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Two-dimensional (2D) transition metal dichalcogenides (TMDs) are regarded as pivotal semiconductor
candidates for next-generation devices due to their atomic-scale thickness, high carrier mobility and
ultrafast charge transfer. In analog to the traditional semiconductor industry, batch production of
wafer-scale TMDs is the prerequisite to proceeding with their integrated circuits evolution. However,
the production capacity of TMD wafers is typically constrained to a single and small piece per batch
(mainly ranging from 2 to 4 inches), due to the stringent conditions required for effective mass transport
of multiple precursors during growth. Here we developed a modularized growth strategy for batch pro-
duction of wafer-scale TMDs, enabling the fabrication of 2-inch wafers (15 pieces per batch) up to a
record-large size 12-inch wafers (3 pieces per batch). Each module, comprising a self-sufficient local pre-
cursor supply unit for robust individual TMD wafer growth, is vertically stacked with others to form an
integrated array and thus a batch growth. Comprehensive characterization techniques, including optical
spectroscopy, electron microscopy, and transport measurements unambiguously illustrate the high-
crystallinity and the large-area uniformity of as-prepared monolayer films. Furthermore, these modular-
ized units demonstrate versatility by enabling the conversion of as-produced wafer-scale MoS, into var-
ious structures, such as Janus structures of MoSSe, alloy compounds of MoSy(;_ySes,, and in-plane
heterostructures of MoS,-MoSe,. This methodology showcases high-quality and high-yield wafer output
and potentially enables the seamless transition from lab-scale to industrial-scale 2D semiconductor com-
plementary to silicon technology.

© 2023 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
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1. Introduction

The progression of semiconductor materials from the first-
generation silicon-based semiconductors to third-generation
wide-bandgap semiconductors represented by gallium nitride
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and silicon carbide, has propelled the unprecedented advancement
in the semiconductor industry. However, as device miniaturization
approaching its physical limits, the pace of Moore’s Law is deceler-
ating, which necessitates the exploration of novel materials to sus-
tain the momentum of the semiconductor industry. Two-
dimensional (2D) transition metal dichalcogenides (TMDs), with
their ultra-thin atomic layer thickness and pristine semiconducting
properties, have emerged as a compelling candidate for next-
generation semiconducting channel materials [1-4]. Nevertheless,
harnessing the full potential of 2D TMDs hinges on addressing
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several formidable challenges, notably the low-cost, large-scale
batch production of TMDs targeting on semiconductor devices in
integrated circuits (ICs).

To balance high chip yield with low-cost manufacturing,
300 mm (12-inch) silicon wafers have been adopted as the stan-
dard for semiconductor manufacturing, as proposed by the semi-
conductor equipment and materials international (SEMI) since
1995 [5]. To proceed with the era of 2D TMD-based semiconduc-
tors, mass production of 12-inch TMD wafers is a critical node to
combine the new materials with the existing upstream and down-
stream manufacturing lines. Therefore, batch production of TMD
wafers up to 12 inches is essential to transition TMD materials
from laboratory investigations to integral components for next-
generation semiconductor devices.

Over the past decade, significant advancements have been
made toward producing wafer-scale TMD films [6-15]. However,
their sizes are typically limited to 2 or 4 inches, and batch produc-
tion capabilities remain constrained, usually limited to a single
piece per batch. This restriction predominantly stems from the
growth methodology of TMDs, which necessitates the simultane-
ous supply of chalcogen and transition metal sources in two sepa-
rate temperature zones [16-20]. Since the diffusion of the two
sources follows a point-to-face manner, the feedstock distribution
is typically uneven along the gas transport direction [21], leading
to non-uniform TMD deposition on wafers, especially for large
ones. Recently, attempts at ensuring uniformity of large-scale
TMD wafer are involved by vertically aligning the target wafer with
the source diffusion direction [22,23]. However, this approach pre-
cludes batch production, as only one wafer can be fabricated at a
time. Consequently, there is a pressing need to develop effective
methods that can strike a balance between achieving large-scale
uniformity and enhancing batch production capabilities.

In this work, we develop a modularized strategy to batch pro-
duce uniform TMD films with wafer sizes ranging from 2-, 4-, 8-
to a record-large 12-inch. The target wafer, chalcogen, and transi-
tion metal precursor are compacted in a face-to-face manner and
configured as a single module unit. In this self-sufficient system,
the multi-element sources can be locally supplied and distributed
evenly, ensuring the uniform growth of TMDs along the entire
wafer, even for 12-inch ones. Meanwhile, by vertically stacking
multiple module layers, an integrated array is formed and can fur-
ther enhance the production capabilities in one batch, allowing for
the success of 15 pieces per batch for 2-inch wafers and 3 pieces
per batch for 12-inch wafers. Moreover, this modularized strategy
also supports the versatile post-processing of batch-produced TMD
wafers, enabling the creation of various structures such as Janus
MoSSe, MoSy(1_xSeax  alloys, and MoS,-MoSe, in-plane
heterostructures.

2. Methods
2.1. Batch production of wafer-scale MoS;

The substrates of 2- to 12-inch fused silica and sapphire
(Dongda Times, Chengdu Technology Co., Ltd.) were first pre-
treated with O, plasma before the growth. Na,MoO4 aqueous solu-
tion (concentration: 15 mg mL~!) was spin-coated on the
perforated fused silica piece and heated at 80 °C for drying. The
Na;MoO,4-coated perforated fused silica, substrate and chalco-
genide crystal plate (ZnS) were stacked as a growth module by
the customer-designed holder. The integrated modules were
placed on a quartz plate and loaded in the chemical vapour depo-
sition (CVD) furnace. Experimentally, the batch production of 2-
inch wafers was carried out in a commercial CVD furnace with a
tube diameter of 120 mm and the MoS, growth was performed
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at 800 °C for 40 min. The chamber pressure was kept at ~1 Torr
with 500 sccm Ar during the growth. The larger wafers (4-, 8-
and 12-inch) were grown in a customized automated furnace with
a tube diameter of 350 mm. The system was heated up to an opti-
mized temperature of 820 °C and held for 60 min. The chamber
pressure was kept at ~1 Torr with 800 sccm Ar during the growth.
After growth, the furnace was naturally cooled down to room
temperature.

2.2. Fabrication of Janus MoSSe

The Janus MoSSe structure was prepared by the postprocess of
as-produced MoS, film on a-plane sapphire substrate. The as-
growth MoS, and the ZnSe crystal plate were placed in a face-to-
face manner using the customer-designed holder. This vertically
integrated arrays were placed on a quartz plate and loaded into
the CVD furnace. The Se substitution was performed at 870 °C
and the system pressure was kept at ~1 Torr with 120 sccm Ar
and 5 sccm H,. This postprocess time was kept for 60 min and
the system was naturally cooled down to room temperature after
substitution. The Janus MoSSe sample was then transferred to Au
substrate by etching from a-plane sapphire using 1 mol L~! KOH
solution, for further characterizations.

2.3. Fabrication of MoS5(;_x)Sezx alloys and MoS,-MoSe, in-plane
heterostructure arrays

The MoS,(1_x)Sezx alloys were fabricated using the as-produced
MoS, films on c-plane sapphire. Similarly, the MoS, film and ZnSe
crystal plate were stacked face-to-face using the customer-
designed holder. The configuration was loaded into the CVD fur-
nace and the substitution was processed at ~1 Torr with 120 sccm
Ar and 10 sccm Hy. The substituting temperatures were at 750,
850, 950 and 1050 °C for 20%, 50%, 80% to nearly 100% Se content
of MoS,(;_x)Seax alloys. As for the fabrication of MoS,-MoSe, in-
plane heterostructure arrays, a 50-nm-thick Al,O3 layer was first
deposited on MoS, by atomic layer deposition (ALD). Then the
ultraviolet (UV) lithography and phosphoric acid (H3PO4) etching
was used to obtain different patterned Al,Os mask layers. The
uncovered MoS, was substituted to nearly MoSe, at 1050 °C for
60 min. Finally, the Al,O3; mask layer on the MoS, was etched off
with H3P04.

2.4. Characterizations

Optical images were taken with an Olympus BX51M micro-
scope. Raman and photoluminescence (PL) spectra were measured
by the WITec alpha300R system with a laser excitation wavelength
of 514 nm and a power of ~1 mW. The atomically-resolved scan-
ning transmission electron microscope (STEM) experiment was
performed in a FEI Titan Themis G2 300 operated at 300 kV. The
piezoelectric force microscopic (PFM) and high-resolution atomic
force microscopic (AFM) images were acquired using an Asylum
Research Cypher AFM system. The X-ray photoelectron spec-
troscopy (XPS) measurements were performed using an ESCALAB
250X system (Thermo Fisher Scientific) and excited by monochro-
matic Al Ko radiation.

2.5. Out-of-plane second harmonic generation (SHG) measurements

SHG was excited with femtoseconds pulses (Coherent laser,
~150 fs, 250 kHz) generated by a Ti:sapphire oscillator series
pumping an optical parametric amplification. A collimated p-
polarized pulsed laser beam with 2 mm spot size was guided to
the objective back aperture (Nikon, 50X, NA = 0.8). The incident
angle was determined by the beam position at the objective back
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aperture tuned by a scanning motorized stage. The excitation
wavelength was 1360 nm. We collected the SHG signal after a
750 nm short-pass filter using the same objective. To achieve the
in-plane SHG extinction along the p-polarization of the MoSSe
Janus sample, we rotated the crystal with the armchair direction
perpendicular to the electric field analyzed by a polarizer.

2.6. Fabrication and measurement of MoS; field-effect transistor (FET)

The MoS, FET (W =5 pum, L = 8 um) was fabricated through the
standard microfabrication process by electron beam lithography
(EBL) techniques. The MoS, film was transferred onto 300 nm
Si0,/Si substrate using the polymethylmethacrylate (PMMA) film
as the transfer intermediate. The Au (30 nm) contact electrodes
were fabricated by electron-beam evaporation with a rate of
0.1 As~'at ~1078 Torr. Then the lift-off was carried out in acetone.
The electrical measurements were performed at room temperature
at a vacuum probe station (Janis) equipped with a semiconductor
parameter analyser (Agilent Technologies B1500A).

3. Results and discussion
3.1. Modularized batch production of wafer-scale MoS,

Fig. 1a depicts our experimental design for the modularized
batch production of wafer-scale TMDs. In the case of MoS, growth,
a single growth module comprises a ZnS plate (to locally supply S
source), Na,MoOg4-coated perforated fused silica (to locally supply
Mo source), and a target growth substrate (sapphire or fused sil-
ica), as illustrated in Fig. 1c. This module forms a self-sufficient
precursor unit for the face-to-face growth of MoS,. At an elevated
temperature of 800 °C, S monomers are released from the ZnS sur-
face [24] and pass through the fused silica holes. Concurrently,
Na,;MoO, vaporizes, allowing Mo source to reach the substrate sur-
face and form monolayer MoS, film. Batch production is achieved
by vertically stacking five module layers in the customer-
designed holder, which can form an integrated production array
(Fig. 1b). In this experiment, three integration arrays were loaded
into a commercial CVD furnace (with a tube diameter of
120 mm) at a time and then elevated to the target temperature.
As shown in Fig. 1d, 15 pieces of 2-inch uniform, clean, fully cov-
ered MoS, films were obtained after 40 min of growth. This mod-
ularized growth strategy would possess scalable productivity
when continuously increasing the stacked modules.

Benefiting from the self-sufficient local element supply in a
face-to-face manner, the as-produced MoS, monolayer wafers
exhibit high quality and uniformity due to the efficient mass trans-
port of multiple precursors during the growth process. The
atomically-resolved STEM (Fig. 1e) and high-resolution AFM
images (Fig. S1 online) show a perfect hexagonal honeycomb lat-
tice structure formed by the Mo and S atoms, revealing the high
crystallinity of as-grown MoS, film. The room-temperature PL peak
of A exciton at ~1.84 eV has a narrow full width at half-maximum
(FWHM) of 57 meV indicating its high optical quality (Fig. 1f). From
the typical transfer characteristics of a MoS; FET device, the room
temperature mobility was extracted as ~40 cm? V~! s~!, which is
comparable to the devices prepared by exfoliated MoS, monolay-
ers [25]. These results indicate that our modularized growth strat-
egy is powerful in scaling up productivity without compromising
the optical and electrical quality of TMD films.

3.2. Scalable production of MoS, wafers up to 12-inch size

This modularized design can be easily scaled up by simply
enlarging the size of the furnace chamber and the corresponding
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modules. Here, we customized an automated CVD furnace with a
tube diameter of 350 mm, capable of facilitating the mass produc-
tion of significantly larger wafers (Fig. 2a). Such large furnace
chamber can conveniently host wafers ranging from 2-, 4-, 8-, up
to 12-inch diameter. With the aid of multiple modules, 10 pieces
of 4-inch wafers, 5 pieces of 8-inch wafers, or 3 pieces of 12-inch
wafers can be produced in a single batch. The as-produced MoS,
monolayer wafers of different sizes all exhibit high optical unifor-
mity (Fig. 2b and Fig. S2 online), benefiting from the efficient sup-
ply of multiple precursors for every wafer during the growth
process.

Specifically, to check the uniformity of the 12-inch MoS, mono-
layer film (Fig. 2c), the large-scale Raman line scans along the hor-
izontal axis and large-area mappings of the 12-inch wafer were
performed (Fig. 2d and Fig. S3 online). The E,; and A;g characteris-
tic peaks, located at 383 and 403 cm™' respectively, both exhibit
identical wavenumbers along the ~30 cm distance, confirming
the exceptional uniformity throughout the entire 12-inch wafer.
The statistical Raman peak distance between E,; and A;; was
extracted to be (20.1 £ 0.3) cm™!, which indicates that the depos-
ited MoS, films are of uniform monolayers. Furthermore, the PL
line scans across the 12-inch diameter exhibit narrow A exciton
peaks located around ~1.8 eV, further affirming the optical unifor-
mity across the entire MoS, wafer (Fig. 2e). Such reliable high-
uniformity characteristic over such a large area of 12 inches, can
be attributed to the evenly distributed feeding source facilitated
by the face-to-face modularized design.

It is noteworthy that the automated equipment supports 3 to 4
growth cycle per day, thereby permitting low-cost pilot-scale MoS,
wafer production. We anticipate that these production capabilities
can be further scaled up to meet the consistent output require-
ments of the semiconductor industry.

3.3. Modularized substitution for Janus MoSSe monolayers

The local element supply within a single module enables pre-
cise composition engineering of as-produced wafers. As illustrated
in Fig. 3a, a ZnSe plate (to locally supply Se source) and a MoS; film
grown on a-plane sapphire formed a substitution module to obtain
Janus MoSSe structure. At an elevated temperature of 870 °C, the
top-layer S atoms gradually desorbed from the MoS,; surface, while
the bottom S atoms remain well-preserved due to the strong inter-
action with the a-plane sapphire surface [26]. Concurrently, Se
monomers were released from the ZnSe plate by breaking the dan-
gling bond, creating a localized high-concentration area of Se
atoms. This facilitated frequent substitution of the top S layers, cul-
minating in the formation of the Janus MoSSe structure. The uni-
form contrast of the as-prepared Janus MoSSe monolayer in the
optical image (Fig. 3b) indicates the homogeneous substitution
achieved through this modularized face-to-face design. Distinct
from MoS, and MoSe, monolayers, Janus MoSSe exhibited an
out-of-plane A;; mode located at 289.5 cm~! (due to the broken
out-of-plane symmetry) and an in-plane E,;, mode located at
351.0 cm™! (resulting from the Ilattice constant variation)
(Fig. 3c). The representative PL peak of the as-prepared film is at
1.68 eV, in between the optical gaps of MoS, (1.82 eV) and MoSe,
(1.55 eV), further confirming the Janus monolayer structure [27,28]
(Fig. 3d).

The intrinsic broken symmetry of the Janus monolayer gener-
ates an electric polarization (P) perpendicular to the 2D surface,
which will lead to a SHG response in the out-of-plane direction.
By tilting the incident light at an angle of 0 (Fig. 3e), the out-of-
plane SHG signal can be excited by the vertical light component.
As shown in Fig. 3f, the SHG intensity of Janus MoSSe increases
with the tilt angle 0 due to the enhancement of the vertical electric
field. As a contrast, no signal is detected for randomly-distributed
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Fig. 1. (Color online) Batch production of MoS, wafers by the modularized strategy. (a) Schematic of the modularized design for the batch production of 15 pieces of MoS,
wafer. (b) Photograph of the integrated arrays comprising five stacked 2-inch producing module units. (c) Schematic of a single module unit in (b) containing a ZnS plate,
Na,Mo04-coated perforated fused silica and a target substrate. (d) Photograph of 15 pieces of MoS, wafer produced in one growth batch. (e) Atomically-resolved STEM image
of the prepared high-quality MoS, film. (f) The typical room-temperature PL spectrum with a narrow FWHM of 57 meV. (g) Transfer characteristic of the MoS, FET with

channel width of 5 um at a bias voltage of 1 V.
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Fig. 2. (Color online) Batch production of MoS, wafers up to 12-inch size. (a) The customized automated CVD furnace equipment with tube diameter of 350 mm. (b)
Photograph of uniform MoS; film with wafer sizes ranging from 2-, 4-, 8- to 12-inch. (c) Photograph of three pieces of 12-inch MoS, wafer produced in one batch. (d, e) Color-
coded Raman (d) and PL (e) line scan mappings along the horizontal axis across the 12-inch MoS, wafer. The slight variations prove the uniformity of the prepared MoS; film.

MoS;(1-x)Sezx alloys. These observations conclusively demonstrate
the Janus structure with out-of-plane dipoles [29]. Moreover, both
the A;; mode Raman mapping (Fig. 3g) and the PFM image (Fig. 3h)
confirm the homogeneity of the sample, signifying uniform Se sub-
stitution over a large area.

3.4. Composition engineering of wafer-scale MoSa(;_x)Sexx alloys

The substitution module displayed remarkable flexibility in pre-
cise composition engineering of wafer-scale MoSy(;_y)Se, alloys.
As depicted in Fig. 4a, a c-plane sapphire was employed as the sup-
porting substrate for the MoS, monolayer substitution. Consider-
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ing that the relatively weak interaction between the c-plane
sapphire surface and the MoS, compared to the a-plane case
[30], the protective effect of substrate on the bottom S layer is
diminished. Therefore, the chance of S desorption and Se substitu-
tion in the bottom S layer is increased, facilitating homogeneous
substitution on both sides to form wafer-scale MoS,(; _xSeay alloys.

Meanwhile, the composition of alloys can be precisely modu-
lated by controlling the substitution degree through the tempera-
ture variation. As shown in Fig. 4b, Se atoms content (x) in the post-
processed TMD wafers can be conveniently tuned from O to nearly
100% at different activated temperatures. The quantitative Se con-
tent x is determined from the corresponding XPS spectroscopy in
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Fig. 3. (Color online) Fabrication and characterization of the Janus MoSSe. (a) Schematic of Janus monolayer fabrication by Se substituting the as-produced MoS, film on a-
plane sapphire. (b) Optical image of the Janus MoSSe film. (c, d) Typical Raman (c) and PL (d) spectra of the MoSSe sample after Se substitution. (e) Schematic of the out-of-
plane SHG measurement of Janus MoSSe. The incident light was tilted at an angle of 0 by moving the beam position (X) at the objective back aperture using a motorized stage.
(f) The out-of-plane SHG intensity evolution of Janus MoSSe and MoS,(; x)Sex, alloys with the incident angle 6. (g) The Raman mapping based on the A, peak intensity of the
Janus MoSSe film. (h) The PFM image of the Janus MoSSe film transferred onto Au substrate.
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Fig. 4. (Color online) Fabrication and characterization of wafer-scale MoS;(; _ySe,y alloys. (a) Schematic of MoSx(;_xSea alloy fabrication by Se substituting the as-produced
MosS; film on c-plane sapphire. (b) Optical image of 2-inch MoS,(; _y)Sex, alloys with Se atoms content from 0, 20%, 50%, 80% to nearly 100% (from left to right). (c) The typical
XPS spectra of MoS; (orange curve), MoS; ¢Seg 4 (dark yellow curve), MoS; oSe; o (violet curve), MoSy 4Se; ¢ (magenta curve) and MoSe, (blue curve) samples in (b). The light-
orange and light-blue shaded regions indicated the intensity of S and Se chemical bonding states, respectively. (d, e) The Raman and PL spectra evolution of MoSy(;_xSexx

alloys with variation in composition.

Fig. 4c, using the equation X = Ase/Fse/(Ase/Fse + As/Fs) [31]. Here, Ag
and As. represent the integrated peak areas of S 2ps, and Se 3ps)»,
respectively, while Fs (0.445) and Fs. (0.849) denote the relative
sensitivity factors for S and Se, respectively. The chemical bonding
states of S 2p3; gradually magnified, and Se 3p3,, diminished with
the increase of Se content in alloys from O (orange curve), 20%
(dark yellow curve), 50% (violet curve), 80% (magenta curve) to
nearly 100% (blue curve). The variation in composition was further
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examined by the Raman spectroscopy, in which the MoS,-featured
Raman peaks attenuated and the MoSe,-featured peaks gradually
enhanced with the substitution evolution from MoS, to MoSe,.
Notably, the alloy samples (x = 20%, 50% and 80%) possess two
new phonon modes (referred to as two-mode behavior), represent-
ing the signature of the homogeneous mixing of S and Se atoms
[32,33]. Meanwhile, the PL peak exhibited a continuous redshift
from 1.82 to 1.55 eV as the Se content increased (Fig. 4e). This shift



G. Xue et al. Science Bulletin 68 (2023) 1514-1521
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Fig. 5. (Color online) Fabrication of MoS,-MoSe, heterostructure arrays. (a) Schematic for the spatial-selective Se substitution of MoS, to MoSe, using the patterned Al,03
mask. (b) Optical image of the striped heterostructure patterns (with a period of 20 um). (c, d) The Raman mapping of the striped heterostructure patterns in (b) based on the
MoS,-Aq¢ peak intensity (c) and MoSe,-Aq (d) peak intensity. (e) Optical image of the gridded MoS,-MoSe, heterostructure patterns (MoSe, embedded with 20 pm MoS,
squares). (f, g) The Raman mappings of the gridded patterns in (e) based on the MoS,-A;; (f) and MoSe,-A;¢ (g) peak intensity, respectively.

of PL position evidences the capability of this strategy for bandgaps
engineering of wafer-scale TMDs through precise modulation of
alloy composition.

3.5. Fabrication of MoS,-MoSe, heterostructure arrays

The precise fabrication of large-area in-plane TMD heterostruc-
ture arrays is an essential manufacturing technique for achieving
high-density integration of 2D electronic and optoelectronic
devices [34-40]. Inspired by the flexible composition engineering
of the as-produced MoS, film through the modularized Se substitu-
tion strategy, we designed diverse in-plane MoS,-MoSe;
heterostructure arrays by spatially conversion of MoS, to MoSe,.
Fig. 5a schematically illustrates the fabrication steps of MoS,-
MoSe, heterojunction by post-processing of as-produced MoS,
films on c-plane sapphire. Initially, a 50-nm-thick Al,03 mask
layer, serving as a protective layer, was deposited on the as-
produced MoS, by ALD. Then, a layer of photoresist was spin-
coated atop the Al,03 layer and subsequently patterned using UV
lithography. Afterwards, the sample was immersed in H3PO4 to
etch the photoresist unshielded regions, forming a patterned
Al,03 mask layer on the MoS, film. During the Se substitution pro-
cess, the Al,03 masks can efficiently protect the underlaying MoS,
from exposure to active Se monomers. Consequently, the conver-
sion from MoS, to MoSe, occurred at the unmasked regions form-
ing sharp in-plane heterojunction interfaces. After the completion
of Se substitution, the Al,0; masks can be etched off in H3PO,.

Using the aforementioned procedure, different configurations of
in-plane MoS,-MoSe, heterostructures can be precisely produced
by simply designing the Al,O; mask layers. As shown in Fig. 5b,
striped MoS,-MoSe; heterostructure patterns with 20 pum periods
were obtained after high temperature Se substitution, in which
the MoSe, (MoS;) exhibit a greenish (bluish) optical contrast. The
Raman mapping based on the A, characteristic peaks of MoS,
(Fig. 5c¢) and MoSe, (Fig. 5d) clearly delineate the outlines of
heterojunction strips, thereby revealing a uniform composition
distribution within each region. Moreover, another gridded
MoS,-MoSe, heterostructure pattern (MoSe, embedded with

1519

20 pm MoS, squares) as shown in Fig. 5e, was fabricated by apply-
ing a squared Al,0; mask layer. The Raman spectra and mappings
at the embedded MoS, squares and surrounding MoSe, regions
suggests the sharp interfaces and high quality of the gridded
heterostructure arrays (Fig. 5f, g and Fig. S4 online). This spatially
selective substitution of as-produced TMD film allows for the cus-
tomization of pattern shapes, sizes and compositions according on
demand. Meanwhile, leveraging mature microfabrication mask
technology, the precision of patterning can be guaranteed, provid-
ing a practical route for designing more intricate array devices.

4. Conclusion

In this work, we developed a modularized strategy for large-
scale, batch production of wafer-scale MoS, films. By vertically
stacking multiple module layers, the production capabilities have
been significantly enhanced, being capable of producing dozens
of wafers per batch. Benefiting from the face-to-face local element
supply, the uniform MoS, wafer size could be easily extended from
2-inch to a record-large 12-inch diameter. Moreover, our modular-
ized design also showcases exceptional versatility in fabricating
various TMD structures, including Janus MoSSe, MoSy(;_xSeax
alloys, and MoS,-MoSe, in-plane heterostructures by the con-
trolled Se substitution. Our strategy showed the capability of
large-scale, industry-standard production of TMD wafers, and will
pave a way for moving 2D electronic devices from confines of lab-
oratory research towards the realm of high-performance
applications.
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