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Figure 1 Interfacial characterization in 2D van der Waals devices
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Figure 2 Cross-section sample preparation and TEM characterization. (a) Schematic illustration of FIB. (b) Schematic illustration of STEM
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Figure 3 Interfacial characterization of 2D materials-substrate in the surface growth mechanism. (a) Schematic illustration of WS, grown on Au
surface. (b) Cross-sectional ADF-STEM image and the corresponding ball-and-stick model of as-grown WS, on Au (533) surface®™. (c) Schematic
illustration of step-edge nucleation of bilayer MoS; on sapphire. (d) Cross-sectional HAADF-STEM images of step-induced bilayer MoS, nucleation on
sapphire®™. (e) Schematic illustration of layer-by-layer epitaxy process. (f) Cross-sectional HAADF-STEM image of trilayer MoS,.
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Figure 4 Interfacial characterization of 2D materials-substrate in the precipitation growth approach. (a) Schematic illustration of gas-liquid-solid
growth of multilayer hBN on sapphire. (b) High-resolution TEM image of hBN multilayers on sapphire. The inset shows the corresponding FFT pat-
terns from multilayer hBN and sapphire areas, respectively. Atomic-resolution TEM images of multilayer hBN (c) and sapphire (d)®¥. (e) Schematic
illustration for the continuous growth of epitaxial graphite. (f) Cross-sectional STEM image of the graphite-Ni interface. (g) Cross-sectional, atomically
resolved STEM image of graphite. (h) Plane-view atomically resolved STEM image of graphite, demonstrating the AB-stacking structure of the graph-
ite film{®,

3 FREi S

T — 4EbP R T 72 1 5 5 45 (van der Waals heterostructures, vdWhs)!0821 B4 8k 50k 26 6 (35 B B
PR, WA A 4 452 B R A ) OB YA A R U 4 — M ST TR I B PR R R 5 A, b P T R T 4
(lateral heterostructures) & it 9 Fh — 4E 1B E /K1 171 N T Bl S T 46, LB R 1) 5 T 320 5 =2~ 1T S Joit 485 o) 6 1 5%
HE. 7 B 7 45 (vertical heterostructures) & 5 Bl —4E M BHE I B 5 0 L HARMES, 252 E e H
TERAE R R, HZ 52 RM A& UL HEBE 7 X CL R f B #0 T DL A0 i B B BE, D R A5 iy
KB, E S B RE T DA FHHEDX EELSAr Mot e, ST LA J5 7 ROBE VLW S5 Jo 25 5 TH (1 45 46 S A 3 4k
R, SEIL AT YRR T AR R AT, AT i GO A A AR AR 0 B E T SR



3.1 SPTHIRSRA

S TH] P 5T 42 1) 6 B JE A AR 2R A BE S2 SR TR 10 JRL T O SR R L RE R S 0 SR A R A 6 YO R R T A
T 2 b 0. 3 % 24 R AL A0 d 2 %1% (Raman spectroscopy). Yt ELR it (photoluminescence spectroscopy)
S H T () A BRI, AN R DARAE S 0 45 S I XS . S SRR BESR A, IfT B IR 4y
P A1 IE 5 L AT DAY A M R AE X B (F B

AfyWseMos;

Bl5 “PHiSmAMTEMERA. () BREEKKRER. (b) hBN-Grf T 5 5 45 A I STEME £, (c) hBN-Grf- 1 57 i 45 (4 T EELS 73
AT, (d) MoS,-WS, ¥ 1 57 J5 45 ST 1 J5 43 BESTEMEUR ™, () ki  4MAE 1 AR K AR B P, () WSep-MoS, - I 59 45 S T (¥ STEM 4591,
(0) WS- WSe, V18I 57 45 S THI IS TEM P (R 7.

Figure 5 TEM characterization of lateral heterostructures. (a) Schematic diagram of patterned regrowth. (b) STEM image of the hBN-Gr lateral het-
erojunction interface®. (c) Cross-sectional EELS analysis of the hBN-Gr lateral heterojunction®. (d) Atomically resolved STEM image of the
MoS,-WS, lateral heterojunction interface®. (e) Schematic diagram of lateral epitaxial growth. (f) STEM image of the WSe,-MoS; lateral heterojunc-
tion interface®. (g) STEM image of the WS,-WSe; lateral heterojunction interface!®".
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B6 MHE TS NTEMEILE. (@) vdWhsBE 51 B ZAb-FiAE KR B L (b) VSe-WSe, T B i 45 - STEMEIZ. (¢) ZiWSe, 3% X HLFAiT4T.
(d) VSerWSe, 5B 45 {3 X L FATST. (6) VSerWSe, FE/RHE M %P2, () MOCVDIAZEE A K TMDs 5 i 457 & . (g) MoS- WS, #:ifii
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Figure 6 TEM characterization of vertical heterostructures. (a) Schematic diagram of patterned regrowth. (b) Cross sectional STEM image of the
VSe,-WSe, heterojunction. (c) SAED image of pure WSe,. (d) SAED image of the VSe,-WSe, heterojunction. (e) VSe,-WSe, Moirésuperlattices®.
(f) Schematic diagram of MOCVD layer-by-layer growth of TMDs superlattices. (g) Cross-sectional HAADF-STEM images of MoS,-WS; SLs with
the EDX spectra (right) for the W La (red) and Mo Ka (blue) edges. HAADF-STEM images obtained from WS,-MoS; bilayer at the regions of the AC
stack (h) and AA' stack (i),
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Figure 7 Cross-sectional characterization of metal-2D materials van der Waals contact. (a), (b) Schematics and cross-sectional TEM images of the
transferred Au electrode on top of MoS,. (c) Cross-sectional TEM images of conventional electron-beam-deposited Au electrodes on top of MoS,. (d)
Experimentally determined Schottky barrier height (SBH) for different transferred metals and evaporated metals. (e) Schematic of fabrication of
vdW Au contact on WSe,. (f) Cross-sectional STEM images of WSe, with vdW Au contact. (g) STEM images of WSe, with vdW (up) and direct
(down) Au contact. (h) SBH between WSe, and various vdW and direct metal contacts'™. (i) Schematics of device structure. Atomic-resolution STEM
images (j) and corresponding fast Fourier transform pattern (k) of In/Au on monolayer MoS,, where The electrodes consist of 10-nm-thick In capped
with 100-nm-thick Au. (I) The relationship of contact resistance and carrier concentration n4,
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In the post-Moore era, due to their extreme atomic-level thickness, two-dimensional (2D) materials are expected to over-
come the challenges of low performance and high power consumption caused by short channel effects, and are consid-
ered to replace the silicon-based materials in the next generation of semiconductor technology. 2D materials include
conductors (which can be used as electrodes), insulators (which can be used as gates), and semiconductors with different
electronic structures, which naturally meet the requirements of the semiconductor industry. They play an important role
in the rapid development of integrated circuits. van der Waals (vdW) devices based on 2D materials have strong gate
control capabilities, good silicon-based process compatibility, and fewer surface dangling bonds and they are receiving
extensive attention in the field of microelectronic devices. The actual large-scale application of 2D vdW devices must be
based on the crystal growth of high-quality 2D materials, the controllable design of heterostructures, and the good con-
tacts of vdW devices. The performance of the devices is greatly influenced by the interfaces. For example, the quality of
the material is regulated by the substrate surface, and the performance of electrical devices is affected by the contact re-
sistance of the interface. Therefore, the interfacial characterization is crucial for the monitoring of material quality and
the further optimization of device fabrication.

Considering the atomic thickness of 2D materials, the interfacial characterization technology should have higher
spatial resolution than atomic scale. Although atomic force microscopy and scanning tunneling microscopy based on
surface modes also have atomic-level resolution, they can only detect surface information and cannot achieve structural
characterization in the vertical direction. Using electron beams to obtain images, whose De Broglie wavelength (about
0.002 nm) is much smaller than the wavelength of visible light (about 400 nm), the transmission electron microscopy
(TEM) can break through the optical diffraction limit to achieve extremely high spatial resolution; at the same time, it can
also use diverse sample preparation techniques to prepare cross-sectional samples. In order to characterize the interface
structure in the vertical direction, it can be used as a favorable technique for studying the interface of two-dimensional
van der Waals devices, and can simultaneously study the surface morphology and internal structure of two-dimensional
van der Waals devices. Nowadays, the transmission electron microscope equipped with a spherical aberration corrector
has a spatial resolution as high as 40 pm, combined with energy-dispersive X-ray spectroscopy (EDX) and electron en-
ergy loss spectroscopy (EELS), it can directly detect the structural information and physical and chemical properties of
materials. Therefore, TEM can provide intuitive characterization conclusions and targeted guidance for in-depth under-
standing of atomic-scale material preparation and device construction processes. Combining the sub-Angstrom resolu-
tion, the accurate element resolution and the in-situ detection capability, TEM shows its advantage in characterizing the
2D vdW devices at interfaces.

In this review, we comprehensively overview the TEM characterization of three main interfaces in the fabrication of
2D vdW devices, including the interface between 2D materials and substrates, the lateral interface and the vertical inter-
face in the heterostructures, and the contact interface between metal electrodes and 2D materials. Focusing on the TEM
characterization of the three interfaces in 2D material van der Waals devices, this review summarizes the research on the
mechanism of crystal preparation, focusing on the development status of van der Waals heterojunction and van der Waals
contact in two-dimensional electronic devices, hoping to provide reference for the disruptive technological change of
two-dimensional materials in the field of very large scale integration circuit.

JhiE  two-dimensional materials, transmission electron microscopy, van der Waals devices, interfacial characteriza-
tion
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