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Two-dimensional materials and their heterostructures have significant potential for future developments
in materials science and optoelectronics due to their unique properties. However, their fabrication and
transfer process often introduce impurities and contaminants that degrade their intrinsic qualities. To
address this issue, current atomic force microscopy (AFM) probe contact mode methods provide a solu-
tion by allowing in situ cleaning and real-time observation of the nanoscale cleaning process.
Nevertheless, existing pyramidal probes may scratch surfaces and damage heterostructures during force
application. Therefore, we proposed a method based on the nano-spherical probe contact mode to clean
residual and polymer contamination for minimum damage cleaning of MoS,/hBN substrates. Comparative
experiments with pyramidal probes in 2DM morphology and photoluminescence (PL) have shown that
nano-spherical probes are exceptionally effective in cleaning bubbles of various sizes, compared to
uncleaned MoS,, where PL full width at half maximum (FWHM) averages 0.115 eV, nano-spherical probes
reduce it by 30% to 0.08 eV. Pyramidal probes, however, only clean smaller bubbles and leave residuals in
larger ones, resulting in less optimal PL mapping data with values in both the 0.09 eV and 0.0115 eV
regions. We also collected the standard deviation of the FWHM data points for the uncleaned region and
the regions cleaned by the pyramidal and nano-spherical probes, which were 0.02773, 0.01895, and
0.00531, respectively. Notably, the standard deviation of the FWHM in the nano-spherical probe-cleaned
region is only 28% of that in the pyramidal probe-cleaned region. Then, increasing the applied force leads
to damage in the crystal structure, resulting in potential inconsistencies across different areas, as evi-
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denced by KPFM and SEM observations. In contrast, nano-spherical probes demonstrate a uniform poten-
tial in KPFM and consistently maintain a smooth surface morphology in SEM throughout the process. This
approach highlights the potential of nano-spherical probes to advance minimum-damage cleaning tech-

rsc.li/nanoscale niques in 2D material research and applications.

next-generation technologies."®'” By stacking different 2D
materials via van der Waals interactions,” researchers can fab-

1. Introduction

Two-dimensional (2D) materials are highly regarded in
materials science and device engineering, providing unique
opportunities  for electronic and photonic  device
development."® Notable 2D materials such as graphene,*°
transition metal dichalcogenides (TMDs),"*™ and hexagonal
boron nitride (hBN)'*'®> have gained significant interest in
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ricate heterostructures with atomic-level precision in material
compositions and interfaces. This innovative approach marks
the advent of a new era in materials engineering and opens up
new possibilities for developing electronic, optical, and
mechanical properties at the interfaces."®° However, the fab-
rication and transfer process of 2D material heterostructures
often involves substrate-assisted polymer or solution carrier
techniques, which tend to introduce interlayer impurities and
bubbles.”’>* Current methods to reduce these issues include
thermal annealing,***® chemical thermal bathing,>**” and
plasma treatment,*®?° each of these techniques, while
effective, presents its own set of limits. Annealing may further
spread bubbles and impurities, thereby increasing
contamination,**? chemical treatments can introduce
additional impurities, and plasma treatment induces degra-
dation at the interface of heterostructures.>*>* Consequently,
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an application of an AFM probe in contact mode has emerged
as an alternative for in situ processing, real-time observation,
and precise nanoscale cleaning of interlayer bubbles and
contaminants.’”** Nevertheless, the sharp tip of an AFM
probe may cause mechanical damage to thin 2D materials
during the scanning process.>®**

This paper presents an innovative method that uses a nano-
spherical probe for gently cleaning interlayer bubbles and con-
taminants in contact mode, the nano-spherical probe provides
a more uniform and gentle distribution of pressure.’**° The
advantage of this method lies in the nano-spherical probe’s
smooth and uniform surface,*' which not only optimizes inter-
layer coupling but also minimizes the negative impact on the
surface properties of the materials, thus achieving a non-
damage cleaning process. The advantage of this method
improves the 2D material heterostructures interface and opens
up new possibilities for their applications.

2. Result

2.1. Surface cleaning on MoS,/hBN substrate using nano-
spherical probe

In this work, we applied the nano-spherical AFM probe in
contact mode to clean interlayer bubbles and contaminants
from 2D material heterostructures, as depicted in Fig. 1a and
b. We prepared the MoS,/hBN substrates through mechanical
exfoliation, then employed the nano-spherical probe with a
200 nN contact force to clean bilayer MoS,. Subsequently,
Fig. 1c and d showcases the AFM images that illustrate the
surface of the MoS,/hBN substrate before and after the clean-
ing. Remarkably, this technique achieved an exceedingly pris-
tine surface on the MoS,/hBN substrate, evidenced by the neg-
ligible contamination observed.
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To simulate the pressure distribution during contact
between the 2D materials and the pyramidal and nano-spheri-
cal probes, we have used the Hertz model to simulate the
pressure distribution when the pyramidal and nano-spherical
probes are in contact with the 2D materials. The Hertz model
provides a simplified yet accurate framework to model the
contact mechanics in our study, where elastic deformation
dominates and adhesion forces are minimal."** This allows us
to focus on calculating pressure distribution and contact areas
effectively using well-established elastic contact theory.
Specifically, we have approximated the pyramidal probe as a
10 nm diameter sphere Hertz model and the nano-spherical
probe as a 500 nm diameter sphere model. The contact area
and maximum contact pressure of the nano-spherical probe
(D =500 nm) and pyramidal probe (D = 10 nm) are respectively.
The contact radius of nano-spherical probe ap-s00 nm) =
9.24 nm, the maximum contact pressure Praxp=500 nm) = 1.12
GPa. The contact radius of the pyramidal probe ap-10 nm) =
2.51 nm, the maximum contact pressure Pmaxp=10 nm) = 15.17
GPa. In addition, we conducted COMSOL simulations where
both the nano-spherical and pyramidal probes were modeled
as silicon hemispheres with diameters of 500 nm and 10 nm,
respectively, interacting with a 280 nm silica sample. These
simulation results are illustrated in Fig. S2(b) and (c).t The
COMSOL results corroborate our calculations, showing that as
the probe diameter decreases, the applied force is concentrated
over a smaller area, significantly increasing the maximum
contact pressure, and potentially causing greater damage to
delicate surfaces. This is consistent with the calculated. The
detailed calculation process can be found in the ESL.{

Additionally, Fig. 2a-d illustrates the topography change of
the MoS, layer under varied load conditions, while the topo-
graphical line scans in Fig. 2e-h reveal significant changes in
height, confirming the effectiveness of the probe cleaning.
Raman spectroscopy data confirming the bilayer structure of
MoS, are provided in Fig. S7a.1***

Initial scanning images (Fig. 2a and e) show a bilayer MoS,
with a loosely adhered structure, approximately 2.8 nm height,
due to hydrocarbon bubbles and impurities from PDMS dry
transfer. Applying a 50 nN load (Fig. 2b) to the bilayer MoS,
reduces its height to 2.1 nm and improves the MoS,/hBN inter-
face adherence. Increasing the force to 100 nN (Fig. 2c) further
reduced interlayer bubbles and impurities in the bilayer,
although some residual bubbles existed. Ultimately, a 200 nN
load (Fig. 2d) achieved complete flattening, diminishing the
bilayer height to 1.4 nm. The topographical line scans depicted
in Fig. 2a-d are represented in Fig. 2e-h, illustrating signifi-
cant changes in height. The step height of 1.4 nm in Fig. 2h
suggests the successful cleaning of bubbles and contaminants
between the MoS, and the hBN substrate, consistent with the
reported thickness for bilayer MoS,.****

2.2. Comparison of surface cleaning on MoS,/hBN substrate
using nano-spherical and pyramidal probes

Our results highlight the nano-spherical probe is superior to the
pyramidal probe in topography and PL. A comparative experi-
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Fig. 1 (a and b) A diagram illustrating the principle of nano-spherical probe cleaning: after mechanical exfoliation, interlayer bubbles contaminants
are trapped within the MoS,/hBN substrate, as shown in (a). Applying appropriate force allows the tip to push bubbles and contaminants out of the
scanned area, achieving a clean and undamaged surface, as shown in (b). (c) AFM topography of mechanically exfoliated MoS,/hBN substrate. (d)
AFM topography of the MoS,/hBN substrate after applying 200 nN with the nano-spherical probe.
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Fig. 2 AFM topography images (a—d) and AFM topography line scans (e—h) for nano-spherical probe cleaning of MoS,/hBN with applied force
ranging from 0 to 200 nN. As the applied force increases, interlayer bubbles gradually decrease and disappear at 200 nN. The topography line scans
correspond to the black lines in (a—e) and show a change in height from 2.8 nm before cleaning to 1.4 nm after cleaning. Consistent with the thick-
ness of bilayer MoS; in the literature.**44

ment was done using the nano-spherical and pyramidal probes those exceeding 600 nm in diameter, medium bubbles defined
on the bilayer MoS,/hBN substrate. We focused on two specific from 300 to 599 nm, and small bubbles ranging from 100 to
areas of a bilayer MoS,/hBN substrate, characterized by the pres- 299 nm. The H,./R values (the line is the average value) were
ence of variously sized bubbles. These bubbles were categorized obtained from Fig. S7,T consistent with MoS,/hBN substrate in
according to their diameters: areas with big bubbles defined as the literature.*>*® The effectiveness of nano-spherical and pyra-
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midal AFM probes in contact mode was evaluated by applying a
consistent 100 nN force multiple times. This methodology was
used to determine the probes’ effectiveness in cleaning the
surface by reducing the presence of bubbles and contaminants.

The distribution and quantity of bubbles before and after
cleaning with the nano-spherical probe are observable in
Fig. 3e, with corresponding AFM scans displayed in Fig. 3a-d.
Similarly, bubble distribution and quantity following pyramidal
probe cleaning are shown in Fig. 3j, with AFM scans in Fig. 3f-
i. The results indicate that the nano-spherical probe effectively
cleaned big, medium, and small bubbles during three clean-
ings, leaving behind only a negligible residual small bubble
approximately 100 nm in diameter. In contrast, while the pyra-
midal probe was efficient in cleaning small bubbles, it was
markedly less effective at cleaning big and medium bubbles.

To further investigate this phenomenon, we selected four
distinct regions on the MoS,/hBN material: regions with big
bubbles, medium bubbles, small bubbles, and edge regions,
for cleaning using both nano-spherical and pyramidal probes.
AFM images before and after cleaning are available in ESI
(Fig. S3 and S4),T respectively.

The results reveal that the nano-spherical probe effectively
cleaned all regions. In contrast, the pyramidal probe is only
effective in the small bubble region, partially effective and
damaging in the medium bubble region, and completely
ineffective and damaging in the big bubble region, causing
material damage and warping at the edge region. Fig. S57 pre-
sents the scanning electron microscope (SEM) images of the
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MoS, regions cleaned with the nano-spherical and the pyrami-
dal probes. The SEM images show that big bubble and edge
regions cleaned with the nano-spherical probe are completely
cleared, leaving a smooth and uniform surface. In contrast,
regions cleaned with the pyramidal probe exhibit material
damage, breakage, and incomplete surfaces. This further con-
firms that the nano-spherical probe excels in non-damaging
cleaning of big bubble and edge regions, whereas the pyrami-
dal probe causes material damage during scanning, affecting
the intrinsic properties of the material.

The fullwidth at half-maximum (FWHM) of photo-
luminescence (PL) is an important factor of material quality,
reflecting the radiative lifetime and interactions between exci-
tons and phonons. Higher defect densities in materials impact
exciton motion and recombination, broadening the PL line-
width. Additionally, surface roughness and impurities on the
substrate lead to uneven distribution of exciton energy levels,
further widening the PL linewidth.”’"*° To accurately charac-
terize these effects, we compared the PL FWHM before and
after cleaning in regions cleaned by the nano-spherical probe,
uncleaned regions, and regions cleaned by the pyramidal
probe. This comparison demonstrates how different cleaning
affect the optical properties of the MoS,/hBN substrate.

To ensure comparability, we selected nano-spherical probe-
cleaned, uncleaned, and pyramidal probe-cleaned regions on
the MoS,/hBN substrate. Both nano-spherical and pyramidal
probes were applied with the same contact force of 200 nN, fol-
lowed by PL testing.

Repeated Application of 100 nN Loading Forces with the Nano-Spherical Probes
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Fig. 3 (a—d) Changes in AFM topography after multiple cleanings at 100 nN using the nano-spherical probe. (e) Changes in the proportions of big,
medium, and small bubbles across cleaning scans with the nano-spherical probe. (f—i) Changes in AFM topography after multiple cleanings at 100
nN using the pyramidal probe. (j) Changes in the proportions of big, medium, and small bubbles across cleaning scans with the pyramidal probe.
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As shown in Fig. 4a, the region cleaned by the nano-spheri-
cal probe (outlined in white) reveals a remarkably smooth
surface, free of interlayer bubbles and contaminants, indicat-
ing effective impurity removal. Fig. 4c presents the single PL
data for the nano-spherical probe-cleaned and uncleaned
regions, where the nano-spherical probe region’s FWHM is
reduced by 30%. The mapping PL. FWHM about a 30 pm” area
of both the nano-spherical probe-cleaned and uncleaned
regions (Fig. 4b) demonstrates that the cleaned region has a
consistent PL FWHM (Fig. 4b, left), averaging 0.085 eV with
high uniformity. Fig. 4d provides the detailed FWHM distri-
bution, showing that the probe-cleaned region is concentrated
around 0.085 eV, while the uncleaned region is concentrated
around 0.115 eV and 0.12 eV.

The PL data for the pyramidal probe-cleaned and uncleaned
regions are shown in Fig. 4e. Despite the consistent 200 nN
contact force, the pyramidal probe-cleaned region still has
residual big bubbles, consistent with earlier observations that
the pyramidal probe cannot effectively handle big-size
bubbles. The pyramidal probe’s PL FWHM mapping (Fig. 4f,
left) also reveals the impact of residual bubbles on FWHM,
without contamination concentrating FWHM around 0.09 eV
while residual bubbles cause the FWHM around 0.12 eV.
Fig. 4g shows the single PL data for the uncleaned and pyrami-
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dal probe-cleaned regions, where the probe-cleaned region’s
FWHM is reduced by approximately 22% compared to the
uncleaned region. The detailed FWHM distribution is shown
in Fig. 4h, with the pyramidal probe-cleaned region concen-
trated centered around 0.09 eV, while residual bubbles also
result in values near 0.12 eV. The uncleaned region primarily
centers around 0.115 eV and 0.12 eV.

The PL in two-dimensional materials is highly sensitive to
strain, doping, and disorder. The peak width is associated
with internal disorder, while the peak position is sensitive to
doping and strain.*>*®°° Firstly, the PL peak width of the
cleaned region is significantly smaller, indicating that the
nano-spherical probe reduces the disorder within the MoS,/
hBN substrate. Secondly, the number of PL peaks between the
nano-spherical probe-cleaned and uncleaned regions remains
consistent, showing that the cleaning process does not intro-
duce additional doping.

Thirdly, the PL peak positions in regions cleaned by nano-
spherical and pyramidal probes show a blue shift compared to
uncleaned regions. This shift occurs because removing
bubbles and impurities between MoS,/hBN layers affects the
material strain, leading to blue shifting. This observation is
consistent with previous literature that suggests bubbles cause
the flattening of MoS, and WS, materials, resulting in a red
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Fig. 4 (a) AFM topography of the nano-spherical probe-cleaned and uncleaned regions on the MoS,/hBN substrate. (b) PL FWHM mapping of the

nano-spherical probe-cleaned region and the uncleaned region in (a). (c) Individual PL spectra of the nano-spherical probe-cleaned and uncleaned
regions from (a). (d) The statistical distribution graph of PL FWHM from (b). This shows that the nano-spherical probe can reduce the PL FWHM of
the MoS,/hBN substrate, effectively decreasing material contamination. (e) AFM topography of pyramidal probe-cleaned and uncleaned regions on
the MoS,/hBN substrate. (f) PL FWHM mapping of the pyramidal probe-cleaned region and the uncleaned region in (e). (g) Individual PL spectra of
the pyramidal probe-cleaned and uncleaned regions from (e). (h) The statistical distribution graph of PL FWHM from (f). Although the pyramidal
probe also reduces the PL FWHM of the MoS,/hBN substrate, its cleaning performance is inferior to that of the nano-spherical probe due to residual
bubbles.
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shift in PL,>! there is also a slight red shift consistent with the
Raman peak reported in the literature,®® it is shown in
Fig. S8.1 This approach provides a viable solution for future
cleaning strategies aimed at preserving the intrinsic properties
of materials without causing damage. It also offers the poten-
tial to change the position of PL peaks by controlling the
strain induced by bubbles.>

To clean the residual bubbles left by the pyramidal probe
during the first cleaning (Fig. 4e), a greater force of 300 nN
was applied using the pyramidal probe. The area scanned in
contact mode after this second cleaning is shown in Fig. 5d.
And the exfoliated MoS,/hBN substrate without any cleaning is
shown in Fig. 5a. We then tested PL FWHM mapping at 264
points for the nano-spherical probe-cleaned, uncleaned, and
pyramidal probe-cleaned regions, as illustrated in Fig. 5e. The
statistical distribution of the PL FWHM is displayed in Fig. 5c.
Then, we apply Kernel Density Estimation (KDE)** to the col-
lected PL FWHM to study the data distribution characteristics
of these three regions, as shown in Fig. S8b.{ KDE is a non-
parametric way to estimate the probability density function of
a random variable, which helps us visualize how the FWHM
values are distributed across the different regions. This
approach provides a more detailed insight compared to using
traditional histograms, as it smooths the data and reveals the

View Article Online
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underlying distribution more clearly. Consequently, we obtain
the standard deviation in the uncleaned region, as well as in
the clean regions of the pyramidal probe and the nano-spheri-
cal probe, which are 0.02773, 0.01895, and 0.00531, respect-
ively. The lower standard deviation in the nano-spherical
probe-cleaned region indicates a more uniform and consistent
PL FWHM distribution, reflecting the probe’s effectiveness in
minimizing contaminants and improving surface uniformity.
In contrast, the higher standard deviation in the uncleaned
and pyramidal probe-cleaned regions suggests a less effective
cleaning process, leading to greater variability in the PL
response, likely due to residual bubbles or surface defects.

Fig. 5b illustrates the PL peaks for these three regions. The
results reveal that the FWHM of the nano-spherical probe-
cleaned region is 70% lower than that of the untreated region.
After the second cleaning, the pyramidal probe could not get
normal MoS, PL peaks in some areas, as shown in Fig. 5e
right. The increased force scratched the MoS, surface, poten-
tially damaging its crystal structure and affecting the electronic
band structure, leading to a loss of PL. ESI Fig. S61 includes
KPFM and SEM images that confirm this observation. The
high-resolution SEM imaging of surface potential and mor-
phology revealed scratches and damage, showing that increas-
ing the applied force of the pyramidal probe damaged the
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Fig. 5 (a) AFM topography of mechanically exfoliated MoS,/hBN substrate without any cleaning. (d) The nano-spherical probe-cleaned region,
uncleaned region, and the area cleaned a second time with the pyramidal probe are aimed at cleaning the residual bubbles left after the first clean-
ing shown in Fig. 4(e). (b) Individual PL spectra of the nano-spherical probe-cleaned, uncleaned, and pyramidal probe-cleaned regions in (d). (e) PL
FWHM mapping of the nano-spherical probe-cleaned region, the uncleaned region, and the pyramidal probe-cleaned regions in (d). (c) The statisti-

cal distribution graph of PL FWHM from (e).
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Fig. 6 (a—d) The AFM topography changes in MoS,/MoSe,/hBN after multiple 200 nN cleanings using the nano-spherical probe. (e) The change of
MoS,/MoSe,/hBN in the proportion of big, medium, and small bubbles across cleaning scans. (f—i) The AFM topography changes in WS,/MoS,/hBN
after multiple 200 nN cleanings using the nano-spherical probe. (j) The change of WS,/MoS,/hBN in the proportion of big, medium, and small

bubbles across cleaning scans.

MoS, crystal structure in the process of cleaning bubbles.
However, the nano-spherical probe could clean bubbles
without increasing the force, avoiding surface damage and
reducing the PL FWHM. ESI Fig. S6b (left)f shows that the
nano-spherical probe-cleaned region contains fewer contami-
nants than the untreated region.

2.3. Nano-spherical probe cleaning of interlayer bubbles on
MoS,/MoSe,/hBN and WS,/MoS,/hBN sample

After confirming the effectiveness of the nano-spherical probe
cleaning for enhancing morphology and photoluminescence
of individual type of bilayer TMDs on hBN substrates, we
extended our study to cleaning between different TMD layers.
We specifically examined MoS,/MoSe,/hBN and WS,/MoS,/
hBN samples. Raman spectra verifying the consistency of these
samples are shown in ESI Fig. S5.1 Fig. 6a-d presents AFM
topography images of the MoS,/MoSe,/hBN sample after mul-
tiple scans with a 200 nN force applied by a nano-spherical
probe, demonstrating a decrease in the number and distri-
bution of big, medium, and small bubbles throughout the
scans.

Similarly, Fig. 6f-i shows AFM scans for the WS,/MoS,/hBN
sample under the same conditions, with Fig. 6j summarizing
the bubble reduction over three scans.

These results illustrate the nano-spherical probe’s effective-
ness in cleaning interlayer bubbles, thus improving cleanliness

This journal is © The Royal Society of Chemistry 2025

and uniformity of TMD/hBN

heterostructures.

across different types

3. Discussion

The experimental data provide a comprehensive comparison of
the performance between nano-spherical and pyramidal
probes in cleaning 2D material interfaces. The nano-spherical
probe exhibited superior performance, effectively removing
bubbles and contaminants without damaging the material
surface, which resulted in a 30% reduction in the PL FWHM of
the MoS,/hBN substrate, from 0.115 eV (uncleaned) to 0.08 eV.
In contrast, the pyramidal probe struggled with larger bubbles,
leaving residues and causing surface damage, as confirmed by
KPFM and SEM observations. The pyramidal probe’s increased
applied force further led to crystal structure damage and
inconsistencies in TMD surface morphology.

These results highlight the distinct advantages of the nano-
spherical probe, which features a smooth surface and uniform
contact area.’® The nano-spherical probe, owing to its spheri-
cal geometry, as shown in Fig. S1,} establishes a larger contact
area with the sample surface. The contact area of nano-spheri-
cal probe agp-500 nm) = 9.24 nm, contact area of the pyramidal
probe a(p-1o nm) = 2.51 nm. This results in a more uniform dis-
tribution of contact pressure during scanning. The uniform
pressure distribution of the spherical probe enhances its
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ability to effectively compress and displace bubbles and micro-
scopic contaminants without causing damage.

Despite these advantages, the nano-spherical probe also
presents several challenges. The production process for the
nano-spherical probes is more intricate and costly compared
to traditional pyramidal probes.*' Additionally, the AFM probe
cleaning method generally has a slower processing speed and
lower throughput compared to bulk cleaning methods such as
thermal annealing or chemical treatments. This limitation
makes it challenging to scale up the use of nano-spherical
probes for large-scale applications. To maximize the benefits
of nano-spherical probes, further research is needed to explore
their integration with other advanced cleaning techniques.
This could help enhance overall cleaning efficiency and proces-
sing speed, making them more viable for broader applications.

4. Conclusion

The superior performance of the nano-spherical probe over
the pyramidal probe in cleaning the interfaces of 2D materials
is highlighted. Due to its smooth surface and uniform contact
area, the nano-spherical probe avoids scratching or causing
physical damage to the material surface during cleaning.
Analysis of the PL FWHM indicates that samples cleaned with
the nano-spherical probe exhibit lower defect densities and
improved material quality. Conversely, pyramidal probes often
fail to effectively clean larger bubbles and can damage
materials, leading to inconsistent PL characteristics. While
AFM probe processing speed and throughput cannot match
traditional methods like thermal annealing, AFM probes offer
unique benefits in nanoscale real-time observation, in situ pro-
cessing, and localized cleaning. The nano-spherical probe
allows for precise localized cleaning, enabling researchers to
clean specific contaminated areas without affecting the struc-
ture. This is particularly important for sensitive 2D materials
used in research and applications. Additionally, the real-time
observation capability of AFM allows operators to monitor the
cleaning process visually. Future research should focus on
optimizing the fabricating process of the nano-spherical
probes to reduce costs and improve scalability. Furthermore,
exploring the integration of nano-spherical probes with other
advanced cleaning techniques could enhance their overall
efficiency and applicability.

5. Experiment section
5.1. Mechanical transfer

TMD/hBN samples were fabricated using the following
methods:

First, a MoS, crystal was placed on Nitto SPV-224R blue
tape and folded back and forth 4-5 times to obtain large MoS,
flakes. Similarly, hBN flakes were obtained by peeling with the
blue tape 4-5 times. The hBN flakes were then directly trans-
ferred onto a silicon dioxide (SiO,) silicon wafer to create an
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hBN/SiO,/Si structure. Next, PDMS was cut into small pieces
and placed at the center of a glass slide. The PDMS piece was
then used to pick up the MoS, flakes from the blue tape,
resulting in thinner MoS, flakes. Under a microscope, bilayer
MosS, was identified and set aside for transfer. Using a transfer
platform, the identified bilayer MoS, was transferred onto the
target hBN/SiO,/Si structure to form the MoS,/hBN/SiO,/Si
heterostructure.

5.2. Preparation of nano-spherical probes

Commercially available pyramidal probes were first positioned
at a 90-degree angle on an FIB (Focused Ion Beam) stage.
Gallium ions were used to etch a 1 pm platform. Then, the
probe was placed at a 0-degree angle on the stage, and helium
ions were injected to cause the silicon surface to form a small
spherical protrusion with a diameter of approximately
600-800 nm.

5.3. AFM cleaning and testing

All AFM cleaning and testing experiments were conducted
using the MFP-3D from Oxford Instruments. The AFM probes
used in the experiments were model AC240TSA-R3.

5.3.1. Overall cleaning process. 1. We first used AC mode
(tapping mode) on the MoS,/hBN sample to perform a large-
area scan (30 pm x 30 pm). This scan was conducted to identify
regions with a high density of bubbles and polymer contami-
nants. This initial scan allows us to target areas where con-
tamination is most prevalent, ensuring efficient and focused
cleaning.

2. After identifying the regions rich in contaminants, we
used an AFM in contact mode to remove the polymer contami-
nants. We selected appropriate areas and applied a contact
force of 100 nN to 200 nN. This force range was chosen to
effectively remove contaminants while avoiding any damage to
the underlying material. The scanning frequency was set to 1
Hz, and the scanning speed was 20 pm s, allowing sufficient
contact time between the probe and the contaminants for
effective removal. The scanning angle was set to 0 degrees,
with the probe scanning from top to bottom across the chosen
region. If contaminants were not completely removed during
the initial pass, multiple scans were conducted to ensure
thorough cleaning, more details can be seen in this conference
paper.”®

3. After the cleaning process, we used AC mode again to re-
scan the cleaned area and verify the effectiveness of the clean-
ing. This step ensured that the polymer contaminants were
successfully removed and that the material surface was left in
good condition.

5.4. PL and Raman measurements

PL and Raman measurements were conducted using a
RENISHAW inVia confocal Raman microscope. A 532 nm laser
with either a 50x or 100x objective lens was used for the
measurements. The spot size was between 2 to 5 pm. All
measurements were performed under laboratory conditions at
room temperature.

This journal is © The Royal Society of Chemistry 2025
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