Blue hexagons, MoS2 FETs; red circles, 
silicon FETs. MoS2 exhibits less short-channel effect compared with silicon for 
Lg of <5 nm, preventing performance degradation. Through Lg scaling (yellow 
arrow), area gain can be achieved while maintaining performance. Furthermore, 
by eliminating the fringing field (red arrow) or scaling the EOT down to 0.5 nm 
(blue arrow), additional performance gains over silicon can be realized. Note that 
all data presented in e,f were obtained from simulations.
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devices reported here were fabricated from polycrystalline MoS2 to 
enable large‑area synthesis, but the resulting high trap density limits 
mobility, uniformity and SS. Demonstrating single‑crystalline growth 
of 2D materials would eliminate many of these traps, raise the carrier 
mobility and push Ion and SS toward the scaling targets for Vdd and Ioff 
(ref. 11). Recent advances in confined‑growth techniques are already 
delivering high‑quality 2D layers on wafer scales and will be essential for 
this transition9,10. Besides, more fundamental bottleneck is the absence 
of controllable heavy doping for 2D channels. Without reliable doping, 
RC remains high and precise Vth engineering is difficult. Parallel efforts 
on surface‑charge transfer dopants, substitutional dopants and con‑
tact‑region alloying are therefore required. Process reliability must also 
address stability and adhesion: bare 2D surfaces are chemically active, yet 
once encapsulated with high‑k dielectrics and spacer layers they exhibit 
excellent thermal and long‑term stability. The low adhesion energy to 
typical substrates can cause delamination during back-end-of-line (BEOL) 
processing; a promising mitigation strategy is to treat the 2D channel 
as a stress‑free transferable layer, moving it between front-end-of-line 
(FEOL) and BEOL stacks instead of growing it directly on the wafer.

The present study has shown that the fringing field from elevated 
source/drain contacts forms a dominant barrier that limits charge 
injection in 2D transistors. By employing a balanced dual‑gate archi‑
tecture, this barrier is partially screened, leading to a pronounced 
boost in Ion. TCAD/NEGF simulations and extensive statistical measure‑
ments (hundreds of devices on a 200‑mm wafer) confirm that the dual 
gate not only lowers the injection barrier but also increases the effec‑
tive channel mobility through additional conduction pathways. Our 
best polycrystalline bilayer device achieved an outstanding d.c. Ion of 
1.55 mA µm−1 with a modest mobility (∼20 cm2 V−1 s−1). Quantum‑trans‑
port scaling simulations, calibrated to the experimental data, reveal 
that while silicon GAAFETs lose performance for Lg <12 nm, the MoS2 
dual‑gate device remains functional down to Lg = 5 nm. When the EOT 
is reduced to 0.5 nm, the series (centroid + quantum) capacitance of 
MoS2 becomes comparable to the oxide capacitance, further closing 
the Ion gap with silicon. Moreover, the planar dual‑gate layout avoids 
the 3D gate formation required for silicon GAAFETs, resulting in lower 
parasitic capacitance and superior power–performance–area–cost 
metrics. Fabricating a true GAA device from 2D materials is extremely 
complex45; the simpler dual‑gate approach therefore offers a more 
realistic pathway toward integration. Finally, the atomically thin nature 
of MoS2 enables M3D integration, where multiple 2D stacks can be 
assembled with minimal pitch penalties, delivering additional area 
and performance gains.

In summary, the dual‑gate bilayer MoS2 platform demonstrates 
that a modest, planar architecture can meet the electrostatic control 
and current requirements of sub‑5-nm logic nodes. Realizing its full 
potential will require (1) wafer‑scale single‑crystal growth, (2) reliable 
heavy‑doping or contact‑doping schemes, (3) robust encapsulation 
and adhesion strategies and (4) stress‑free transfer processes compat‑
ible with BEOL integration. With these advances, MoS2‑based transis‑
tors could become a practical complement—or eventual alternative—to 
silicon in advanced technology nodes.
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Methods
TCAD simulations
Classical simulations. We use the multi-subband Boltzmann transport 
equation (MSBTE) solver, implemented in our in-house simulator. It 
calculates the Schrödinger equation perpendicular to the transport 
direction and the one-dimensional MSBTE for each subband. Mode 
decomposition is used to reduce the computational burden at the 
realistic device scale, and a periodic boundary condition is applied for 
the width direction. Layer-dependence effective mass and bandgap 
are considered as in Extended Data Table 1, and a multilayer model 
considering the vdW gap is used to accurately reflect the electrostatic 
effects depending on the device structure. DFT results show that the 
MoS2 layer has a high dielectric constant, while the vdW layer has a 
low dielectric constant46,47. This causes most of the potential drop to 
occur in the vdW layer, resulting in a considerable difference in the 
electrical operation of monolayer and multilayer devices. The MSBTE 
solver is a semiclassical transport equation that cannot originally con‑
sider tunnelling effects. However, the tunnelling current is accurately 
included as a non-local intravalley interaction based on the Wentzel–
Kramers–Brillouin tunnelling model48. This allows for the accurate 
consideration of the source-induced injection barrier. In bilayer mod‑
elling, another challenge is calculating the current path correctly. In 
a few-layer top-contact device, the main current path is the top layer 
because carriers with a small electric field are rarely injected from the 
source to the bottom layer. However, the MSBTE solver considers the 1D 
transport equation and imposes the injection boundary condition on 
the sides, leading to the misleading conclusion that most of the current 
path is formed in the bottom layer, which is less susceptible to the source 
fringe field effect. To mimic the low current injection to the bottom layer 
by tunnelling through the vdW layer, a thin tunnelling layer is added to 
the bottom layer as in Supplementary Fig. 2. Through these detailed 
modelling efforts, the origin of the substantial gain of Ion and decrease 
of the RC when using dual-gate in a bilayer device is clearly identified.

Quantum simulations. Quantum simulation was performed on real‑
istic short‑channel devices (Lg ≈ 5–30 nm) to capture the experimen‑
tally observed electrostatic structure, including fringing fields. We 
utilized an in‑house simulator (Polaris Quantum) which is based on 
the NEGF method49,50, utilizing 5,760 CPU cores, to overcome the com‑
putational demand for simulating realistic device geometry. Here, 
the retarded Green’s function is computed to obtain the electron and 
current density:

G(E) = [EI − H −Σ]−1

where G is the retarded Green’s function, E is the electron energy, I is the 
identity matrix and Σ is the retarded self-energy that accounts for the 
coupling to contacts and electron–phonon interactions. For the Ham‑
iltonian H, we incorporated the effective mass approximation (EMA) 
for non‑parabolicity corrections. The effective mass and non‑parabolic 
factor of MoS2 were further refined by DFT (Supplementary Fig. 17), 
yielding values consistent with recent literature42. Inter‑ and intra‑valley 
scattering were introduced via the self‑consistent Born approxima‑
tion (SCBA) and calibrated to reproduce the measured channel resist‑
ance, allowing realistic ballistic‑to‑diffusive ratios without resorting 
to a simple ‘ballistic‑current × ballistic‑ratio‘ scaling as described in 
Supplementary Fig. 18. As shown in Extended Data Figs. 6 and 7, MoS2 
was modelled with a top‑metal direct contact, whereas silicon used a 
silicide contact51; source/drain metals were represented as virtual con‑
ductive regions at fixed electrostatic potential, enabling flexible con‑
tact shapes and complex boundary conditions. Real‑space NEGF was 
used to resolve intricate current paths, and matrix blocks were decom‑
posed with the recursive Green’s function algorithm to maximize 
parallel efficiency. The bilayer MoS2 stack was treated as two distinct 
layers separated by a vdW gap, each assigned its own dielectric con‑
stant obtained from first‑principles orbital‑separation calculations52,53 

(Supplementary Fig. 17). This layered electrostatic model reproduces 
the fringing‑field‑induced increase in injection barrier and the con‑
comitant reduction in ballistic current (Supplementary Fig. 20). The 
simulation was slightly underfitted to experimental data to avoid 
overestimating the scaled-device performance. For silicon devices, 
realistic silicide contacts and constriction geometries were included, 
capturing quantum access‑resistance effects omitted in conventional 
NEGF models that consider only the channel; consequently, simulated 
Ion match experimental values without the overestimation typical 
of simplified structures50. The self‑consistent NEGF + SCBA frame‑
work, calibrated against experimental resistance and fringing‑field 
effects, thus provides a quantitative description of both MoS2 and 
silicon short‑channel devices while avoiding the pitfalls of empirical 
ballistic‑ratio scaling.

MOCVD of monolayer and bilayer MoS2. The growth of 200-mm-scale 
monolayer MoS2 was conducted under the same conditions as in our 
previous studies54–56. We used a showerhead-type cold-wall MOCVD 
reactor for the growth of MoS2, utilizing Mo(CO)6 as the molybdenum 
precursor and (C2H5)2S2 as the sulfur precursor. The flow rates of the 
precursors were 0.001 sccm for Mo(CO)6, 0.007 sccm for (C2H5)2S2 
and 100 sccm for H2, all of which were precisely regulated by individual 
mass-flow controllers and electronic pressure controllers. The chamber 
pressure and wafer temperature were maintained at 5.0 torr and 600 °C, 
respectively, during the growth process. We used KI as an additive to 
improve adatom diffusion, placing it upstream in the reactor. Growth 
time was controlled from 12 min to 2 h to control the layer number.

Fabrication of 200-mm-wafer-scale FETs. First, we started device 
fabrication with a 200-mm silicon wafer and created a 100-nm SiO2 layer 
through thermal oxidation. Next, we pattern the bottom-gate electrode 
using photolithography with an i-line stepper. At this stage, the negative 
process using the image reversal photoresist AZ5214 is utilized, followed 
by a lift-off process. For the bottom-gate metal, 5 nm of titanium and 
20 nm of gold are used. The creation of the bottom-gate structure is 
completed by depositing 10 nm of HfOx by atomic layer deposition. Next, 
a MoS2 film grown by MOCVD is transferred onto the substrate. As in our 
previous study55, a semiautomatic transfer stage is utilized at this stage. 
After that, another photolithography process is carried out to pattern the 
active channel area of MoS2. The exposed areas of MoS2 are etched using 
O2 reactive ion etching or a plasma asher. Next, we patterned fine source/
drain electrodes for the short-channel device using electron-beam lithog‑
raphy. In this case, a 495,000 Mw PMMA A2/950,000 Mw PMMA A2 (PMMA, 
poly(methyl methacrylate)) bilayer is utilized as an electron-beam resist 
for smooth lift-off. In this case, 20-nm gold is used as the contact metal. 
Another round of photolithography, metal deposition and lift-off are 
carried out to create metal leads connecting the pads for subsequent 
measurements. It is important to perform electron-beam lithography 
first in this process, as photoresist residue can notably degrade the RC of 
the resulting FETs. To facilitate the deposition of dielectric on top of the 
MoS2 for the fabrication of the top-gate stack, an interlayer is deposited 
using a method known as the ‘nanofog‘ technique14,57. Top-gate dielectric, 
10-nm HfOx, is deposited by atomic layer deposition. Then, similar to 
the bottom-gate process, patterning is carried out to form the top-gate 
metal, completing the device fabrication. See Supplementary Fig. 9 for 
a visualization of the fabrication processes.

Data availability
 Source data are provided with this paper. Any additional data support‑
ing the conclusions of this work can be obtained from the correspond‑
ing authors upon request.

Code availability
The Python code (v.3.8.5) used for the statistical analysis of FETs in 
this study is available from the corresponding authors upon request.
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Extended Data Fig. 1 | Transfer curves (Ids – Vgs) simulated using TCAD. a,b, Transfer curves of single gate (green) and dual gate (navy) monolayer MoS2 FETs plotted 
on both semi-log (a) and linear (b) scales. c,d, Transfer curves of single gate (orange) and dual gate (wine) bilayer MoS2 FETs plotted on both semi-log (c) and linear (d) 
scales.
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Extended Data Fig. 2 | Raman map images of large area MoS2 films. a, Image 
mapping the ratio of A peak intensity (IA) of monolayer MoS2 to Si peak intensity 
(ISi). b, Image mapping the distance between the E peak position (PE) and A peak 
position (PA) of monolayer MoS2. c, Image mapping the ratio of IA of bilayer 

MoS2 to ISi. d, Image mapping the distance between the PE and PA of bilayer MoS2. 
Only the 100 mm×100 mm region is mapped, as the device fabrication area was 
confined to the 100 mm centre region of the wafer.
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Extended Data Fig. 3 | Evaluation of 200-mm-wafer-scale long channel 
(Lch > 500 nm) FETs based on bilayer MoS2. a, Transfer curves (σsh – Vgs) of back 
gate (red), top gate (blue), and dual gate (green) MoS2 FETs fabricated across the 
entire 200-mm wafer. b,c, Statistical distribution of Ion and subthreshold swing 
(SS) for back gate (red), top gate (blue), and dual gate (green) configurations. 
In dual gate configurations, not only Ion and SS have substantially improved, 
but the variance has also been greatly reduced. Here, the numbers of measured 
back‑gate, top‑gate, and dual‑gate FETs are 40, 42, and 48, respectively. The 
box represents the 25 %–75 % range, the line in the middle indicates the median, 
and the circle denotes the mean value. d, Statistical analysis of field-effect (FE) 

mobility of dual-gate FETs as a function of Lch. The consistent FE mobility values 
across different Lch values indicate that the RC has sufficiently decreased. e, 
Threshold voltage (Vth) of dual-gate FETs extracted using the linear extrapolation 
method (hollow hexagon) from the transfer curve and the Vth extracted using 
the constant current method (filled hexagon). The constant current value used 
was 50 nA. The number of devices for d and e by Lch are: 115 devices for 500 nm, 
60 for 1 µm, 34 for 2 µm, 35 for 5 µm, 36 for 10 µm, and 35 for 20 µm. Data in d, 
e are presented as mean values +/- standard deviation. f. A wafer map showing 
die-by-die device yield for the dual gate structure, demonstrating a high  
yield of 99.7%.
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Extended Data Fig. 4 | SiO2 spacer-based low-fringing-field FETs. a, Schematics 
showing SiO2 spacer fabrication process. Source drain electrodes were fabricated 
by patterning a photoresist with a large undercut, followed by Au evaporation, 
subsequent SiO2 evaporation, and a single lift off step, resulting in a SiO2 spacer 
that covers the Au contacts. b, Comparison of the structure near the original 
contact (top) and the modified structure with an SiO2 spacer (bottom). Because 
the dielectric constant of SiO2 is lower than that of HfOx, the fringing capacitance 
associated with the SiO2 spacer (Cf, SiO2) is smaller than the fringing capacitance 
that arises from the HfOx filled field (Cf, HfOx). c, Cross sectional TEM image of a 

fabricated MoS2 FET that incorporates the SiO2 spacer. d,e, Transfer curves  
of the reference structure without a spacer: back gate configuration (d) and dual 
gate configuration (e). f,g, Transfer curves of the FETs with a SiO2 spacer: back 
gate configuration (f) and dual gate configuration (g). Insertion of the spacer 
reduces the fringing field, resulting in higher current and improved variation.  
h, Comparison of Ion at Vgs = 3 V extracted from the preceding transfer curves. 
After SiO2 spacer insertion, both the back‑gate and dual‑gate configurations 
exhibit a pronounced increase in Ion. All data in this figure are presented as mean 
values +/- standard deviation.
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Extended Data Fig. 5 | Transfer length method (TLM) of MoS2 FETs. a, Total 
resistance (Rtot) as a function of channel length (Lch) for single gate and monolayer 
MoS2 FET at a planar carrier density (n2D) of 7.69 ×1012 cm−2. The number of devices 
for each Lch is as follows: 10 devices for 30 nm, 52 for 40 nm, 67 for 50 nm, 16 each 
for 60, 70, 80, 150, 200, 250, and 300 nm, and 15 for 100 nm. b, Same plot for dual 
gate and monolayer MoS2 FET at n2D of 1.51 ×1013 cm−2. 13 devices for 30 nm, 69 for 
40 nm, 85 for 50 nm, and 18 each for 60, 70, 80, 100, 150, 200, 250, and 300 nm. c, 

Same plot for single gate and bilayer MoS2 FET at n2D of 1.04 ×1013 cm−2. 5 devices 
for 30 nm, 32 for 40 nm, 55 for 50 nm, 14 for 60 nm, 15 for 70 nm, 14 for 80 nm, 14 
for 100 nm, 16 for 150 nm, 16 for 200 nm, 16 for 250 nm, and 17 for 300 nm.  
d, Same plot for dual gate and bilayer MoS2 FET at n2D of 1.7 ×1013 cm−2. 13 devices 
for 30 nm, 57 for 40 nm, 78 for 50 nm, 16 for 60 nm, 15 for 70 nm, 16 for 80 nm, 
17 for 100 nm, 17 for 150 nm, 17 for 200 nm, 18 for 250 nm, and 17 for 300 nm. All 
data in this figure are presented as mean values +/- standard deviation.
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Extended Data Fig. 6 | Variation in transfer curves of dual-gate MoS2 FETs with 
Lg shrinkage. a, NEGF simulation models of bilayer MoS2 dual-gate FETs with 
Lg = 30 nm, 12 nm, and 5 nm, from top to bottom. The bilayer MoS2 was modelled 
with a vdW gap between the two MoS2 layers. b, Transfer curves at Vds = 0.7 V for 

Lg = 30 nm (pink), 12 nm (purple), and 5 nm (navy blue) calculated by quantum 
simulation. As Lg decreases to 5 nm, the transfer curve (navy blue) becomes 
increasingly similar to the ballistic transport-assumed transfer curve (light blue), 
indicating a higher proportion of ballistic transport under shorter Lg.
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Extended Data Fig. 7 | Variation in transfer curves of Si FETs with Lg shrinkage. 
a, NEGF simulation models of Si GAAFETs with Lg = 12 nm and 5 nm, from top to 
bottom. The thickness of the Si channel is fixed to 4 nm. b, Transfer curves at 

Vds = 0.7 V for 12 nm (pink), and 5 nm (orange) calculated by quantum simulation. 
Unlike MoS2, Si exhibits a notable degradation in SS due to the short-channel 
effect as Lg is reduced to 5 nm.
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Extended Data Table 1 | Parameters used in TCAD simulation

The quantum simulation aimed to closely reflect the actual measured values for better fitting with experimental results, leading to differences in parameters compared to the classical 
simulation.

http://www.nature.com/naturematerials


Nature Materials

Article https://doi.org/10.1038/s41563-025-02452-y

Extended Data Table 2 | Comparison of figure of merits between MoS2 transistors and Si transistors4,40,41,58

*The values marked with an asterisk are estimated based on other data from the manuscript and are not precise measurements.
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