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effects on charge distribution in
collapsed MoS2 nanotubes

Matjaž Malok, *ab Janez Jelenc, a Anja Pogačnik Krajnc ab

and Maja Remškar a

Molybdenum disulfide (MoS2) has emerged as a promising material for next-generation electronics and

optoelectronic devices. MoS2 nanotubes (NTs) and their collapsed ribbon-like shapes (collapsed NTs)

synthesized via chemical vapour transport (CVT) under chemical equilibrium typically exhibit low

structural defect densities. However, defects and surface damage can arise during device fabrication or

operation, leading to a significant degradation in performance, stability, and operational lifetime. These

imperfections also induce hysteresis, which adversely affects the device switching behaviour. While the

influence of charge trapping at the MoS2/substrate interfaces, on the MoS2 surface, and at intrinsic

defects, such as sulfur vacancies and dangling bonds, on device performance has been extensively

studied, MoS2 NTs, with their unique curved morphology, introduce additional charge-trapping

mechanisms not observed in planar MoS2 structures. In this work, a combination of scanning tunnelling

microscopy (STM), Kelvin probe force microscopy (KPFM), and conductive atomic force microscopy (c-

AFM) was employed to examine how structural irregularities, including terminated layers, surface-grown

flakes or NTs, and highly strained areas, affect charge injection, redistribution, and the resulting effects

on electrical characteristics in collapsed NTs. The results reveal that structural defects act as charge

traps, scattering centres, and transport barriers, giving rise to a reduced carrier mobility, localized charge

accumulation, and spatially inhomogeneous charge distribution. These findings underscore the crucial

role of structural and electrical characterization with nanoscale resolution in the design of defect-

tolerant, high-performance devices based on transition metal dichalcogenides (TMDs).
Introduction

The demand for next-generation electronics continues to drive
research into advanced materials. Molybdenum disulphide
(MoS2), a layered transition metal dichalcogenide (TMD), has
attracted signicant attention due to its unique electronic and
quantum properties in two-dimensional (2D) form.1 Each MoS2
monolayer consists of a molybdenum atomic plane sandwiched
between two sulphur planes, forming a molecular layer 0.65 nm
thick.2 Atoms within a molecular layers are held together by
strong covalent bonds, whereas adjacent layers are coupled by
weak van der Waals (vdW) interactions.

MoS2 exhibits diverse morphologies, including hollow and
collapsed nanotubes (NTs).3 Among various synthesis
methods,4 chemical vapour transport (CVT) under near-
thermodynamic equilibrium condition produces high-quality
crystalline structures.5 Collapsed NTs form during growth,
adopting a ribbon-like morphology with rounded edges and
a chiral 2Hb stacking sequence.6 The degree of structural
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the Royal Society of Chemistry
collapse varies from slightly deformed tubes, which retain
a small interlayer gap6 to fully collapsed NTs resembling
a single-crystal structure.7 At edges of the collapsed NTs, the
molecular layers are partially split, but despite a signicant
bending, they remain intact7–9 and form rounded edge shapes.

Electronic structure calculations based on density-functional
tight-binding (DFTB) theory indicates that MoS2 NTs remain
semiconducting regardless of diameter.10 The zigzag NTs typi-
cally exhibit a small direct bandgap, whereas the armchair NTs
may display either direct or indirect gaps depending on their
chirality. The bandgap is dependent on geometry and is generally
smaller than that of bulk MoS2. A tensile strain further modies
the electronic structure, as the bandgap closes completely under
11% elongation, inducing a semiconductor-to-metal transition.11

MoS2 demonstrates highly anisotropic conductivity due to its
layered structure.12 The in-plane conductivity exceeds the out-
of-plane conductivity by more than three orders of magni-
tude.13,14 Conductivity increases with decreasing ake thickness
and varies with crystal orientation. In the zigzag direction, MoS2
exhibits higher conductivity than in the armchair direction due
to a wider band gap along the armchair direction and differ-
ences in depletion regions.15 Interlayer rotation affects the out-
of-plane transport, particularly for electrons, whose mobility
Nanoscale Adv., 2025, 7, 8161–8169 | 8161

http://crossmark.crossref.org/dialog/?doi=10.1039/d5na00771b&domain=pdf&date_stamp=2025-11-29
http://orcid.org/0000-0003-4879-4252
http://orcid.org/0009-0001-7230-1350
http://orcid.org/0000-0003-1282-1327
http://orcid.org/0000-0002-8919-1768
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00771b
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA007024


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
5/

20
26

 9
:3

6:
31

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
decreases exponentially with increasing twist angle.16 Transport
measurements at cryogenic temperatures indicate a quantized
conductance in MoS2 NTs, suggesting transport through
discrete quantum levels.17

Current ow in 2D devices is inuenced by both vertical
carrier distribution and resistance. While bottom-gate elds
concentrate carriers near the substrate, surface n-doping (up to
10 000 times stronger than in the bulk) favours conduction near
the surface.14 This effect, combined with the high out-of-plane
resistance and higher mobility in upper layers, results in
a dominant current ow along the top layers.12,18 Furthermore,
the injected carriers can be segregated in thick MoS2 samples
due to layer-dependent Fermi-level pinning. In air-exposed
MoS2, electrons dominate the top layers, resulting in the n-
doping at the surface, whereas holes reside in the inner
layers, which remain weakly n-doped or intrinsic, minimizing
the impact of the built-in potential barriers.19

CVT-grown MoS2 NTs have demonstrated potential as elec-
tric eld emitters20 and as eld-effect transistors (FETs).9 These
NTs can conne electromagnetic elds, supporting whispering
gallery modes (WGM),21 which evolve with changes in the NT's
cross-section.22 Additionally, they exhibit intrinsic piezoelec-
tricity, enabling direct coupling between mechanical deforma-
tion and electronic response.23

Despite this potential, the device performance is challenged
not only by inherent contact limitations,24,25 but also by perva-
sive charge trapping. This phenomenon is a dominant factor in
device degradation, signicantly impairing performance,
stability, reliability, and lifespan, while it also induces
a performance-altering hysteresis.26,27

In this study, scanning tunnelling microscopy (STM), Kelvin
probe force microscopy (KPFM), and conductive atomic force
microscopy (c-AFM) are employed to investigate how surface
defects, such as terminated layers, surface-grown structures,
and highly strained edges, inuence a charge spreading across
collapsed NTs, and to understand the subsequent implications
for the MoS2-based electronic device performance.

Experimental
Synthesis

MoS2 was synthesised via a chemical vapour transport (CVT)
reaction at 1010 K within a sealed quartz ampoule, using iodine
Fig. 1 (a) SEM image of the collapsed MoS2 NT on a p-Si substrate. (b) Sc
grounded p-Si substrate, while the AFM tip serves as a movable top electr
of the NT's electrical properties.

8162 | Nanoscale Adv., 2025, 7, 8161–8169
as the transport agent. The predominant product consisted of
thin, highly corrugated MoS2 sheets. During the nal stages of
growth, MoS2 NTs nucleated on the surfaces of these akes. A
subset of the NTs underwent structural collapse upon encoun-
tering physical barriers, which induced mechanical strain and
brought the opposing walls into close proximity. Subsequent
vdW interaction promoted the walls to coalesce, yielding the
attened, ribbon-like structures and resulting in structurally
stable collapsed NTs.3 The structural properties of these NTs
have been characterized previously using scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
and Raman spectroscopy.7

Sample preparation

The collapsed NTs (15–30 nm thick and 1–3 mm wide) were
transferred onto a p-doped silicon substrate (Siegert Wafer), as
shown in Fig. 1a, using an adhesive tape method (Nitto Denko
ELP BT-150E-CM). The silicon substrate served as a grounded
bottom electrode for all measurements. For electrical charac-
terization, an AFM tip was positioned above an individual
collapsed NT, acting as a movable top electrode. This congu-
ration enabled a localized charge injection and subsequent
measurement of the NT's electrical response, as schematically
illustrated in Fig. 1b.

Probe microscopy

Atomic force microscopy (AFM), Kelvin probe force microscopy
(KPFM), and scanning tunnelling microscopy (STM) measure-
ments were performed using a VT-AFM system (Scienta Omi-
cron) under ultra-high vacuum conditions (∼10−9 mbar).
For KPFM, a modulation voltage was applied to the probe
tip. A platinum-coated silicon tip (NSG30/Pt, NT-MDT,
Spectrum Instruments) was used, featuring a nominal tip
radius of 35 nm, a resonance frequency of 320 kHz, and a force
constant of 40 N m−1.

Charge injection

Charge injection was performed in STM mode on the top
surface of collapsed MoS2 NTs. Prior to injection, individual
collapsed NTs were identied using non-contact AFM, and
baseline contact potential difference (CPD) values were recor-
ded relative to the silicon substrate. The system was then
hematic diagram of the experimental setup: the MoS2 NT is put on the
ode, enabling localized charge injection and subsequent measurement

© 2025 The Author(s). Published by the Royal Society of Chemistry
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switched to STMmode, where voltage biases ranging from −8 V
to +8 V were applied to the probe tip. A steady tunnelling current
of 333 nA was maintained for 6 minutes at each selected bias,
ensuring a consistent total injected charge. Continuous current
monitoring veried the integrity of the electrical contact
throughout the process. Injection of electrons occurred under
negative bias, whereas positive bias facilitated injection of holes
into the collapsed NT. Aer each injection step, the system was
switched back to the KPFM mode to measure CPD changes
induced by charge injection and its redistribution. CPD proles
were referenced to the silicon substrate. Topographic data were
levelled using the Max Flatness Tilt function in SPIP 6.7.5
soware (Image Metrology). To correlate structural and elec-
tronic modications, line scans of both surface topography and
CPD were extracted from the same regions on the NTs before
and aer each charge injection.
Fig. 2 Effect of charge injection into a rhomboidal flake located on the su
on the left, top, and bottom by a terminated MoS2 layer (white dashed lin
profiles taken in parallel with the left (blue) and bottom (green) terminati
images (top) acquired across the collapsed NT, as indicated in panel (a): (
−8 V; (e) 24 hours after injection of electron at −8 V; (f) immediately aft

© 2025 The Author(s). Published by the Royal Society of Chemistry
Results
Terminated layers and structures on the surface

First, we examined how the terminated MoS2 layers and other
surface features inuence charge spreading and its distribution
across the collapsed NT. Fig. 2a presents a nc-AFM image of the
collapsed NT with a visible distinct rhomboidal region, which is
resolved also in Fig. 1a. Two line proles (Fig. 2b) taken in
parallel with the le (blue) and bottom (green) edges of the
region, reveal a step-like height variation of approximately
0.6 nm, indicating that the rhomboid protrudes roughly 0.6 nm
above the surrounding collapsed NT surface. This height
difference corresponds to one additional molecular layer above
the area le and below the rhomboid. The surface above the
rhomboidal region is approx. 1 nm higher, suggesting that the
rhomboidal structure comprises two layers less than the area
rface of a collapsed NT. (a) Topographical image of the flake, bounded
es), and on the right by an NT lying on the surface. (b) Cross-sectional
on of the rhomboidal region, corresponding to panel (a). (c)–(g) KPFM
c) before charge injection; (d) immediately after injection of electron at
er hole injection at +8 V; (g) 24 hours after hole injection at +8 V.

Nanoscale Adv., 2025, 7, 8161–8169 | 8163
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Fig. 4 (a) KPFM image of the flake separated from the surrounding
area, showing a lower WF at its edges. (b) Conductivity measured on
the flake surface (blue), at the flake edges (red), and on the surrounding
collapsed NT surface (green).
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above it. These observations conrm the presence of locally
terminated MoS2 layers, which are expected to signicantly
inuence charge accumulation and its transport within the
collapsed NT. In addition, a MoS2 NT, 6 nm in height, was lying
across the rhomboidal region on the collapsed NT surface. The
rhomboidal region was conned all around.

Fig. 2c shows the initial state before charge injection. First,
electrons were injected into the rhomboidal region. As shown in
Fig. 2d, the CPD decreased from the initial 420 mV to 190 mV,
but this change was conned to the rhomboidal region. Charge
spreading was limited by the terminated MoS2 edges on the le,
bottom, and top, as well as by the NT present on the surface. In
24 h (Fig. 2e), the CPD of the rhomboidal region increased to
350 mV, while the CPD of the surrounding NT area decreased to
380 mV. Then, holes were injected into the rhomboidal region.
As shown in Fig. 2f, the CPD of the rhomboidal ake increased
from 370 mV to 800 mV. In the next 24 h (Fig. 2g), the CPD of
both the rhomboidal region and surrounding areas returned to
their pre-injection value (around 420 mV). These results
demonstrate that the terminated layers, as well as surface-
grown structures such as collapsed NTs, effectively restrict
a rapid charge spreading across the surface.

To verify that the NT situated on the collapsed NT surface
restricted charge spreading, the charge injection experiment
was repeated aer the NT was inadvertently removed (SI Fig. S1)
from the rhomboidal region by the AFM tip. Although the NT
was largely removed, some remnants remained on the surface,
affecting subsequent scanning. Fig. 3 presents CPD proles of
the same area recorded before (bright lines) and aer (dark
lines) injection of electrons at −8 V bias, with green lines cor-
responding to the case when the NT was still present, and red
lines aer its removal (SI Fig. S2). When the NT was in place, the
injected charge did not propagate beyond it, indicating that the
Fig. 3 Influence of the NT on charge spreading. Red lines represent
measurements with the NT present on the surface, while green lines
correspond to measurements after the NT removal. Bright lines
represent the pre-injection state, and dark lines indicates post-injec-
tion state. The dashed line indicates the topography of the scanning
area when the NT was still on the surface.

8164 | Nanoscale Adv., 2025, 7, 8161–8169
NT acted as a physical barrier to charge distribution. Aer the
NT was removed, the charge spread into the area previously
occupied by the NT (Fig. 3, red). However, the CPD change right
from the former NT location was less pronounced than on the
le side. This reduced CPD change is likely due to residual
fragments of the NT, which continued to partially obstruct
charge transport across the surface.

In contrast to the previously described rhomboidal ake,
which remained connected to the bulk at its bottom and at the
upper side, Fig. 4a shows a triangular and folded ake (2 nm
thick), which was completely separated from the side surface of
a collapsed NT on which it was laying. The KPFM image (Fig. 4a)
reveals that the work function (WF) at the edges of the ake was
lower than that of its central surface. Both edges of the fold,
upper (A) and lower (B) one, are also resolved as dark lines
corresponding to decreased WF. Fig. 4b presents the extracted
I–V spectra from the ake's surface, its edges, and the under-
lying collapsed MoS2 NT surface. The I–V spectra indicate that
the edges of the ake exhibited a higher conductivity than both
the ake surface and the collapsed NT surface. While the
surfaces displayed n-type behaviour, the edges exhibited p-type
behaviour.
Strained structures

Charge was injected into the central part of a folded region of
a collapsed NT (18.3 nm thick and 1 mm wide), as shown in SI
Fig. S3. The KPFM images and corresponding cross-sectional
CPD proles acquired across the fold (red), below it (blue)
and above it (green) reveal distinct potential modulation.
Injection of electrons resulted in a decrease in the CPD of the
folded region (Fig. 5b), whereas injection of holes increased the
CPD of this region (Fig. 5d). The CPD values of the surrounding
collapsed NT surface, however, remained unchanged, indi-
cating that the injected charges were conned in the folded
area.

In 24 h aer injection of electrons, the CPD of the folded
region (Fig. 5c) exhibited only partially recovered towards its
original level, in contrast to the nearly complete recovery
observed aer injection of holes (Fig. 5e). Notably, no signi-
cant change in CPD was detected on the adjacent regions until
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 KPFM images of the folded collapsed MoS2 NT (top) with the corresponding line profiles (bottom). Line profiles were extracted below the
fold (blue), on the fold (red) and above the fold (green): (a) before charge injections; (b) immediately after injection of electrons at −8 V; (c) 24 h
after injection of electrons at −8 V; (d) immediately after injection of holes at +8 V; (e) 24 h after injection of holes at +8 V.
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the following day. These observations suggest that the highly
curved longitudinal edges of the collapsed NT, enclosing the
folded segment, acted as an effective potential barrier that
conned charge during and immediately aer injection by
suppressing the lateral charge diffusion.
Localized charge

Charge localization at the injection spots was observed during
charge injection experiments at the terminal end of the same
collapsed NT (SI Fig. S3). Fig. 6 shows KPFM images of the same
location before injection (a), immediately aer injection (b),
and 24 h later (c). Electrons were injected at −2 V, −4 V, and
−6 V at three nearby locations (Fig. 6b). Corresponding line
proles were extracted at the −2 V injection site (blue) and
between the −2 V and −4 V injection spots (red). Aer all
injections, the CPD at the injection spots decreased, appearing
as dark spots in Fig. 6b. This reduced CPD remained highly
localized in the injection spots, with no detectable changes
observed in other regions of the collapsed NT surface. Aer
24 h, the CPD map revealed a uniform potential across the
entire collapsed NT surface, with the injection spots no longer
visible. However, the overall CPD remained lower (Fig. 6c) than
the initial, pre-injection value (Fig. 6a). This temporal evolution
suggests that the injected charges, while initially localized at the
injection sites, gradually redistributed uniformly across the
collapsed NT surface.
Electronic effect of charge injection

Changes of the I–V characteristics caused by charge injections
were investigated on a collapsed NT, 1.2 mm wide and 15.6 nm
© 2025 The Author(s). Published by the Royal Society of Chemistry
thick, using scanning tunnelling spectroscopy (STS). Spectros-
copy measurements were performed before injections, and
started immediately aer injections. The following injection
was performed around 45 min aer the previous one.

Aer injection of holes at +8 V, the I–V spectrum at negative
voltages did not change, but at positive voltages it was sup-
pressed with regard to the spectrum before the injection. This
means that conductance of holes was slightly reduced. Aer
injection of electron at −8 V, the conductance of electrons was
slightly reduced, but conductance of holes was strongly
enhanced. The I–V characteristics were virtually shied towards
right due to injection of holes and towards le due to injection
of electrons.
Discussion

The distribution and dynamics of injected charge across various
structural features on collapsed MoS2 NT surfaces, including
surface steps with exposed terminated layers, highly strained
edges, and surface-grown nanostructures such as secondary
grown NTs, were investigated through point charge injections
in STM mode. In this conguration, the tip acted as the
injecting electrode, while the p-type silicon substrate beneath
the collapsed NT served as the grounded electrode (Fig. 1b).
Upon injection, the charge dispersed laterally from the injection
site, driven primarily by Coulomb repulsion and local potential
variations.

MoS2, like many other layered materials, exhibits a strong
electrical anisotropy, as its in-plane conductivity (sk) exceeds
the out-of-plane conductivity (st) by more than three orders of
magnitude.12,14 This anisotropy strongly favours in-plane
Nanoscale Adv., 2025, 7, 8161–8169 | 8165
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Fig. 6 KPFM images (top) and corresponding line profiles (bottom) acquired between injection spots (red) and across an injection spot (blue). (a)
Initial state before charge injection; (b) immediately after charge injections at −2 V, −4 V, and −6 V, showing well-defined localized injection
spots; (c) 24 h after injections, revealing partial charge recombination and redistribution across the collapsed MoS2 NT surface.
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current ow over the vertical transport across the vdW-stacked
layers. Considering charge injection at the centre of a 3 mm
wide and 17 nm thick NT (Fig. 1a), the ratio of perpendicular to
lateral current can be estimated:

it

ik
¼ Rk

Rt

¼ rk$lk
rt$lt

¼ 0:3 U cm� 1517 nm

30 U cm� 17 nm
z

1

1

where i denotes the electrical current in the in-plane (k) and out-
of-plane (t) directions, R is the resistance, r the resistivity28 and
l is the effective current path length in the in-plane (1517 nm)
and out-of-plane (17 nm) directions. This relation indicates that
approximately the same amount of charge is expected to ow
laterally (in-plane) toward the substrate via the NT edge than
vertically through the vdW-stacked layers, despite the shorter
vertical distance to the substrate.

However, the experiments have shown that the injected
charge accumulates predominantly on the NT surface rather
than being transferred efficiently into the underlying silicon
substrate. This behaviour can be attributed to the structural
imperfections such as defects, dangling bonds, or adsorbates
that act as charge traps;14 the presence of a Schottky barrier at
the MoS2–Si interface that impedes charge transfer;29–31 and
local structural defects, including terminated layers and highly
strained regions, that can conne charge transport laterally.
Collectively, these factors form potential barriers that govern
both the charge distribution and current pathways within the
collapsed NT.
8166 | Nanoscale Adv., 2025, 7, 8161–8169
Fig. 2 demonstrates how terminated layers of surface-grown
akes can hinder charge spreading. Edge states strongly inu-
ence carrier transport, as MoS2 zigzag edges exhibit vanishing
band gaps with metallic states running parallel to the edges,
whereas armchair edges retain semiconducting behavior,32–34

Passivation of the dangling bonds further modies these elec-
tronic properties.35,36 As a result, edges can form natural p–n
junctions, with p-doped edge states (originating from the
dangling bonds) contrasting with the n-doped basal plane,37,38

which potentially restrict the charge transfer across the edges.
Initially, the injected charge remains conned within the top
MoS2 layer due to a weak interlayer coupling and electrostatic
self-screening, which create a potential barrier for the interlayer
transfer. However, as shown in Fig. 2, initially localized charge
eventually redistributes across the entire collapsed NT surface.
This redistribution may occur via charge hopping though
defects or impurities,39 a slow quantum tunnelling across
energy barriers, or diffusion driven by local electric elds.

Regarding the signicant inuence of edges on electronic
transport, their properties were thoroughly characterized.
Fig. 4a reveals that the CPD at edges is lower than in the
surrounding basal plane, reecting the modication of both the
WF and the local density of states by highly charged edges.32,40,41

The I–V spectra presented in Fig. 4b indicate that the ake edges
exhibit higher conductivity than both the ake surface and the
collapsed NT surface. This behaviour, consistent with previous
ndings,32,33 arises because the terminated layers enable
© 2025 The Author(s). Published by the Royal Society of Chemistry
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electron transport between the STM tip and the ake to occur
predominantly in-plane relative to the MoS2 layers, whereas
transport on the surfaces away from the edges is largely limited
to out-of-plane conduction.

The presence of a MoS2 NT atop the collapsed NT further
inuenced charge transport by hindering the lateral carrier
spreading (Fig. 3), analogous with the behaviour observed in
carbon NTs, which can trap charges and act as conning
barriers.42

STS studies (Fig. 7) reveal charge-injection-induced modi-
cations of the sample's local electrostatic potential. Injection of
holes corresponding to a net electron removal, causes
a suppression of the electronic density of states relative to the
tip. This realignment enhances tunnelling at negative tip biases
by providing more empty sample states for electrons from the
tip, while simultaneously suppressing tunnelling at positive
biases, as the occupied sample states are pushed to lower
energies, thus requiring a higher tip voltage for electron
extraction.

Conversely, negative charge injection, corresponding to net
electron addition, induces an upward shi of the density of
states. This new alignment suppresses electron injection at
negative tip biases due to lack of empty states, resulting in
a leward shi of the I–V curve in this regime. At positive biases,
tunnelling is strongly enhanced because the occupied sample
states move closer to the tip's Fermi level, steepening the I–V
slope and contributing to the overall leward shi of the I–V
characteristics.

When materials with different WFs come into contact,
charge redistribution occurs until Fermi level alignment is
achieved, producing local electric elds, band bending at the
interface, and potential formation of electron depletion and
accumulation regions, which can affect conductivity.43 Addi-
tionally, the NT may introduce a local electrostatic gating effect
doping the underlying collapsed NT and forming a conductivity
bottleneck.44 The formation of moiré patterns between MoS2
nanoribbon and the MoS2 sheet can induce lattice strain on the
Fig. 7 STS measurements: I–V characteristics of a collapsed MoS2 NT
before charge injection (black), after injection of holes at +8 V (red),
and after injection of electrons at −8 V (blue).

© 2025 The Author(s). Published by the Royal Society of Chemistry
nanoribbon surface45,46 modifying material electronic
properties47–52 and introducing periodic potential barriers that
scatter charge carriers.

In the present conguration, with the MoS2 NT atop the
collapsed NT, CPD images (Fig. 2c) show comparable CPD
values for the NT and the underlying collapsed NT. Since both
electron and hole conductivities were conned, WF mismatch
and the associated gating effect are unlikely to be the primary
cause of reduced charge spreading. Instead, a more plausible
explanation is the presence of imperfections at the vdW inter-
face, such as voids, wrinkles, or trapped adsorbates, which act
as scattering centres and limit carrier mobility. The persistence
of CPD anomalies even aer the NT was removed supports this
interpretation.

When charge was injected into the folded region bounded by
highly strained edges, lateral spreading was signicantly
restricted (Fig. 5). Although strain in MoS2 is known to induce
a semiconductor-to-metal transition by narrowing the bandgap
and enhancing conductivity,11 our CPD measurements showed
no lateral charge ow beyond the bounded regions. This
suggests the presence of additional energy states, likely caused
by microcracks or other structural disruptions at the strained
edges, that effectively terminate conductive pathways. More-
over, the intrinsic piezoelectric response previously demon-
strated in collapsed MoS2 NTs,7 which could be introduced by
charge injection and formation of potential gradient, may
induce permanent changes in molecular conguration via
plastic deformations. Such rearrangements can suppress
hopping transport within the conduction channel or even
trigger a metal-to-insulator transition.53 These interpretations
are supported by c-AFM measurements, which reveal increased
conductivity at edges relative to at regions, while also revealing
localized zones of zero conductivity.7 Interestingly, CPD values
within the folded region partially returned to the initial values
over time, whereas adjacent areas remained unchanged. This
behaviour suggests that out-of-plane charge redistribution
takes place preferentially through MoS2 layers toward the
substrate rather than laterally across structurally compromised
edges.

The observed charge transport anomalies in collapsed MoS2
NTs have signicant implications for device performance and
reliability.53–56 It has been shown that charge trapping adversely
affects electrical performance by degrading stability and reli-
ability through reduced mobility, threshold voltage shi, and
transient current decay,27 while also dictating the switching
behaviour via signicant hysteresis dependent on the gate
sweep history and through the induction of memory-like effects
from oating gates.26,57 Conversely, the same charge trapping
mechanisms can be used for applications like analog
synapses,58 non-volatile memory and neuromorphic
computing,26,59,60 as well as multi-bit data storage.61

Charge trapping occurs at multiple physical sites, broadly
categorized into interface, surface, and bulk defect-related sites.
A substantial contribution originates from the interface
between the MoS2 channel and the gate dielectric.27,57 For
example, the SiO2 surface possesses a high density of dangling
bonds that create interface traps, causing strong dielectric
Nanoscale Adv., 2025, 7, 8161–8169 | 8167
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scattering.27 Persistent hysteresis in suspended devices
conrms that trapping is not solely a substrate effect,62 but also
the MoS2 surface itself represents a major trapping site.62

Ambient molecules such as H2O and O2 adsorb onto the
surface, leading to water-assisted charge trapping.26 Further-
more, fabrication residues like carbon contamination, can also
act as trap states.63 Intrinsic defects within the MoS2 lattice,
such as sulphur and oxygen vacancies, create localized states
that trap charge.26,63 Furthermore, extended structural defects,
like pores, ripples, and nanobubbles formed during processing,
contain dangling bonds or trapped ambient molecules, creating
quasi-isolated regions that can store charge for extended
periods.59,61,64

On the other hand, the geometry of MoS2 NTs with rounded
edges enables new charge trapping mechanisms. Strained
edges can act as effective barriers to lateral charge transport,
conning charge within top layers and approximating the
behaviour of a planar MoS2. Furthermore, terminated layers
and other surface irregularities can impede or redirect current,
resulting in a non-uniform charge distribution. Localized
charge accumulation enhances electric eld gradients,
increases current density in conned regions and potentially
accelerates device degradation. Such effects may form large
electrostatic barriers that impair electrical transport,65 under-
scoring the importance for comprehensive nanoscale electrical
and structural characterization studies prior to a device inte-
gration to ensure predictable performance and reliability.
Conclusions

In this study, we investigated charge injection and its redistri-
bution in collapsed MoS2 NTs using a localized STM-based
charge injection and KPFM as the characterization tool.
Although MoS2 NTs synthesized via CVT are believed to have
a high structural perfection, their collapsed forms may exhibit
distinct structural heterogeneities. Our ndings reveal that the
edges of terminated layers, detached surface akes, highly
strained regions, and surface adsorbates can signicantly
inuence the charge transport. Despite the vertical proximity of
the underlying silicon substrate, the injected charge preferen-
tially propagated laterally due to a strong MoS2's in-plane/out-
of-plane electric conductivity anisotropy. However, this lateral
spreading is oen hindered by defects and topographical
discontinuities such as terminated edges and interface imper-
fections. Regions exhibiting high strain and terminated edges
effectively conne charge spread, as demonstrated by both c-
AFM current mapping and CPD evolution over time. Addition-
ally, overlying NTs and akes altered local electronic properties
through interfacial trapping, electrostatic gating, and strain-
induced scattering. These ndings underscore the importance
of nanoscale structural integrity and interface quality in gov-
erning charge transport in 2Dmaterials. They also highlight the
necessity of a comprehensive nanoscale characterization prior
to device fabrication to ensure predictable and reliable opera-
tion. Understanding and control of these localized charge
dynamics will be essential for the design of reliable next-
8168 | Nanoscale Adv., 2025, 7, 8161–8169
generation electronic and optoelectronic devices based on
layered vdW materials.
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