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Figure 1 Overview of electronic device applications based on encapsulated carbon nanotubes
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Figure 6 Encapsulated carbon nanotube tunnelling field-effect transistors

131 (a) Schematic diagram of device structure; (b) transfer curves of

individual SWCNT device; (c) transfer curves of individual perovskite encapsulated device; (d) transfer curves of the tunnelling transistor; (e, f) band

structure alignments of the tunnelling transistors
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Figure 7 Encapsulated carbon nanotube photodetectors. (a) Schematic diagram of perovskite encapsulated carbon nanotube heterojunction
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(d—f) device structure, transfer curves, and photoresponse curves of Pbl,-encapsulated carbon nanotube heterojunctions; (g—i) cross-sectional structure

and band analysis of the heterojunction®”
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Figure 8 Encapsulated carbon nanotube gas sensing devices!**!. (a) STEM images of carbon nanotubes encapsulated with different materials; (b)
schematic diagram of the encapsulated carbon nanotube sensor; (c) responsivity of sensors encapsulated with different materials; (d) gas adsorption-
desorption curves; (e) response/recovery time of sensors with different encapsulation materials

RATRGA T R BRAKR A L B F-a5 0 P A R
F. T AN TR B PR R ORE V2 B 4R R A A P
S5t nERTVHARZ A6 . JCHRERI L AR T
B R B AR AR S DT T AR EYERE. IXARSIERY
PTERES), FEOTRBL T N HRBRANKAE e i R P RN
KEFRIE R 1, Do b FRL -5 ) RE A% TR sl )
ST HAE T T 7 ).

RS ) I

AN ARG FEAE O 1 — e 251 . S T
AR A R T AR A A IR, FEAOK T
el F AU R T N AT, IR T AR R 2 2

3

6538

RETERR AR . LA AR AR, IR B
Al R R R 3. TE AR T, BRIKAE IR
PSR R RE ST, S a NI A, B
IERVERE . RIIFECMOS K A2 B B ar Y B R,
TEFRIEAR R, I N B A Rl P s LA,
RFERTE TR BT TR R . e
VESRRE P (AR AR I, PR AR T R e 2
W7 T, TEREIR A T Rl 4 7128 DL
FERBEIIRNT, RGO A BE TR
HeAil.

SRS BRANKAS SR FEVERE L BATEZ 0%, B4
T Rk EOE, AFBRR N EREARAI AR E,



ISk

RS T AR AR N R BRI A A8 11—k S A
PEESCH 2 HAR, B ARG BRANRAT Z a5
TR A HLHNT AN TS, X T AL A BT 2 —
RGT LS — P R BB, B, RN
KA L 245 H T T RER PSR Tl xfE A
7, e B R A R T L. TEARAR K
L NTRREN N HBRANKE RO fe it T 4By
TRMITE. a7 Bk, OHE REIE TN

B AN KA AR 18 (19 2 4 R AR KR (= | i flse
et R AT S), MEILILIBIRHREE | BN
ORI . B S RE S A5, T AT AN [ Y
A RS SR FPEBECIN R BRE | W LIS TE] | ZRR A
IR MZTE) BRI, PTINE SE g i I F ol D U A
A B, RAUIE N ) 2 REA IS Tl AR
i, PR E TR LA T — R ERE
AT R LT AR B R S AR R

553K

He X, Wang R, Wu J, et al. Nature of power electronics and integration of power conversion with communication for talkative power. Nat
Commun, 2020, 11: 2479-2490

Li C, Xu S, Zhao E, et al. Chip-less, self-powered electronic patch for wireless sensing and communication. Nat Sens, 2026, 1: 270-278

Guo L, Chen H, Chen Y, et al. A neural network for modeling human concept formation, understanding and communication. Nat Comput Sci,
2026, 6: 497-511

4 Li K, Cai C, Yan G, et al. Towards universal multi-dimensional parallelization communications by direct diverse fiber/3D/2D chip hybrid
integration. Nat Commun, 2026, 17: 3771-3779
5 Yan A, Yan J, Shen P, et al. A flexible digital compute-in-memory chip for edge intelligence. Nature, 2026, 649: 1165-1171
6 Hong H, Du Z, Jiang M, et al. Memristor-based adaptive analog-to-digital conversion for efficient and accurate compute-in-memory. Nat
Commun, 2025, 16: 9749-9759
Lee Y, Bae H J, Haque M F, et al. Converse flexoelectric two-dimensional MoS, actuator. Nat Commun, 2026, 17: 2519-2525
8 Marshall N J, Glaser J I, Trautmann E M, et al. Flexible neural control of motor units. Nat Neurosci, 2022, 25: 1492-1504
9 Shi Z, Zhang Z, Schnermann J, et al. Ultrasound-driven programmable artificial muscles. Nature, 2025, 646: 10961104
10 Cheng Z, Guo T, Yan G, et al. Mineral-originated bioelectronics for inhibition via lithium electrochemistry. Nat Mater, 2026, doi: 10.1038/
s41563-026-02526-5
11 Horiuchi H, Agetsuma M, Ishida J, et al. CMOS-based bio-image sensor spatially resolves neural activity-dependent proton dynamics in the living
brain. Nat Commun, 2020, 11: 712-720
12 Lazar J T, Haller D J, Ghaddar A, et al. A stationary phase-specific bacterial green light sensor for enhancing metabolite production. Nat
Commun, 2025, 17: 1071-1084
13 Almejalli K A. Optimal deep neural network based road traffic management system for Internet of Things based smart city environment. Sci Rep,
2026, 16: 12136-12155
14 Tong B, Du T, Du J, et al. Multimodal ion-gated transistor based on 2D superionic conductor for in-memory computing in deep learning. Nat
Commun, 2026, 17: 4127-4137
15 LuC, Lu C, Lange R T, et al. Towards end-to-end automation of Al research. Nature, 2026, 651: 914-919
16 Sattar H, Al-Khasawneh M A, Shafi U F, et al. A data migration and integration approach for big data management using linked data. Sci Rep,
2026, 16: 12210-12229
17  Waldrop M M. The chips are down for Moore’s law. Nature, 2016, 530: 144—147
18 Haensch W, Nowak E J, Dennard R H, et al. Silicon CMOS devices beyond scaling. IBM J Res Dev, 2006, 50: 339-361
19 Liu M, Junk Y, Han Y, et al. Vertical GeSn nanowire MOSFETs for CMOS beyond silicon. Commun Eng, 2023, 2: 7-15
20 lijima S. Helical microtubules of graphitic carbon. Nature, 1991, 354: 56-58
21 LinY, Cao Y, Ding S, et al. Scaling aligned carbon nanotube transistors to a sub-10 nm node. Nat Electron, 2023, 6: 506-515
22 LiuL, HanJ, Xu L, et al. Aligned, high-density semiconducting carbon nanotube arrays for high-performance electronics. Science, 2020, 368: 850-856
23 Tulevski G S, Franklin A D, Frank D, et al. Toward high-performance digital logic technology with carbon nanotubes. ACS Nano, 2014, 8: 8730—
8745
24  Bachtold A, Hadley P, Nakanishi T, et al. Logic circuits with carbon nanotube transistors. Science, 2001, 294: 1317-1320
25 Javey A, Guo J, Wang Q, et al. Ballistic carbon nanotube field-effect transistors. Nature, 2003, 424: 654-657
26 Yogaraju D S, Shetty N S, Mohideen S, et al. Development of Quantum dot-based enzyme biosensor for the detection of dopamine in urine. Sci

Rep, 2026, 16: 13245-13256

6539


https://doi.org/10.1038/s41467-020-16262-0
https://doi.org/10.1038/s41467-020-16262-0
https://doi.org/10.1038/s44460-026-00033-3
https://doi.org/10.1038/s43588-026-00956-4
https://doi.org/10.1038/s41467-026-70455-7
https://doi.org/10.1038/s41586-025-09931-x
https://doi.org/10.1038/s41467-025-65233-w
https://doi.org/10.1038/s41467-025-65233-w
https://doi.org/10.1038/s41467-026-69271-w
https://doi.org/10.1038/s41593-022-01165-8
https://doi.org/10.1038/s41586-025-09650-3
https://doi.org/10.1038/s41563-026-02526-5
https://doi.org/10.1038/s41467-020-14571-y
https://doi.org/10.1038/s41467-025-67829-8
https://doi.org/10.1038/s41467-025-67829-8
https://doi.org/10.1038/s41598-026-42542-8
https://doi.org/10.1038/s41467-026-70587-w
https://doi.org/10.1038/s41467-026-70587-w
https://doi.org/10.1038/s41586-026-10265-5
https://doi.org/10.1038/s41598-026-43298-x
https://doi.org/10.1038/530144a
https://doi.org/10.1147/rd.504.0339
https://doi.org/10.1038/s44172-023-00059-2
https://doi.org/10.1038/354056a0
https://doi.org/10.1038/s41928-023-00983-3
https://doi.org/10.1126/science.aba5980
https://doi.org/10.1021/nn503627h
https://doi.org/10.1126/science.1065824
https://doi.org/10.1038/nature01797
https://doi.org/10.1038/s41598-026-42466-3
https://doi.org/10.1038/s41598-026-42466-3

M4 EF LB O206F98 F1E L27TH

27

28

29
30

31

32

33

34

35

36

37

38
39

40
41

42

43

44

45

46

47

48

49
50

51

52

53

54

6540

Kim Y J, Kwon Y, Yoo Y, et al. Demonstration of CMOS-compatible memristor-based electrochemical biosensor transducer with threshold-
sensing functionality. Nat Commun, 2025, 16: 10851-10861

Gao F, Wang Z, Zhao R, et al. Polarity-tunable field-free room-temperature spin orbit torque switching via topological symmetry breaking in an
all-vdW heterostructure for spin logic applications. Nat Commun, 2026, 17: 3826-3835

Tang J, Ding T S, Ding S, et al. Bistable superlattice switching in a quantum spin Hall insulator. Nature, 2026, 652: 68-75

Sun Y, Tong P, Shen J, et al. Data-in-situ computing with one-pixel-multiple-memristor architecture for neuromorphic sequential vision. Nat
Commun, 2026, 17: 4244-4253

Guo G, Xiong T, Xie B, et al. Confined-hydrogel fluidic memristor crossbar array for neuromorphic computing. Nat Commun, 2026, 17: 4275—
4285

Wang K, Zhao Y, Geng L, et al. Editable light response in halide perovskites encapsulated within single-walled carbon nanotubes. ACS Nano,
2025, 19: 1611016118

Che T, Liu S, Wang Y, et al. Interfacial charge transfer in one-dimensional agbr encapsulated inside single-walled carbon nanotube
heterostructures. ACS Nano, 2024, 18: 32569-32577

Sun Q, Geng L, Wang L, et al. Atomically engineered encapsulation of SnS, nanoribbons by single-walled carbon nanotubes for high-efficiency
lithium storage. Nano Lett, 2024, 24: 7732-7740

Yao J, He Y, Li X, et al. Synergistic charge engineering in tellurium-encapsulated single-walled carbon nanotubes for universal conductivity
enhancement. ACS Nano, 2025, 19: 32909-32919

Yao J, Wang Q, Geng L, et al. Gate-tunable highly linear bipolar photoresponse in Se@SWCNT adaptive neurons for dynamically programmable
neuromorphic computing. Adv Mater, 2025, 37: 06367

Yao J, Wang Q, Zhang Y, et al. Ultra-low power carbon nanotube/porphyrin synaptic arrays for persistent photoconductivity and neuromorphic
computing. Nat Commun, 2024, 15: 6147-6157

Smith B W, Monthioux M, Luzzi D E. Encapsulated Cg in carbon nanotubes. Nature, 1998, 396: 323-324

Takenobu T, Takano T, Shiraishi M, et al. Stable and controlled amphoteric doping by encapsulation of organic molecules inside carbon
nanotubes. Nat Mater, 2003, 2: 683-688

Philp E, Sloan J, Kirkland A I, et al. An encapsulated helical one-dimensional cobalt iodide nanostructure. Nat Mater, 2003, 2: 788-791
Tapia A, Aguilera L, Cab C, et al. Density functional study of the metallization of a linear carbon chain inside single wall carbon nanotubes.
Carbon, 2010, 48: 4057-4062

Yin H, Zhang L, Cao J, et al. Charge detection of perovskite nanowires filled single-walled carbon nanotubes for CMOS ICs (Small Methods 11/
2025). Small Methods, 2025, 9: €70070

Song M, Zhao B, Li B, et al. Synthesis of single-unit-cell-thick perovskites by liquid-phase confined assembly for high-performance ultrastable X-
ray detectors. Nat Synth, 2025, 4: 1056-1067

Sysoev V I, Sedelnikova O V, Vorfolomeeva A A, et al. Single-walled carbon nanotubes filled with sulfur and phosphorus compounds for real-
time detection of NO, in air. Carbon, 2025, 233: 119915

Kharlamova M V. Rare-earth metal halogenide encapsulation-induced modifications in Raman spectra of single-walled carbon nanotubes. Appl
Phys A, 2015, 118: 27-35

Liu S, Teng Y, Zhang Z, et al. Interlayer charge transfer induced electrical behavior transition in 1D Agl@sSWCNT van der Waals
heterostructures. Nano Lett, 2024, 24: 741-747

Liu X, Pichler T, Knupfer M, et al. Filling factors, structural, and electronic properties of C, molecules in single-wall carbon nanotubes. Phys
Rev B, 2002, 65: 045419

Shiozawa H, Ishii H, Kihara H, et al. Photoemission and inverse photoemission study of the electronic structure of C, fullerenes encapsulated in
single-walled carbon nanotubes. Phys Rev B, 2006, 73: 075406

Okada S, Otani M, Oshiyama A. Electron-state control of carbon nanotubes by space and encapsulated fullerenes. Phys Rev B, 2003, 67: 205411
Otani M, Okada S, Oshiyama A. Energetics and electronic structures of one-dimensional fullerene chains encapsulated in zigzag nanotubes. Phys
Rev B, 2003, 68: 125424

Pichler T, Kramberger C, Ayala P, et al. Bonding environment and electronic structure of Gd metallofullerene and Gd nanowire filled single-wall
carbon nanotubes. Physica Status Solidi (b), 2008, 245: 2038-2041

Lu J, Nagase S, Zhang S, et al. Strongly size-dependent electronic properties in C ¢ -encapsulated zigzag nanotubes and lower size limit of carbon
nanopeapods. Phys Rev B, 2003, 68: 121402

Chernysheva M V, Kiseleva E A, Verbitskii N I, et al. The electronic properties of SWNTSs intercalated by electron acceptors. Physica E-Low-
dimensional Syst NanoStruct, 2008, 40: 22832288

Zhukov A A, Chernysheva M V, Eliseev A A. Measurements of the work function of single-walled carbon nanotubes encapsulated by Agl, AgCl,


https://doi.org/10.1038/s41467-025-66372-w
https://doi.org/10.1038/s41467-026-70590-1
https://doi.org/10.1038/s41586-026-10309-w
https://doi.org/10.1038/s41467-026-70860-y
https://doi.org/10.1038/s41467-026-70860-y
https://doi.org/10.1038/s41467-026-70728-1
https://doi.org/10.1021/acsnano.5c03289
https://doi.org/10.1021/acsnano.4c09474
https://doi.org/10.1021/acs.nanolett.4c01641
https://doi.org/10.1021/acsnano.5c12524
https://doi.org/10.1002/adma.202506367
https://doi.org/10.1038/s41467-024-50490-y
https://doi.org/10.1038/24521
https://doi.org/10.1038/nmat976
https://doi.org/10.1038/nmat1020
https://doi.org/10.1016/j.carbon.2010.07.011
https://doi.org/10.1002/smtd.70070
https://doi.org/10.1038/s44160-025-00785-9
https://doi.org/10.1016/j.carbon.2024.119915
https://doi.org/10.1007/s00339-014-8880-7
https://doi.org/10.1007/s00339-014-8880-7
https://doi.org/10.1021/acs.nanolett.3c04298
https://doi.org/10.1103/PhysRevB.65.045419
https://doi.org/10.1103/PhysRevB.65.045419
https://doi.org/10.1103/PhysRevB.73.075406
https://doi.org/10.1103/PhysRevB.67.205411
https://doi.org/10.1103/PhysRevB.68.125424
https://doi.org/10.1103/PhysRevB.68.125424
https://doi.org/10.1002/pssb.200879644
https://doi.org/10.1103/PhysRevB.68.121402
https://doi.org/10.1016/j.physe.2007.10.070
https://doi.org/10.1016/j.physe.2007.10.070

ISk

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73
74

75

76

77

78

79

80

and CuBr using kelvin probe technique with different kinds of probes. J Exp Theor Phys, 2016, 123: 143-148

Kharlamova M V, Brzhezinskay M M, Vinogradov A S, et al. The formation and properties of one-dimensional FeHal, (Hal = Cl, Br, I)
nanocrystals in channels of single-walled carbon nanotubes. Nanotechnol Russia, 2009, 4: 634-646

Wang H Z, Sun C Y, Xie R H, et al. FeCl;-filled double-wall carbon nanotube fibers with record-high ampacity and conductivity. Adv Fiber
Mater, 2026, 8: 303-315

Kharlamova M V, Eliseev A A, Yashina L V, et al. Study of the electronic structure of single-walled carbon nanotubes filled with cobalt bromide.
Jetp Lett, 2010, 91: 196-200

Kharlamova M V, Yashina L V, Eliseev A A, et al. Single-walled carbon nanotubes filled with nickel halogenides: atomic structure and doping
effect. Physica Status Solidi (b), 2012, 249: 2328-2332

Kharlamova M V, Eliseev A A, Yashina L V, et al. Synthesis of nanocomposites on basis of single-walled carbon nanotubes intercalated by
manganese halogenides. J Phys-Conf Ser, 2012, 345: 012034

Kharlamova M V, Yashina L V, Volykhov A A, et al. Acceptor doping of single-walled carbon nanotubes by encapsulation of zinc halogenides.
Eur Phys J B, 2012, 85: 34-41

Friedrichs S, Sloan J, Meyer R R, et al. Characterisation of a Lal,@(18,3)SWNT encapsulation composite: a 1D Lal, crystal fragment, adopting
the ‘reduced’ structure of Lal;. Microsc Microanal, 2003, 9: 324-325

Wang P, Wang C, Hu Y, et al. Cul-filled single-walled carbon nanotubes: efficient catalysts for thermal decomposition, ignition, and combustion
of CL-20. ACS Appl Mater Interfaces, 2025, 17: 35541-35551

Kharlamova M V, Kramberger C, Mittelberger A. Raman spectroscopy study of the doping effect of the encapsulated terbium halogenides on
single-walled carbon nanotubes. Appl Phys A, 2017, 123: 239-245

Kharlamova M V, Kramberger C, Pichler T. Semiconducting response in single-walled carbon nanotubes filled with cadmium chloride. Physica
Status Solidi (b), 2016, 253: 2433-2439

Sceats E L, Green J C, Reich S. Theoretical study of the molecular and electronic structure of one-dimensional crystals of potassium iodide and
composites formed upon intercalation in single-walled carbon nanotubes. Phys Rev B, 2006, 73: 125441

Corio P, Santos A P, Santos P S, et al. Characterization of single wall carbon nanotubes filled with silver and with chromium compounds. Chem
Phys Lett, 2004, 383: 475-480

Chimowa G, Tshabalala Z P, Akande A A, et al. Improving methane gas sensing properties of multi-walled carbon nanotubes by vanadium oxide
filling. Sens Actuat B-Chem, 2017, 247: 11-18

Kharlamova M V, Bal K, Hutchin K, et al. One-dimensional bismuth chalcogenide-filled single-walled carbon nanotubes: formation of solid
solution and homologous nanostructures. J Cryst Growth, 2025, 654: 128088

Kharlamova M V. Novel approach to tailoring the electronic properties of single-walled carbon nanotubes by the encapsulation of high-melting
gallium selenide using a single-step process. Jetp Lett, 2013, 98: 272-277

Kharlamova M V. Comparative analysis of electronic properties of tin, gallium, and bismuth chalcogenide-filled single-walled carbon nanotubes.
J Mater Sci, 2014, 49: 8402-8411

Hu Z, Breeze B, Kashtiban R J, et al. Zigzag HgTe nanowires modify the electron—phonon interaction in chirality-refined single-walled carbon
nanotubes. ACS Nano, 2022, 16: 6789-6800

Slade C A, Sanchez A M, Sloan J. Unprecedented new crystalline forms of SnSe in narrow to medium diameter carbon nanotubes. Nano Lett,
2019, 19: 29792984

Giusca C E, Stolojan V, Sloan J, et al. GeTe-filled carbon nanotubes for data storage applications. MRS Proc, 2010, 1251: 1251

Meunier V, Muramatsu H, Hayashi T, et al. Properties of one-dimensional molybdenum nanowires in a confined environment. Nano Lett, 2009, 9:
1487-1492

Milligan G M, Singsen S, To S, et al. Precision synthesis of a single chain polymorph of a 2D solid within single-walled carbon nanotubes. Adv
Mater, 2025, 37: 2502213

Lee J, Lee W, Sim K, et al. Field emission properties of single-walled carbon nanotube with amphoteric doping by encapsulation of TTF and
TCNQ. J Vacuum Sci Tech B-MicroElectron Nanometer Struct Processing Measurement Phenomena, 2008, 26: 847850

Garcia-Suarez V M, Ferrer J, Lambert C J. Tuning the electrical conductivity of nanotube-encapsulated metallocene wires. Phys Rev Lett, 2006,
96: 106804

Zhou J, Yan X, Luo G, et al. Structural, electronic, and transport properties of Gd/Eu atomic chains encapsulated in single-walled carbon
nanotubes. J Phys Chem C, 2010, 114: 15347-15353

Xie Y, Zhang J M, Huo Y P. Structural, electronic and magnetic properties of hcp Fe, Co and Ni nanowires encapsulated in zigzag carbon
nanotubes. Eur Phys J B, 2011, 81: 459-465

Saito Y, Yanagi K, Hayazawa N, et al. Vibrational analysis of organic molecules encapsulated in carbon nanotubes by tip-enhanced raman

6541


https://doi.org/10.1134/S106377611607027X
https://doi.org/10.1134/S1995078009090080
https://doi.org/10.1007/s42765-025-00623-9
https://doi.org/10.1007/s42765-025-00623-9
https://doi.org/10.1134/S0021364010040089
https://doi.org/10.1002/pssb.201200060
https://doi.org/10.1088/1742-6596/345/1/012034
https://doi.org/10.1140/epjb/e2011-20457-6
https://doi.org/10.1017/S1431927603441627
https://doi.org/10.1021/acsami.5c05701
https://doi.org/10.1007/s00339-017-0873-x
https://doi.org/10.1002/pssb.201600300
https://doi.org/10.1002/pssb.201600300
https://doi.org/10.1103/PhysRevB.73.125441
https://doi.org/10.1016/j.cplett.2003.11.061
https://doi.org/10.1016/j.cplett.2003.11.061
https://doi.org/10.1016/j.snb.2017.02.167
https://doi.org/10.1016/j.jcrysgro.2025.128088
https://doi.org/10.1134/S0021364013180069
https://doi.org/10.1007/s10853-014-8550-3
https://doi.org/10.1021/acsnano.2c01647
https://doi.org/10.1021/acs.nanolett.9b00133
https://doi.org/10.1557/PROC-1251-H06-03
https://doi.org/10.1021/nl803438x
https://doi.org/10.1002/adma.202502213
https://doi.org/10.1002/adma.202502213
https://doi.org/10.1116/1.2870223
https://doi.org/10.1103/PhysRevLett.96.106804
https://doi.org/10.1021/jp105274v
https://doi.org/10.1140/epjb/e2011-10658-4

M4 EF LB O206F98 F1E L27TH

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

6542

spectroscopy. Jpn J Appl Phys, 2006, 45: 9286-9289

Yashina L'V, Eliseev A A, Kharlamova M V, et al. Growth and characterization of one-dimensional SnTe crystals within the single-walled carbon
nanotube channels. J Phys Chem C, 2011, 115: 3578-3586

Zeng Y, Ying Z, Du J, et al. Effects of carbon nanotubes on processing stability of polyoxymethylene in melt—mixing process. J Phys Chem C,
2007, 111: 13945-13950

Spencer J H, Nesbitt J M, Trewhitt H, et al. Raman spectroscopy of optical transitions and vibrational energies of ~1 nm HgTe extreme nanowires
within single walled carbon nanotubes. ACS Nano, 2014, 8: 9044-9052

Chernov A I, Fedotov P V, Talyzin AV, et al. Optical properties of graphene nanoribbons encapsulated in single-walled carbon nanotubes. ACS
Nano, 2013, 7: 6346—6353

Cleuziou J P, Wernsdorfer W, Ondarcuhu T, et al. Electrical detection of individual magnetic nanoparticles encapsulated in carbon nanotubes.
ACS Nano, 2011, 5: 2348-2355

del Carmen Giménez-Lopez M, Moro F, La Torre A, et al. Encapsulation of single-molecule magnets in carbon nanotubes. Nat Commun, 2011, 2:
407-412

Domanov O, Weschke E, Saito T, et al. Exchange coupling in a frustrated trimetric molecular magnet reversed by a 1D nano-confinement.
Nanoscale, 2019, 11: 10615-10621

Jordan J W, Lowe G A, McSweeney R L, et al. Host—guest hybrid redox materials self-assembled from polyoxometalates and single-walled
carbon nanotubes. Adv Mater, 2019, 31: 1904182

Kodama T, Ohnishi M, Park W, et al. Modulation of thermal and thermoelectric transport in individual carbon nanotubes by fullerene
encapsulation. Nat Mater, 2017, 16: 892-897

Wan J, Jiang J] W. Modulation of thermal conductivity in single-walled carbon nanotubes by fullerene encapsulation: enhancement or reduction?
Nanoscale, 2018, 10: 18249-18256

Guo Q, Wang X, Zhao P, et al. Performance enhancement of carbon nanotube network transistors via Sbl; inner-doping in selected regions. Adv
Mater, 2025, 37: 2415442

Teng Y, Yao J, Wang Q, et al. Filled carbon nanotube ternary transistors. Adv Mater, 2026, 38: €23297

Zhu M, Yin H, Cao J, et al. Inner doping of carbon nanotubes with perovskites for ultralow power transistors. Adv Mater, 2024, 36: 2403743
Kato T, Hatakeyama R, Shishido J, et al. P-N junction with donor and acceptor encapsulated single-walled carbon nanotubes. Appl Phys Lett,
2009, 95: 083109

Teng Y, Zhang Y, Xie X, et al. Interfacial electron transfer in Pbl,@single-walled carbon nanotube van der Waals heterostructures for high-
stability self-powered photodetectors. ] Am Chem Soc, 2024, 146: 6231-6239

Hou L, Wang Z, Hu Y, et al. Toward image processing and reservoir computing: neuromorphic visual system enabled by nanotube-confined
tellurium. Adv Funct Mater, 2026, 36: €e23017

Nakanishi R, Satoh J, Katoh K, et al. DySc,N@Cjs, single-molecule magnetic metallofullerene encapsulated in a single-walled carbon nanotube. J
Am Chem Soc, 2018, 140: 10955-10959

Fedi F, Domanov O, Shiozawa H, et al. Reversible changes in the electronic structure of carbon nanotube-hybrids upon NO, exposure under
ambient conditions. J] Mater Chem A, 2020, 8: 9753-9759

Ramachandran K, Raj kumar T, Babu K J, et al. Ni-Co bimetal nanowires filled multiwalled carbon nanotubes for the highly sensitive and
selective non-enzymatic glucose sensor applications. Sci Rep, 2016, 6: 36583

Singh H, Wu J, Lagemann K A L, et al. Highly efficient dopamine sensing with a carbon nanotube-encapsulated metal chalcogenide
nanostructure. ACS Appl Nano Mater, 2024, 7: 4814-4823

Yari A, Sepahvand R. Highly sensitive carbon paste electrode with silver-filled carbon nanotubes as a sensing element for determination of free
cyanide ion in aqueous solutions. Microchim Acta, 2011, 174: 321-327

Wolny F, Weissker U, Miihl T, et al. Iron-filled carbon nanotubes as probes for magnetic force microscopy. J Appl Phys, 2008, 104: 064908
Nirmalraj P N, Lyons P E, De S, et al. Electrical connectivity in single-walled carbon nanotube networks. Nano Lett, 2009, 9: 3890-3895
Vasylenko A, Marks S, Wynn J M, et al. Electronic structure control of sub-nanometer 1D SnTe via nanostructuring within single-walled carbon
nanotubes. ACS Nano, 2018, 12: 6023-6031

Koley S, Sen S, Chakrabarti S. Vanishing thermal conductance of carbon nanotube upon encapsulation by zigzag sulfur chain. J Phys Chem Lett,
2018, 9: 3105-3109

Koley S, Sen S, Chakrabarti S. Thermoelectric switching of single-walled carbon nanotubes due to encapsulation of iodine atomic chain. J Phys
Chem C, 2019, 123: 39964001

Vavro J, Llaguno M C, Satishkumar B C, et al. Electrical and thermal properties of Cg-filled single-wall carbon nanotubes. Appl Phys Lett, 2002,
80: 1450-1452


https://doi.org/10.1143/JJAP.45.9286
https://doi.org/10.1021/jp1107087
https://doi.org/10.1021/jp0740191
https://doi.org/10.1021/nn5023632
https://doi.org/10.1021/nn4024152
https://doi.org/10.1021/nn4024152
https://doi.org/10.1021/nn2000349
https://doi.org/10.1038/ncomms1415
https://doi.org/10.1039/C9NR00796B
https://doi.org/10.1002/adma.201904182
https://doi.org/10.1038/nmat4946
https://doi.org/10.1039/C8NR05188G
https://doi.org/10.1002/adma.202415442
https://doi.org/10.1002/adma.202415442
https://doi.org/10.1002/adma.202523297
https://doi.org/10.1002/adma.202403743
https://doi.org/10.1063/1.3207742
https://doi.org/10.1021/jacs.3c14188
https://doi.org/10.1002/adfm.202523017
https://doi.org/10.1021/jacs.8b06983
https://doi.org/10.1021/jacs.8b06983
https://doi.org/10.1039/D0TA02749A
https://doi.org/10.1038/srep36583
https://doi.org/10.1021/acsanm.3c05422
https://doi.org/10.1007/s00604-011-0629-9
https://doi.org/10.1063/1.2980281
https://doi.org/10.1021/nl9020914
https://doi.org/10.1021/acsnano.8b02261
https://doi.org/10.1021/acs.jpclett.8b01121
https://doi.org/10.1021/acs.jpcc.8b10929
https://doi.org/10.1021/acs.jpcc.8b10929
https://doi.org/10.1063/1.1452788

ISk

Summary for “[N HRBR AR I IR 5 R L AL -2 1 B AT St e

Research progress on physical property modulation and
electronic device applications of encapsulated
carbon nanotubes

1.3

Tingting Meng'*", Haoyan Liang'*" & Lixing Kang'*"

v Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Academy of Sciences, Suzhou 215123, China

2 Nano Science and Technology Institute, University of Science and Technology of China, Hefei 230026, China
* School of Physical Science and Technology, Shanghai Tech University, Shanghai 201210, China

T Equally contributed to this work

* Corresponding author, E-mail: Ixkang2013@sinano.ac.cn

Carbon nanotubes (CNTs) are premier candidates for next-generation nanoelectronic devices due to their unique one-
dimensional (1D) structure, exceptional mechanical strength, and outstanding carrier mobility. As traditional silicon-based
devices face physical limitations from short-channel effects and high power consumption at sub-nanometer scales, CNTs
offer a crucial path forward. The hollow cavities of single-walled carbon nanotubes provide a natural, stable nanoscale
molecular container for chemical and physical functionalization. This review describes the paradigm of inner
encapsulation, demonstrating how inserting diverse organic or inorganic functional guest molecules can precisely
engineer the properties of CNTs and surpass the performance limits of single-component materials.

Interfacial charge transfer between the CNTs and guest molecules is the primary mechanism for encapsulated carbon
nanotubes. Driven by energy level alignment, this interaction precisely controls the Fermi level and carrier concentration,
enabling p-type, ambipolar, or n-type doping. Encapsulating electron acceptors induces p-type doping, whereas confining
electron donors with low ionization potentials achieves stable n-type doping. Beyond electronic doping, radial quantum
confinement and enhanced electron-phonon coupling profoundly restructure the optical transitions of the hybrid materials,
yielding prominent resonance absorption and sharp optical anisotropy along the tube axis. Furthermore, the 1D spatial
restriction stabilizes confined magnetic structures, effectively reducing the quantum tunneling of magnetization, extending
spin relaxation times, and modifying local magnetic anisotropy. Regarding thermoelectric properties, the encapsulated
guest materials introduce robust phonon scattering that dramatically minimizes thermal conductivity while preserving or
even elevating the Seebeck coefficient, thereby optimizing the thermoelectric figure of merit (ZT).

With these multi-modal tuning strategies, encapsulated CNTs have been successfully deployed in several high-
performance nanoelectronic architectures. In digital logic circuits, localized inner doping drastically lowers contact
resistance and optimizes subthreshold swing in field-effect transistors (FETs). Furthermore, partial encapsulation enables
monolithic integration of robust, low-power p-n junctions and complementary logic circuits. In optoelectronics,
encapsulating light-sensitive phases creates 1D heterojunction interfaces that accelerate photogenerated carrier separation.
This enables self-powered photodetectors, high-stability X-ray sensors, and optoelectronic synapses for neuromorphic
computing. Additionally, encapsulated CNTs provide ultra-sensitive platforms for chemical, biological, and ion sensing by
tailoring gas adsorption energies and engineering precise active sites. Despite this progress, several critical challenges must
be addressed, such as structural non-uniformity of the filling materials, poorly understood host-guest coupling, and scalable
fabrication bottlenecks. To navigate these long-term challenges, the integration of artificial intelligence (AI) and machine
learning algorithms offers a transformative path to accelerate development. By utilizing deep learning for pattern
recognition across multi-dimensional characterization datasets, researchers can autonomously predict optimal host-guest
pairings and intelligently design scalable, high-performance nanoelectronic devices. In summary, encapsulated CNTs
provide a versatile material platform bridging fundamental physics and functional devices, paving the way for next-
generation integrated electronics, smart sensors, and advanced energy technologies.

carbon nanotubes, confined synthesis, 1-D heterojunctions, electronic devices, field-effect transistors
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