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Interlayer stacking is animportant degree of freedom to tune the properties
of two-dimensional materials and offers enormous opportunities for
designing functional devices. As a classic example, rhombohedral-stacked
(3R) two-dimensional materials exhibit ferroelectricity and optical
nonlinearity that are non-existent in naturally abundant hexagonal-stacked
(2H) counterparts. However, the ability to grow stacking-controlled
large-area films remains challenging due to the thermodynamic competition
of different polytypes. Here we report the chemical vapour deposition
growth of two-inch wafer-scale 3R-MoS, films with high phase purity by
homoepitaxy on top of a crystalline monolayer MoS,. A defect-promoted
nucleation mechanism was proposed, in which Mo-substituted sulfur
vacancy isidentified as one of the possible defects promoting 3R stacking.
We fabricate ferroelectric semiconductor field-effect transistors with
3R-MoS, channels and demonstrate non-volatile memory characteristics.
The control of interlayer stacking is an essential step towards the large-scale
production of two-dimensional materials for multifunctional integration.

Future electronics beyond Moore’s path require multifunctional inte-
gration, where materials and devices with different functionalities,
suchas memory, sensor and optoelectronics, are all integrated mono-
lithically’. Two-dimensional (2D) transition metal dichalcogenides
(TMDs) areimportant material candidates for transistor scaling and
monolithic three-dimensional integration®>. To achieve this goal, we
need to engineer materials with the desired properties, and interlayer
stackingis one of the most important tuning parameters for 2D materi-
als. Infact, many exotic properties are observed in artificially stacked
multilayer 2D materials that are non-existent in naturally abundant
counterparts, such as ferroelectricity*®, superconductivity’, topolog-
icalinsulator’ and valleytronics™'. However, early proof-of-concept
demonstrations rely on either mechanically stacked moiré structures’
or preselected flakes from stacking uncontrolled chemical vapour
deposition (CVD) growth™*, The lack of interlayer stacking control

in CVD thus far poses substantial challenges in large-scale device
integration.

Many semiconducting TMDs (such as MoS, and WSe,) have two
thermodynamically stable polytypes, namely, 2H and 3R. The 2H (3R)
phase has aunit cell composed of bilayers (trilayers) with aninterlayer
twistangle of180° (0°).Inthe 3R phase, each layerin the unit cell slides
?aa along the armchair direction (where ais the lattice constant), giv-
ing rise toinversion symmetry breaking. Recent works show the prom-
ise of 3R-TMDs in nonlinear optics®, ferroelectrics® and bulk
photovoltaics' owing to their non-centrosymmetric structure. Cur-
rently, the main preparation method for 3R-TMDs relies on mechanical
exfoliation from abulk rhombohedral crystal™”*$, which suffers from
asmallflake size and low productivity. On the other hand, CVD is amore
promising technique to produce large-area films'*°, but has limited
success so far in growing a stacking-controlled 3R phase® .
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Importantly, the lack of mechanisticinsights to preferentially grow 3R
stackings over other competing phases (especially the most thermo-
dynamically stable and abundant phase is 2H) prevents the large-area
growth of 3R-stacked TMDs** %,

In this work, we grow 3R-MoS, films with high phase purity
(~99.86%) on atwo-inch sapphire substrate by CVD. The growth is based
on homoepitaxy, where the first single-crystalline MoS, layer serves
as the template for the nucleation of upper layers in a Mo-rich envi-
ronment. Combining extensive experiments with density functional
theory (DFT) calculations, we propose a defect nucleation mechanism
inwhich aMo-substituted sulfur vacancy (Mog) is identified as the most
likely nucleation centre for 3R-MoS,. Suchahypothesisis corroborated
by the existence of Mog within an early nucleation cluster captured
by scanning transmission electron microscopy (STEM). We further
confirm the presence of ferroelectricity in the 3R-MoS, films and fab-
ricate ferroelectric semiconductor field-effect transistors (FeS-FETs)
showing >10-year retention time and multibit storage capacity atroom
temperature.

Homoepitaxial growth oflarge-area 3R-MoS,

The CVD growthwas carried outin a custom tube furnace (Supplemen-
tary Fig. 1) by a two-step process, where a continuous single-crystal
monolayer was formedinthefirst step on c-plane sapphire substrates
with a miscut angle of 1° towards the a axis (c/a - 1°; ref. 27) and the
upper layers were grown in the second step (Methods). During the
second step, we increased the Mo concentration in situ by elevating
the source temperature without breaking the vacuum. Control exper-
iments that expose the first MoS, layer to ambient conditions or oxygen
after the first step resultin mixed 3R and 2H phases, which will be dis-
cussed later. Figure 1a shows two-inch wafers after the first and second
growth steps, respectively, showing good wafer-scale uniformity. The
monolayer MoS, wafer demonstrates single-crystalline characteristics
as evidenced by second-harmonic generation (SHG) mapping and
low-energy electron diffraction (LEED; Supplementary Fig. 2). Figure 1c
presents an optical microscopy (OM) image of a multilayer 3R-MoS,
film, inwhichthefirstlayeris complete and the triangular domains are
mostly 2-5layers. Remarkably, the upper layers exhibit unidirectional
alignment regardless of the number of layers. The 3R stacking is con-
firmed by cross-sectional high-angle annular dark-field (HAADF) STEM
imaging of amultilayer region (Fig. 1b and Supplementary Fig.3), where
eachlayer retains the same orientation but shifts along the (1010) direc-

tionby ‘/?ga =0.182 nm. The unit cell contains three layers, and the fourth
layer is precisely aligned with the first layer. On the basis of the OM
images, we utilize a pixel-level machine learning classification artificial
intelligence (Al) model to automatically map out the number of layers
and domain orientations (Fig. 1d,e and Supplementary Figs. 4 and 5).
For the particular sample showninFig. 1c, it comprises 100% monolayer,
98.3% bilayer, 69.8% trilayer,16.3% quadruple layer, 3.9% pentalayer or
more (Fig. 1f). The number of layers obtained by the Almodelis further
corroborated by Raman spectroscopy, where the separation of the E,,
and A, peaks is 19.2 cm™ for monolayer and gradually increases to
24.5 cm™for the quadruple layer (Fig. 1g). The phase purity of 3R stack-
ing is calculated to be 99.86% from more than 4,000 domains across
the entire wafer (the anti-parallel 2H domains are identified by the pink
colourinSupplementary Fig. 5). We also perform LEED with a spot size
of -1 mm (Fig. 1h). The LEED pattern shows three diffraction spots,
revealing the non-centrosymmetric 3R stacking over a large area.

Spectroscopic and structural characterizations
of 3R-MoS,

Next, we perform systematic spectroscopic and structural investi-
gations of interlayer stacking. Figure 2a shows an OM image of con-
tinuous monolayer MoS, with unidirectional bilayer domains. The
corresponding photoluminescence (PL) image (Fig. 2b) distinguishes

the dark bilayer regions from the bright monolayer regions due to the
direct-to-indirect bandgap transition. The atomic force microscopy
(AFM) image shows the clean surface of the as-grown MoS, (Fig. 2¢).
SHG offers adirect spectroscopic method for interlayer stacking. Due
to the non-centrosymmetric structure of 3R-MoS,, the SHG intensity
shows a quadratic dependence on the number of layers (Fig. 2d,e). By
contrast, the 2H stacked bilayer shows negligible SHG signals due to the
centrosymmetric structure (Fig. 2d and Supplementary Fig. 6). Raman
and SHG mappings further reveal the uniformity of 3R stacking within
and across different domains (Supplementary Fig. 7).

Ultralow-frequency (ULF) Raman spectroscopy is another probe
to identify the stacking order as the ULF vibration modes arise from
interlayer interactions®. N-layer MoS, possesses N - linterlayer shear
vibrational modes (S modes) and N - 1 breathing vibrational modes
(B modes)®. The ULF Raman spectra of bilayer 3R-MoS, and 2H-MoS,
areshowninFig. 2f.Inthe 3R phase, the peaks at21.3 cm™and 38.7 cm™
areattributed tothe interlayer shear mode (S,) and breathing mode (B,),
respectively®. In the 2H phase, the S, mode shows stronger intensity,
and the B,mode is blueshifted to 40.7 cm™, consistent with astronger
interlayer coupling. Furthermore, the redshift in the Sy, mode and
B,.; mode with the number of layers is observed in the 3R configura-
tion (Supplementary Fig. 7c), which is consistent with the theoretical
calculations based on the linear chain model*®.

The 3R stacking is further revealed at the atomic scale by
HAADF-STEM (Fig. 3). Figure 3a,b reveals the atomically sharp mon-
olayer/bilayer and bilayer/trilayer interfaces. Figure 3c-e presents the
experimental and simulated HAADF-STEM images of mono-, bi- and
trilayer 3R-MoS,. For monolayer MoS,, the hexagonal rings, consisting
of alternating Mo and S, columns, exhibit a clear intensity contrast
(Fig. 3¢,f). For bilayer MoS,, the HAADF-STEM image reveals an inter-
layer sliding by fa along the armchair direction, forming three distinct
intensities correspondingtoS,,Moand Mo + S, (Fig. 3d,f). For trilayer
MoS,, furthersliding of the third layer resultsin Mo + S, inall the atomic
columns, showing very subtle differences depending on which layer
the S, and Mo atoms reside (Fig. 3e,f). In all cases, simulations based
on the 3R-MoS, structure quantitatively reproduce the experimental
data. We further examine the atomic structure at the domain edges
and observe that the transition is atomically sharp (Fig. 3f and Sup-
plementary Fig. 8). These results indicate that the commensurate 3R
stackingis already established at the growth front.

Thickness controlis another critical aspect of 3R-MoS,. This canbe
achieved by the Ostwald ripening process’°, in which we periodically
interrupt the Mo source to prevent the nucleation of thicker MoS, on
the top layer. A comprehensive set of characterizations, including
OM, AFM and Raman spectroscopy, show large-area uniform bilayer
3R-MoS, using this process (Supplementary Fig. 9 and the ‘Discussion
about the growth of uniform bilayer MoS,’ section in the Supplemen-
tary Information).

Growth mechanism of 3R-MoS,

Next, we discuss the growth mechanism of rhombohedral-stacked
MoS,. The selective growth of the 3R-MoS, phase necessitates asubstan-
tial differencein formation energy between the 2H and 3R phases. How-
ever, the energy difference in the bulk formis too small (approximately
1meV per MoS,) to account for the selectivity”. Like on the sapphire sub-
strate, the most critical factor influencing the MoS, orientationis nucle-
ation. Once the nucleireach a critical size, they become energetically
unfavourable torotate freely. Several nucleation mechanisms have been
proposed for TMD, namely, impurity nucleation, edge nucleation and
surface nucleation. Impurity nucleation (such asRe, W,Nb, V, Fe and Ti)
was reportedinthe chemical vapour transport growth of 3R-MoS, bulk
crystals'®*, However, it can be ruled out that no metal impurities were
introduced during our growth process. Edge nucleation was reported
in the epitaxial growth of 2D materials on single-crystal surfaces with
atomic steps such as Au and sapphire”>>*, This mechanism can also
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Fig.1| Wafer-scale 3R-MoS,. a, Photograph of amonolayer single-crystal MoS,
film and multilayer 3R-MoS, wafers. The optical contrast of the two wafers
demonstrates the thickness difference. b, Cross-sectional HAADF-STEM image
showing a four-layer MoS, with 3R stacking. Scale bar, 2 nm. ¢, OM image showing
the unidirectional 3R stacking of MoS, domains. Scale bar, 40 um. 1L, one
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layer; 2L, two layers; 3L, three layers; 4L, four layers. d,e, False-colour diagram
of MoS, with different layer numbers (d) and orientations (e) identified by Al
correspondingto c. Scale bars, 40 um. f, Statistics on the layer coverage via the
Almodel. g, Raman spectra of MoS, with different layer numbers transferred on
SiO,/Si. h, LEED pattern showing the 3R stacking of the as-grown MoS,.

be ruled out because the bottom MoS, layer was continuous without
exposed atomic steps. For surface nucleation, common nucleation
centresinclude grain boundaries and point defects® . In our growth
process, the first MoS, layer is single crystalline without grain bounda-
ries. Therefore, it is reasonable to hypothesize that point defects in
MoS, act as nucleation sites for 3R-MoS,.

To obtain experimental evidence of defect-induced nucleation, we
carried outaseries of control experimentsin which the first MoS, layer
was exposed to ambient atmosphere or oxygen before the growth of
the second layer (Methods). We found that after exposure, even using
the same growth condition, we could not obtain phase-pure 3R-MoS,
butinstead amixture of 2H and 3R stackings (Supplementary Fig. 10).
The percentage of 3R domains decreased monotonically with the
amount of exposure to ~50-60%, where there was little selectivity
between 3R and 2H (Supplementary Fig. 11). Although oxygen, water
and carbon canbe physisorbed on the basal plane of MoS, (refs. 39,40,
Supplementary Fig.12 and Supplementary Table 1), the nucleation is
notlikely to occur at physically absorbed hydrocarbon species as they
areremoved under the growth conditions (Supplementary Fig.13 and
the ‘Discussion about carbon absorption species on MoS,’ section in
the Supplementary Information). Therefore, these control experiments
pointtothe possible role of lattice defectsin modulating the nucleation
ofthe 3Rand 2H phases.

To further substantiate our hypothesis, we performed DFT calcula-
tions to determine the nucleation energy of bilayer MoS, at common
defectsites*, including sulfur vacancies (Vs), double sulfur vacancies

(Vs,), Mogand Mo vacancies (V) (Fig. 4a). These are the main defect
types observed in our monolayer and bilayer MoS, (Supplementary
Fig.14). For each structure, we calculated the nucleation energy for
3R and 2H stackings and the energy difference (E;.s; — ;) was used
as a measure of selectivity. As shown in Fig. 4b, most defects have
near-zero E;s; - Ep,yy, indicating no selectivity between 3R and 2H. The
only defect favouring the nucleation of 3R over 2H is Mog anti-site with
E¢sr — Ecoy=—75 meV per MoS,. We further considered the passivation
of Moginambient oxygen by calculating various passivated structures
(Mos-0, Mos-0,, Mos—OH, Mog-H and Mog-H,0; Fig. 4a). The result
shows that Es — E¢,,, is significantly reduced by passivation, which
explains the reduced 3Rratio in control experiments (Supplementary
Figs.10 and 11).

Further evidence of defect-promoted nucleation was obtained by
the HAADF-STEM measurement of bilayer domains at the initial nuclea-
tionstage (Fig.4c,d). Figure4c,d shows the STEM image of atypical 3R
bilayer domainwitha diameter of ~7 nm, where asingle, bright atomic
defect is observed. Through experimental and simulated line profile
analysis, we identify the defect site as Mo + Mo + S (Fig. 4e), suggest-
ing that the defect is Mog in the first layer. For larger domains, we also
observe Mo substitutionsites near the centre (Supplementary Figs. 15
and16). Therefore, we speculate that nucleation is most likely related
to this defect type (more discussions are provided in the ‘Discussion
aboutthe nucleation mechanism of 3R-MoS,’ sectionin the Supplemen-
tary Information). Moreover, Mos defects were observed at the centre
of trilayer 3R domains (Supplementary Fig. 17). By contrast, no Mog
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Fig.2|Spectroscopic characterizations of 3R-MoS,. a, OM image of 3R-stacked
bilayer MoS,, which is composed of continuous monolayer and unidirectional,
discrete bilayer domains. b, Corresponding PL mapping to a, showing the direct
band emission of the monolayer zone and indirect band of the epitaxial bilayer
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domains. Scalebars, 10 pm (aandb). ¢, AFM height image demonstrating the

Raman shift (cm™)

high surface quality. Scale bar, 6 pm. d, Layer-number-dependent SHG spectra.
e, Linear fitting of the SHG intensity with the layer number. Data are presented as
mean values + standard deviation. The statistical data are from ten samples.

f, ULF Raman spectra of bilayer MoS, with 2H and 3R stacking.
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Fig.3| Atomic-resolved characterization of 3R-stacked MoS,. a,b, Domain
edge regions between mono-/bilayer R stackings (a) and bi-/trilayer stackings
(b) with sharp edges. Scale bar, 2 nm. c-e, Experimental (Exp.) high-resolution
HAADF-STEM images (left) and simulated (Sim.) images (right) of monolayer-
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profile analysis of the defect site along with the simulation results. f,g, Schematic
ofthe top (f) and side (g) views of Mog defect-induced nucleation. Scale bars, 1 nm
(c);0.5nm(dande).

defects were found in the 2H domains (Supplementary Fig.18). Other
defect types beyond our calculations cannot be completely ruled out
at this stage, which will be explored in future works.

Ferroelectricity and device applications of
3R-MoS,

Thebrokeninversionsymmetryin 3R-MoS, givesrise to ferroelectricity.
Prior works have demonstrated sliding ferroelectricity in mechanically
exfoliated 3R-MoS, and twisted moiré structures®”, but CVD films have
beenrarely explored for device applications®®. We first perform piezore-
sponse force microscopy (PFM) to verify the ferroelectricity inbilayer
3R-MoS, films at room temperature (Fig. 5a and Methods). Figure 5b,c
shows the AFM height and the corresponding PFM phase images of a
bilayer domain. Although the AFM shows uniform height across the
bilayer region, the PFM phase shows two distinct colours, indicating
ferroelectric domains with different polarization directions (more fer-
roelectric dataare showninSupplementary Fig.19). The ferroelectric
domains were revealed under tilted dark-field transmission electron
microscopy (TEM; Supplementary Fig. 20)%. The sharp boundaries
between the domains correspond to domain walls. The ferroelectric

polarization switchingis measured by an off-field piezoresponseloopin
PFM (Fig.5d). Theamplitude and phase show typical butterfly and hys-
teresis loop features, respectively, with £5-V coercive voltage and 180°
phase shift. Different sample locations show very good reproducibility
of ferroelectric switching (Supplementary Fig. 21). The out-of-plane
piezoelectric coefficient d;; is measured to be ~0.31 pm V for bilayer
3R-MoS, (Supplementary Fig. 22), in agreement with mechanically
exfoliated samples®.

Asaferroelectricsemiconductor channel, 3R-MoS, canbe used to
build FeS-FETs with a non-volatile memory functionality. To demon-
strate the unique advantage of large-area 3R-MoS, films, we fabricated
devicearrays using back-gate structures (Fig. Se,f). Figure 5g plots the
transfer characteristics of 48 FeS-FETs. The devices show a counter-
clockwise hysteresis loop, asignature of ferroelectric memory. Due to
the uniform 3R nature of the film, the devices exhibit good reproduc-
ibility with a narrow distribution of memory window (2.34 + 0.46 V;
Fig. 5h). By contrast, monolayer MoS, FETs fabricated using the same
process show much more negligible clockwise hysteresis (Supple-
mentary Fig. 23a), which is attributed to interface traps rather than
ferroelectric switching.
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Fig. 5| Ferroelectricity of R-stacked bilayer MoS,. a, Schematic of vertical

PFM measurements. b, AFM image of a bilayer flake on amonolayer film. Scale
bar, 2 pm. ¢, Phase image of vertical PFM under V, . =2V corresponding tob.
Scale bar, 2 pm.d, Amplitude and phase of the piezoresponse signal versus
sample biasin vertical PFM. e, Schematic of a 3R-MoS, FeS-FET. f, OM image of
an FeS-FET array. Scale bar, 300 pm. g, Transfer characteristics of the 3R-MoS,
FeS-FET at sweep ranges of Vs =+8 V, showing an obvious counterclockwise
hysteresis behaviour. The inset shows the AFM image of FeS-FET. Scale bar, 3 pm.
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h, Statistical distribution of the memory window and /o//og. i, Symmetric and
linear multistate properties of the 3R-MoS, FeS-FET; the operation waveform are
shown at the top of the figure. j, Multistate retention of 3R bilayer MoS, FeS-FET.
k, Benchmark of the retention of FeS-FETs with different channel thicknesses.
The Fes-FET in this work possesses a channel with the thinnest thickness but the
highest retention. I, Benchmark of /o\//os versus the conductance of FeS-FETs in
theliterature.

We further measure the retention characteristics of the FeS-FET
(Supplementary Fig. 23b). The device is programmed to the ON/OFF
state by +10-V voltage pulses, followed by ad.c. sampling test for thou-
sands of seconds. The decay of the resistive states is minimal within the
test duration. By extrapolating the retention data, the ON/OFF ratio
stillexceeds three orders of magnitude after 10 years (Supplementary
Fig. 23b). Moreover, the FeS-FET devices show good multibit charac-
teristics. Figure 5i,j shows the potentiation and depression process of
16 storage states (4 bit) with good symmetry, linearity and retention,
demonstrating the potential application of 3R-MoS, in analogue neu-
romorphic computing.

Finally, we benchmark our device performance with other 2D
materials from the literature, including In,Se;, InSe, SnS and sliding
2D ferroelectric materials such as 3R-TMDs and twisted TMDs (Fig. 5k, |
and Supplementary Table 2)****=!, Figure 5k plots the retention ver-
sus thickness. Our data are on the preferred top left corner with the
best retention despite the smallest thickness of 1.3 nm. We should
emphasize that all the other devices in the top left corner are based
on exfoliated flakes rather than large-area CVD films. Figure 5| com-
pares the ON-state conductance and ON/OFF ratio. Our device lies in

the preferred top right corner with both high ON-state conductance
and ON/OFF ratio. Overall, our FeS-FET devices exhibit one of the best
ferroelectric device performances among 2D materials and offer a
large-area device array. This makes the CVD 3R-MoS, very promis-
ing for device applications. We note that not all the FeS-FET devices
exhibit ferroelectric memory behaviour, and the related discussions
are provided in the ‘Discussion about FeS-FET of 3R-MoS,’ section in
the Supplementary Information.

Conclusion

Inconclusion,wedemonstratethe CVDgrowthofrhombohedral-stacked
large-area MoS, films via homoepitaxy. A defect-promoted selective
nucleation mechanismis proposed, whichmay inspire future research
ongrowing artificially stacked 2D materials. The control of interlayer
stacking by CVD offers a degree of freedom in the production of
large-area 2D materials towards multifunctional integration.
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Methods

CVD growth of 3R-MoS,

Single-side polished sapphire (0001) witha miscut angle of 1° towards
the aaxis (c/a - 1°) was used as the epitaxial substrate. Before growth,
the substrates were subject to an annealing process at 1,000-
1,100 °C for 4 hin air, which produces uniform bi-steps, as previously
reported””. The growth was performed in a three-zone CVD system.
Elemental sulfur (30 g, 99.995%) was utilized asthe source and placedin
asilicacrucible and heated independently with an extra heating mantle
at180 °Cand carried by 150 s.c.c.m. of Ar. Metallic Mo foils were used
as the Mo sources and put in a separate tube from S. This structural
design canavoid the contamination of Mo sources by S vapours. Most
importantly, the Mo foils were oxidized in situ by 5-10 s.c.c.m. of O, to
release MoO, vapours and carried by 50 s.c.c.m. of Arinto the growth
chamber, whichisacontrollable way and ensures a stable, precise and
continuous supply of sources. Since Mo metal has a very high melting
temperature (2,620 °C), unoxidized Mo cannot evaporate at the heating
temperature. When we switch on the O, flux, Mo can be oxidized into
MoO,, which can evaporate into the CVD system.

The growth comprises two steps. In the first step, asingle-crystal
monolayer film is epitaxially produced on the sapphire substrate at
950 °C. In the second step, the concentration of the Mo species was
improved toboost the nucleation of the top layers by elevating the tem-
perature of the Mo source from 600 °Cto 800 °C and keep the growth
temperature constant. According to our measurements, the MoO,
vapour flux was increased from 5.8 pg min™ (600 °C) to 110 pg min™*
(800 °C). The growth pressureis~90 Paand the whole growth process
lasts about 30-60 min. The purity of the carrier gas sources is more
than 99.999%. We note that O, mostly reacted with S vapour to form
SO, during the growth, as measured by in situ mass spectrometry
(Supplementary Fig.25). The measured O, partial pressure of 0.495 Pa
corresponded to chemical potential Au, = -2 eV. The formation energy
of O, passivating Mogdefects at Au, = -2 eVismuch higher (by 3.42 eV)
thanintheair (Supplementary Fig.26), indicating that Mog cannot be
passivated by O, during growth.

The transfer of MoS, was done using the polymer-based transfer
method. Poly(methyl methacrylate) (PMMA; Allresist 950K) was spin
coated on MoS,/sapphire at 2,000 rpm and baked at 150 °C. Then, a
thermal release tape (TRT) was laminated and used to gently peel the
PMMA/MoS, stack off the sapphire substrate in KOH water. The TRT/
PMMA/MoS, stack was transferred onto the target substrate ora TEM
grid and baked at 120 °C to release the TRT. Finally, the PMMA was
removed by acetone.

Control experiments with the first MoS, layer exposed in
ambient atmosphere or oxygen

After the monolayer MoS, growth was completed and cooled to
room temperature, we kept it in the ambient atmosphere for 5 min,
3 hand 12 h. Then, the monolayer film was used as a template for the
second-layer growth. For oxygen exposure, we introduced amix of O,
and Arinto the growth chamber after the single-crystal film cooled to
roomtemperature. This mixture was maintained for 1 hwith different
O,/Ar ratios to allow for O, adsorption under a total pressure of 1 bar.
Afterwards, we pumped the chamber into a vacuum and proceeded
with the next growth process.

Computation details

All the first-principles DFT calculations utilized the projector-
augmented wave® potentials implemented in the Vienna ab initio
simulation package®’. The Perdew-Burke-Ernzerhof** generalized
gradient approximation was used to treat the exchange-correlation
functional. Grimme’s DFT-D3 (ref. 55) scheme was used to characterize
thevander Waalsinteraction, and the Brillouin zone was solely sampled
at the gamma point. The structures underwent relaxation until the
residual Hellman-Feynman force was <0.02 eV A, with an energy

convergence criterionof 10~ eV. A400-eV energy cut-off was selected
for the plane-wave basis sets. Additionally, to prevent interaction
between adjacent images, a vacuum space of >10-A thickness was
includedinthe vertical direction. A1 x 2 x 1 k-point mesh was used for
MoS, triangular clusters stacking on the first layer of MoS,. The forma-
tion energy of 3R and 2H configurations for monolayer MoS,
withaspecific defectis calculated by £; = o2~ biivios, \heref,

2L-MoS-

E>pclusterand Effﬁmsz arethe calculated energies of bilzayer MosS, clusters
stacking on monolayer MoS, with a specific defect, bilayer MoS, clus-
ters and monolayer MoS, with a specific defect, respectively; and
Na1mos, iS the number of MoS, units of bilayer MoS, clusters. In our
calculations, the length of bilayer MoS, clusters is ~0.95 nm and
Ny _mos, = 12. Each supercell contains a single defect and different
defect sites are considered when stacking the second layer.

The formation energies of Mogand Mog-0, defects are defined by
Er = Egefect — EMoSz + Hs — Hmo/0» (o)

where E ... and Ey,,s, are the energies of MoS, withand without defects,
respectively; us and piy./0 are the chemical potentials of S and added
Mo/O, respectively.

The chemical potential of oxygen at the given partial pressure (P)
and temperature (T) can be expressed as below.

Moo, (T,P) = poco,) (T, P) = Hoo,) (0, P%)

Po,
PO

2

1 1

3 (ng (D-TSY () —HY, (0)) +>RTIn [
According to the partial pressure of O, in the furnace during

growth, the chemical potential of O is -2 eV, whereas Ay, = -0.296 eV

inthe airatroom temperature.

Optical characterizations

PL and Raman spectroscopy and mapping were performed by a
custom-built system equipped with a 488-nm laser excitation and
Princeton Instruments SP-2500 spectrometer. SHG spectroscopy
and mapping were carried out in a customized system equipped with
apiezo stage, an ultrafast 1,064-nm-wavelength laser (Rainbow 1064
OEM) and a photon-counting head (Hamamatsu Photonics H7421-50).
A confocal micro-Raman spectrometer (Horiba LabRAM HR Evolu-
tion) with an 1,800-lines-per-mm grating was used to test the ULF
Ramandata.

PFM measurements
All the PFM measurements were adapted to the Dart-SS-PFM mode.
The vertical PFM mapping, hysteresis loop and KPFM measurements
were performed on the bilayer 3R-MoS, that was transferred onto
the Pt substrate by PMMA. PFM measurements were conducted with
Asylum Research Cypher SAFM device at room temperature. We used
Asyelec-01-R2 with a force constant of around 2.8 N m™ and a contact
resonance frequency of around 280 kHz with the applied a.c. bias volt-
age of 2 Vfor the Dart-SS-PFM measurements.

Vertical PFM (VPFM) captures the vertical signal of the cantilever.
In real VPFM measurements, the recorded VPFM signal is fairly com-
plex, arising from the interplay among piezoelectricity, electrostatic
interaction’®, electrochemical strain®’ and even the experimental
setup®. All those mechanisms may contribute as abackground VPFM
signal to distort a relatively small VPFM response of the sample. To
obtainthe pure electromechanical response of 3R-MoS,, we use vector
decompositionto remove the background signal. A mask can be manu-
ally sketched based on phase and amplitude maps to distinguish the
3R-MoS, areaand monolayer MoS, (background) area. The background
VPFMsignal of onescanline (Ae”)is calculated by the mean measured
VPFM vector of monolayer MoS, area (A,,en):
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n
Aei® = % S A, jei0n; )
=

the decoupled VPFM vector for every pixel (44e'%) is determined by
subtracting this background VPFM vector from the measured VPFM
vector (Ap,efm):

Ageis = A eifn — Aeid, 4)

and the corresponding decoupled phase (6,) and amplitude (4,) maps
areshownin Supplementary Fig. 22.

TEM characterization

Epitaxial 3R-MoS, was transferred onto a TEM grid (Cu grid with a
carbon array microgrid). The atomic-resolved HAADF-STEM and
cross-sectional HAADF-STEM of different layers were captured
on FEI Themis Z at an accelerating voltage of 300 kV. The in-plane
HAADF-STEMimages were filtered by Gaussian filters. The tilt dark-field
TEM images were captured on an aberration-corrected STEM Titan
Cubed G2 60-300 system with an accelerating voltage of 60 kV. All the
in-plane STEM simulations used scripts based on the modified MULTEM
package using MATLAB R2020b and accelerated by GPU calculations®.
The STEMimage simulationsarerunat300 kV withanaberration-free
probe and aconvergence angle of22.5 mrad. The scanning pixel sizeis
0.1A. STEM detector angle is set to 75-200 mrad, which is consistent
with the experiment condition. The source size and nonlinear effect
ofthe detector are considered in the simulation.

Device fabrication and measurement

Here 20-nm Al,O; was deposited by plasma-enhanced atomic layer
deposition as a dielectric insulator at 150 °C using O, plasma as the
oxygen source and trimethyl aluminium as the precursors on a heav-
ily doped silicon substrate as the global gate. After that, bilayer MoS,
was transferred ontoit by using TRT. Then, electron-beam lithography
andreactiveion etching with O, plasma were used to pattern the MoS,
nanoribbons. The contact electrodes were defined by electron-beam
lithography, and 15 nm of Sb and 30 nm of Auwere finally deposited as
the source and drain, to suppress Fermi-level pinning and reduce the
contactresistance®. Electrical measurements were performed atroom
temperature using a Keithley 4200 semiconductor characterization
system with four source meter units for the d.c. test and 4,225 remote
pulse and switch modules for the pulse test under a base pressure of
107¢ torr in the Lakeshore CRX-VF probe station. With source meter
units, the transfer and output properties were characterized. The
MoS, FET was programmed to the ON state (or erased to the OFF state)
with10 V/2 s (or -10 V/2 s); then, a d.c. sampling test proceeded for
thousands of seconds, thereby extrapolated to 10 years of retention by
linear fitting. As for the multistate test, the potentiation (or depression)
process was realized by identical 9 V/40 ms (or —4.5 V/5 ms for the first
eight states and -5.5 V/5 ms for the second eight states) generated by
4,225 remote pulse and switch modules at the gate, whereas the drain
and source of the FET were both grounded. Different pulse condi-
tions in depression progress were applied for linear weight update®’.
Afterwards, the typical output curves were obtained under asmall V4
(+0.2 V) range to read the conductance of MoS, FET.

Alrecognition of MoS, layer numbers

Recognizing the limitations posed by the background tilt, which affects
the direct use of brightness pixel counts for layer determination, we
useamachine-learning-based approach enhanced by acomprehensive
calibration process for determining the layer numbers of 2D materi-
als viewed using OM. This process adjusts for variations in lighting
conditions, ensuring accurate feature extraction critical for layer iden-
tification. Our calibration procedure extends beyond the traditional
focus onimage cornerstoinclude the edges and the centre, capturing

a comprehensive range of brightness levels across the image. This
thorough calibration ensures that the adjustments made for lighting
conditions are uniformly applied, thereby rectifying the illumination
inconsistenciesinherentinthe OM of 2D materials. Following calibra-
tion, the process proceeds with the extraction of features critical to our
analysis, including the pixel coordinates (X, ¥) and RGB values. These
extracted features serve as inputs to our machine learning model,
facilitating accurate predictions of layer numbers across the sample.

In the selection of an appropriate machine learning model, we
leverage an automated machine learning function to evaluate vari-
ousalgorithms, ultimately selecting asupport vector machine model
for its superior performance and captivity at handling nonlinear
relationships and complex patterns present in our MoS, OM images
(Supplementary Fig. 4a). This model is trained on a labelled dataset,
where each pixelis associated with aknown layer number, ensuring a
robust framework capable of generalizing from our training data to
accurately predict layer numbersin new, unseenimages. Utilizing the
trained support vector machine model, we predict the layer number
for each pixel in the image, allowing for a detailed mapping of layer
distribution across the sample. This approach enables the precise
identification of different material layers, offering a granular view of
the sample’s composition.

Adetailed map displaying each layer’s distribution, colour coded
for clarity and ease of interpretation. The model’s confusion matrix
highlights the accuracy and precisionin predicting various layer num-
bers, thereby providing aninsightinto the model’s effectiveness (Sup-
plementary Fig. 4b). Distribution histograms quantify the percentage
coverage of eachlayer within the samples, alongside cumulative histo-
grams that offer anuanced understanding of overall layer distribution.

Our analytical approach not only underscores the efficacy of
combining image calibration, feature extraction and machine learn-
ing in accurately determining the layer numbers but also facilitates
adeeper understanding of the 2D materials examined. By leveraging
comprehensive calibration alongside a sophisticated support vector
machine model selected through automated machine learning, our
methodology represents a significant advancement over traditional
analysis techniques, offering enhanced accuracy and insight into the
material properties.

MoS,-domain orientation analysis and image segmentation
model

Toaccurately and efficiently distinguish the orientation of MoS, crys-
tals and apply pseudocolor processing to crystals with different ori-
entations, an image segmentation model based on deep learning is
considered. The principle of image segmentation involves dividing
theimage into several subregions that share similar colour or texture
characteristics, which correspond to different objects or different
parts of objects. These subregions, constituting the complete subset of
theimage, are mutually exclusive. Traditional segmentation methods
arerepresented by graph-cut, whereas deep learning models include
U-Net, FCN and DeepLab®. In this paper, the U-Net model for image
segmentation is applied, and the principle of this model and its seg-
mentation results are introduced below.

The U-Net network is composed of two parts: the first half is dedi-
cated to feature extraction (with MobileNet as the base model), and the
second halfinvolves upsampling. This structureis alsoreferredtoasan
encoder-decoder architecturein some studies. The overall structure
of this network resembles the uppercase letter ‘U, whichis the reason
behindits name, U-Net. A diagram of its structure is presented in Sup-
plementary Fig. 4c.

The overall structure of U-Net can be divided into two parts: an
encoderand adecoder (Supplementary Fig.4d). The encoder is respon-
sible for progressively extracting features from theinputimage, reduc-
ing the image resolution, whereas the decoder gradually restores the
resolution and generates the final segmentation result.
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The encoder part of U-Net consists of multiple downsampling
layers, each comprising a convolutional layer followed by a pooling
layer, whichis usedto progressively reduce the image size and extract
features. Thisapproachisaimed atincorporating context information
atdifferentscales. The downsampling section can be considered acon-
ventional convolutional neural network where features are gradually
reduced, and spatialinformationis discarded. This sectionis composed
oftwo convolution operations and two max-pooling operations, witha
rectified linear unit activation function following each convolutional
operation. After each max-pooling operation, the width and height of
the feature map are halved.

The decoder part of U-Net includes multiple upsampling layers and
corresponding skip connections. Upsampling layers are used to gradu-
ally increase the image size, whereas skip connections are used to link
the feature maps from the encoder to the corresponding feature maps
inthe decoder, preserving more spatial details and semantic informa-
tion. Each upsampling layer also has a corresponding convolutional
layer for further feature processing. The upsampling section gradually
restores the features to their original size and reintegrates lost spatial
information back into the features. This section consists of an upsam-
pling operation and a convolution operation, with each convolution
operation followed by arectified linear unit activation function, too.

Within these two parts, numerous skip connections link features
from the downsampling section to the upsampling section, allowing
for the segmentation to utilize both coarse and fine features. These
skip connections enable U-Net to better preserve spatial information,
thereby enhancing the accuracy of segmentation.

Theloss function of U-Net: U-Net is utilized for image segmenta-
tion, where our objective is to assign each pixel in the input image to
itsrespective category. We can use cross-entropy as the loss function,
whichis defined as follows®*:

e
Loss = -N Z Zyi/ log[p;1.

i=1j=1

where N denotes the number of samples, C represents the number of
categories, y;is the true labelindicating whether the ith sample belongs
tothejth category, and p;is the probability output by the network that
the ithsample belongsto thejth category. Furthermore, during train-
ing, itis necessary to use the backpropagation algorithm to calculate
gradients and update the network parameters.

For an AFM image, the encoder of the convolutional neural net-
work, U-Net, is first used to extract the features, obtaining high-level
semantic feature maps; then, the decoder restores the feature map
to its original size. During the training phase, a loss function is con-
structed using the model’s predicted map and the sample’s true label
map, thereby facilitating model training. In the inference phase, the
model’s predicted map serves as the final output. A distinctive feature
of U-Net, setting it apart from other common segmentation networks,
is its unique feature fusion method—concatenation. U-Net uses con-
catenation to combine features along the channel dimension, forming
denser features®*.

InU-Net, the pooling layer enables multiscale feature recognition
of the image by the network. The upsampling section integrates out-
puts fromthe feature extraction segment, effectively fusing multiscale
features. For example, the features of the last upsampling originate
both from the output of the first convolutional block (same-scale fea-
tures) and from the output of the upsampling (larger-scale features).
Such connections, whichoccur throughout the network, resultinup to
four instances of fusion. The modified segment modelis able tojudge
the MoS, crystal orientation within 0.1's, reaching anaccuracy of >98%.

Data availability
Alldataareavailableinthearticle andits Supplementary Information.
Source data are provided with this paper.
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