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Fig. 1. (a) 3D structure of graphene®; (b) hexagonal honeycomb lattice of graphene with two atoms (A and B) per unit cell®?;

(¢) 3D band structure of graphenel?!.
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Fig. 2. (a) 3D structure of molybdenum disulphidel®; (b) atomic structure of single layers of TMDs in their trigonal prismatic (2H),

distorted octahedral (1T) and dimerized (1T') phases, lattice vectors and the stacking of atomic planes are indicated?; (c) evolu-

tion of the band structure of 2H-MoS, calculated from samples of decreasing thickness/>.

WSe, J2&2 AR MoTe, /24 8. VE NS0
ALK TMDs 2 Hil/E FET 7438 % #AE AR 3l
S0 B FE AT DL A 85008 5 b R A B 19 8 VR
MoS, M} FET BZERIEFZHRZH 200 cm?/(V-s),
1M WSe, FET I L AT 3K 108 P8 b4k, TMDs
F14) et 55 3 R el L 8 0% WG SO DA 5 D B0 21 M B Y
o, I HEA B WO, 2 LRIy AR
MRE L TMDs 1 55 — A~ 5 20 B2 T LA3E 3 ek
1Ay iy i) =5 O N U S ) AP A = W A
AEr 2k (& 2(c))Bos430l Y b 2% | g2
SRR, 10, B MoSy MOBUZ I8 21 B2, 7B
B 1.3 eV 48 1.7 eV 3 H i [ 4245 B s y B 42
B B A B ORHE 5O A AR R 8y
TR, RTT B T A BT B P A A ox
XF, B EA RAFEEUR R

N R
RACTIE S 2 i ad I 2 A
W ook &Y. FALIA 2R e ansr &
1B (c-BN)., 22 7 ZALHH (--BN). A~ 2460 (b-
BN) &, Hr h-BN 1A 200 380 0 2R a5 4 .
h-BN Z[iEd vdW 11454, %20 ABABAB %5

“H =

2.3

S, 2N N JET 5 B JF B sp? 24kt 4.
K4 B 5 N R A AR, frlh B—N
FEAERNME, R 0 B R RAAE, X (75 h-BN
JZ TRIME LA 5.

2548 1 BEAH AL, h-BN 54 8806 H —
SEIE[E] AR, LA i 75 ML B S T e A
o5 —J7 1, h-BN A KH R (6 eV), HILE
A GARIRRE. X —FF 25 A h-BN BRI %
Yotk . Rk eE R b, OGS A THIVESR R
Y% )25 FET M5 B h-BN £ 200—220 nm
P B TR A XA SR A, PR TT DL IR S AP X
BUOCHEARN. h-BN =5 B4R S
FYOLH T2 B (BOA)Z ) i R
B (GBI ) G BT, 1A T 4k
WAk HL 22 T (0T L (29:28,31,87.39-47]

T T YA R B 1

TR S e R TR A T
RO AT TBDRHAR 19, S0t He A M
PRI AR O A2 R (RS L I 2 ) Rl

B PE R 2 25 A R R BEARE- 65 1901 5 2799

3

_—

010810-3


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

) 32 £ 3R Acta Phys. Sin. Vol. 75, No.1(2026) 010810

1 YRR AR L
Table 1.  Comparison of the electronic properties of

2D materials.
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CHEMEE B 0.31—0092 1485 ~10*  [40]
TS 1.1 329 ~100  [41]
MoS, 1.8 217 ~10° [31)
TMDs  WSe, 1.2—16  ~250 105 [28]
HES,  ~1.45 7.6 S10° [42)
m-vigE  GaTe 1.7 0.2 — [43]
HED e ~1260 109—100 108 [44]
—y  GaN ~5.0 160 ~10°  [45]
AP wBN 59561 @ — —  [37
éﬁfﬁ MoOy, 33 11x10° <10° [46]
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Fig. 3. Schematic diagram and electrical characteristics of logic devices: (a) MoS, n-type transistor®; (b) WSe, p-type transistor/”%;
(c) ReSe, bipolar transistor); (d) WSe, homojunction transistor!6’..
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Table 2.  Comparison of performance between two-dimensional materials and traditional silicon-based materials in transistors.
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Fig. 4. Schematic diagram and electrical characteristics of memory devices: (a) InSe/hBN/MLG floating gate flash memoryl™};
(b) WSe,/Al,03/HfO,/Al,O4 charge trapping flash memory®l; (¢) InSe/h-BN/CIPS ferroelectric memory!™l; (d) 3R-MoS, sliding

ferroelectric memory!™; (e) MoTe, phase change memristor(™; (f) Ag/h-BN/Au conductive filaments memristor(7.
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3 ZHEMOR S &GRS RHEES) 5 S REXT L
Table 3. Comparison of performance between two-dimensional materials and traditional silicon-based materials in non-
volatile devices.
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Fig. 5. Structure and electrical characteristics of the sensors: (a) MoS, photodetector®!; (b) n-MoS,/p-GaSe olfactory sensor*);

(c) MoS, pressure sensorl”l; (d) MoS, temperature sensor!?.
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Fig. 6. Schematic diagram and electrical characteristics of multifunctional hybrid devices: (a) WSe,/LNO ferroelectric transistor!®;

(b) BiyO,Se/h-BN /graphene photonic floating-gate transistor!; (c) NbOI, bimodal synaptic transistor’7.
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Fig. 7. Schematic diagram of synapse and neuron structures in neuromorphic devices and their electrical characteristics: (a) WS,

memristor synapsel'?!l; (b) MoS, floating-gate synapsel'?; (c) HZO/SnS, ferroelectric synapsel'®?l; (d) MoS,/h-BN/graphene neuron!!*4;

(e) WSe, impact ionization transistor neuron!'””.
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Fig. 8. (a) Photograph of a fabricated 12 mmx12 mm die with logic-in-memory cell arrays™; (b) 3D view of a floating gate
memory device based on monolayer MoS, grown by MOCVDI!M4; (¢) AND FETM; (d) OR-FET],
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Fig. 9. (a) 8-bit DAC and ADC 19 (b) cascaded MoS, FET arrays!''%; (c) entire data conversion process, including digital signal
input ‘/in17 I/inS[l 1l .
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& 10  (a) SRAM HL & 117 (b) SRAM #5418 117 (c) 55744 2T-eDRAM HY 7% 2 18] 1181 (dl) A S 4 25 200 H % 18] (118); (e) Si-MoS, 5+
IR B 2T-eDRAM 7R B & 19 (f) 2T-eDRAM 1§ SEM [l {4 (18]
Fig. 10. (a) SRAM circuit diagram[''"; (b) SRAM device diagram!"'7; (c) schematic diagram of the heterogeneous 2T-eDRAMI'!S);

; : et di [118]. i i i i _ [118].
b bl

(d) corresponding equivalent circuit diagram (e) schematic diagram of the Si-MoS, heterogeneous vertical 2T-eDRAM

(f) SEM image of the 2T-eDRAMI'8].
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30 mm19; (g) 25l i) CPW TL, it (1 £ 35 11 A9 FE 854 20 mm[1)

Fig. 11. (a) Experimental setup of the operational amplifier””; (b) corresponding equivalent circuit diagram of the operational amp-
lifier™]; (c) optical image of the operational amplifier!”); (d) unbent CPW TL with an original length of 50 mm['%; (e) bent CPW
TL with a port-to-port distance of 40 mm/''?); (f) bent CPW TL with a port-to-port distance of 30 mm!"¥; (g) bent CPW TL with a

port-to-port distance of 20 mm*9,
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Fig. 12. (a) Polymer-assisted transfer(’”); (b) monolithic 3D integration of MoS, transistors and VRRAMs into a 1T-4R structurel!??);

(¢) schematic of a monolithic 3D-integrated CMOS NAND circuit['?”); (d) schematic of a 10-tier monolithic 3D system integrated by
van der Waals lamination(126],
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Fig. 13. (a) Schematic showing low-temperature growth of single-crystalline TMD array, highlighting the tendency of nuclei to form

at edges or corners of the patterned structurel'®; (b) schematic of seamless monolithic 3D integration!!33].
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Fig. 14. (a) 3D integration of 2D materials with silicon logic for optoelectronics!®”; (b) schematic of the SOI-MoS, heterogeneous
3D-stacked CFET!; (c) schematic of the 2D-silicon heterogeneous 3D integration process'*l; (d) 3D NAND logic made of vertic-

ally stacked 14-layer vdW heterostructure'*3.
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Fig. 15. Integrated applications of two-dimensional materials: (a) Logic chips based on two-dimensional materials'’;; (b) edge Al
chips based on two-dimensional materialsl'®J; (c) flexible electronics based on two-dimensional materials!'®; (d) sensing-computing

integration based on two-dimensional materials!'”; (e) optoelectronic chips based on two-dimensional materials(*67.
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Table 4. Summary of integrated applications of two-dimensional materials.

kL SEIRTT A HTTE TR /pm? IO JF4TU, E= DTN

MoS, RIS 115 5217 pLdi S [147]
MoS, Ak 156 — P [148]
MoS, R 5900 1525 B [149]
h-BN 2D+CMOS — 0.053(TIfigIX) NZAT [139]
HfSe, s 1024 1503 AL [153]
WSe,/h-BN/ MoS, 5t — 250000 NZAT [154]
MoS, s — — FEHT [156]
MoS, 5t — 30000 FEHT [157]
MoS, s 100+ 15600 FEHT [158]
A1 2D+CMOS 101124 3(UIREX) JeHLE R [137]
A1 ER I 2D+CMOS 16 111111 JeHS R [162]
h-BN 2D+CMOS — 3.14(WfEX) SeHUE R [163]
WSe, 2D+CMOS 9 115.5 RO — 1k [165]
HbS,/MoS, 2D+CMOS 100 7412 1A [166]
MoS, HK 619 11.650 R — 1Ak [167]
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SPECIAL TOPIC—2D materials and future information devices

Integration and applications of two-dimensional materials
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(School of Integrated Circuits, Huazhong University of Science and Technology, Wuhan 430074, China)
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Abstract

As Moore’s Law encounters limitations in scaling device physical dimensions and reducing computational
power consumption, traditional silicon-based integrated circuit (IC) technologies, which have enjoyed half a
century of success, are facing unprecedented challenges. These limitations are especially apparent in emerging
fields such as artificial intelligence, big data processing, and high-performance computing, where the demand for
computational power and energy efficiency is growing. Therefore, the exploration of novel materials and
hardware architectures is crucial to address these challenges. Two-dimensional (2D) materials have become ideal
candidates for the next-generation electronic devices and integrated circuits (ICs) due to their unique physical
properties such as the absence of dangling bonds, high carrier mobility, tunable band gaps, and high photonic
responses. Notably, 2D materials such as graphene, transition metal dichalcogenides (TMDs), and hexagonal
boron nitride (h-BN) have demonstrated immense potential in electronics, optoelectronics, and flexible sensing
applications.

This paper comprehensively reviews the recent advancements in the application of 2D materials in
integrated circuits, analyzing the challenges and solutions related to large-scale integration, device design,
functional circuit modules, and three-dimensional integration. Through a detailed examination of the basic
properties of 2D materials, their constituent functional devices, and multifunctional integrated circuits, this

paper presents a series of innovative ideas and methods, demonstrating the promising application prospects of
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2D materials in future ICs.

The research method involves a detailed analysis of the physical properties of common 2D materials such as
graphene, TMDs, and h-BN, with typical application cases explored. This paper discusse how to utilize the
excellent properties of these materials to fabricate high-performance single-function devices, integrated circuit
modules, and 3D integrated chips, especially focusing on solving the challenges related to large-scale growth,
device integration, and interface engineering of 2D materials. The comparison of the performance and
applications between various materials demonstrates the unique advantages of 2D materials in the
semiconductor industry and their potential in IC design.

Although 2D materials perform well in laboratory environments, there are still significant challenges in
practical applications, especially in large-scale production, device integration, and three-dimensional integration.
Achieving high-quality, large-area growth of 2D materials, reducing interface defects, and improving device
stability and reliability are still core issues that need to be addressed in research and industry. However, with
the continuous advancements in 2D material fabrication technology and optimization of integration processes,

these challenges are gradually being overcome, and the application prospects of 2D materials are expanding.
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