Acta Phys. Sin.

Vol. 74, No. 22 (2025) 228101

(

(2025 9 22

(two-dimensional, 2D)

411105)

;2025 10 25

(chemical vapor deposition, CVD)

CVvD

PACS: 81.10.Aj, 81.10.Bk, 81.10.St, 81.15.Gh
CSTR: 32037.14.aps.74.20251305

2D )

2D

DOI: 10.7498/aps.74.20251305

(vertical heterostructure, VHS)

L (lateral heterostructures, LHS)
“ - (hybrid heterostructure, HHS) . VHS
— ” [1-3], ) )
, (two-dimensional, 2D) : ; LHS
[4-9] ,
[32,33], (chemical vapor deposition,
, [10] [11,12] CVD) LHS
[13,14] [15]_ 2D [34]; HHS
[16-18] )
[19-25] , [35-42]
[26-31] [43-46] [47,48] [49-51]
’ 2D [52-60]
[61-70]
2D 2D :
* ( : 2023SLABFKO08) ( : 11974301)
( : 20251160881) ( : CX20250951) (
: XDCX2024Y198)
t . E-mail: guolinhao@xtu.edu.cn
© 2025 Chinese Physical Society http://wulixb.iphy.ac.cn

228101-1


http://doi.org/10.7498/aps.74.20251305
https://cstr.cn/32037.14.aps.74.20251305
mailto:guolinhao@xtu.edu.cn
mailto:guolinhao@xtu.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Acta Phys. Sin. Vol. 74, No. 22 (2025) 228101
’ ’ ( )
) , CVvD
&) . CVD
2D (72-79] 2.1
, CVD )
CvD ,
[80.81] [144]
(82-87], XD-XD .
(X=0,12,3) [88-91], CvVvD , CVvD
2D '
, CVD 2D ( )
. AX/BY,10, Janus AX,/BY,1Y, AX,/ [145-151]
h-BN 112, AX,/Graphenel*3-1151, Graphene/AX,!¢] 211
( A, B =Mo, W; X, Y =S5, Se A # B, 7h 1521 W
n
X # Y). : Graphene/h-BNIM7-121] o /Maog MoS./WS (
0 , 0
h-BN/Graphenel’22-124 MTe,/WX, (M = Ni, Co, x > ) NG
. WO, Mo
V. Nb, Tap X = S, Se)ii, Vse/MX; (M =
Mo, W; X =S, Se)l125], MS,/ReS, (M = Mo, W)[127.128], 3‘* ’ MoS, WS
ReS,/MS, (M = Mo, W)i®l, GeSe/MS, (M = ’ 2 2
Mo, W) NbS,/MS, (M = Mo, W)i213] - MoS2/ WS,
’ ’ a2 ’ ’ (optical microscope, OM) 1(a)

MoTe,/MoS,*4, NiTe,/MoS,1*], NbSe,/MoSe,**),
SnSe,/MoS,1**7], Sh,Tes/MoS,*%, PtSe,/MoSe,*,
Mo,C/Graphenel**%, PtS,/PtSe,l*l, In,Se;/MoS,1*42,
Bi, Tey/Sh,Te 143

2
CvD
. CvD
CVD [ 1,’
CvD
CvD
CvD 2D 4

(transmission electron microscope,
TEM) ( 1(b)) (high
resolution transmission electron microscopy, HR-

TEM) ( 1(c)) 100 nm
. 780—850
( 1(d)). ( 1(e),
) 404 cm™ (MoSy-Aqy) 417 cmt (WS,
Aig) , :
( 1(9) 4 , MoS, WS,
(1 Ag . PL (photoluminescence)
( 1(h), (i) MoS, (—1.84 eV)
WS, (—1.97 eV) ()
1/20 1/80, I
2.1.2
Ding 134 CVD
( 2(a), MoTe,/
MoS, . ( 2(b)):

228101-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Acta Phys. Sin. Vol. 74, No. 22 (2025) 228101
WS,
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MoS ,

1 (a) WO5_,/M0O4_, MoS,/WS, VHS ; (b)) WO3_,/M00O3_,

100 nm, 20 nm; () WOz, MoO,_, HR-TEM ; (d) CVvD
(e) MoS,/WS, VHS OM (@ (e) VHS (@), ()
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TEM

MoS,/WS, VHS OM
MoS,, WS,, M0S,/WS, VHS

[152]

Fig. 1. (a) Atomic structure schematic of WO,_,/MoO,_, core-shell nanowires and the synthesis of MoS,/WS, VHS; (b) TEM im-
age of WO,_,/Mo0O,_, core-shell nanowires, with a core diameter of ~100 nm and shell thickness of ~20 nm; (¢) HR-TEM image of
the interface between WO;, and MoO,,; (d) OM image of the CVD-grown MoS,/WS, VHS; (¢) OM image of an individual
MoS,/WS, VHS; (f) Raman mapping image of the VHS shown in (e); (9), (j) Raman and PL spectra of monolayer MoS,, WS,, and
MoS,/WS, VHS; (h), (i) PL mapping images of the MoS,/WS, VHS at 1.84 eVV (A-exciton peak of MoS,) and 1.97 eV (A-exciton

peak of WS,), respectively!'s2,
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2 (@ CVD ; (b) 1 MoS,, Te MoTe,/MoS, VHS; (c) MoTe,/
MoS, VHS ; (d) MoTe,/MoS, VHS OM ; (e) MoTe,/MoS, VHS SEM (B (d)  MoTey/
MoS, VHS AFM [134]

Fig. 2. (@) Schematic of the magnetic-field-assisted CVD quartz tube; (b) growth of the bottom-layer MoS, in the first stage, fol-
lowed by rapid cooling and introduction of Te to form a MoTe,/MoS, VHS; (c) schematic side view of the MoTe,/MoS, VHS;
(d) OM image of the MoTe,/MoS, VHS; (e) backscattered SEM image of the MoTe,/MoS, VHS; (f) AFM characterization of the
MoTe,/MoS, VHS in panel (d)*34,

(a1)
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3 (al)—(e2) W/Se , MoS,/WSe, ;
® W/Se (@ w (WO3)  Se ;
(h) W/Se 0] W, Sex / MoS,/WSe,

o) 0531, (k) WSe, ;
(1) WSe, WSe, ; (M) WSe, WSe, ; (N) WSes WSe,
; (0) - - WS,/WSe, [149]

Fig. 3. (al)-(e2) Schematic diagrams illustrating the continuous evolution of the MoS,/WSe, heterostructure morphology, which
transitions from being LHS-dominated to VHS-dominated with an increasing W/Se ratio; (f) the evolution trends of lateral and ver-
tical growth length with composition ratio of W/Se; (g) the relation of heterostructure type with the dosage of W precursor (WO3)
and Se precursor; (h) the statistics of LHS, HHS, and VHS at different W/Se ratios; (i) schematic view of controllable growth pro-
cess of MoS,/WSe, LHS/VHS with the adsorption of various active clusters W;Sey; (j) spatially resolved Raman mapping image of
diverse VHSI: (k) binding energies of the active clusters on the different positions of the WSe, surface; (1) diffusion behavior of
the WSe, active cluster on the WSe, surface; (m) diffusion behavior of the WSe active cluster on the WSe, surface; (n) diffusion be-
havior of the WSe; active cluster on the WSe, surface; (0) schematic view of the growth process of bilayer-bilayer and bilayer-mono-
layer WS,/ WSg, 149,

Se/W WSe; , Zhou  [154] MoO; WO,
, 2 , 560 um
( 3(0); Se/W WSe MoS,/WS, ,
WSe, , WSe,
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2.1.4 MoS,/WS,
Seok  [159] . ( 4)
(plasma enhanced chemical vapor deposition, PE- ' '
CVD)  SiO,/Si M0S,/WS, ( 4(d)), Mo-W
_ W-Mo) ( 4(e)—(@),
Mo W ( 1nm) - , Zhang 0%
( 4a); 300 Ar/H,S '
, H,S* CVvD MoS,/WS,  MoSe,/WSe,
Art ( - ) . , Chen  [158]
, CvD ,
: Mo MoS,, MoS,/WS,
w WS,, . ;
HR-TEM ( 4() ((NH4)4M0,0,,@KOH)
4 (3 PECVD 300 MoS,/WS, VHS : (b)
HR-TEM ; (©) ; (d) WS,/MoS, VHS 7 ()—(9)
H,S , (&) Mo 1 nm/W 2 nm, (f) Mo 2 nm/W 1 nm, (g) Mo 2 nm/W 2 nml*5%; (h) Mo
0} CVD MoS,/WS, LHS : (i) MoS,/WS, LHS

[156]

Fig. 4. (@) Schematic illustration of one-step through-plane sulfurization via PECVD at 300  for synthesizing MoS,/WS, VHS;
(b) cross-sectional HR-TEM images revealing the time-dependent plasma-assisted sulfurization mechanism; (c) Raman spectra un-
der varying sulfurization durations; (d) schematic of the synthesis process for WS,/MoS, VHS; (e)-(g) through-plane H,S plasma
process with different metal thicknesses: () Mo 1 nm/W 2 nm, (f) Mo 2 nm/W 1 nm, (g) Mo 2 nm/W 2 nmi*l; (h) schematic
showing the dispersion of Mo solution precursor on a sapphire substrate via spin-coating; (i) illustration of one-pot CVVD synthesis
of MoS,/WS, LHS triggered by hydrogen; (j) atomic structure model of the epitaxial growth process of a MoS,/WS, LHSI%],
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MoS, ;2 H, WS, AFM 1.5 nm ( 5(),
MoS, , NH,CI
, Choudhary  [157.158] , OM
, ( o 5(@)—30));
MoS,/WS, _ , MoS,/WS, ( 5(0)—
(0)). AFM
2.15 ) .
( 5(p)). NH,
Li [159 NH,CI 2  TMD
CvD , .
, ( ) . Zou 160 Ga CVvD
TMD : , GaSe/MoS,
M082/W82 f NH4C| Ga/se .
: 5(a) . : 1 , Ga/Se
CVD WS, ; - (
NH,CI 2 , ) ,
MoS,/WS, ( 5(b)). OM . Ga ,
( 5(c)); . 5(a) CvD
5 (a) CVvD ; (b)—(f) NH,CI MoS,/WS, VHS oM
AFM ; (@)—(k) NH,CI MoS,/WS, HHS OM AFM : ()—(p)
NH,CI MoS,/WS, LHS OM AFM sl (q) Ga Ga,Se;
GaSe/MoS, 7 (N—(), (V)—() MoS,, GaSe/MoS,

OM AFM [0

Fig. 5. (@) Schematic diagram of the CVD process using an auxiliary-agent-modified precursor; (b)-(f) atomic structure diagram,
OM, Raman mapping, and AFM images of MoS,/WS, VHS grown with sufficient NH,CI supply; (g)—(k) atomic structure, OM,
Raman mapping, and AFM images of MoS,/WS, HHS grown under insufficient NH,CI supply; (i)-(p) atomic structure diagram,
OM, Raman mapping, and AFM images of MoS,/WS, LHS obtained in the absence of NH,CI®: (q) reaction system based on a
precursor composite of liquid Ga and Ga,Se; powder, along with the corresponding atomic structure of a GaSe/MoS, heterostruc-
ture; (r)-(u), (vV)-(y) OM and AFM images of monolayer MoS,, GaSe/MoS, LHS, HHS and VHSI!6,
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GaSe 1.8 nm ( , '
5(w)), 1.8 nm ( , )
; WO 7(al)),
5(x)). Ga/Se , GaSe/ 3 61) ¢ 7(@aD)
MoS 5(u)), 3 nm .
( 52( ) ( (W) , 180 20 min,
) 280 S Se
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6 (a) WS,/MoS, LHS ~ VHS : (b) WS,/MoS, LHS : (©) WS, OM : (d) WS,/
MoS, LHS 20) WS,/MoS, LHS ~ OM : (f) WS,/MoS, VHS : (@) MosS,
oM . (h) WS,/MoS, VHS - (i) WS,/MoS, VHS ~ OM (153 (j) M0S,/WSe,/EG  WSe,/MoSe,/EG
VHS 164

Fig. 6. (a) Growth system for WS,/MoS, LHS and VHS; (b) schematic illustration of the growth of a WS,/MoS, LHS; (c) OM im-
age of a large-area monolayer WS,; (d) growth mechanism diagram of the WS,/MoS, LHS; (¢) OM image of an individual
WS,/MoS, LHS; (f) schematic illustration of the growth of a WS,/MoS, VHS; (g) OM image of a large-area monolayer MoS,;
(h) growth mechanism diagram of the WS,/MoS, VHS; (i) OM image of an individual WS,/MoS, VHSI®; (j) formation of
MoS,/WSe,/EG or WSe,/MoSe,/EG VHS4,

900 |90 €

Furnace profile

280 C

180 C
100 C
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377 377 5
§2] 12}
(8] o
a Q £
o o =
O o
0 0 0
(a2) Te+W MoO 3 S powder
SiO »/Si

Quartz tube

(b2) 850 C (c2)

5 mm 40 mm
Vertical WS ,/MoS ; bilayer
(f2) (92) (h2)
650 C
In -plane WS ,/MoS , monolayer
7 (a1 WSe, /WS, LHS CVD ; (bl) ; (cl) WSe, WS, LHS OM ;
(d1) WSe, /WS, LHS ; (e1) , WSe,/WS, ; (f1)
PL  ;(gD). (h1) WS, (g1) WSe;, EZ; (hl)  (i1) AFM ;
(()H) 1851 (a2) ; (b2)—(e2) 850 WS,/MoS, VHS
OM SEM , ; (F)—(i2) 650 WS,/MoS, LHS OM SEM ;
(h2) WS, Mos, oM , , [166]

Fig. 7. (al) Schematic of the CVD system for synthesizing WSe,/WS, LHS; (b1) temperature profiles of the first and second heat-
ing zones; (c1) OM image of the WSe,/WS, LHS; (d1) size and thickness distribution of the WSe,/WS, LHS; (el) Raman spectra
acquired from the center and edge regions of the WSe,/WS, heterostructure; (f1) PL spectra of the heterostructure at the center
and edge regions; (gl), (hl) Raman mapping images of the WS, (gl) and WSe, EfJ (h1) vibration modes in the heterostructure;
(i) AFM topographic image of the heterostructure; (j1) phase image of the heterostructurel'®; (a2) schematic illustration of the
synthesis process for the two types of heterostructures; (b2)—(e2) schematic diagram, OM, and SEM images of WS,/MoS, VHS syn-
thesized at 850 , demonstrating the characteristics and high yield of the heterostructures; (f2)-(i2) schematic diagram, OM, and
SEM images of WS,/MoS, LHS grown at 650 ; (h2) OM image of the interface between WS, and MoS, with enhanced color con-
trast, showing an abrupt change in contrast at the boundary/!t66],

; MoS, WS,
850 WS,/ ,
MoS, . 650
WS,/MoS,
OM SEM 1b)— 223 -
©2) 7(2)—(i2) . Cain  be7
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Fig. 8. (a)-(d) Schematic diagrams of the crystal structures of heterostructures and alloys; (e)-(h) OM images of MoS,/WS, VHS,
LHS, HHS, and alloys, corresponding to their respective final growth temperatures; (i) TTA diagram of the MoS,/WS, system;

(j) TTA diagram of the MoSe,/WSe, system[167],
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Fig. 9. (a) Schematic diagram of the modified counter-flow CVD system; (b1) OM image of the WS,/WSe, LHS; (b2) Raman map-
ping image of the WS,/WSe, LHS; (b3), (b4) PL mapping images of the WS,/WSe, LHS; (c1), (c2) OM image and PL mapping im-
age of the WSe,/MoS, LHS; (d1), (d2) OM image and PL mapping image of the WS,/MoS, LHS; (el), (e2) OM image and PL
mapping image of the WSe,/MoSe, LHS; (f1), (f2) OM image and PL mapping image of the WS,/MoSe, LHS; (g1)-(j5) Raman and
PL mapping image of two-dimensional superlattices and multi-heterostructures!'®l,
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Fig. 10. (a) Schematic showing the growth of a wafer-scale four-block vdWSH through four cycles of two-step vapour deposition,
each combining a metal film coating and a TMDC film; (b) the arrangement of TMDC species follows the high-to-low temperature
strategy, starting with WS,, as that requires the highest temperature, graphene and hBN are shown for comparison, the TMDC
films fabricated here contain 2D superconductors, tuned superconductors and proximity-induced superconductors, as indicated, the
colour bar shows the direction of temperature required for each part of the process!‘®,
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Fig. 11. (a) Schematic diagram of the modified chemical vapor deposition system, which allows alternate switching of carrier gas.
The carrier gas introduces water vapor via a bubbler and is selected using a three-way valve positioned at the inlet of the quartz
tube; (b) atomic ball-and-stick model showing the material distribution in the heterostructure, in both cross-sectional and planar
views; (c) OM image of a triple-junction heterostructure; (d), (¢) OM images of a five-junction heterostructure; (f) OM image of a
seven-junction heterostructure; (g), (h) Raman (g) and PL (h) spectra taken at positions 1, 2, 3, and 4 marked in (c); (i), (j) PL
maps of WSe, (1.6 eV, top)and MoSe, (1.52 eV, bottom), and the composite PL map (j) of the heterostructure in (d); (k), (I) Con-
tour-colored maps of normalized PL intensity for the triple-junction (k) and five-junction (I) heterostructures*7.
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Fig. 12. (a) Schematic diagram of the CVD setup used for synthesizing MoS,/WS, LHS; (b) MoS, structure, (¢c) WS, structure, and
(d) mechanism illustration for the growth of multi-junction LHS; (¢) OM image of a MoS,/WS, LHS, along with (f) corresponding
magnified view and (g) multi-junction heterostructure, showing distinct domains of MoS, and WS,; (h) K,./K,_ as a function
of temperature, indicating a transition from purely lateral growth to a combination of LHS and VHS growth with increasing

temperaturel’,
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Fig. 13. (a) Schematic illustration of the one-pot CVD synthesis of WS,/ReS, LHS; (b) atomic model of the hydrogen-triggered one-
pot growth process for the heterostructure; (c) SEM image of ReS, grown under Ar atmosphere; (d) SEM image of WS, grown un-
der Ar+H, atmosphere; (e), (f) SEM and corresponding AFM images of WS,/ReS, LHS grown first under Ar atmosphere and then
under Ar+H, atmosphere; (g) OM image of the WS,/ReS, LHS; (h) Raman spectrum of the WS,/ReS, heterostructure; (i) corres-
ponding PL spectra obtained from the three marked regions of the heterostructure; (j)-(m) Raman mapping images acquired at 418,
355, 161, and 213 cm™; (n) composite Raman mapping image formed by integrating two distinct Raman peaks at 213 and 418 cm%27],
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Fig. 14. (a) Schematic of the synthesis of a MoS,/graphene LHS; (b) CLSM and (c) SEM images of the LHS grown on a sapphire
substrate; (d) SEM image of a MoS,/graphene VHS obtained when SiO, was used as a substrate instead of sapphirel’’],
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Fig. 15. (a) Schematic illustration of the growth process of ReS,/WS, heterostructures on the Au(111) surface; (b)-(d) side views of
the simulated adsorption configurations of Re atoms (b) and W atoms (c) on the Au(111) surface, and of Re atoms on the
WS,(001) surface (d); (e)-(g) schematics of growth on Au using W foil (e), Re foil (f), and W-Re alloy foil (g) as support substrates!*’8l,
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Fig. 16. (a) Schematic diagram of the sequential two-step stacking growth of Sb,Tes;/Bi,Te; on SiO,/Si substrate; (b) schematic
illustration of the bottom-layer Bi,Te; growth on SiO,/Si substrate; (c) OM and AFM images of the Sb,Tes/Bi,Te; VHS on SiO,/Si
substrate; (d) schematic diagram of the growth of Sb,Tes/Bi,Te; VHS on h-BN substrate; (e) schematic illustration of the bottom-
layer Bi,Te; growth on h-BN substrate; (f) OM and AFM images of the Sb,Te,/Bi,Te; VHS on h-BN substratel'*,

(a) Selective “sowing”

2nd 2D material

1st 2D material (TMD)

PTAS
(b) Graphene -MoS; (M -S) (c)
(d) WS ,-MoS; (S-S) (e)
WS 2
(f) hBN -MoS; (I -S) (9) MoS , PL
17  (a) CVD 2D-TMD : (), (d), () /MoS, (b), WS,/MoS, (d)

hBN/MoS, (f) 1 (©), (&), (9) (0), (d), (H PL (180

Fig. 17. (a) Schematic of the CVD setup and the synthesis process of laterally stitched 2D-TMD heterostructures; (b), (d), (f) illus-
trations of laterally stitched heterostructures of graphene/MoS, (b), WS,/MoS, (d), and hBN/MoS, (f); (c), (e), (g) optical images
and corresponding PL mapping images of the structures shown in panels (b), (d), and (f), respectively!89,
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Abstract

This review systematically summarizes recent advances in the chemical vapor deposition (CVD)-based
synthesis of two-dimensional (2D) heterostructures, which have emerged as an ideal platform for next-
generation optoelectronic and microelectronic devices due to their ability to integrate diverse material
components and induce novel physical phenomena. The review begins by introducing the classification of 2D
heterostructures, such as vertical (VHS), lateral (LHS), and hybrid heterostructures (HHS). We further
highlight the unique advantages of CVD as a key route for achieving large-area, high-quality, and controllable
preparation, thereby effectively avoiding interface contamination and issues such as interfacial states and Fermi-
level pinning caused by lattice mismatch in traditional semiconductor heterostructures.

We focus on four core strategies for precise growth control: precursor design, temperature field modulation,
vapor composition control, and substrate engineering. In the precursor design, by constructing core-shell
structures, introducing auxiliary agents, or modulating precursor proportions and physical forms, the sequential
supply and reaction pathways of different components can be precisely regulated to guide oriented growth and
suppress alloy formation. In temperature field modulation, utilizing differences in the growth windows between
various materials and precisely controlling heating rates, temperature uniformity, and gradients can achieve
selective growth modes (lateral or vertical), effective suppression of alloying, and protection of pre-deposited
layers. In vapor composition control, by switching carrier gas atmospheres, the nucleation and growth of specific
materials can be selectively initiated or halted, providing a one-pot strategy for fabricating multi-junction
lateral heterostructures and superlattices with atomically sharp interfaces. In substrate engineering, the surface
energy, lattice matching, catalytic activity, and pretreatment processes of different substrates are used to
actively guide nucleation sites, growth modes, and crystalline quality.

Although significant progress has been made in the CVD synthesis of various 2D heterostructures, such as
MX,/MY,, graphene/h-BN, and mixed-dimensional heterojunctions, considerable challenges remain in achieving
large-area uniformity, reproducible processes, precise control of complex heterostructures (e.g., multi-interface,
moiré superlattices, and patterned growth), and compatibility with current semiconductor technology. Future
development should focus on integrating in situ characterization, multi-scale simulations, and artificial
intelligence-assisted optimization to facilitate a transition from empirical trial-and-error to precision design. The
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