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ABSTRACT

The rapid evolution of devices based on low-dimensional materials such as MoS2 and single-walled carbon nanotubes (SWNTs) has garnered
significant interest for high-performance field-effect transistor (FET) applications. We present a multifunctional MoS2/SWNT device exhibit-
ing non-monotonic current modulation with a rectifying ratio of up to 600. The device also demonstrates remarkable optoelectronic memory
performance, including fast erasing/writing times (20.1/1.9ms), a high erasing/writing ratio (104), multilevel data storage, robust retention
(10 000 s), and excellent endurance (1000 cycles). Additionally, we demonstrate ternary inverters combining SWNTs FETs with MoS2/
SWNTs heterostructure FETs, highlighting their potential in advanced logic applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0245016

Ultrathin low-dimensional materials such as graphene,1 carbon
nanotubes (CNTs),2,3 transition-metal dichalcogenides (TMDCs),4

and black phosphorus,5 along with their heterostructures,6,7 exhibit
promising properties like excellent interface matching and resistance
to short-channel effects.8,9 These qualities make them ideal candidates
for advanced electronic and optoelectronic applications. Over recent
years, various van der Waals heterostructure devices, including tunnel-
ing field-effect transistors,10 programmable rectifiers,11 floating-gate
memory devices,12 optoelectronics,13 and complementary field-effect
transistors (CMOS),14 have been demonstrated. In these functional
devices, information is stored or computed as either “0” or “1” based
on binary systems. The development of multivalue logic devices oper-
ating with ternary logic can significantly reduce the number of devices
and the overall complexity of the system.

In heterostructures, rectifying properties are influenced by Fermi
level modulation and the conduction band-valence band offset, which
determines where electrons and holes can accumulate or deplete. High
rectifying and on-off ratios are challenging to be achieved with 2D
materials.15 In addition, a transition from traditional binary inverters

to ternary inverters could be realized by regulating Fermi level modula-
tion and the conduction band-valence band offset. Currently, van der
Waals heterostructure featured with negative differential transconduc-
tance14 and three distinct flat conductance states16 in the transfer char-
acteristics have been utilized in the design of ternary inverters.

MoS2, an n-type semiconductor with a large bandgap and good
electron mobility,9,17 paired well with SWNTs (single-walled carbon
nanotubes), offers a promising combination.18 The resulting MoS2/
SWNTs heterostructure enables high rectifying behavior and strong
on-off ratios.19 Additionally, the optoelectronic properties of MoS2

7

and charge-trapping states in SWNTs20 facilitate photoinduced mem-
ory, enhancing the multifunctionality of the device. The wafer-level
preparation technology of MoS2 and SWNT network has become
mature,2,21 which is very conducive to industrial integration. Although
many studies on MoS2/SWNTs heterostructures have been reported,
few studies on CMOS based on MoS2/SWNTs have been discovered,
especially how to design and prepare more advanced functional devi-
ces based on the characteristics of MoS2/SWNTs, such as the fabrica-
tion of multivalue logic devices.
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Here, we fabricated MoS2/SWNTs network heterostructure using
a dry transfer method. The device shows non-monotonic current mod-
ulation, a high rectifying ratio (�600), and excellent optoelectronic
performance. Furthermore, ternary inverters based on this heterostruc-
ture showcase the benefits of switching from binary to ternary logic,
reducing device complexity and enhancing performance.

Figure 1(a) presents the schematic illustration of the MoS2/
SWNTs network heterostructure device. The uniform SWNTs net-
work was deposited onto a 300nm SiO2/Si substrate using a solution
process (Fig. S1). The morphology and density of the SWNTs network
are shown in the SEM image [Fig. 1(b)], with a bandgap of 0.99 eV
measured by UV-visible absorption spectrum shown in Fig. S2. An iso-
lated SWNTs network stripe was isolated using reactive ion etching,
facilitating the construction of the MoS2/SWNT heterostructure, and
effectively suppressing leakage current. The MoS2 sheet, selected as the
light absorption layer due to its visible-range bandgap (1.2 eV),22,23

was transferred onto the SWNTs stripe using a dry transfer method.24

To ensure a high-quality interface, the MoS2 sheet was transferred at a
speed of � 0.2lm/s using a precision displacement stage, expelling
molecules from the interface.25 Electrodes were patterned using stan-
dard electron beam lithography followed by thermal evaporation. The
schematic diagram of the device fabrication process can be seen in Fig.
S3 in the supplementary material.

Figure 1(c) shows an optical image of the device, with the MoS2
sheet and SWNTs network stripe delineated by black and red dashed
lines, respectively. AFM image in Fig. 1(d) reveals a clean interface
between the MoS2 sheet and SWNTs network, with thicknesses of 4.1
and 2.1nm, respectively [inset in Fig. 1(d)]. Raman spectra [Fig. 1(e)]
confirmed the fabrication of the MoS2/SWNTs heterostructure, with

characteristic peaks for MoS2 (382 and 404 cm�1 corresponding to
peaks of the MoS2 sheet) and SWNTs (1344, 1591, and 2682 cm�1 cor-
responding to D, G, and 2D mode of the SWNTs network).
Additionally, photoluminescence (PL) spectra [Fig. 1(f)] indicate that
the PL intensity of the MoS2/SWNTs network is about 2.36 times
lower than that of the MoS2 sheet. The PL intensity is typically a direct
indicator of the recombination of photoexcited electron–hole pairs.
The reduction of PL intensity in MoS2/SWNTs can be attributed to the
presence of trapping states (structural defects during growth26 and
absorbed residual surfactants) in SWNTs network, which hinder the
recombination of photoexcited electron–hole pairs.

The individual electrical properties of the MoS2 and SWNTs
FETs (field-effect transistors) were first characterized. The SWNTs
FET exhibited bipolar behavior, with a switching ratio reaching 103,
while the MoS2 FET showed n-type characteristics with a switching
ratio of 106, as shown in Fig. S4. For the MoS2/SWNTs device, the
transfer characteristics are presented in Fig. 2(a). The band diagram
shown in Fig. S5 indicates that the Fermi level of MoS2 is higher than
that of the SWNTs before contact. After contact, electrons can sponta-
neously transfer from MoS2 into the SWNTs until the Fermi level
alignment. The MoS2/SWNTs device displays non-monotonic current
modulation, with electric current transport occurring in four distinct
regions (i–iv) based on gate voltage (VBG). Region i (VBG < �50 V)
corresponds to full depletion of the MoS2 channel, while in region ii
(� 50 V <VBG< � 30 V), both the MoS2 channel and the hetero-
structure start to turn on. In region iii (� 30 V <VBG< 0 V), the
heterostructure is fully activated, and current is dominated by the non-
overlapped SWNTs network and the MoS2 transistor (the current in
the depleted SWNTs channel decreases more quickly than the increase

FIG. 1. Basic characterization of MoS2/SWNTs heterostructure. (a) Schematic of the device based on MoS2/SWNTs heterostructure on a 300 nm SiO2/Si substrate. (b) SEM
image of the SWNTs network. (c) Optical image of MoS2/SWNTs heterostructure device. (d) AFM image of the MoS2/SWNTs heterostructure in the white frame of (c). The inset
gives the height profiles along the white dashed line. (e) Raman spectra of MoS2 sheet, SWNTs network, and MoS2/SWNTs heterostructure. (f) The PL spectra of MoS2 sheet
and MoS2/SWNTs heterostructure.
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in the MoS2 channel). In region iv (VBG> 0 V), ambipolar behavior in
SWNTs FET emerges, with current increasing in entire channels. The
channel current in regions ii and iv increases with the biases ranging
from 0.1 to 1.0V. Figure 2(b) shows the transfer curves of the device
under different biases. The device has an on-off ratio of up to 1.3� 103

(current at VBG¼ 60 V vs current at VBG � 55V) at VDS¼ 0.2 V.
Temperature-dependent measurements for MoS2/SWNTs hetero-
structure [Figs. 2(c), 2(d), and S6] indicate that the channel current
decreases as temperature decreases. In MoS2 devices, carrier mobility
typically increases as temperature decreases, primarily due to reduced
phonon scattering.27 In contrast, in the case of a one-dimensional car-
bon nanotube, Luttinger liquid states are typically anticipated, and its
resistance increases with the decreasing temperature,28 which is a key
factor leading to the increase in resistance for MoS2/SWNTs. In addi-
tion, with reduced thermal excitation at low temperatures, carriers
trapped in SWNTs face greater difficulty in overcoming the barriers
associated with defects or interface states.

For output characteristics, as VBG increases to� 30 V, holes accu-
mulate greatly in the SWNTs network, while the MoS2 FET behaves as
a depletion-type transistor due to the Fermi pinning effect29 (primarily
caused by the metal contacts and interfacial states). Therefore, a p–n
junction is formed, yielding diode-like behavior with a high rectifica-
tion ratio (up to 600), as shown in Figs. 2(e) and 2(f). Under positive
VBG, the device is doped as an n–n junction because of the ambipolar
nature of SWNTs network, exhibiting Ohmic-like behavior with recti-
fication ratio close to 1.

Figure 3(a) presents the transfer characteristics of the MoS2/
SWNTs heterostructure under laser illumination (MaxPhotonics;
wavelength: 532 nm; spot diameter: 3mm) with various power densi-
ties. The device achieves a high photocurrent-to-dark current ratio

(Iph/Idark) of up to 104 at VBG ¼ � 50 V, demonstrating strong opto-
electronic performance. The excellent photoresponse of heterostruc-
ture is mainly attributed to the excellent photoresponse characteristics
of MoS2 [Figs. S7(a) and S7(b)]. The reason for the weak photoelectric
response of SWNTs [Figs. S7(c) and S7(d)] is that the electron–hole
pairs (excitons) under excitation are not easily separated, and the free
carriers are relatively few due to the one-dimensional limited property.
On the other hand, the presence of defects and interface states result in
rapid recombination of photogenerated carriers.30 In addition, based
on the IDS-VDS characteristics, Schottky barrier between metal (Cr/Au)
and semiconductor (MoS2 and SWNTs) can be extracted, which influ-
ences the process of dissociation of photogenerated electron–hole pairs
in the device. As the gate voltage varies, the range of Schottky barrier
height changes between the SWNTs and Cr/Au shifts to a smaller
value compared to that with MoS2 (Fig. S8), which is consistent with
the weaker photocurrent response of the SWNTs (seeing more detailed
discussion about Schottky barrier in the Supporting Information). The
erasing, storage, and writing processes of the photoinduced memory
device using laser pulses and gate voltage pulses are shown in Fig. 3(b).
The green line represents the laser pulse, which is 376.15 mW cm�2

with a duration of 1 s, which corresponds to the erasing process. The
red line is a gate voltage pulse (40V, duration ¼ 1 s), which corre-
sponds to the writing process. The gray shade indicates a dark
environment.

The underlying mechanism is detailed in Fig. 3(c). Upon laser
excitation, MoS2 absorbs photonic energy, generating electron–hole
pairs due to its strong optical absorption and light-matter interac-
tions.31 Photogenerated holes migrate to the SWNTs network under a
negative electric field, while electrons accumulate in the MoS2 sheet.

22

The structural defects of SWNTs during growth and the inevitable

FIG. 2. Rectification behavior and nonlinear modulation characteristics in MoS2/SWNTs heterostructure. (a) Transfer characteristics in four regions of typical MoS2/SWNTs net-
work devices. (b) Transfer curves of the device under different biases in the dark. (c) The transfer characteristics of the MoS2/SWNTs heterostructure device under different
temperatures. (d) The mapping of IDS under different VBG and VDS at 300 K. (e) The output characteristic of the device under different gate voltages. (f) Rectification ratio under
different gate voltages.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 126, 023501 (2025); doi: 10.1063/5.0245016 126, 023501-3

Published under an exclusive license by AIP Publishing

pubs.aip.org/aip/apl


adsorbed surfactants in the solution during the deposition of SWNTs
networks can both generate localized states in the electronic structure
that serve as trapping sites for charge carriers. Photogenerated holes
are still captured in SWNTs network by these trapping states after the
light disappears. Meanwhile, the photogenerated holes in the SWNTs
network can screen and weaken the negative gate voltage in the MoS2
sheet.32 This process leads to a p–n junction formation, which persists
even after the laser is turned off, due to charge trapping in the SWNTs
network.33 Under a positive VBG, both MoS2 and SWNTs become
n-type conductive. The previously trapped holes in SWNTs can be
released through the recombination with the excess electron, and the
gate screening effect disappears. Consequently, the MoS2 channel
recovers to the low current state under a negative gate voltage.

We then analyzed the speed of the optical erasing and electrical
writing operation of the photoinduced memory. Although both eras-
ing and writing operations were accomplished using a 1 s pulse, the
response time for optical erasing and electrical operation is determined
to be 20.1 and 2.3ms, respectively, as shown in Fig. 4(a). This high
speed of erasing/writing operation results from the strong interlayer
electronic coupling34 and the presence of a valence band offset35 (high
carrier redistribution efficiency). In addition, the bipolar nature of the
SWNTs network allows significant tuning of the Fermi level by an
external gate voltage, achieving a nearly transparent band alignment
with the MoS2 sheet.

36 Figures 4(b) and S9 show the optical erasing
operation at different light pulse power levels for 1 s under 532nm illu-
mination at VDS¼ 0.2 V, demonstrating multilevel storage capacity

and excellent stability of optoelectrical nonvolatile memory. It is worth
noting that the optical storage performance basically disappears when
the laser power density is reduced to 2.82 mW/cm2. In addition, reli-
able retention characteristics and writing/erasing endurance are crucial
for data storage reliability of optoelectrical nonvolatile memory. When
a 532nm laser pulse is applied to this device for 1 s, the erasing state
current retains a value of 10�7 A, without any attenuation after 10000
s [Fig. 4(c)], indicating long retention characteristics. The endurance
test also presents stable performance after 1000 cycles of repeated opti-
cal erasing/electrical writing processes [Fig. 4(d)].

Binary and ternary inverters based on MoS2, SWNTs, and MoS2/
SWNTs heterostructures are demonstrated. To achieve the matching of
VIN and VOUT, a top gate structure with high-dielectric permittivity
HfO2 was designed and fabricated (Fig. S10). The thickness of HfO2 and
Au/Cr is approximately 20 and 5/60nm, respectively. For binary inver-
ters, SWNTs FETs and MoS2 FETs were combined to produce typical
CMOS inverter behavior, with rail-to-rail voltage transfer curves and a
high voltage gain (11.5 at VDD¼ 2 V), as shown in Fig. S11. Ternary
inverters were constructed by combining MoS2/SWNTs FETs and
SWNTs FETs [Figs. 5(a) and 5(b)]. The individual transfer characteristic
curves of MoS2/SWNTs and SWNTs at a bias voltage of 1V are shown
in Fig. 5(c). The unique overlap of transfer characteristics between the
SWNT and MoS2/SWNT channels is observed, which introduces a mid-
dle logic state in addition to conventional logic 1 and 0, as shown in
Fig. 5(d). Figure 5(e) and the inset show voltage gain for both switching
state at different VDD for the ternary inverter. The first gain and second

FIG. 3. Mechanism of the optoelectronic nonvolatile memory. (a) The transfer characteristics of the device at different light powers under 532 nm illumination, duration ¼ 1 s,
VDS ¼ 0.2 V. (b) The erasing, storage, and writing processes of the photoinduced memory device. (c) The schematic illustration of the mechanism of the photoinduced memory
device.
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FIG. 4. Optical storage properties of MoS2/SWNTs. (a) The speed of erasing process and writing process. (b) Optical erasing process at different light powers under 532 nm
illumination with 1 s duration. Retention characteristic (c) and endurance performance (d) of the photoinduced memory.

FIG. 5. Ternary inverter based on SWNTs FET and MoS2/SWNTs FET. (a) Structure diagram of ternary inverter based on SWNTs and MoS2/SWNTs. (b) Optical image of ter-
nary inverter with top gate. (c) The transfer characteristics of the SWNTs FET and MoS2/SWNTs FET with the top gate structure. (d) VOUT-VIN of ternary inverter. (e) Voltage
gain for the switching state at different VDD. (f) The ternary logic output waveform of the ternary inverter.
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gain are above 4 at VDD¼ 2 V. The dynamic performance of the ternary
inverter is depicted in Fig. 5(f), where three-level input voltages (1.5, 0.5,
and 0.5V) trigger clear transitions between logic states.

In summary, we have fabricated a multifunctional MoS2/SWNTs
heterostructure that demonstrates non-monotonic current modulation
and excellent rectifying behavior. The device also exhibits high-speed
optoelectronic memory performance, with robust retention and endur-
ance. Furthermore, binary and ternary inverters based on SWNTs,
MoS2, and MoS2/SWNTs are designed and constructed, highlighting
the potential of this heterostructure for logic applications. The integra-
tion of ternary logic systems promises to reduce the complexity of tra-
ditional device architectures, paving the way for more efficient
computing solutions.

See the supplementary material and additional experimental data
(PDF) for materials and methods.

This work is jointly supported by the Major Nanoprojects of
Ministry of Science and Technology of China (Grant No.
2018YFA0208403), the NSF of China (Grant No. 12372103), the
National Natural Science Foundation of China (21973021 and
52372256), CAS Project for Young Scientists in Basic Research
(YSBR-030), the Strategic Priority Research Program of Chinese
Academy of Sciences (Grant Nos. XDB36000000 and NBSDC-DB-
18), and the Chinese Academy of Sciences, Sharing Service Platform
of CAS Large Research Infrastructures (2023-SECUF-PT-000888).

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Wenxiang Wang: Conceptualization (lead). Zheng Wei: Data cura-
tion (equal); Formal analysis (equal). Yong Jun Li:Writing – review &
editing (supporting). Jiawang You: Writing – review & editing (sup-
porting). Xiaohuan Li: Formal analysis (supporting); Investigation
(supporting). Jinjin He: Methodology (supporting). Han Mao:
Writing – original draft (supporting). Jiyou Jin: Investigation (equal);
Methodology (equal); Supervision (equal); Validation (equal); Writing
– original draft (equal); Writing – review & editing (equal). Lianfeng
Sun: Methodology (equal); Project administration (equal); Validation
(equal); Writing – original draft (equal); Writing – review & editing
(equal). Zhaohe Dai: Conceptualization (equal); Investigation (equal);
Methodology (equal); Supervision (equal); Validation (equal); Writing
– original draft (equal); Writing – review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available from
the corresponding authors upon reasonable request.

REFERENCES
1K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos,
I. V. Grigorieva, and A. A. Firsov, Science 306(5696), 666–669 (2004).
2L. Liu, J. Han, L. Xu, J. Zhou, C. Zhao, S. Ding, H. Shi, M. Xiao, L. Ding, Z. Ma,
C. Jin, Z. Zhang, and L. M. Peng, Science 368(6493), 850–856 (2020).

3D. M. Tang, S. V. Erohin, D. G. Kvashnin, V. A. Demin, O. Cretu, S. Jiang, L.
Zhang, P. X. Hou, G. Chen, D. N. Futaba, Y. Zheng, R. Xiang, X. Zhou, F. C.
Hsia, N. Kawamoto, M. Mitome, Y. Nemoto, F. Uesugi, M. Takeguchi, S.
Maruyama, H. M. Cheng, Y. Bando, C. Liu, P. B. Sorokin, and D. Golberg,
Science 374(6575), 1616–1620 (2021).

4T. Liu, S. Liu, K. H. Tu, H. Schmidt, L. Chu, D. Xiang, J. Martin, G. Eda, C. A.
Ross, and S. Garaj, Nat. Nanotechnol. 14(3), 223–226 (2019).

5X. Wang, A. M. Jones, K. L. Seyler, V. Tran, Y. Jia, H. Zhao, H. Wang, L. Yang,
X. Xu, and F. Xia, Nat. Nanotechnol. 10(6), 517–521 (2015); J. Quereda, P.
San-Jose, V. Parente, L. Vaquero-Garzon, A. J. Molina-Mendoza, N. Agrait, G.
Rubio-Bollinger, F. Guinea, R. Roldan, and A. Castellanos-Gomez, Nano Lett.
16(5), 2931 (2016).

6S. Zeng, S. Hu, J. Xia, T. Anderson, X.-Q. Dinh, X.-M. Meng, P. Coquet, and
K.-T. Yong, Sens. Actuators B 207, 801–810 (2015); A. Rendon-Patino, A.
Domenech-Carbo, A. Primo, and H. Garcia, Nanomaterials 10(5), 839 (2020);
L. Yu, Y. H. Lee, X. Ling, E. J. Santos, Y. C. Shin, Y. Lin, M. Dubey, E. Kaxiras,
J. Kong, H. Wang, and T. Palacios, Nano Lett. 14(6), 3055–3063 (2014); M. R.
Vazirisereshk, H. Ye, Z. Ye, A. Otero-de-la-Roza, M. Q. Zhao, Z. Gao, A. T. C.
Johnson, E. R. Johnson, R. W. Carpick, and A. Martini, Nano Lett. 19(8),
5496–5505 (2019); D. Pierucci, H. Henck, J. Avila, A. Balan, C. H. Naylor, G.
Patriarche, Y. J. Dappe, M. G. Silly, F. Sirotti, A. T. Johnson, M. C. Asensio,
and A. Ouerghi, Nano Lett. 16(7), 4054–4061 (2016).

7D. De Fazio, I. Goykhman, D. Yoon, M. Bruna, A. Eiden, S. Milana, U. Sassi,
M. Barbone, D. Dumcenco, K. Marinov, A. Kis, and A. C. Ferrari, ACS Nano
10(9), 8252–8262 (2016).

8C. R. Dean, A. F. Young, I. Meric, C. Lee, L. Wang, S. Sorgenfrei, K. Watanabe,
T. Taniguchi, P. Kim, K. L. Shepard, and J. Hone, Nat. Nanotechnol. 5(10), 722
(2010); B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, and A. Kis, Nat.
Nanotechnol. 6(3), 147 (2011).

9K. F. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz, Phys. Rev. Lett. 105(13),
136805 (2010).

10J. Wu, H.-Y. Chen, N. Yang, J. Cao, X. Yan, F. Liu, Q. Sun, X. Ling, J. Guo, and
H. Wang, Nat. Electron. 3(8), 466–472 (2020).

11J. Jin, Z. Wang, Z. Peng, H. Liu, K. Peng, H. Wei, Y. Wang, Y. Xu, H. Wei, W.
Chu, Y. J. Li, and L. Sun, Adv. Electron. Mater. 8(9), 2200210 (2022); Y. Zhang,
Q. Lv, H. Wang, S. Zhao, Q. Xiong, R. Lv, and X. Zhang, Science 378(6616),
169–175 (2022).

12W. Wang, J. Jin, Y. Wang, Z. Wei, Y. Xu, Z. Peng, H. Liu, Y. Wang, J. You, J.
Impundu, Q. Zheng, Y. J. Li, and L. Sun, Small 19(47), 2304730 (2023); L. Wu,
A. Wang, J. Shi, J. Yan, Z. Zhou, C. Bian, J. Ma, R. Ma, H. Liu, J. Chen, Y.
Huang, W. Zhou, L. Bao, M. Ouyang, S. J. Pennycook, S. T. Pantelides, and H.
J. Gao, Nat. Nanotechnol. 16(8), 882–887 (2021); L. Liu, C. Liu, L. Jiang, J. Li,
Y. Ding, S. Wang, Y. G. Jiang, Y. B. Sun, J. Wang, S. Chen, D. W. Zhang, and P.
Zhou, Nat. Nanotechnol. 16(8), 874–881 (2021); X. Huang, C. Liu, Z. Tang, S.
Zeng, S. Wang, and P. Zhou, Nat. Nanotechnol. 18(5), 486–492 (2023).

13Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman, and M. S. Strano, Nat.
Nanotechnol. 7(11), 699 (2012); H. Li, A. W. Contryman, X. Qian, S. M.
Ardakani, Y. Gong, X. Wang, J. M. Weisse, C. H. Lee, J. Zhao, P. M. Ajayan, J.
Li, H. C. Manoharan, and X. Zheng, Nat. Commun. 6, 7381 (2015); D. Xiang,
T. Liu, J. Xu, J. Y. Tan, Z. Hu, B. Lei, Y. Zheng, J. Wu, A. H. C. Neto, L. Liu, and
W. Chen, Nat. Commun. 9(1), 2966 (2018).

14X. Xiong, J. Kang, Q. Hu, C. Gu, T. Gao, X. Li, and Y. Wu, Adv. Funct. Mater.
30(11), 1909645 (2020); M. Huang, S. Li, Z. Zhang, X. Xiong, X. Li, and Y. Wu,
Nat. Nanotechnol. 12(12), 1148–1154 (2017).

15J. Kang, D. Jariwala, C. R. Ryder, S. A. Wells, Y. Choi, E. Hwang, J. H. Cho, T. J.
Marks, and M. C. Hersam, Nano Lett. 16(4), 2580–2585 (2016); W. J. Yu, Z. Li,
H. Zhou, Y. Chen, Y. Wang, Y. Huang, and X. Duan, Nat. Mater. 12(3), 246–
252 (2013); T. Georgiou, R. Jalil, B. D. Belle, L. Britnell, R. V. Gorbachev, S. V.
Morozov, Y. J. Kim, A. Gholinia, S. J. Haigh, O. Makarovsky, L. Eaves, L. A.
Ponomarenko, A. K. Geim, K. S. Novoselov, and A. Mishchenko, Nat.
Nanotechnol. 8(2), 100–103 (2013).

16Z. Li, X. Huang, L. Xu, Z. Peng, X. Yu, W. Shi, X. He, X. Meng, D. Yang, L.
Tong, X. Miao, and L. Ye, Nano Lett. 23(24), 11710–11718 (2023).

17Z. Yin, H. Li, H. Li, L. Jiang, Y. Shi, Y. Sun, G. Lu, Q. Zhang, X. Chen, and H.
Zhang, ACS Nano 6(1), 74–80 (2012).

18Z. Zhu, N. Wei, W. Cheng, B. Shen, S. Sun, J. Gao, Q. Wen, R. Zhang, J. Xu, Y.
Wang, and F. Wei, Nat. Commun. 10(1), 4467 (2019); C. Liu, Y. Cao, B. Wang,

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 126, 023501 (2025); doi: 10.1063/5.0245016 126, 023501-6

Published under an exclusive license by AIP Publishing

https://doi.org/10.60893/figshare.apl.c.7604852
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.aba5980
https://doi.org/10.1126/science.abi8884
https://doi.org/10.1038/s41565-019-0361-x
https://doi.org/10.1038/nnano.2015.71
https://doi.org/10.1021/acs.nanolett.5b04670
https://doi.org/10.1016/j.snb.2014.10.124
https://doi.org/10.3390/nano10050839
https://doi.org/10.1021/nl404795z
https://doi.org/10.1021/acs.nanolett.9b02035
https://doi.org/10.1021/acs.nanolett.6b00609
https://doi.org/10.1021/acsnano.6b05109
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1038/s41928-020-0441-9
https://doi.org/10.1002/aelm.202200210
https://doi.org/10.1126/science.abq0883
https://doi.org/10.1002/smll.202304730
https://doi.org/10.1038/s41565-021-00904-5
https://doi.org/10.1038/s41565-021-00921-4
https://doi.org/10.1038/s41565-023-01339-w
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1038/ncomms8381
https://doi.org/10.1038/s41467-018-05397-w
https://doi.org/10.1002/adfm.201909645
https://doi.org/10.1038/nnano.2017.208
https://doi.org/10.1021/acs.nanolett.6b00144
https://doi.org/10.1038/nmat3518
https://doi.org/10.1038/nnano.2012.224
https://doi.org/10.1038/nnano.2012.224
https://doi.org/10.1021/acs.nanolett.3c03553
https://doi.org/10.1021/nn2024557
https://doi.org/10.1038/s41467-019-12519-5
pubs.aip.org/aip/apl


Z. Zhang, Y. Lin, L. Xu, Y. Yang, C. Jin, L. M. Peng, and Z. Zhang, ACS Nano
16(12), 21482–21490 (2022); Y. Yang, L. Ding, J. Han, Z. Zhang, and L. M.
Peng, ACS Nano 11(4), 4124–4132 (2017).

19G. Lu, Y. Wei, X. Li, G. Zhang, G. Wang, L. Liang, Q. Li, S. Fan, and Y. Zhang,
Nano Lett. 21(16), 6843–6850 (2021).

20R. S. Park, M. M. Shulaker, G. Hills, L. Suriyasena Liyanage, S. Lee, A. Tang, S.
Mitra, and H. S. Wong, ACS Nano 10(4), 4599–4608 (2016); X. Ma, L.
Adamska, H. Yamaguchi, S. E. Yalcin, S. Tretiak, S. K. Doorn, and H. Htoon,
ACS Nano 8(10), 10782–10789 (2014).

21Q. Liu, B. Cook, M. Gong, Y. Gong, D. Ewing, M. Casper, A. Stramel, and J.
Wu, ACS Appl. Mater. Interfaces 9(14), 12728–12733 (2017); S. S. Han, T. J.
Ko, C. Yoo, M. S. Shawkat, H. Li, B. K. Kim, W. K. Hong, T. S. Bae, H. S.
Chung, K. H. Oh, and Y. Jung, Nano Lett. 20(5), 3925–3934 (2020).

22K. Roy, M. Padmanabhan, S. Goswami, T. P. Sai, G. Ramalingam, S. Raghavan,
and A. Ghosh, Nat. Nanotechnol. 8(11), 826–830 (2013).

23X. Zou, J. Wang, C. H. Chiu, Y. Wu, X. Xiao, C. Jiang, W. W. Wu, L. Mai, T.
Chen, J. Li, J. C. Ho, and L. Liao, Adv. Mater. 26(36), 6255–6261 (2014).

24A. Castellanos-Gomez, M. Buscema, R. Molenaar, V. Singh, L. Janssen, H. S. J.
van der Zant, and G. A. Steele, 2D Mater. 1(1), 011002 (2014); K. Kim, M.
Yankowitz, B. Fallahazad, S. Kang, H. C. Movva, S. Huang, S. Larentis, C. M.
Corbet, T. Taniguchi, K. Watanabe, S. K. Banerjee, B. J. LeRoy, and E. Tutuc,
Nano Lett. 16(3), 1989–1995 (2016).

25D. G. Purdie, N. M. Pugno, T. Taniguchi, K. Watanabe, A. C. Ferrari, and A.
Lombardo, Nat. Commun. 9(1), 5387 (2018).

26K. Suenaga, H. Wakabayashi, M. Koshino, Y. Sato, K. Urita, and S. Iijima, Nat.
Nanotechnol. 2(6), 358–360 (2007).

27X. Cui, G. H. Lee, Y. D. Kim, G. Arefe, P. Y. Huang, C. H. Lee, D. A. Chenet, X.
Zhang, L. Wang, F. Ye, F. Pizzocchero, B. S. Jessen, K. Watanabe, T. Taniguchi,

D. A. Muller, T. Low, P. Kim, and J. Hone, Nat. Nanotechnol 10(6), 534–540
(2015).

28M. Bockrath, D. H. Cobden, J. Lu, A. G. Rinzler, R. E. Smalley, L. Balents, and
P. L. McEuen, Nature 397(6720), 598–601 (1999); M. Li, W. Wang, Y. Wu, Z.
Wei, J. You, Y. Li, L. Sun, and T. He, Synth. Met. 309, 117782 (2024).

29S. Das, H. Y. Chen, A. V. Penumatcha, and J. Appenzeller, Nano Lett. 13(1),
100–105 (2013).

30A. D. Franklin, M. C. Hersam, and H. P. Wong, Science 378(6621), 726–732
(2022).

31J. Yin, Z. Tan, H. Hong, J. Wu, H. Yuan, Y. Liu, C. Chen, C. Tan, F. Yao, T. Li,
Y. Chen, Z. Liu, K. Liu, and H. Peng, Nat. Commun. 9(1), 3311 (2018); L.
Britnell, R. M. Ribeiro, A. Eckmann, R. Jalil, B. D. Belle, A. Mishchenko, Y. J.
Kim, R. V. Gorbachev, T. Georgiou, S. V. Morozov, A. N. Grigorenko, A. K.
Geim, C. Casiraghi, A. H. Castro Neto, and K. S. Novoselov, Science 340(6138),
1311–1314 (2013).

32J. Lee, S. Pak, Y. W. Lee, Y. Cho, J. Hong, P. Giraud, H. S. Shin, S. M. Morris, J.
I. Sohn, S. Cha, and J. M. Kim, Nat. Commun. 8(1), 14734 (2017).

33Q. Qian, G. Li, Y. Jin, J. Liu, Y. Zou, K. Jiang, S. Fan, and Q. Li, ACS Nano 8(9),
9597–9605 (2014); W. Kim, A. Javey, O. Vermesh, Q. Wang, Y. Li, and H. Dai,
Nano Lett. 3(2), 193–198 (2003).

34Z. Yang, H. Hong, F. Liu, Y. Liu, M. Su, H. Huang, K. Liu, X. Liang, W. J. Yu,
Q. A. Vu, X. Liu, and L. Liao, Small 15(3), 1804661 (2019).

35X. Hong, J. Kim, S. F. Shi, Y. Zhang, C. Jin, Y. Sun, S. Tongay, J. Wu, Y. Zhang,
and F. Wang, Nat. Nanotechnol. 9(9), 682–686 (2014); J. Zhang, H. Hong, J.
Zhang, H. Fu, P. You, J. Lischner, K. Liu, E. Kaxiras, and S. Meng, Nano Lett.
18(9), 6057–6063 (2018).

36Y. Liu, H. Wu, H.-C. Cheng, S. Yang, E. Zhu, Q. He, M. Ding, D. Li, J. Guo, N.
O. Weiss, Y. Huang, and X. Duan, Nano Lett. 15(5), 3030–3034 (2015).

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 126, 023501 (2025); doi: 10.1063/5.0245016 126, 023501-7

Published under an exclusive license by AIP Publishing

https://doi.org/10.1021/acsnano.2c10007
https://doi.org/10.1021/acsnano.7b00861
https://doi.org/10.1021/acs.nanolett.1c01833
https://doi.org/10.1021/acsnano.6b00792
https://doi.org/10.1021/nn504553y
https://doi.org/10.1021/acsami.7b00912
https://doi.org/10.1021/acs.nanolett.0c01089
https://doi.org/10.1038/nnano.2013.206
https://doi.org/10.1002/adma.201402008
https://doi.org/10.1088/2053-1583/1/1/011002
https://doi.org/10.1021/acs.nanolett.5b05263
https://doi.org/10.1038/s41467-018-07558-3
https://doi.org/10.1038/nnano.2007.141
https://doi.org/10.1038/nnano.2007.141
https://doi.org/10.1038/nnano.2015.70
https://doi.org/10.1038/17569
https://doi.org/10.1016/j.synthmet.2024.117782
https://doi.org/10.1021/nl303583v
https://doi.org/10.1126/science.abp8278
https://doi.org/10.1038/s41467-018-05874-2
https://doi.org/10.1126/science.1235547
https://doi.org/10.1038/ncomms14734
https://doi.org/10.1021/nn503903y
https://doi.org/10.1021/nl0259232
https://doi.org/10.1002/smll.201804661
https://doi.org/10.1038/nnano.2014.167
https://doi.org/10.1021/acs.nanolett.8b03005
https://doi.org/10.1021/nl504957p
pubs.aip.org/aip/apl

	l
	f1
	f2
	f3
	f4
	f5
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36

