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Abstract As a key candidate material for integrated circuits in the post-Moore era, wafer-scale high-quality
preparation of two-dimensional molybdenum disulfide (MoS,) is fundamental for its industrial application. While
chemical vapor deposition (CVD) on sapphire substrates enables large-area MoS, film growth, it is constrained by
non-uniform molybdenum source deposition resulting from weak adsorption of gaseous MoO; at the Al-O interface,
leading to film wrinkling and crack defects. This study proposes a growth strategy employing an Al-O-Mo-O
chemical bonding modification layer on the substrate surface, successfully fabricating a uniform, continuous, and
high-coverage 2-inch wafer-scale monolayer MoS, film. By maintaining a stable oxygen atmosphere during the pre-
annealing deposition step, this method simultaneously eliminates dangling bonds on the sapphire surface and
constructs an Al-O-Mo-O modification layer. This layer provides stable anchoring sites for gaseous MoO,
deposition, enhancing its adsorption at the interface and promoting uniform adsorption, deposition, and sulfurization
of the molybdenum precursor across the substrate. Consequently, a high-coverage monolayer MoS, film is achieved.
Top-gated transistor arrays fabricated from this film exhibit excellent performance uniformity, with a maximum
on/off ratio of 10’, a maximum on-state current of 10° A, and a device yield exceeding 96%. The substrate
modification method presented in this work provides a novel approach for the controllable preparation of high-
quality MoS, films on sapphire, optimizes existing fabrication processes, and holds significant promise for
advancing the application of two-dimensional materials in integrated circuits.
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Fig. 1 Annealing treatment of sapphire substrate. (a) Schematic diagram of annealing treatment in a three-zone tube furnace, (b) repre-

sentative AFM scan of post-annealed sapphire surface
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Fig.2 Synthesis and characterization of 2-inch monolayer
MoS, films on annealed sapphire substrates. (a) Macro-
scopic schematic diagram of 2-inch monolayer MoS,
thin films prepared on annealed sapphire substrates,
(b) optical microscope image of 2-inch monolayer MoS,
thin films prepared on annealed sapphire surfaces,
(c) scanning Electron Microscope image of 2-inch
monolayer MoS, thin films prepared on annealed sap-

phire surfaces
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Fig. 3 Schematic illustration of sapphire substrate pretreatment
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Fig. 4 2-inch monolayer MoS, films via substrate-modification-induced strategy and characterization. (a) Macroscopic schematic dia-

gram of 2-inch monolayer MoS, thin films prepared by substrate modification layer-induced growth method, (b) optical micro-

scope image of 2-inch monolayer MoS, thin films prepared by substrate modification layer-induced growth method, (c) scan-

ning Electron Microscope image of 2-inch monolayer MoS, thin films prepared by substrate modification layer-induced growth

method, (d) Raman spectrum of MoS, thin films, (e) Photoluminescence mapping image of 2-inch monolayer MoS, thin films

prepared by substrate modification layer-induced growth method

PR MoS, 2 2L, 3R 1Y PL mapping FRAE 45 S
(1l 4(e) ) 22 BB EL AT 55/ B 45 B o 2, 29 501
R

2 BERESH

2.1 LI

S IR R AL B AR v MoO, 5 F A (a-
ALO) o Ji% 2Z 8] 1) 5 AR B A 2 42 - MosS, i
P 1 A 36 R G . XPS RAELE R BN, Wikk

S AL2p 4545 AE R AL BEAHE Y 74.3 eV (& 5(a))
BEBRE 759 eV, R T RE IR LA T
A, A RETHR AT BER T AI-O-Mo-O #ERYIE L, S
FORER AL R 2 BERR AR, X R A I SRS
(T B RE 22 7 ol T AN el SO BE TP sl A e IR, ol 5
JoT D5 [B) Ak 2 S G il R RO S AR RO
THTFEE G 58 T MoOs [N YR 7 1A 5 1 e T 1Y) B 5 1
1, W T 5 SE R Ak R R DK A 4 B R, AT
P50 (1 A B N B T AR B . TIAL H S



632 H o= Mo 5 B R E R %45 4%
= 250 k
(a) 50 k untreated 4.3 eV . (b)25 kl2323ev (c) 530 eV
MoO,modifid  [\—n > €V w :
— 2 [\ : 200k
B 40k + treatment [HWE ) 20k ; 235.5eV 3
230k , 2 g 150
3 315k 3
S 20kl [ ] S 100 k
/
10k} / 10k 50k
: = - L 5k i ; i i 0 ! -
66 69 72 75 78 230 235 240 245 525 530 535 540
binding energy/eV binding energy/eV binding energy/eV
(e) Al Al
4 N7 N Al-0-Mo-0
o 0o (0]

&5

R

2’ a n"n"

Al-® Mo-® 0-0@
W AR AL A G B A5 AL R A RAE AL, (a) AL PHAT S ¥ 5 R IR Al2p HUH XPS 7342k, (b) Hikk

HUFRIYURZ Mo3d BLiE XPS 7MLk, (o) BiAbHG R IIAUZ Ols Pl XPS sk, (d) Wik BiS 5 Ak ek
I AFM F13 18, (o) 2 BRS B SEA0 310 AL LA 3R AR Y I T4 A4 7 BT

Fig. 5 Characterization and mechanism of interface structure evolution enabled by sapphire substrate pretreatment. (a) XPS analysis

spectra of Al2p orbitals on sapphire substrate surfaces pre- and post-pretreatment, (b) XPS analysis spectra of Mo3d orbitals in

surface-deposited layers post-pretreatment, (¢) XPS analysis spectra of Ols orbitals in surface-deposited layers post-pretreat-

ment, (d) AFM scanning image of sapphire substrate surface post-pretreatment, (¢) Atomic structural schematic diagram illus-

trating chemical environment variations of Al on post-treated sapphire surfaces
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Fig. 6 Electrical performance characterization of MoS, top-gated transistor arrays. (a) Optical microscope image of individual MoS,

top-gate transistor structure, (b) transfer characteristics curve of individual top-gate transistor, (c) optical microscope image of

MoS, top-gate transistor array, (d) transfer characteristics curves of MoS, top-gate transistor array
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