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Molybdenum disulfide (MoS,) is a promising material for future high-performance and ultra-low-power
electronics. Growth from a vapor phase at chemical equilibrium enables the production of crystals pos-
sessing a relatively low density of structural defects. Besides thin MoS; flakes, MoS, nanotubes (NTs) and
collapsed NTs in the shape of nanoribbons (NRs) are also synthesized in the same growth process. Here,
we present the first study on the structural and electrical properties of the NRs. High resolution electron
microscopy revealed a chiral structure of the NRs with no peculiarities at the inner interface where both
walls are in contact. In contrast, resonant Raman spectroscopy revealed the presence of bands typical of
a few layers thick MoS,, suggesting that some of the layers of the NR are partially split. Contact current
imaging spectroscopy (CCIS) revealed longitudinal wrinkles on the NR surface, with elevated regions
found to be more conductive than the depressed areas. The edges of the NR, where molecular layers are
strongly curved but not broken, exhibit varying conductivity. While some parts exhibit zero conductivity,
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others show much higher conductivity than the central part of the NR, suggesting an electron confine-
ment effect. Charge injections strongly altered the NR's work function and induced changes in the NR's
topography. The surface wrinkling was intensified, and the NR tended to rotate around its longitudinal
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Introduction

The demand for ultra-low-power and high-performance com-
puting devices continues to drive the development of elec-
tronic components. Molybdenum disulfide (MoS,) exhibits
favourable and promising electronic and quantum properties
when transitioning from a bulk material to a two-dimensional
structure." MoS, is an inorganic compound in the family of
transition metal dichalcogenides (TMDs), composed of mole-
cular layers with one molybdenum (Mo) atomic layer sand-
wiched between two sulfur (S) atomic planes. A single mole-
cular layer of MoS, has a thickness of ~0.65 nm.> Mo and S
atoms inside the S-Mo-S molecular layers are connected by
covalent bonds, while interactions between the molecular
layers are governed by weak van der Waals (vdW) forces. MoS,
exists in various forms, including tubular hollow structures
that can collapse into ribbon-like (NR) structures.”> Among the
various techniques for synthesizing MoS, nanostructures,*
chemical vapor transport (CVT) is distinguished because it
occurs near chemical equilibrium and yields products with a
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axis. This rotation is explained as the reverse piezoelectric effect.

high degree of structural perfection.” Density-functional-based
tight-binding (DFTB) calculations show that MoS, nanotubes
(NTs) exhibit a semiconducting nature regardless of their dia-
meter.® Zigzag (n,0) NTs possess a small direct band gap,
while armchair (n,n) NTs can exhibit both direct and indirect
band gaps.® The band gap size depends on the diameter and
chirality, but remains smaller than that of bulk MoS,.°

CVT-grown MoS, NTs, as well as those that have collapsed
into NRs, have been investigated as channels in field-effect
transistors, demonstrating n-type behaviour with ON/OFF
current ratios exceeding 10°,” and have also been utilized as
electron field emitters.® Due to a low density of defects, the
transport properties of MoS, NTs studied at cryogenic temp-
eratures indicate quantized single quantum-level transport.’
Furthermore, studies have shown that MoS, NTs prepared by
the CVT method can confine electromagnetic fields within
their walls, leading to the appearance of whispering gallery
modes (WGMs).'® If the NTs are flattened into a NR, the
degree of WGM peak splitting is expected to vary depending
on the aspect ratio of the NR’s cross-section. Consequently,
they can be employed as optical resonators for self-radiating
light, with the ability to tune the frequency at which the radi-
ation is amplified.""

Despite the recent interest in MoS, monolayers and NTs,
the impact of their collapse on electrical properties remains
largely unexplored. Conductive atomic force microscopy
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(CAFM) has been used to investigate the electrical properties
and Schottky barrier height at MoS, interfaces with
metals,”>™" with Si'® and GaN,'” as well as in the epitaxial
MoS,-WSe,-graphene heterostructures."® Additionally, CAFM
has been employed to probe grain boundaries in multilayer
MoS, ™ and to study the current injection mechanism at the
surface of MoS, thin films.>® Charge transport properties
investigated by charge injection and Kelvin probe force
microscopy (KPFM) have been reported for flat MoS,, includ-
ing few-layered MoS, films and flakes,>"**> and for a single
MoS, NT.>* On the other hand, extensive research has focused
on carbon NTs. The effect of collapse on the atomic and elec-
tronic structure of carbon NTs has been characterized using
tapping mode AFM** and scanning tunneling microscopy
(STM).>>° By recording tunneling spectra at various distinct
locations, researchers observed that deformation induces an
electronic band gap in an otherwise metallic NT due to altered
interlayer interactions.”® Furthermore, carbon NT FET has
been characterized using CAFM.>’

Recognizing the significant implications of the collapse of the
MoS, NTs for electronic applications, we investigate the electronic
properties of the MoS, NRs. These structures, featuring mutually
rotated walls and edges, where the S-Mo-S molecular layers
remain intact but are highly curved, represent an intriguing an-
isotropic system. Employing STM and CAFM, we examined their
electronic characteristics. Additionally, charge transport pro-
perties were studied through charge injection experiments utiliz-
ing a conductive AFM probe in STM mode for injection and
KPFM for observation of work function (WF) modulation.

Experimental
Synthesis

MoS, was synthesized via a CVT reaction at 1010 K in a quartz
ampoule, utilizing iodine as the transport agent. The majority
of the transported material formed thin, strongly undulated
flakes. On top of these MoS, flakes, the MoS, NTs grew during
the last phase of the synthesis. Some of these NTs partially or
fully collapsed into the shape of a NR. The proposed reason
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for the collapse is an obstacle that impedes longitudinal
growth. To circumvent this obstacle and continue growing, the
wall near the obstacle becomes deformed and approaches the
opposite wall, ultimately leading to the closure of the internal
hole. Such a collapsed structure is stabilized by vdW attractive
interactions between both walls of the NR.?

Sample preparation

The NRs (15-30 nm thick and 1-2 pm wide) were placed on a
p-doped silicon substrate (Siegert Wafer) using the adhesive
tape (Nitto Denko ELP BT-150E-CM) method (Fig. 1a).

Electron microscopy

An environmental scanning electron microscope (SEM) (Quanta
650 (Thermo Fisher Scientific)) was used for the investigation of
surface topography. Energy-dispersive X-ray spectroscopy (EDS)
was performed with an Ultim Max 40 mm?> SDD detector (Oxford
Instruments). High-resolution transmission electron microscopy
(HRTEM) and electron diffraction (ED) images were acquired
using a JEOL ARM 200CF microscope equipped with a cold-field
emission gun (FEG) as an electron source, operating at 200 kV,
and featuring Cs probe correction for TEM/STEM imaging.

Raman spectroscopy

The vibrational properties of the NTs were studied by Raman
spectroscopy using a WITec Alpha 300 RS scanning confocal
Raman microscope. Off-resonance measurements were con-
ducted in backscattered geometry using a frequency-doubled Nd:
YAG laser (532 nm), focused through a 100x/0.9 microscope
objective, with a laser power of approximately 0.5 mw.
Resonance measurements were conducted with a He:Ne laser
(633 nm), focused through a 100x/0.9 microscope objective, with
a laser power of approximately 2 mW. The laser power was experi-
mentally optimized to prevent sample damage or oxidation.

Probe microscopy

Atomic force microscopy (AFM) and Kelvin probe force
microscopy (KPFM) were performed using an Omicron UHV
VT-AFM system (Scienta Omicron), operating at 10~° mbar,
with the modulation voltage for KPFM applied to the tip. A

Fig. 1

(a) Optical image of the MoS, NRs being transferred onto a p-doped silicon substrate by an adhesive tape method. (b) Backscattered SEM

micrograph of as-grown MoS, NRs on top of MoS, platelets. (c) SEM image of a longitudinal end of a flat NR, 5 um wide, with wrinkled topography.
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silicon AFM tip coated with Pt (NSG30/Pt) was utilized. The
curvature radius of a new tip, as guaranteed by the manufac-
turer (NT-MDT, Spectrum Instruments), was approximately
35 nm. Its resonant frequency was 320 kHz and the force con-
stant was 40 N m~*. The same instrument was used for contact
current imaging spectroscopy (CCIS), a technique that closely
resembles scanning tunneling spectroscopy (STS), with the dis-
tinction that it is performed in contact AFM (c-AFM) mode
using a conductive AFM tip. Employing c-AFM, topographical
data of the sample were acquired, and I-V measurements were
conducted at specific points during the scans.

Charge injection

Charge transport properties, carrier mobility, and charge
retention were investigated through charge injections. Initially,
the NR position was identified using nc-AFM, and the initial
contact potential difference (CPD) values between the AFM tip
and the NR, as well as between the AFM tip and the Si sub-
strate, were recorded. The operational mode was then switched
to c-AFM, enabling the AFM tip to approach the NR. The
voltage applied to the tip ranged from -8 V to +8 V, the
current was maintained at 333 nA, and charge injection at a
given voltage lasted 6 min. Since the injection duration and
current were the same for all experiments, the total injected
amount of charge was also the same for all experiments. To
ensure a reliable electrical contact, the tip first scanned a
small section of the NR surface while a voltage was applied.
The contact quality was continuously monitored by measuring
the current between the NR and the tip. Once a stable contact
was established, the scanning was halted, but the tip remained
in contact with the NR. When a negative voltage was applied to
the tip, electrons were injected from the tip to the NR.
Conversely, when a positive voltage was applied to the tip, elec-
trons flowed from the NR to the tip, injecting holes into the
NR. After each injection, the tip was retracted, and the system
was switched to KPFM mode to assess the CPD changes result-
ing from the charge injection. Extracted CPD profiles were nor-
malized by setting the CPD of the substrate as a zero-reference
level. The WF of the sample is given by Osampie = iip *+ €'Vepp,
where Gsample and 6y, are the WF of the sample and the tip,
respectively, Vepp is the CPD value, and e is the elementary
charge. In this context, an increase in CPD corresponds to an
increase of the WF.”® To ensure accurate analysis, the topogra-
phy image tilt was corrected using the Max Flatness Tilt func-
tion in Scanning Probe Image Processor 6.7.5 software (Image
Metrology). The topography images and CPD values were then
compared by extracting the line profiles from the same posi-
tions on the NR to evaluate the impact of charge injection on
the NR’s morphology and WF relative to their initial states.

Results and discussion
Structural characterization

Three MoS, NRs placed on a p-doped silicon substrate are
shown in Fig. 1a. All of them are twisted but not gradually as
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in their pristine shape. Instead, they form kinks due to being
pressed during the sample transfer process and interaction
with the substrate. A backscattered SEM image of pristine
MoS, NRs grown on top of MoS, thin flakes is shown in
Fig. 1b. The 2.6 pym wide NR, marked with an arrow, is heli-
cally twisted as a result of its chiral structure. Several um wide
NRs, such as the one in the central part of Fig. 1b, are typically
not twisted because the influence of chirality on the NR shape
is weakened, with strain distributed across a larger number of
layers. In the vicinity of the transition from a tubular to a NR
shape, the surface is wrinkled (Fig. 1c) due to the incorporated
strain. The chemical composition of the NRs was studied
using EDS, revealing that the Mo:S atomic ratio remains
uniform across the surface, regardless of the wrinkled
topography.

Structural analysis of NRs was performed using HRTEM
and transmission electron diffraction (TED). Narrow NRs allow
observation of the interface between both walls without
making a cross-section. The NR shown in Fig. 2a is twisted
along its axis. A high-resolution TEM image of the narrowest
area of the NR (24 nm wide), where MoS, layers are parallel to
the electron beam, reveals that the interface between both
walls, composed of 18 molecular layers, is without
peculiarities, making the NR appear as a single-crystal struc-

Fig. 2 TEM images with corresponding electron diffraction patterns of
a helically twisted MoS; NR (a), taken at the narrowest part (b and c) and
at the widest part (d and e) in the projection view.

Nanoscale, 2025, 17, 12361-12370 | 12363
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ture (Fig. 2b). The corresponding TED pattern (Fig. 2c) corres-
ponds to a superposition of electrons scattered in two zone-
axes: [010] and [110]. The diffraction peaks (kkl) in the [010]
zone-axis satisfy the rule [ = +(2n + 1) that corresponds to the
2HDb polytype stacking. In the projection of the side (10/) reflec-
tions onto the [00/] axis, the spots appear exactly between (00/)
spots.”® The widest part of the NR, where MoS, layers in the
central part are perpendicular to the electron beam, measures
65.5 nm in width. The TEM image (Fig. 2d) reveals walls with a
thickness of 12 nm + 1 nm and moiré patterns in the central
part of the NR, formed by a superposition of two mutually
rotated walls. Two chiral angles are identified in the electron
diffraction pattern (Fig. 2e): 9.5° (a) and 2° (). Additionally,
some wrinkles are visible in the central part of the NR.

Raman spectroscopy

Fig. 3a shows the off-resonant (gray) and direct resonant
(black) Raman spectra taken on a MoS, NR. In the off-resonant
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Fig. 3 (a) Direct resonance (black) and off-resonance (grey) Raman

spectra of the MoS, NR. (b) Raman mapping of the MoS, NR, shown as
an intensity of a band at 409 cm™. (c) Enlarged Raman spectra obtained
at MoS, edges (red) and the central part (green).
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spectrum, characteristic bands of MoS, NRs are observed at
383, 409, 451, and 464 cm ', in agreement with previously
reported results.”?* The main Raman bands at 383 and
409 cm™" correspond to the in-plane vibration of sulfur and
molybdenum atoms in opposite directions (E;, mode) and to
the out-of-plane vibration of sulfur atoms in opposite direc-
tions (A;, mode), respectively.

Direct resonant Raman scattering reveals additional bands
compared to non-resonant scattering, as previously
reported.>** The most intensive Raman bands were observed at
179 em™, 419 cm™, 456 cm™, 464 cm™, and 642 cm™'. The
absence of bands around 230 cm™" indicates a low concentration
of defects in the sample.**> On the low-frequency side of the
E,,' band at 383 cm™, its Davydov pair, the Raman-inactive E;,”
mode at 379 cm ™", is observed. The small frequency split of the
Davydov pairs indicates a weak interlayer interaction.>**” The
intensity of the 379 cm™" band exceeds the intensity of the peak
at 383 cm™'. The 419 cm™ band was previously observed at
430 cm™" in MoS, single crystals,*® and it was reported to down-
shift to 420 cm™ in nanoparticles.***® This peak is attributed to
a two-phonon Raman process involving the successive emission
of a dispersive quasi-acoustic (QA) phonon and a dispersionless
TO phonon.*® The most intense band is observed around
460 cm™*, which is a superposition of the two bands at 456 and
464 cm™".*? In the non-resonant Raman scattering, these bands
at 456 cm™" and 464 cm™" were barely visible.

The intensity of some bands varies across the NR. Raman
mapping (Fig. 3b) shows an increased intensity of the band at
409 cm ™ at the edges (red) of the NR (Fig. 3¢) compared to the
central area (green). Such variation in intensity between the
edges and basal plane of MoS, crystals has been reported pre-
viously,*® though using a laser with a wavelength of 785 nm.

Probe microscopy

Probe microscopy studies were conducted on three different
MoS, NRs with similar dimensions. The surface and electrical
structures were analysed using c-AFM and CCIS. The AFM tip
was either scanned across the entire width of the NR or
focused on specific regions, such as the central flat part of a
NR or its longitudinal edges.

Fig. 4a shows the CCIS images of the full width of the NR at
+1.6 V, revealing distinct regions oriented parallel to the NR
edge with varying conductivity. At the right-hand edge, two
regions of maximum conductance (Rinner and Royueer) are separ-
ated by a valley (Rmidale), where the conductance is similar to
that of the central NR (Reeneral)- This can be seen in the cross-
section profiles in Fig. 4b. A similar pattern is observed at the
left edge, where two maxima (Loyter and Linner) are separated by
a valley (Lmigdie)-

Averaged I-V spectra for the left and right edges are shown
in Fig. 4c and d, respectively. The conductance of the NR is
semi-conductive and slightly higher at positive biases. It is sig-
nificantly greater at the right edge compared to the left one.
This difference is likely due to variations in the contact inter-
action between the NR and the substrate, with the right edge
being more exposed to the AFM probe, thereby revealing its

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) CCIS images taken at +1.6 V of the full width of the MoS, NR.

(b) Corresponding topography (grey) and current cross-sectional
profiles (black). (c and d) Averaged /-V spectra from the left and right
edges, respectively.

electronic structuration. The local conductance at the right
edge more than doubled at Rj,nr and tripled at the very edge
(Router) relative to the central region, whereas the left edge
showed lower conductance compared to the central area.

The electronic properties of the NR’s edge were further ana-
lysed by CAFM, applying alternating biases to the CAFM tip
while simultaneously measuring the current between the
sample and the tip. A c-AFM image of the NR edge is shown in
Fig. 5a. The current images recorded at positive (+0.3 V) and
negative (—0.6 V) voltages are shown in Fig. 5b and c, respect-
ively. The thickness of the NR, extracted from the topography
profiles (Fig. 5d, black and grey), was approximately 34 nm at
both polarities, revealing a good interaction strength with the
substrate, which prevented any shift of the NR due to electric
force. Electronic details of the edge became visible in the
current images, with cross-section profiles shown in Fig. 5d as
red and blue lines for positive and negative voltages, respect-
ively. At the border between the NR’s central part and its edge
(at —25 nm in Fig. 5d), a belt of zero conductivity is visible for
both polarities. Between this belt and the very edge, additional
structuring is observed as lines of increased conductance.
Horizontal modulations (Fig. 5b and c) are artifacts of the
scanning process.

The c-AFM image and the corresponding CCIS images of
the NR’s central part are presented in Fig. 6a and b, respect-
ively. The surface is not completely flat but exhibits slight rip-
pling. These ripples, with an irregular periodicity of around

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 c-AFM scanning over the left edge of the MoS, NR. (a)
Topography image. (b and c) Current images taken at +0.3 V and at —0.6
V, respectively. (d) Corresponding topographical and current profiles (for
clarity, the absolute values of current during scanning at negative bias
are shown).

100 nm, are shallow, with a height difference between the elev-
ated and depressed areas of less than 0.5 nm. The presence of
these ripples influences the local conductance such that the
elevated areas have higher electric conductance than the
depressed ones, as demonstrated in the CCIS image and
corresponding line profiles shown in Fig. 6c. Averaged I-V pro-
files derived from the CCIS image are shown in Fig. 6d.
Conductivity in both elevated (gold) and depressed (green)
regions is greater at positive voltages. The relative difference in
conductivity is more pronounced at voltages lower than
—150 mV, where elevated regions exhibit 21% greater conduc-
tivity compared to the depressed areas. As the voltage
increased from —150 mV to 250 mV, the relative difference in
conductivity decreased linearly from 21% at —150 mV to
approximately 6% at 250 mV (ESI 17).

Some bulbs were also visible in the topography image of
one MoS, NR, but they were not visible in the KFPM image.
The results of a detailed investigation of these bulbs are pre-
sented in ESI 2.}

Charge injection experiments

Before the first charge injection, nc-AFM and KPFM images
were obtained (ESI 3a and b¥). Both topography and Kelvin
images show a shallow depression in the central part, 0.5 nm
and 25 mV deep, respectively (Fig. 7, initial). Charge was
injected into the NR in an area just below the presented view
shown in ESI 3.1 First, electrons were injected three times at
—8 V bias with 40 min time delays. The first injection of elec-
trons at —8 V already caused the surface of the NR to develop
long-periodic wrinkles (ESI 3ct) and steeper sides (Fig. 7, -8 V
(1)). These wrinkles were three times deeper than the ripples
observed before the injections, while their periodicity ranged
in the hundreds of nm. Five main wrinkle peaks were visible.
The NR width at half of its thickness was reduced by approxi-
mately 7% after the first injection and did not change further
with subsequent injections, whereas the average height gradu-
ally increased, reaching a 6% larger value than before the
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Fig. 6 The central part of the MoS;, NR. (a) c-AFM topographical image
revealing a rippling surface. (b) CCIS image obtained at +0.3 V with
areas of higher (gold) and lower (green) currents. (c) Corresponding line
profiles. (d) /-V spectra obtained in elevated regions with higher (gold)
and depressed regions with lower (green) conductance (averaged 23
and 26 spectra, respectively).

injections (Fig. 7). Simultaneously, the WF consistently
decreased after each injection of electrons, as CPD dropped
from =450 mV before the first injection to 350 mV after the
third injection of electrons (Fig. 7). However, in the next 24 h,
CPD slightly increased by approximately 30 mV.

Fig. 8 shows the result of four injections of holes at +8 V
bias, performed subsequently with 40 min time delays. The
nc-AFM and KPFM images of the NR before the first injection,
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after the last injection, and 24 h after the last injection are
shown in ESI 4.7 Changes in topography are mainly visible at
the NR edges, which appear wider as a new belt appeared on
the right-hand side of the NR after the 2" injection, as seen in
the topography profile (Fig. 8, +8 V (2)). The number of wrin-
kles on the NR surface decreased from 5 in the initial state to
4, with an additional one attributed to the newly occurred belt.
With additional injections, it appears that the NR rotated
slightly around its longitudinal axis in a clockwise direction.
This is evidenced by the decrease in height of the belt on the
right-hand side, which disappeared completely after the fourth
injection (Fig. 8, +8 V (4)). However, during this injection, a
new belt formed on the left-hand side and remained visible
until the following day.

In contrast to the gradual decrease of WF with the injection
of electrons, the WF did not increase monotonically with the
injection of holes at +8 V bias, as one might have expected.
After the first injection, the CPD decreased, while the second
injection caused an increase in the CPD to a maximum value
of 450 mV. A depression in the CPD profile deepened to
~70 mV with a simultaneous increase in CPD at the NR edges.
The 3™ and the 4™ injections caused a decrease in CPD, while
the depression in the CPD profile became less pronounced. In
the next 24 h, the CPD increased, and the depression in the
centre of the NR became visible again.

Discussion

MoS, NRs were first reported as stable structures decades ago,
but their structural and electronic properties have not been
investigated in detail. Our TEM and TED investigations reveal
that they grow in a chiral mode with at least two chiral angles.
Their cross-sectional view confirms the growth mechanism,
explaining their formation through the collapse of a hollow
tube. The newly formed interface between the inner surfaces
of both walls does not exhibit any peculiarities compared to
other vdW gaps among the molecular layers. The chiral struc-
ture of pristine MoS, NTs is also preserved in the NR. Two
mutually rotated walls of the NR cause an occurrence of a
moiré pattern.

The overall conductivity of the NR was found to be semi-
conductive at room temperature and higher for positive vol-
tages. This confirms a pristine n-type semiconducting nature
of MoS,,*" but with no open gap at room temperature all over
the central part of a NR. The collapse strongly curved and con-
sequently strained the molecular layers at the NR edges,
causing significant differences in conductivity in comparison
with the central part. The NR edges were found to be semi-
metallic, which can be explained by the incorporated strain as
it was theoretically predicted by E. Scalise et al.,*> and experi-
mentally demonstrated for 2D MoS, layers where moderate
strain values (~2%) can already trigger an indirect bandgap
transition, induce a finite charge carrier density,’® and
enhance carrier mobility.”” From the absence of vibrational
modes at 154 cm™, 219 em™" and 327 em™, it can be con-

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Topography (top) and CPD (bottom) profiles, extracted over the NR, showing changes in topography and WF due to injection of holes.

cluded that the presence of metallic 1T-MoS, is less likely.*® At
the transition between the central part and the edges, where a
strong conductance modulation was observed, some narrow
belts showed zero conductance (Fig. 6d). The difference
between the left and right edges can be explained by different
contacts between the NR and the substrate, which can alter
their electrical characteristics.*® A relatively weak vdW contact
interaction with the substrate can enable a buckling of the NR
to one side influenced by a torsional strain of the chiral lattice
structure or a torsional component of a reverse piezoelectric
effect, which will be discussed later.>®

All the microscopic techniques used (SEM, c-AFM and nc-
AFM) revealed that the surface of the NRs is not flat but

This journal is © The Royal Society of Chemistry 2025

slightly rippled with a roughness of less than one molecular
layer. The CCIS investigation of these ripples revealed that the
elevated parts are more conductive than the depressed ones.
This is in accordance with the KPFM investigation of atomic-
ally thin MoS,, where space-dependent surface potential and a
non-uniform charge distribution were attributed to local strain
in the ripples.”® A different differential conductivity in valleys,
hills, and flat parts of MoS, monolayers (MLs), investigated by
STM, was explained by bandgap changes resulting from sub-
strate-induced local bending strain.>' For a relatively thick
MoS, NR (17 + 1 nm) compared to an MoS, ML, interaction
with the Si substrate is less likely. However, one must also con-
sider the interaction with the second wall of a former NT

Nanoscale, 2025,17,12361-12370 | 12367
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before its collapse into an NR shape. A contact between both
walls in the central part of the NR must satisfy one of the poss-
ible polytypic stackings of MoS, (2H, 3R), which can induce a
local strain at the interface and lead to the formation of
ripples.

Besides ripples, bulbs were observed in the central part of
the NR. The conductivity of these bulbs was higher than that
of the surrounding flat regions, particularly at positive vol-
tages. Distinct electronic properties of the bulbs and the flat
regions between them have already been documented in col-
lapsed carbon NTs, where the central semi-flat region main-
tains a finite density of states (DOS), displaying metallic behav-
iour, while the bulbs exhibit a bandgap opening with zero
DOS, indicative of semiconductor-like characteristics.?>>* This
phenomenon is attributed to quantum confinement and
charge transfer interactions between the bilayer graphene-like
region and the NT-like edges, which exhibit weaker inter-wall
interactions compared to the flattened region.>”

Upon investigating charge transport properties and their
retention, it was demonstrated that both negative and positive
charges could be injected into the NRs, which is consistent
with previous research on MoS, thin films.”"**>* The injected
charge was trapped at the structural and electrical defects and
at the interface between the NR and substrate, where a kind of
1D potential well is formed due to the different work functions
of two semiconductors, forming a heterojunction. Since the
17 nm NR effectively screens charges from the MoS,-SiO,
interface®® and given that MoS, exhibits significantly higher
in-plane conductivity compared to interlayer conductivity,
where the vdW interaction between layers acts as a tunnel
barrier introducing resistance,> the observed change in CPD
originates from electrons trapped at the surface of the NR.
Taking this into account, the calculated charge density (ESI 57)
after the last injection of electrons was 0.21 mC m™>. Injection
of negative charge (electrons) decreases WF and injection of
positive charge (holes) increases the NR’S WF. A monotonic
decrease in WF was observed with subsequent injection of
electrons, whereas during injection of holes (Fig. 8), a mono-
tonic increase in WF was not achieved. The reason for this
could be the formation of new electron transport paths in the
material, caused by the formation of structural defects during
the charge injection.>® Changes in work function, as well as in
topography, remained stable at least for 24 h, as previously
reported.> As MoS, is an n-type semiconductor due to elec-
tron-donating native defects,** it would be expected that the
retention of holes would be less durable than that of electrons.
However, this was not the case. This discrepancy may be attrib-
uted to charge trapping, not only at the defects but also at the
potential barrier at the NR-substrate interface or between the
two walls of the NR. The charge distribution on the surface
was not perfectly homogeneous, as a slight depression or
elevation formed in the central part. A similar but more pro-
nounced effect was observed during charge injection into non-
collapsed MoS, NTs.>® After injection of electrons, the work
function decreased in the central part of the NT, falling below
that of the MoS, single crystal used as the substrate, while at

12368 | Nanoscale, 2025, 17, 12361-12370

View Article Online

Nanoscale

the edges, trapped electrons and/or tensile strain increased the
work function, making it higher than that of the substrate.
The opposite trend was observed for hole injection.
Furthermore, the changes in the NT’s contact potential differ-
ence were much larger (400 mV) compared to the MoS, NR
(100 mV). A possible reason for this is the much smaller
surface area of the NT than that of the NR.

Charge injection also caused a change in the NR’s shape
observed as wrinkles on the surface and the rotation of the NR
around its longitudinal axis. After charge injection, a very
stable number (5) of wrinkles appeared oriented along the NR
length. They were observed already after the first injection of
electrons and did not change during subsequent injections. It
is important to note that these wrinkles are not visible in
KPFM images and do not affect a local work function. The
wrinkling of the surface can be caused by different mecha-
nisms. First, it is possible that the wrinkling occurred during
charge injection, where the external electric field drives weakly
coupled dichalcogenide layers into an unstable state, making
them susceptible to mechanical exfoliation®” and consequently
leading to wrinkling. Additionally, surface wrinkling could
result from charge-induced lattice deformations®® or unevenly
distributed electrons on the surface caused by Coulomb repul-
sion (ESI 5). Above all, these shape changes could result from
the charge injection-induced inverse piezoelectric effect,
which exhibits both radial and torsional components in chiral
NTs.”® The extent of deformation depends on the diameter of
individual molecular layers, meaning that different layers
within the NT’s wall, each with distinct circumferences and
curvature energies, experience varying degrees of strain. This
induces helical strain, leading to the compression of mole-
cular layers with different radii while simultaneously causing
their twisting.”®

Indications of the reverse piezoelectric effect were observed
as topographical modifications at the edges of the NR, which
appeared wider due to the formation of a new belt on its right-
hand side. With additional charge injections, the belt on the
right-hand side diminished, while a new belt emerged on the
left-hand side. This suggests that the NR underwent a clock-
wise rotation around its longitudinal axis. This rotational
behaviour was observed twice in two different NRs and is
attributed to the rotational component of the reverse piezo-
electric effect, which induced rotation due to helical strain.>® A
similar phenomenon has been reported for MoS, NTs, where
charge injection altered their shape by forming new shoulders
on either side of the NT.>* Additionally, it was possible to
control the NT’s rotation by adjusting the polarity of the
injected charge, as injection of electrons induced clockwise
rotation, while injection of holes caused counterclockwise
rotation.

The presented results demonstrate that charge injection
into MoS, NRs significantly affects their electrical properties,
particularly surface potential and topography. Defect-free
MoS, NTs have already been identified as promising materials
for quantum and electronic devices.” >'! However, device fab-
rication remains a challenge,®® as electrical contacts to 2D

This journal is © The Royal Society of Chemistry 2025
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TMDCs have been a major limiting factor in achieving high
device performance due to strong Fermi level pinning and
high contact resistance.®® For planar TMDCs, remarkable pro-
gress has recently been made in overcoming these
barriers.®>®** However, in the case of MoS, NTs and NRs,
where reduced geometry adds further complexity, several
approaches have recently been proposed to mitigate Schottky
barrier formation.®® Our study demonstrates that charge injec-
tion by the AFM tip, which mimics the effect of MoS, NR con-
tacts with metals, alters the surface potential of MoS, NRs.
Since surface potential has been reported to influence inter-
facial charge transfer and transport behavior in MoS,-metal
contacts,® this factor should be carefully considered when
designing contacts for NRs. Additionally, the curved edges of
NRs exhibit different electrical properties than the flat central
region, which could be exploited for contact optimization, as
edge contacts in 2D-MoS, have been shown to outperform flat
surface contacts.®® Furthermore, we observed that charge injec-
tion can alter the shape of NRs, potentially creating gaps
between the NR and contact materials. This disruption may
prevent the formation of a continuous crystalline interface,
ultimately reducing contact quality.®® These findings empha-
size the need for further research into the electrical properties
of MoS, NTs and NRs, as variations in their electrical charac-
teristics could have a significant impact on the performance of
electronic devices.

Conclusions

In conclusion, the electrical properties of single MoS, NRs
were investigated for the first time. The NRs form by a total
collapse of MoS, NTs during the growth process and retain the
chiral structure of the pristine nanostructures. The interface
between both walls was found without peculiarities resembling
a single crystal structure. However, Raman measurements
revealed the presence of Raman bands typical of a few layers
thick MoS,, indicating that some of the NR layers are partially
split and the long-range order in the stacking is disrupted.
Conductivity was found to be dependent on specific locations
within the NRs. While both edge regions exhibit higher con-
ductivity than the central part of the NR, some belts with zero
conductance were observed in the transition areas, suggesting
a kind of electron confinement. Longitudinal wrinkles were
observed on the NR surface, with elevated regions exhibiting
higher conductivity than the depressed areas. The conduc-
tance of both elevated and depressed regions was higher at
positive voltages than that at negative ones, consistent with
the n-type semiconducting nature of MoS,. Charge transport
properties, mobility, and retention were studied through
charge injection experiments, revealing that both injections of
electrons and holes alter the NR’s WF. Additionally, charge
injection induced changes in the NR’s topography, which
could be attributed to the rotational component of the reverse
piezoelectric effect in chiral structures. These findings high-
light the need for further research into the electrical properties
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of MoS, NTs and NRs, as changes in their electrical character-
istics could significantly influence the performance of elec-
tronic devices.
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