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Transition metal dichalcogenides (TMDCs) are promising candidates for future nano-transistor
channels due to their outstanding intrinsic transport properties. However, their electron mobility is
highly sensitive to the surrounding dielectric, often falling well below theoretical expectations. In this
work,we explore howa stackedAl2O3 dielectric affects electronmobility inmonolayerWS2 using first-
principles quantum transport simulations. We identify that fluctuations in the electrostatic potential,
arising from the disordered structure of Al2O3, significantly degrade mobility, especially when WS2

interfaces with under-coordinated aluminum atoms. Our calculatedmobilities (≃1–30 cm2/(V ⋅ s)) align
with experimental observations and remain far from the ideal limit (≃300 cm2/(V ⋅ s)). We further
demonstrate that encapsulating WS2 with hexagonal boron nitride (hBN) or employing a crystalline
oxide can recover highmobility values. However, these strategies introduce trade-offs in electrostatic
control and fabrication complexity, underlining the need for careful dielectric engineering in TMDC-
based devices.

Thecontinuousdown-scalingof themetal-oxide-semiconductorfield-effect
transistor (MOSFET)dimensions, togetherwith the integrationof evermore
active components on the same chip, has been the key enabler of multiple
breakthroughs, frompersonal computers in the 1970’s up to smartphones in
the 2000’ and more recently AI-driven autonomous systems1. To keep up
with the ever increasing demand for more functionalities and computing
power, the semiconductor industry is gradually replacing its current
workhorse, the FinFET2, with gate-all-around transistor architectures based
on nano-sheet3, nano-ribbon4, or nanowire5 channels. At the same time,
alternatives to strained silicon are actively searched to boost the current ofn-
and p-type logic switches6. Nano-sheet and nano-ribbon structures lend
themselves particularly well to mono- to few-layer two-dimensional (2D)
materials, in particular transition metal dicalcogenides (TMDCs)7,8. Their
carrier mobility is expected to outperform that of Si at similar thicknesses,
making them strong contenders as next-generation channel materials9.
Furthermore, their intrinsic ultra-thin nature provides nearly perfect scaling
performance because of their excellent electrostatics. Finally, since they are
chemically inert, they tend to form clean interfaces with the surrounding
environment, theoretically without dangling bonds.

Despite numerous proof-of-concept demonstrations of 2DMOSFETs
in recent years10–12, several hurdlesmust still be overcome before unleashing
the intrinsic potential of 2D materials. Four major issues are currently
plaguing the characteristics of TMDC-based transistors: (i) the in-situ
growth of high-quality mono- to few-layermaterial on suitable substrates13,

(ii) the effective chemical doping of the source and drain extensions14, (iii) a
low-resistance ohmic contacts between metal electrodes and semi-
conducting channels15, and (iv) deposition of a high-quality dielectric
material on top of the TMDC.

The dielectric environment has been shown to critically affect the
electrical properties of TMDC channels, especially when they are interfaced
with amorphous (disordered) oxide layers16. Due to these oxide layers, the
theoretically predicted intrinsic mobility of TMDCs, which is limited by
carrier-phonon scattering17,18, can hardly be reached in experimental
settings19. The presence of defects within the dielectric layer or of interface
roughness between the TMD channel and its surrounding environment
typically reduces the performance of 2D MOSFETs: for example by intro-
ducing random telegraph noise (RTN), shifting their threshold voltage,
degrading their subthreshold slope (SS), or decreasing their ON-state
current20.

To minimize the impact of these dielectric-induced effects on the
transport properties of TMDCs, the scientific community is actively looking
for insulating materials with high permittivity, low interface trap con-
centration, flat surface, and large conduction and/or valence band offset
with TMDCs, while remaining compatible with today’s fabrication pro-
cesses. On the one hand, standard amorphous oxides grown by Atomic
LayerDeposition (ALD) such as SiO2

21, HfO2
22, or Al2O3

23 have beenwidely
considered, without delivering the expected mobility values. When encap-
sulated between ALD-grown amorphous oxides, the reported mobility of
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TMDC never exceeds a few dozen cm2/(V ⋅ s)24. On the other hand, 2D
dielectrics, e.g., hexagonal boron nitride (h-BN)25 have also received atten-
tion as they offer cleaner interfaces than SiO2, HfO2, and Al2O3. However,
the out-of-plane relative permittivity of these 2D dielectrics is relatively low
(around 4 for h-BN26), which could be problematic in ultra-scaled transis-
tors with gate lengths below 20 nm. Recently, fluorides such as CaF2 have
also been considered due to their interesting dielectric properties (huge
bandgap of 12.1 eV and high dielectric constant of 8.43)27. However, their
use is still limited to proof-of-concept applications because of the difficulty
in integrating them into the gate stack.

Atomisticmodeling techniques can shed light on the interplay between
dielectric layers and 2Dmaterials. Specifically,first-principlesmethods such
as density functional theory (DFT), while still suffering from some draw-
backs related to thedescriptionof electron-electron correlation, usually offer
reliable descriptions of semiconductor-oxide interfaces. Furthermore, they
allow to capture the influence of defects or surface roughness on the
transport characteristics of TMDCs. Previous studies investigated the
structural properties of the interfacebetweenTMDCsandcrystallineoxides,
thus missing important effects associated with the amorphous nature of
most oxides28,29 and of their termination. Indeed, an oxide can show dif-
ferent levels of oxidation/coordination of theirmetal atoms, especially at the
surface, that lead to local interaction of the 2Dmaterial with the oxide. We
have highlighted the impact of such under- or over-coordination at the
surface30, where hybridization and electrostatic fluctuation appears in the
2D material depending on the oxide termination.

DFTcalculations arepractical to compute the relaxedgeometry, energy
levels, and density-of-states of the investigated systems. However, to predict
transistors’ observables, e.g., carrier mobility or “current vs. voltage” curves,
DFT should be combined with a quantum transport solver, giving rise to ab
initio device simulations31. This powerful approach has been extensively
applied to the investigation of 2DMOSFETs, usually under the assumption
that the electron/holewavefunctiondoes not penetrate into the surrounding
dielectric layer32,33. The latter is therefore omitted from the Hamiltonian
matrix describing the structure under test and hard-wall boundary condi-
tions are applied to the surface of the TMDC channel. Defects and/or
interface roughness are treated perturbatively, via dedicated scattering rates
or self-energies34. By doing so, isolating the impact of a defect or interface
type becomes rather challenging, as their influence is generally averaged
over several configurations and cast into a single representative scattering
potential. Any perturbation of the electronic wavefunction because of the
environment is also lost with such an approach, while it is captured in a
fully-atomistic model of the interface.

In this paper, we address these issues by performing ab initio quantum
transport simulations of TMDCs, including their surrounding dielectric
layers, based on DFT and the non-equilibrium Green’s function (NEGF)
formalism35,36. The inclusion of the oxide layers in a DFT+NEGF frame-
work allows us to directly assess their influence on the electrical current,

without relying on average scattering potentials. The focus is on the tech-
nology relevantWS2-Al2O3 system because of its recognized potential as n-
type MOSFET and its relatively high fabrication maturity16. Crucially, the
currently available large-scale integration processes limit the deposition of
Al2O3 to its amorphous phase (am-Al2O3) on top ofWS2. Hence, this study
concentrates on the effect of amorphous Al2O3 on the electron mobility of
monolayerWS2,which is extractedwith thehelp of thewell-known “dR/dL”
(or transmission line) method37,38. As expected, we find that the mobility
depends on the interface quality and on the defect density. Based on these
results, we propose theoretical solutions to enhance the mobility of WS2-
Al2O3 MOSFETS and discuss the challenges to be overcome for practical
realization.

Results and Discussion
Allmobility calculations start by constructing super-cells comprising aWS2
monolayer and defective am-Al2O3 following the precepts of ref. 30. There
is indeed little information available experimentally on the morphology of
the interface between WS2 and am-Al2O3, and we thus have to consider
different possibilities for the termination of the oxide. Given that am-Al2O3

is typically deposited via water-based ALD and followed by hydrogen
annealing, we adopted the reasonable assumption that the interface is
hydrogen-terminated. The main structural degree of freedom remaining is
the coordination of the Al atoms at the interface, which has not yet been
experimentally resolved. To explore the impact of this parameter, we con-
structed several interface models by varying the Al coordination and ana-
lyzing the resulting structures (see ref. 30 formoredetails).We consider here
3 interface configurations, as depicted in Fig. 1. They correspond to possible
coordinations of theAl andO atoms at the interface with amonolayerWS2:
undercoordinated Al atoms (sharpcut-x4), correctly-coordinated (rough-
cut) and overcoordiates Al atoms (sharpcut-x6). In all cases, a pristineWS2
super-cell of dimensions 3.1 × 1.6 nm2 in the x-z plane is first relaxed with
the CP2K DFT package28 before amorphous Al2O3 layers with different
surfaces but fixed thickness of around ty=1.0 nm are stacked on top of it.
Hydrogen atoms are added at the interface to passivate the remaining
oxygen dangling bonds. The whole stack is subsequently relaxed. During
this process, the W atomic layer is kept fixed to avoid strong monolayer
bending caused by the relatively small dimensions of the chosen super-cell.
All other degrees of freedom (atomic positions and out-of-plane lattice
component) are optimized. Note that periodic boundary conditions are
applied along the y axis so that the sameAl2O3 layers is present onboth sides
of WS2. More details about the structural relaxation and the generation of
amorphous oxide layers can be found in the Method section and in ref. 30.

Each of the three selected interfaces exhibits peculiar features that are
correlated to the procedure used to create them. In the first configuration
labeled sharpcut-x4 (Fig. 1a), theWS2-am-Al2O3 interface is oxygen-poor so
that several Al atoms are left under-coordinated and tend to form covalent
bond withWS2. They are not passivated with H atoms. Since there are two

(a) (b) (c)

x xx

y y y

Fig. 1 | Atomistic structure of the three investigated am-Al2O3-WS2 interfaces.
Every colored sphere represents a different atomic species: red, O; light blue, Al;
white, H; yellow, S; grey, W. The figures were rendered with the VESTA software61.
a Sharpcut-x4 configuration: the am-Al2O3-WS2 interface is oxygen-poor so that
several Al atoms are left under-coordinated. As a consequence, the highlighted Al

atoms bond with WS2. b Roughcut configuration: all interface atoms reproduce the
bulk coordination. c Sharpcut-x6 configuration: the am-Al2O3-WS2 interface is
over-saturated with oxygen atoms, leaving some Al atoms over-coordinated. Hence,
the marked surface O atom is adsorbed by the WS2 layer.
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under-coordinated Al atoms per super-cell, the defect density can be esti-
mated to be 4e13 cm−2. In the second configuration named roughcut (Fig.
1b), all Al and O atoms at the interface with WS2 have the right coordi-
nation. No bond is formed between the oxide and the semiconductor layers,
thus maintaining a quasi van der Waals gap between them. Finally, in the
third configuration, sharpcut-x6 (Fig. 1c), the am-Al2O3-WS2 interface is
over-saturated with oxygen atoms, which leads to the adsorption of oxygen
atomswithin theWS2monolayer. In this case, one oxygenatom is adsorbed,
corresponding to a defect density of 2e13 cm−2. It should be emphasized that
all sharpcut structures are obtained by cutting away atoms from the surface
of bulk am-Al2O3with a flat plane, while the roughcut geometry keeps some
atoms out of the slab upon construction in order to preserve the surface Al
coordination the closest as possible to its value in the bulk oxide. The
remaining oxygen dangling bonds are passivated with hydrogen atoms in
all cases.

The produced sharpcut and roughcut super-cells serve as basis to
generate full device structures fromwhichmobility values can be computed.
These devices consist of a central part, which is made of the repetition of
WS2-am-Al2O3 cells, plus side extensions composed of pristine WS2. The
Hamiltonian (H) and overlap (S) matrices of the full samples are assembled
fromDFT calculations of the individual elements with the CP2K package28.
These matrices are then passed to an in-house DFT+NEGF solver called
OMEN that takes them as inputs to calculate the electrical current flowing
through the corresponding devices and the associated electron density39. By
varying the number of repeated WS2-am-Al2O3 super-cells, the device
lengthalong thex axis (L) canbemodifiedand its resistance canbe evaluated
as a function of this parameter. Following the “dR/dL” method37,38, the
electronmobility isfinally computed. This approach is summarized in Fig. 2
where the final device structure is schematized as well. More details about
the DFT+NEGF approach can be found in the Method section.

The mobility of WS2 transistors is limited not only by the presence of
insulator layers around the channel, but also by electron-phonon (e-ph)
interactions. In general, the latter cannot be eliminated and should therefore
be taken into account. Moreover, e-ph scattering breaks phase coherence
and helps avoid nonphysical resonance effects arising in disordered
structures37. If electron-phonon scattering is omitted and a fully coherent
transport calculation is performed, quantum interferences dominate and
obscure the diffusive transport regime,making the application of the dR/dL

methodunreliable (see Fig. S1 in the SupplementaryMaterial). Tominimize
computational burden, we employ a phenomenological e-ph model based
on the deformation potential theory of the WS2 monolayer (see Method
section). The strength of the electron-phonon coupling, which takes the
form of a single parameter, is adjusted to reproduce the electronmobility of
pristine WS2 that we previously calculated from first-principles with the
linearized Boltzmann transport equation (335 cm2/(V ⋅ s) at low electron
concentration)17. Under similar conditions, our phenomenological model
returns a phonon-limited mobility of 312 cm2/(V ⋅ s) for pristine WS2. The
atomic structure that was used for this calculation, its electronic band-
structure, and the application of the dR/dLmethod are displayed in Fig. 3. In
principle, each structurewould require its owndeformation potential, as the
dielectric environment has been shown to significantly affect electron-
phonon scattering in 2D materials, both by screening the intrinsic phonon
modes of WS2 and by introducing additional remote phonon scattering
mechanisms40. This goes, however, beyond the scope of this paper, which
focuses on the role played by the oxide layer disorder. Also, including the
true e-ph scattering coupling from ab initio calculation would be compu-
tationally too intensive for the disordered structures investigated here. In
other words, we capture here the impact of the dielectric on the electronic
properties of the 2D materials, not on its vibration.

Next, to determine the influence of the am-Al2O3 dielectric on the
transport properties of WS2, we examine in Fig. 4a the lowest conduction
bands of the sharpcut-x4 super-cell shown in Fig. 1. All bands have a distinct
WS2 character, as can be inferred from the projected density-of-states
plotted in Fig. S2 in the Supplementary Material (SM), i.e., the electronic
states are confined within theWS2monolayer. Notably, an almost flat band
(not shownhere) is present below the conduction band edge, at an energy of
around 8.5 eV. It reveals the existence of a localized state originating from
the strong hybridization between the exposed Al atom in the bottom layer
and the WS2 just above (Fig. 1a). We neglect this band in our transport
calculations as it does not host mobile charges and as such does not con-
tribute to the current.

A key feature of the interface bandstructure in Fig. 4a is that all bands
are much flatter than in the pristine WS2 case, with a reduction of the
electron velocity and thus mobility as direct consequences. Flat bands are
usually associated with structural disorder41, which is not intrinsically pre-
sent in the WS2 monolayer, but induced by the adjacent am-Al2O3 layer.

Fig. 2 | Summary of the method developed to
simulate electron transport through WS2-Al2O3

stacks. a After constructing a unit cell containing
both materials30, its HamiltonianHU and overlap SU
matrices are calculated with the CP2K package28

(left). The unit cell Hamiltonian HU is decomposed
into its in-cell coupling matrix H0 (highlighted in
orange) and its coupling to the next cell,H1 (green).
Similar blocks can be extracted from SU. b All these
blocks are repeated to create the Hamiltonian HD

and overlap SDmatrices of the device of interest. The
latter is composed ofN repetitions of the same super
cell, with N between 3 and 5. Pristine monolayer
WS2 cells are then added on both sides of the gen-
erated structure to form semi-infinite contacts and
enable the scattering-free injection of electrons into
the resulting open system. Python scripts are used
for that purpose. The finalHamiltonianHD is shown
in themiddle. cThe atomic lattice of the full device is
depicted at the bottom. The unit cell Hamiltonian
blocksH0 andH1 are indicated by arrows and colors.
(d) Once HD and SD are available, the quantum
transport properties of the constructed device can be
computed with the OMEN solver39. The detailed
procedure is explained in the Method section.

Unit cell
NEGFDFT

Device

HD, SDHU, SU

H0 H1

H0

H1 − − Σ =
≶ = Σ≶

(b)(a)
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Hence, the origin of the flat dispersion in the sharpcut-x4 super-cell can be
traced back to local variations of the electrostatic potential. Fig. 4b reports
the difference in electrostatic potential between the pristine WS2 and
sharpcut-x4 am-Al2O3-WS2 configurations in the form of a color map. A
strong modulation of the electrostatic potential can be observed. It comes
from the presence of the amorphous oxide, which creates potential barriers
and wells. Possible explanations for these variations are suggested in ref. 42,
e.g., the presence of charged oxide defects or hybridization between the
oxide and monolayer electronic states. From the electrostatic potential

modulation, we can estimate the barrier height ΔV that electrons feel by
taking the energydifference between theminimumand themaximumvalue
of this quantity, neglecting sharp peaks and wells. For sharpcut-x4, we find
that ΔV ≈ 0.75 eV.

By repeating the sharpcut-x4 super-cell 3, 4, and 5 times along the
transport direction (x), devices of different lengths L can be constructed
and their resistance R(L) computed as a function of L. To be able to apply
the dR/dL method, R(L) should increase linearly with L. A linear increase
of R(L) usually indicates “diffusive transport”. This critical property is
ensured in our am-Al2O3-WS2 systems, as demonstrated in Fig. 4c. It can
be quantified by defining a linearity factor α according to ref. 43 (more
detail in the Method section). Ideally, α should be equal to 1 to ensure a
linear dependence of R on L. This is generally achieved by considering
several samples per interface configuration (sharpcut-x4, roughcut, and
sharpcut-x6), each of them with a different realization of the amorphous
oxide. In doing so, the final R(L) is computed by taking the average of all
structures corresponding to the length L. However, by repeating the same
defective super-cell along x, as here, it was shown in ref. 37 that the
number of samples can be greatly reduced. We found that a single
structure is sufficient to obtain a linear dependence of the resistance on the
length and a reasonable estimate of the mobility. The key factor is the
inclusion of electron-phonon scattering as it reduces the effect of coherent
interference patterns, which are particularly strong when repeating the
same defective super-cell.

(b)
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Fig. 3 | Illustration of the dR/dLmethod for the electronmobility of pristineWS2.
a Top view of the 10 × 3

ffiffiffi
3

p
WS2 supercell employed for that purpose. Grey

spheres representW atoms, while yellow ones refer to S atoms. b Corresponding
electronic bandstrucure of pristine WS2 along the x-axis in sub-plot (a) from Γ
high-symmetry. c Electrical resistance of the sample in sub-plot (a) at an

electron concentration n=1.9e13 cm−2 as a function of its length along the x-axis.
The latter is given in unit cells, each of them measuring 3.13 nm in length along
x. The red dots are the calculated resistance values, the dotted line is a linear fit to
this data.
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Fig. 4 | Electron mobility calculation of the different am-Al2O3-WS2 interface
models investigated using the dR/dL method. a Lowest conduction bands of the
sharpcut-x4 super-cell from Fig. 1 along the transport direction x from the zone-
center. b Spatially-resolved electrostatic potential extracted in the x-z plane formed
by theWatoms for the same sharpcut-x4 super-cell as in (a). cElectrical resistance as

a function of the device length (given in terms of repeated super-cell) for the three
considered interfaces: sharpcut-x4 (red circles, n=1.6e13 cm−2), roughcut (green
diamonds, n=1.7e13 cm−2), and sharpcut-x6 (blue squares, n=1.8e13 cm−2). The
dotted lines represent linear fits.

Table 1 | Mobility values μ, electron concentration n, and
linearity factor α for the different WS2-am-Al2O3 interface
configurations investigated in this work

n (cm−2) μ (cm2/(V ⋅ s)) α

WS2 1.9e13 312.0 0.99998

Sharpcut-x4 1.6e13 8.5 0.99067

Roughcut 1.7e13 69.7 0.99996

Sharpcut-x6 1.8e13 56.5 0.99351

The results for pristine WS2 are also shown for sake of reference. They include electron-phonon
scattering only, through the aforementioned phenomenological model.

https://doi.org/10.1038/s41699-025-00587-9 Article

npj 2D Materials and Applications | (2025)9:67 4

www.nature.com/npj2dmaterials


All calculatedmobility values μ and linearity factors α are summarized
in Table 1 at similar electron concentrations (between 1.6 and 1.8e13 cm−2).
The lowest μ (8.5 cm2/(V ⋅ s)) is obtained for the sharpcut-x4 structure, with

a 35 × reduction as compared to pristine WS2. The large electrostatic
potential variations observed in this case significantly deteriorate the
transport properties of WS2. They come from the presence of under-
coordinated Al atoms and constantly modify the electron trajectories. The
roughcut interface leads to amuch highermobility of 69.7 cm2/(V ⋅ s). Since
no bonding occurs between the am-Al2O3 and WS2 layers in this config-
uration (Fig. 1b), the interface quality is substantially better. Nonetheless,
large potential modulations can still be identified (Fig. S3 in the SM), but
their amplitude (ΔV ≈ 0.4 eV) is smaller than in the sharpcut-x4 geometry,
thus explaining the 8 × higher mobility. The last structure (sharpcut-x6)
shows a mobility value close to the roughcut case (μ=56.5 cm2/(V ⋅ s)) with
which it shares a similar electrostatic potential modulation profile (ΔV ≈
0.4 eV), except that very localized wells are present, caused by the adsorbed
oxygen atoms (Fig. S4 in SM). Because of their well-shape, they have little
impact on electron transport, but would negatively affect hole transport.

To highlight the impact of electrostatic potential modulations on
electron transport in WS2, we extracted the potential profiles through the
center of the WS2 channel (z=8.12Å) for all structures incorporating
amorphous Al2O3 studied in this work. These potential fluctuations are
overlaid in Fig. 5. As can be seen, the largest variations, both positive and
negative, occur in the sharpcut-x4 samples, followed by the sharpcut-x6, and
finally the roughcut configurations. In accordance, themobility is the largest
(lowest) in the roughcut (sharpcut-x4) case. The figure also clearly
demonstrates that adding one or two hBN passivation layers progressively
suppresses the potential fluctuations.

Reported experimental mobility values for monolayerWS2-am-Al2O3

transistors range between 1 and 30 cm2/(V ⋅ s)24,44. Our calculations return
higher values for the cleaner samples roughcut and sharpcut-x6, but the
sharpcut-x4 results are in line with experiments. It is nevertheless expected
that calculatedmobilities exceedmeasuredones because ourmodel does not
consider all possible scattering sourced in 2D TMDC-based transistors.
Defects localized in WS2

45 and interactions with dielectric optical phonons
through long-range electrostatics40,46 are omitted. While the impact of
localizeddefects inWS2, such as grain boundaries and vacancies, is expected
to be minor in high-quality samples with mobilities exceeding 100 cm2/(V ⋅
s)13, the contribution of remote phonon scattering can be more significant.
Inparticular, for SiO2-WS2-ZrO2heterostructures, interactionswith remote
phonons have been shown to reduce themobility down to ~35 cm2/(V ⋅ s)40,
a value comparable to those reported in this work. This suggests that
including remote phonon scattering would further decrease the mobilities
we calculated. Still, it appears that under-coordinated Al atoms could be the
principal mechanism behind the generally low mobility of WS2-am-Al2O3

stacks.
It is important to note that, due to computational limitations, this study

includes only a single realization of each interface type. To verify the con-
sistency of our results, we computed the mobility for one additional
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roughcut sample generated from a different amorphous seed. The resulting
mobility, available in the Fig. S5 in the SM, closely matches the previously
reported value for the roughcut case (54.3 vs. 69.7 cm2/(V ⋅ s)). Nonetheless,
drawing statistically meaningful conclusions would require generating and
analyzingmultiple interface configurations. Such an investigation is beyond
the scopeof thepresentwork,which aims to identify general trends basedon
the available set of samples, in particular the important role of electrostatic
potential modulations and of surrounding hBN layers.

Next, we propose two approaches to restore the mobility of a WS2
monolayer embedded within a dielectric environment. Given the correla-
tion between electrostatic potential modulations and mobility degradation,
possible solutions consist of engineering the semiconductor-oxide interfaces
to minimize the influence of potential variations on carrier transport. First,
we can move away the am-Al2O3 layer from the channel by encapsulating
WS2 between 2D dielectric layers with clean surfaces, e.g., hexagonal boron
nitride, as suggested in47 and depicted in Fig. 6(a).

To test this method, we consider the am-Al2O3 layer with the lowest
mobility, sharpcut-x4. This oxide is no longer indirect contactwithWS2, but
separated by an hBN bilayer, thus reducing their interactions. Indeed, hBN
has been widely used as a dielectric for devices based on 2D materials,
because of its ability to form van der Waals interfaces with TMDCs. Fur-
thermore, it has been observed that hBN improves the electron mobility of
encapsulated 2D materials25. To construct our stack in Fig. 6a, hBN is
strained by 1.8% to match the in-plane lattice constant of WS2. Then the
same relaxation procedure as for sharpcut-x4 is applied, that is, keeping the
in-plane lattice vectors and the W atom positions fixed while relaxing all
remainingdegrees of freedom. It canbe seen that thehBN layer closer to am-
Al2O3 shows corrugation, whereas the one closer to WS2 remains almost
perfectly flat.

Alternatively, as a second approach, the homogeneity of the dielectric
could be improved by employing a crystalline oxide instead of an amor-
phous one. In Fig. 6b we show a structure where am-Al2O3 is replaced by
crystalline α-Al2O3 (sapphire) with an OH-terminated surface in contact
withWS2. To generate this structure, the sapphire cell was strained by 1.9%
tomatch the dimensions of a 2.8 × 1.6 nm2WS2 layer.While promising, the
applicability of this solution is currently hindered by manufacturing lim-
itations. Scalable growth of crystalline Al2O3 on top of WS2 is not yet
possible. Transfermethods were proposed, but they are still at an early stage
of development48.

Figure 7a reports the bandstructure along the transport direction for
the sharpcut-x4 structurewith anhBNbilayer surrounding theWS2 channel
on each side. The band dispersion is no longer as flat as in Fig. 4a where the
am-Al2O3 oxide is in direct contact with the semiconductor, and much
closer to the results of pristine WS2 (Fig. 3a). This clearly indicates that the
extrahBNencapsulationdecreases the influenceof theoxide. Still, fewdefect
levels appear in the bandstructure, at energies close to 8.7 eV. They have a
flatter dispersion and correspond to states located within the oxide, not
in WS2.

The reduced impact of the oxide is confirmed by the electrostatic
potential modulation in Fig. 7b. The variations are much smaller (ΔV ≈
45meV) thanwithout thehBNbilayers and exhibit a quasi-periodic pattern,
similar to the structure ofWS2. Figure 7c displays the “resistance vs. sample
length”of the stackwithhBNbilayers (labeled sharpcut-x4-2hBN inTable 2)

from which a mobility μ=247 cm2/(V ⋅ s) can be extracted at an electron
concentration n=1.7e13 cm−2. This result demonstrates the usefulness of
introducing hBN bilayers. The slight mobility reduction with respect to the
pristine case can be attributed to the residual electrostatic potential
modulations.

Next, we remove one of the hBN layers on each side of the WS2
channel. In this case labeled sharpcut-x4-hBN in Table 2, the calculated
mobility decreases to 131.3 cm2/(V ⋅ s) at the same electron con-
centration as before (n=1.7e13 cm−2). With a shorter distance between
am-Al2O3 and WS2, defects at the oxide surface modulate the elec-
trostatic potential of the channel more strongly (Fig. S6 in SM), leading
to a barrier ΔV ≈ 160 meV and to a deterioration of the transport
properties. The mobility is still more than one order of magnitude
larger than without any hBN layer (8.5 cm2/(V ⋅ s) at n=1.6e13 cm−2,
see Table 1).

It should, however, be emphasized that the encapsulation of WS2
with hBN comes at the expense of either reduced electrostatic control
or increased gate leakage. Using a simplified series capacitance model,
we relate the combined thickness of the hBN and Al2O3 gate oxides to
the widely used Equivalent Oxide Thickness (EOT) metric (see
Methods for details). Reaching an equivalent oxide thickness (EOT) of
0.9 nm, as prescribed by the International Roadmap for Devices and
Systems for the year 202849, requires an am-Al2O3 thickness of 2.1 nm.
If one (two) hBN layers are inserted between the WS2 channel and the
oxide, the am-Al2O3 thickness cannot exceed 1.2 (0.4) nm to obtain the
same EOT as before because of the lower permittivity of hBN (ϵR=3.3
along the out-of-plane direction26) compared to Al2O3 (ϵR=9).With an
effective “hBN plus am-Al2O3” thickness of 1.5 (1.0) nm, gate leakage
currents cannot be suppressed from the sharpcut-x4-hBN (sharpcut-
x4-2hBN) structure.

If am-Al2O3 is replaced by crystalline α-Al2O3, the resulting stack
labeled sapphire in Table 2 provides a highmobility μ=219.1 cm2/(V ⋅ s)
at n=1.5e13 cm−2. In this configuration, the electrostatic potential
modulations, shown in Fig. S7 in SM, are fully periodic. The potential
barriers do not completely vanish (ΔV≈ 160 meV), but they are smaller
than in all amorphous cases. Their presence can be attributed to the
lattice mismatch between α-Al2O3 andWS2, which leads to a repeating
atomic pattern at the interface. Consequently, this pattern induces a
periodic potential experienced by electrons withinWS2. This effect is at
the origin of the mobility decrease, compared to the pristine case. Since
defect-free interfaces probably do not exist, we also tried to remove
hydrogen passivation atoms from the sapphire surface, exposing the
WS2 channel to uncharged oxygen dangling bonds.With 4 (8) dangling
bonds per super-cell corresponding to a defect concentration of
8.75e13 cm−2 (1.75e14 cm−2), the mobility of the sapphire-4 Def.
(sapphire-8 Def.) structure decreases to 211.7 cm2/(V ⋅ s) (161.6 cm2/(V
⋅ s)) at n =1.9e13 cm−2. Despite these very high defect concentrations
and the fact that they generate non-negligible potential barriers (Figs.
S8 and S9 in SM), the mobility remains relatively high. The situation is
different, if the dangling bonds are charged50. Hence, even with crys-
talline oxides, the interface with semiconductors may play a crucial
role. A comprehensive overview of the resistance, electron con-
centration, mobility, and linearity factor across all structures is pro-
vided in Fig. S10 in the SM.

In this work, we developed a framework to simulate electron
transport through Al2O3-WS2 stacks and extract their mobility. By
directly including the amorphous oxide into our ab initio quantum
transport domain, the WS2-am-Al2O3 interface can be accurately
described, without relying on external fitting parameters or simplified
models. Calculations under different interface configurations revealed
that oxide-induced electrostatic potential modulations in the WS2
channel are responsible for mobility degradation, up to 35× compared
to the pristine case. Similar mobility degradations are reported in
experimental settings. In particular, under-coordinated aluminum
atoms at the semiconductor-oxide interface lead to the strongest

Table 2 | Mobility values μ, electron concentration n, and
linearity factor α for the modified WS2-Al2O3 structures

n (cm−2) μ (cm2/(V ⋅ s)) α

Sharpcut-x4-2hBN 1.7e13 247 0.99951

Sharpcut-x4-hBN 1.7e13 131.3 0.97534

Sapphire 1.5e13 219.1 0.99999

Sapphire-4 Def. 1.9e13 211.7 0.99936

Sapphire-8 Def. 1.9e13 161.6 0.99512
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potential modulations, whereas the impact of extra oxygen atoms in
this region is less important. Even in the optimistic scenario of perfectly
coordinated am-Al2O3 surfaces, residual potential variations still affect
the electron mobility, nevertheless to a smaller extent. Finally, we
demonstrated that encapsulating the WS2 channel with hBN layers
improves the mobility, but it either reduces the electrostatic control
provided by the gate contact or increases gate leakage currents. Sap-
phire Al2O3 was tested as an alternative. It simultaneously preserves
highmobility, good electrostatics, and low leakage, but is more difficult
to fabricate. Overall, our results allow to extract viable mobility trends
and guide the development of 2D MOSFETs. Still, additional simula-
tions will be required to further deepen the understanding of the WS2
mobility. The inclusion of channel defects, electron-phonon interac-
tion from first principle, surface optical phonons, and more realistic
contacts will be needed to improve the model accuracy and predict the
mobility of WS2 and other TMDCs.

Methods
DFT calculation
All DFT calculation are performed with the CP2K package51, using the
GGA-PBEsol exchange-correlation functional52 with Grimme’s DFT-
D3(BJ) dispersion correction53,54. GTH pseupotentials are employed55. For
geometry and cell relaxationwe use a Triple ZetaValence Polarized (TZVP)
basis set for theWatoms andDouble ZetaValencePolarized (DZVP) for all
other atomic species. The structures are relaxed until the forces acting on
each atom are smaller than 0.00045 Ha/Bohr and stress is lower than 100
bar. The supercell is restricted to maintaining an orthorhombic structure
during relaxation.

The in-plane (x-z) super-cell size is 31.3Å × 16.2Å (10×
ffiffiffi
3

p
WS2

super-cell) for the structure with am-Al2O3 and 28.1Å × 16.2Å (9 ×
ffiffiffi
3

p
WS2 super-cell) for sapphire. A shorter super-cell is needed in the sapphire
case to obtain a proper latticematching. A strain lower than 1% is necessary
to match the oxides constructed in ref. 30 with our unstrained WS2 super-
cell. The additional oxides required in thiswork, i.e., sapphire andhBN,were
strainedby 1.8%and1.9%respectively. Furthermore, the constructed super-
cell is relaxed by fixing the position of theW atoms to avoid any bending of
themonolayer and the in-plane lattice vectors to keepWS2 unstrained. The
out-of-plane lattice vector is free to relax so that the separation between the
oxide and semiconductor layers automatically adjusts.

To extract the Hamiltonian (HU) and Overlap (SU) matrices of the
constructed super-cells, a single self-consistent field (SCF) calculation is
performed in CP2Kwith a reduced basis set. ADZVP basis set is chosen for
S,WandH,while a Single ZetaValence (SZV) basis set is selected forAl and
O atoms. The usage of a lighter basis set for the oxide allows to reduce the
computational intensity of the subsequent quantum transport calculations,
without significantly affecting the accuracy of the results around the con-
duction band edge of the WS2-am-Al2O3 stacks (Fig. S11 in the SM).

Quantum transport
The super-cell Hamiltonian (HU) and Overlap (SU) matrices are extracted
from the CP2K SCF calculation. The full device matrices are then con-
structed by repeating the same HU and SU several times. The number of
repetition defines the length L associated with every device. To inject elec-
trons into the system, two ideal contacts made of the repetition of pristine
WS2 super-cells are added on each side of the device. The coupling elements
between these contact and the central, defective region, are equal to the
coupling between idealWS2 super-cells. By doing this, the HamiltonianHD

and Overlap SD matrices of the full device structure are obtained. They are
employed to perform NEGF simulations, for which we use the in-house
OMEN code39. The retarded (GR), lesser (G<), and greater (G>) Green’s
functions are computed by solving the following equations:

ESD � HD � ΣRðEÞ� �
GRðEÞ ¼ I;

G≶ðEÞ ¼ GRðEÞΣ≶ðEÞGAðEÞ:

The self-energies ΣR,≶ can be decomposed into a boundary (ΣR;≶
B

56) and a

scattering (ΣR;≶
S ) contribution, the latter obeying the phenomenological

electron-phonon scattering model of 32,46:

ΣR
S � Σ >

S �Σ <
S

2 ;

Σ≶
S ðEÞ ¼ D2

ep Nph þ 1
2 ±

1
2

� �
G≶ðE þ ℏω

�

þ Nph þ 1
2∓

1
2

� �
G≶ðE � ℏωÞ

�
;

where Nph is the equilibrium Bose-Einstein distribution function, Dep is a
deformation potential, and ω is a single phonon frequency. In our room
temperature calculations, we set Dep=0.06 eV and ℏω=16meV, which
together yield the targeted phonon-limited mobility of monolayer WS2
(312 cm2/(V ⋅ s) at an electron concentration of 1.9e13 cm−2). Although self-
heating effects could, in principle, play a role, under the chosen low-bias
conditions (0.001 V), the current does not exceed 10 μA/μm and therefore
remains well below the threshold typically associated with strong self-
heating57,58. Hence, neglecting self-heating is justified.

To minimize the computational burden and because we rely on large
super-cells along the z-axis, we sample the Brillouin zone with a single
unshifted k-point along the y and z directions. The energy vector E is
discretized with an homogeneous interval δE=1 meV. In all quantum
transport simulations, a voltage difference δV= 1mV is applied between
both extremities of the device structures. The desired electron concentra-
tions are obtained by adjusting the Fermi levels. Poisson’s equation is not
solved, i.e., we don’t add any extra electrostatic term into the DFT Hamil-
tonian during NEGF calculations. As a consequence, screening effects
arising from the excess electron charges are neglected. They are, however,
expected to be limited at the electron concentration considered in this
study41.

The current per unit length I and the 2D electron density n are com-
puted from the Green’s functions36. All aforementioned equations (Green’s
functions and scattering self-energies) are iteratively solved until current
conservation is achieved throughout the entire device. The resistance per
unit length R is finally computed as:

R ¼ δV
I
:

The atomically resolved electron density n is averaged over the central
defective area of the device, neglecting the two super-cells in direct contact
with the pristine WS2 contacts. We observe that the obtained navg remains
constant for all device lengths, as expected. Finally, themobility is calculated
as:

μ ¼ 1
dR
dL navgq

; ð1Þ

where q is the electron charge and dR/dL is evaluated between two device
lengths. Note that the interface between theWS2 contacts and centralWS2-
am-Al2O3 region introduces an additional series resistance, besides those
originating from the source and drain extensions and from the finite carrier
velocity in the contacts (so-called ballistic contact resistance59). Since the
value of all these components does not depend on the sample length, con-
trary to the central region coveredby anAl2O3 layer, their influencevanishes
when applying the dR/dLmethod. This isolates the central device resistance,
which can then be directly correlated with the degraded device mobility37.

An important condition for the dR/dL method validity is the linear
dependency of the resistance Rwith respect to the device length L (diffusive
transport). Verifying that this condition is satisfied implies simulating at
least three different device lengths. The resistance linearity can then be
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determined through the α factor, which is defined as43:

α ¼ 1�
P

iðRi � Rfit
i Þ

2

P
iðRi � RÞ2

; ð2Þ

where Rfit is the linear fitted R at a given length and R is the mean resistance
over the three different lengths. The closerα is to 1, themore linear the curve
is. The minor deviations we observe from the linearity factor, which should
ideally be equal to 1, likely stem from numerical sources, such as the dis-
cretizationof the energy grid or residual errors in the self-consistent solution
of the Green’s function and scattering self-energy equations.

Electrostatic potential modulation
To compute the electrostatic (Hartree + external) potential modulation
induced by the oxide, we subtract to the electrostatic potential in the
interface model the potential of the same structure where we have removed
the am-Al2O3oxide fromthe simulation. In this case, the coordinates arenot
relaxed, but frozen to only capture the change in terms of electronic density.
The difference between both electrostatic potentials is then calculated and is
referred to as “electrostatic potential modulation”. Note that this is a 3D
quantity from which we extract the plane corresponding to the position of
the W atoms.

Gate thickness estimation
We estimate the full gate capacitance as the series of two single capacitance
from the two separate hBN and Al2O3 layers. Given the EOT dEOT and the
hBN layer thickness dhBN, we compute the total gate thickness
(dhBN+dAl2O3) from the series capacitor formula:

dOX ¼ dEOTεAl2O3

εSiO2

� dhBN
εAl2O3

εhBN
� 1

� �

where εSiO2
, εAl2O3, εhBN are silicon dioxide, Al2O3 and hBN (out of plane)

dielectric constants.We choose εSiO2
¼ 3:960, εAl2O3

¼ 960. dhBN is extracted
from our relaxed atomistic supercells, while the thickness dependent εhBN is
taken from literature26. In case of onehBN layer,dhBN=0.32nm, εhBN=3.29.
If there are two hBN layers, dhBN = 0.64 nm, εhBN = 3.44.

Data availability
Data sets generated during the current study are available from the corre-
sponding author on reasonable request. All DFT input coordinates are
provided as Supplementary Material.
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