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Controlled Sixfold Symmetric Exfoliation of Oriented MoS,

Monolayers by Coulomb Force

Sheng Liu,* Chee Fai Fong, Xue Liu, Beng Hau Tan, Qingyun Zeng, Yoshinori Okada,

Nam-Trung Nguyen, and Hongjie An*

Atoms, molecules, and nanoparticles can be spatially manipulated by an
atomic force microscopy (AFM) tip, through van der Waals (vdW) and/or
Coulomb forces. These point-to-point manipulations are highly accurate at
nanoscale, facilitating the construction and modification of nanostructures.
Nevertheless, it is difficult to manipulate 2D layers in vdW crystals by an AFM
tip, because the tip-induced attractive force is usually insufficient to
outcompete the interlaminar vdW forces. Herein, manipulation of the surface
layers on a MoS, single crystal by a conductive AFM tip is successfully
reported. By applying a bias between the tip and MoS,, the Coulomb
attractive force allows the topmost MoS, layers to be picked up. These
exfoliated layers are deformed into micron-sized bubbles with sixfold
symmetry, which are composed of high-quality monolayers and visually
reflecting the hexagonal lattice orientation. The underlying mechanisms of the
sixfold symmetric exfoliation and the formation of monolayers are discussed
by in situ monitoring of the tunneling volt-ampere characteristics and
simulation of the force distribution. The findings open a new route to obtain
high-quality transition metal dichalcogenide (TMD) monolayers and their
derived nanostructures on the surface of TMD single crystals for
optoelectronic and photonic device applications.

1. Introduction

The Group VIB transition metal dichalco-
genides (TMDs) exhibit indirect-to-direct
band gap transition when thinning down
to monolayers.!?l The TMD Monolay-
ers show remarkable properties includ-
ing room temperature robust excitons
with binding energy up to ~200 meV,1>]
nonlinear optical susceptibility,”! and
valley polarization.['®*3] Recently, the
stacking of monolayer and/or multi-
layers with a relative angle of homo-
and hetero- TMDs has also lead to
the burgeoning field of twistronics.['+-1¢]
The optoelectronic and valleytronic prop-
erties of TMD monolayers and het-
erostructures are highly related to the
in-plane orientation of their hexagonal
lattice.[6-810-121418] 'To date, most of the
frontier research works in this field are
realized using the mechanically exfo-
liated monolayers, owing to the high
crystalline quality of the master single
crystals. Unfortunately, the exfoliation
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Figure 1. Illustration of the electrostatic force induced hexagonal bubble on MoS, single crystal surface using conductive AFM tip. a) illustration of the
electrostatic field between the AFM tip and MoS, surface, the red and blue dot denote positive and negative charges, respectively; b) optical microscopic
and fluorescent images of the hexagonal bubbles (scale bar: 5 um); c) SEM image of the hexagonal bubbles (scale bar: 2.5 um); d) AFM topography of
a typical hexagonal bubble (scale bar: 1 um); e) section profile of (d) along the red dashed line.

process is uncontrollable, where the monolayers come out one in
thousands of flakes with random layer numbers and orientations,
leaving the expansive surface area (ranging from millimeters to
centimeters) on single crystals wasted.

The surface of TMD single crystals contain high-quality and
highly oriented vdW layers. If one can manipulate and de-
couple those surface layers locally and precisely, it will open
up an effective way to create high-quality TMD monolayers.
Atomic force microscopy (AFM) is a versatile tool in modern
nanotechnology. It can efficiently measure surface morphology,
force (modulus) and potential at nanoscale both laterally and
vertically.[1%-2!] Besides structural measurement, using the AFM
tip to spatially manipulate atoms, molecules and nanoparticles
is another essential application.l??-2%] A typical AFM tip has tip
radius in the scale around tens of nanometers or even smaller.
Such small area provides a nanoscale “tweezer” to catch nano-
objects with sizable attractive van der Waals (vdW) force. There
are nonetheless many cases when the vdW force is insufficient
to accomplish those nano manipulations, then Coulomb attrac-
tive force can be adopted as a supplement, by using conduc-
tive AFM tip and applying bias voltage between the tip and the
target nano-objects.[??8] It is worth noting that metal-assisted
(especially Au-assisted) exfoliation can yield large-area mono-
layer TMDs with lateral size up to hundreds of micrometers
or even millimeters,®=! owing to the large binding energy
and covalent nature of the S/X or Se/X interfaces (X = Au, Ag,
Pt, Cu, Ni etc.). Similarly, a conductive AFM tip coated with
Pt or Au is likely to enhance the manipulation of the TMD
surface.
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In the article, we report a successful manipulation of the sur-
face layers on MoS, single crystal using conductive AFM tip. By
applying 2-10 V positive bias voltages to the MoS, crystal, surface
layers are picked up locally by the Coulomb attractive force from
the tip proximate to the MoS, surface at a distance within tens of
nanometers. Those raised surface layers deform into microbub-
bles with hexagonal shape. Under Photoluminescence (PL), time-
resolved photoluminescence (TRPL) and second harmonic gen-
eration (SHG) spectroscopic examinations, the lateral edge of the
hexagonal bubbles are composed of high-quality MoS, monolay-
ers, and their hexagonal shapes match seamlessly with the lattice
orientation of the MoS, crystal. By in situ monitoring the tun-
nelling volt-ampere characteristics to the AFM tip, the formation
mechanism of the hexagonal bubbles and the edge monolayers
are well resolved. The surface layers on MoS, crystal are manipu-
lated by the AFM tip through the bias-enhanced Coulomb force,
while the bubble formation follows the sixfold symmetry of the
MoS, crystal lattice. Our results introduce an effective way to pre-
cisely construct nanostructures and valleytronic photon emitters
on the surface of TMDs.

2. Results

2.1. Manipulating the Surface Layers on MoS, with a Conductive
AFM Tip

The surface layers of a 2H-MoS, single crystal is manipu-

lated using a conductive AFM tip (coated with Pt/Ir), as shown
schematically in Figure 1a. Details of the sample preparation and
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mounting are described in the Experimental Section and Sec-
tion S1 (Supporting Information). The AFM tip is set at constant
distance (20-40 nm) proximate to the surface of MoS, sample,
with a positive bias voltage (2-10 V) applied to the sample si-
multaneously. In this scenario, positive and negative charges (red
and blue spheres in Figure 1a) accumulate locally at the approxi-
mate area, inducing electric polarization and Coulomb attraction
between the sample surface and the AFM tip, causing hexagon
shaped bubbles to form on the MoS, surface (a video showing
the formation process is provided as Supporting Information).
Figure 1b shows an optical microscopic image (left panel) of
those hexagonal bubbles (HBs) and the corresponding fluores-
cent image (right panel). Glowing red hexagonal rings are ob-
served in the fluorescent image, showing that the lateral edge of
the HBs is highly radiative, while the main body of the HBs and
the surrounding bulk MoS, surface exhibit negligible emission.

The morphology of the MoS, HBs is further examined by scan-
ning electron microscope (SEM) and AFM. The SEM (Figure 1¢)
and AFM (Figure 1d) images of the HBs show sharp lateral edge
of hexagonal geometry, consistent with the optical microscopic
images. The AFM topography (Figure 1d) illustrates the stereo-
scopic structure of a typical HB, which is bulged up from the
MoS, surface. The section profile of the bubble along the red
dashed line in Figure 1d is plotted in Figure 1le. The HB has a two-
part configuration, including a cone and an underlying hexagon
base. The lateral and vertical sizes of the HBs are typically around
3-6 pm and 100-300 nm, respectively, depending on setting pa-
rameters of the AFM operation, which will be discussed in latter
parts of the article.

2.2. Optical Properties of the Hexagonal Bubbles

The HB edge emits strong photoluminescence, which is one of
the signatures of the direct bandgap monolayer MoS,. We fur-
ther investigate the optical properties of the HBs by measuring
the SHG, PL, time- and polarization-resolved PL. Figure 2a is a
false-color map of SHG intensity of a typical HB, showing sig-
nificant SHG signal at its hexagonal edge, similar to the fluores-
cent image. The SHG spectra taken at the HB edge (red), cen-
ter (blue), and surrounding bulk MoS, area (black) are plotted in
Figure 2b for comparison. The HB edge presents intense SHG
peak at 400 nm, which is attributed to frequency doubling of ex-
citation laser at 800 nm. In stark contrast, the HB center and bulk
MoS, show no SHG signal. Theoretical and experimental results
demonstrate that SHG susceptibility y? is only valid in MoS, of
odd layer number which has noncentrosymmetric lattice struc-
ture (Figure S2, Supporting Information).[”9323*] The co-existing
SHG and PL intensity unambiguously demonstrates that the HB
edge is composed of monolayer MoS,.

In addition to the SHG map, angle-resolved SHG is measured
at arbitrary spots on the HB edge, and the SHG intensities are
shown as a polar plot (Figure 2¢). The polar pattern demonstrates
a sixfold symmetry, which is consistent with previous results of
TMDs monolayers.l”->3#l Interestingly. the hexagonal geometric
orientations of the sixfold SHG pattern and the HB match well
with each other. For monolayer TMDs, it has been known that
those lobes of the polar pattern are aligned to the directions of
Mo-S bonds, as they provide the strongest electric polarization
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and y®@ tensor within the basal plane of the 2D crystal.[”833¢]
As a result, the HBs on a MoS, surface share the same hexagon
shape and orientation, which are identical to the lattice orienta-
tion of the MoS, single crystal.

Figure 2d shows a false-color map of the average PL lifetime
taken on a typical HB. The PL emission from the HB edge dis-
plays a lifetime within 300 picoseconds homogeneously. An ac-
cumulative TRPL spectrum from the map is plotted in Figure 2e
(red), together with a spectrum taken on the reference sample of
exfoliated monolayer MoS, (blue) with their respective PL inten-
sities normalized to their maxima. The two TRPL spectra match
well with each other, both showing bi-exponential time decay
curves with one ultra-fast and another longer decay. The results
are in agreement to the typical excitonic recombination dynamics
of monolayer MoS, reported in previous literature.[61237:38]

Figure 2f shows the PL spectra of the HB edge (red) and the
on-substrate exfoliated monolayer MoS, (blue) at room temper-
ature and 78 K. The PL spectra of the HB edge present trion, A
and B exciton peaks, similar to the on-substrate monolayer. The
A exciton on HB edge has much stronger PL intensity compar-
ing to on-substrate monolayers, making the PL intensity of the
B exciton looks weaker. At both room temperature and 78 K, the
HB edge has prominently narrower linewidths of the emission
peaks, suggesting high crystalline quality. The line shape of neu-
tral exciton (X) and trion (X~) peaks of A excitonic level can be well
resolved at 78 K, clearly showing that the neutral exciton domi-
nates the spectrum of the HB edge. By tracing the temperature-
dependence of the exciton and trion peaks (Section 2, Support-
ing Information), we further confirm that the trion population in
the HB edge is greatly suppressed, which makes the integrated
linewidth narrower. It is also worth noting that the broad band
emission at lower energy side of A exciton, which is attributed
to defects and localized states,?*#0! is absent in the PL spectra
of the HB edge. It highlights the high crystalline quality of the
monolayers in the HB edge. Therefore, valley polarization is ob-
served not surprisingly, as shown in the circularly polarized PL
map (Figure 2g) and spectra (Figure 2h).

2.3. Fermi Energy and Inner Structure of the Hexagonal Bubbles

In light of the dominant neutral exciton population, the Fermi
energy of the HB edge must have been dramatically modi-
fied, compared to conventional on-substrate monolayer MoS,
which is a well-accepted n-type semiconductor.'2#1=1 To evalu-
ate the charge density and electrostatic properties of the HBs, sur-
face Kelvin potential microscopy (SKPM) was performed, with
the potential map shown in Figure 3a. A positive potential of
~40 mV is detected globally on the HB area, compared to the
surrounding bulk MoS, surface, indicating that the HB area
generally hosts less population of resident charge. The results
match well with the suppression of trion population derived
from the trion peak intensity in PL spectra (Section S2, Sup-
porting Information), demonstrating that the MoS, monolayers
at HB edge are more p-type like comparing to the on-substrate
monolayer. Previous studies have verified that the surface po-
tential and work function of on-substrate MoS, decrease and in-
crease respectively with increasing the sample thickness (layer
number).[**] In our observations, the HB area shows 40 mV
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Figure 2. Optical properties of the HB edge showing its monolayer essence. a) 2D map of second-harmonic generation intensity on a typical HB (scale
bar: 1.5 um); b) second-harmonic generation spectra taken on the HB edge, center and bulk MoS, crystal; c) polar plot of second-harmonic generation
intensity of the HB edge showing the polarization pattern; d) 2D map of the fluorescence lifetime of the HB edge (scale bar: 1.5 um); e) PL decay spectra
of the HB edge (orange trace) and monolayer MoS, on SiO,/Si substrate (cyan trace), whose exponential fittings are shown as red and blue lines
respectively; f) PL spectra of the HB edge (red line) and monolayer MoS, on substrate (blue line) at room temperature and 78 K; circularly-polarized PL
map (g) taken at a HB area (scale bar: 2 um) and the extracted spectra (h). 6 + /o + and o + /o—denote left-hand and right-hand circular polarization

at detection (excitation laser is left-hand circularly polarized).

higher surface potential (lower work function) compared to the
surrounding bulk MoS,. The results suggest that the MoS, in
HB area is thinner than the surrounding, in agreement with
our spectroscopic demonstration of exfoliated monolayer in HB
edge area. During the HB formation, local MoS, surface proxi-
mate to the tip is positively polarized, which also raises the sur-
face potential and creates a gradient of the potential. After the
applied voltage is removed, the potential gradient crossing the
HB body will be evened, while the potential difference across
the HB edge can be preserved because of the energy barrier in-
duced by bandgap offset between the HB edge and the surround-
ing bulk MoS, (see Figure S5, Supporting Information). As a
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result, the higher surface potential in HB area have multiple
origins combining electrostatic and layer-dependence effects. It
is worth noting that some recent studies demonstrate that the
electrostatic potential of TMD monolayers modulate their opto-
electronic and valleytronic properties,[®121718] a5 prominently as
layer-dependence does.

A force mapping is taken on the HB area by scanning the AFM
tip in a 20 X 20 matrix and making nanoindentation at each stop.
The on-site Young’s modulus can be extracted (see details at Sec-
tion S3, Supporting Information), making up a 2D contour as
shown in Figure 3b. The Young’s modulus of the HB is around
0.35-0.57 GPa (black region), which is irrationally lower than the
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Figure 3. Surface potential and inner structure of the MoS, hexagonal bubbles. The scale bars represent 1 um. a) surface potential map of a typical
HB measured by SKPM; b) force mapping showing Young’s modulus around the HB area. The Young’s modulus is calculated from each force curve by
Sneddon (conical) model; c) AFM topography after the bubble has been mechanically destroyed and removed by scanning with contact mode, showing
the left hexagonal pit; d) section profiles from Figure 1d,e (red line) and (c) (blue line), the height of bubble and the depth of the hexagonal pit are ~62

and 23 nm.

surrounding bulk MoS, (240-350 GPa). To unveil the inner struc-
ture, we shear off the HB shell by scanning the MoS, surface in
AFM contact mode with feedback off. In this manner, the com-
pelling force at tip/surface is high enough to slice off the raised
MoS, layers when the tip reaches the HB edge. Figure 3c shows
the topography of the HB area after removing the shell. A hexag-
onal pit appears, with sharp lateral edge and smooth bottom sur-
face. As shown in Figure 3d, by aligning the section profiles of
the hexagonal pit (blue line) and the original HB (red lines), we
reconstruct the inner structure of the HB. It is clear that the HB
is formed by exfoliating and lifting a certain thickness of MoS,
surface layers. By statistical study of the HBs and comparing the
depth of hexagonal pits and the bubble height, the typical thick-
ness of the lifted MoS, is evaluated to range from 30 to 50 nm (40
to 60 layers).

2.4. In Situ Tunneling Volt-Ampere Characteristics Between the
MosS, Surface and the AFM Tip

The HBs are formed upon a positive bias, while the MoS, surface
remains perfectly flat under negative bias. Control experiments
are carried out with setting bias voltage as —10 V and +10 V, re-
spectively. For each case, the voltage is switched on and off for
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four cycles, and the in situ tunneling voltage-ampere character-
istics is monitored. The voltage (red lines), tunneling currents
I; (orange lines) and deflection of the AFM tip (green lines) are
plotted along the time line in Figure 4a,b. Positive tip deflection
indicates the rising of the tip and thus the rising of the MoS, sur-
face layers since the tip-surface distance (d) is kept constant.

As shown in Figure 4a, no tip deflection is observed during
—10V bias is on, meaning no HB formation. Meanwhile, we read
alarge current of —20 nA. It worth noting that +20 nA is the maxi-
mum value of the amperemeter, so the actual value could be even
greater. The negative sign of the current indicates that electrons
are tunneling from sample to tip. As shown in the schematic
drawing (Figure 4a, top panel), because the MoS, is n-type, ex-
cess electrons will accumulate on the surface under —10 V bias.
Given the small tip-surface distance (drg = 20-40 nm), intense
tunneling electron flow appears, akin to thunder stroking on a
lightning rod from cloud. This giant tunneling current equalizes
the electric potentials between the tip and MoS, surface.

In stark contrast, the AFM tip rises by tens of nanometers dur-
ing each cycle with a +10 V bias on, as shown in Figure 4b. The
tunneling current from tip to sample I is small (%2.9 nA) and
discrete. The +10 V bias will first suck the resident electrons to
the ground, and then electrically polarize the MoS, crystal in the
out-of-plane direction. The electric potential difference between
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Figure 4. The controlled formation of HBs via varying the bias and tip-surface distance. The in situ monitoring of the tunneling volt-ampere characteristics
when —10V (a) and +10V (b) biases are applied to the MoS, crystal, respectively. The upper panels of (a) and (b) are schematics of the local electrostatic
conditions around the tip apex, where the blue and red spheres depict negative and positive charges, respectively. The lower panels of (a) and (b) show
the in situ values of voltage, current, and deflection of the AFM tip along with time variation in red, orange, and green lines accordingly; The AFM
topographies of a 30 x 30 um? area on the Mo$S, surface before (c) and after (d) the formation of HBs. The scale bar (white line in (c)) is 5 um. Each
HB in (d) is formed with a specific combination of bias and tip-surface distance, which are labeled in (c) as a 5 x 5 array; The dependence of HB height
on (e) the bias voltage of the sample and (f) the set value of tip-surface distance.

the tip and sample surface will persist for long time, owing to
the small tunneling current. Ideally, the Coulomb attractive force
between the (negative and positive) charges at the tip (Qr) and
the MoS, surface (Qg) can be evaluated using the Coulomb’s law:

Fc= k%TTQf , which will be greatly enhanced at small tip-surface
S

distance. However, in reality the local charge density and distri-
bution near the tip apex are complex functions of bias voltage,
tunneling current, tip-surface configuration and time. To gain
further insights on the effects of the Coulomb attractive force,
we quantitatively monitor the HB size while varying the bias and
tip-surface distance ds. Figure 4c and d are the topographies be-
fore and after the formation of HBs, the 30 X 30 um? area is di-
vided into a 5 x 5 grid with different bias and d;g at each site
(labeled in Figure 4c). The HBs won’t form when bias is small
(e.g., €2 V) and/or di¢ is big (e.g., =50 nm). As shown in
Figure 4e f, the height of HBs are positively and negatively corre-
lated to the bias and d, respectively. The results indicate that the
size of the HBs can be controlled by varying the two parameters,
which approximately follow the Coulomb’s law.

3. Discussion

Our experimental results prove that the Coulomb attractive force
is the main driving force of the HB formation. The adhesion en-
ergy () of the MoS,-MoS, interface is normally around 30+16
meVA~2,[“7-4] therefore, the work done by the Coulomb attrac-
tive force induced by the tip needs to be sufficiently strong in or-
der to initialize the exfoliation of the surface MoS, layers. In pre-
vious studies, similar surface bubbles generated by hydrogena-
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tion inflating show dome-like shape, suggesting a homogeneous
exfoliation.[**->2] In contrast, herein the tip-induced exfoliation
develops radially from surface area proximate to the tip apex and
shows a sixfold symmetry.

When the MoS, surface is lifted up, the tip-surface distance
drs becomes smaller than the set point. The feedback loop of
the AFM will raise the tip in order to restore to the set point. In
this manner, the MoS, surface is continuously picked up. Judg-
ing from the structure of the HB and theoretical simulations, the
formation process of a HB and its edge monolayers can be di-
vided into three consecutive phases: Phase I — electrostatic mir-
roring the tip apex; Phase II — mechanical stretching; Phase III —
strain releasing.

Phase I takes place immediately as the bias is applied. Initially
the MoS, surface proximate to the tip apex will be subject to a
Coulomb attractive force corresponding to the charge distribu-
tion that follows the cone shape of the tip apex, giving rise to
a significant force over an area of the order of nm?. Figure 5a
simulates the distribution of electrostatic force on the sample
surface (see details in Experimental Section and Section S4,
Supporting Information). The 3D contour plots the force am-
plitude pointing upward, which is indeed mirroring the charge
distribution of the tip apex. This specific force distribution will
first lift up the surface layers at the center point. As the Coulomb
force is inversely proportional to dZ, moving away from the
surface into the MoS, layers, there will eventually be a (n +
1)th layer of MoS, such that the Coulomb force is too weak
to exfoliate. Therefore, the n layers of MoS, will be exfoliated
and deformed into a cone, mirroring the shape of the tip
apex.

© 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Three-phase formation of the hexagonal bubble and the edge monolayers. a) simulation of the distribution of electrostatic force on the surface
of the MoS, crystal proximate to the conductive AFM tip apex, the force distribution mirrors the shape of the tip apex; b) the electrostatic force induced
bubble on a monolayer MoS, on heavily doped Si substrate and its time evolution revealed by AFM topography (scale bar: 1 um). The breakage of the
monolayer bubble indicates that the monolayer was lifted up locally and experienced elastic deformation; c) in-plane stretch and the directional stress;

d) self-exfoliation of the HB edge via strain releasing.

To verify this deformation of MoS, layers, a simplified test is
carried out using a MoS, monolayer sample on a heavily doped
silicon substrate. We set the tip to be at 30 nm to the monolayer
and apply +4 V bias to the substrate for one cycle. The treated
area is scanned in the tapping mode immediately. The images in
Figure 5b show the topography evolution of the treated area. At
first a cone structure mirroring the tip apex appears, which has
the similar lateral size comparing to the cone of the HBs. The
cone structure keeps collapsing as Coulomb attractive force is re-
moved. Finally it disappears, leaving a small pit with ~0.8 nm
depth (see the inset section profile). It suggests that the mono-
layer cone is broken due to strain. Similar breakages are observed
at the cone apex of HBs (Figure 1b,c). Based on these observa-
tions, the cone structure in monolayer and single crystal cases
both are originated from the tip-like distribution of Coulomb at-
tractive force.

Phase II starts when the cone structure stops “growing”,
namely, the strain at the cone is equal to the Coulomb attrac-
tive force. At the moment, the coulomb attractive force on the
outskirt MoS, surface is negligible, as it is about 150-200 nm
(cone height) away from the tip apex. However, the strain from
the cone, which is perpendicular to the MoS, surface will me-
chanically cleave off the n layers connected to it. The cleavage will
propagate radially, until the exfoliated area (lateral size of HB) and
interlayer adhesive force are big enough to pin it. Apparently, the
cleavage propagation determines the lateral geometry of the bub-
ble. We simulate the distribution of in-plane force on hexagonal
lattice, with assuming a force pulling at a center point, as shown
in Figure 5c. The force distribution presents a hexagonal pattern,
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with the maximum force intensity along diagonals pointing to
the center (see Section S4, Supporting Information). The simu-
lation demonstrates that the hexagonal geometry of the HBs re-
sults from the hexagonal lattice of MoS,, which is consistent with
our SHG results (Figure 2a—c). Besides, previous works also re-
ported that the cleavage of TMDs layers usually favors specific
edges along 60 or 120°.1°3

Phase III takes place when the bias is off and the Coulomb at-
tractive force is withdrawn. The strain at the HBs will be com-
pletely released, as verified by our PL and SHG spectra with com-
paring to previous studies.>*>®! Due to the 2D nature, the MoS,
layers can only be subject to in-plane strain.>*>! Similarly, the
releasing of the strain will be along the in-plane direction. Since
the suspending layers at HB edge are anchored to both sides
(Figure 5d), the two-side strain relief will merge and generate a
resultant force along the out-of-plane direction, thus exfoliating
the edge layers to multiple isolated monolayers. After Phase III,
the formed HB area has no residual strain anymore, which can
be confirmed by a Raman mapping across the HB (see Section S5
and Figure S9, Supporting Information). It is worth noting that
the unique exfoliation may provide chances to obtain thick TMD
film with monolayer-like properties, which is long desired but
can not be made by stacking exfoliated monolayers due to inter-
layer interactions.

4, Conclusion

In conclusion, we have achieved controllable exfoliation of
the surface layers of MoS, single crystal to monolayers by
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conductive AFM, through bias-enhanced Coulomb attractive
force. The surface layers are exfoliated locally and shaped to
micron-sized hexagonal bubbles, whose geometry orientation
seamlessly matches and visualizes the hexagonal lattice of MoS,.
The lateral edge of those hexagonal bubbles are composed
of high-quality suspending monolayers, showing intense sec-
ond harmonic generation and photoluminescence with sub-
nanosecond excitonic lifetime and valley polarization. The Fermi
energy of the MoS, layers within the hexagonal bubbles are mod-
ified toward p-type. By in situ monitoring of the tunneling volt-
ampere characteristics and simulation of the force distribution,
we illustrate the formation mechanism of those hexagonal bub-
bles. Our results provide a nontrivial way to obtain on-demand
TMD monolayers of high crystalline quality and well-defined lat-
tice orientation, which can be utilized to construct valleytronic
and optoelectronic devices.

5. Experimental Section

Sample Preparation:  Single crystal MoS, was grown by chemical vapor
transport reactions in sealed quartz ampules. Molybdenum, sulfur, and
iodine (transport agent) were loaded in stoichiometric ratio. The sealed
ampules were put in two-zone tube furnaces, with setting the precursor
and growth ends at 950 and 900 °C, respectively. After two weeks, the am-
pules were opened and centimeter sized crystal flakes were harvested. The
crystal flakes were pasted onto the iron disk using conductive silver paint
(Ted Pella, Inc.). Mono- to few-layer MoS, micro sheets were prepared by
scotch tape exfoliation, and dry transferred to heavily doped silicon sub-
strate.

AFM Operations: Iron disk carrying single crystal MoS, was mounted
to AFM sample stage (Cypher ES, Asylum Research), and wired to the bias
functional generator that was integrated within the AFM system. The AFM
conductive tips were used for SKPM and bubble generation (NSC18/Pt
with a nominal spring constant of 2.8 Nm™'). Positive or negative bias
(maximum 10 V) were applied to the sample (for comparison), while the
tip apex was lifted at a certain height above the sample surface. The topog-
raphy images were taken in tapping mode. To remove the pop-up body of
the hexagonal bubbles, contact mode was used to scan the region of inter-
est with the feedback loop is off. A stiff cantilever (NSC15/Al) with a nomi-
nal spring constant of 40 Nm~" was used for tapping/contact mode AFM.

Optical Spectroscopic Measurements:  For the fluorescence microscopic
measurement, blue light was shined on the MoS, surface for excitation
and the reflected signals were cut off using a long-wavelength-pass filter
and collected by a digital camera. Raman and PL spectra were taken on the
MoS, surface in back-scattering geometry using the Horiba LabRam sys-
tem with 532 nm laser excitation. The 2D spatial mapping of spectra was
realized by using a scanning Galvo mirror system to tilt the light beam.
The time-resolved PL was measured with a femtosecond pulsed laser
(400 nm, 80MHz) and detected using a single photon detector connected
to a time-correlated single photon counting system.

Theoretical Simulations: In order to gain insight on the “pulling”
(Coulomb attractive force) that the AFM tip is exerting on the MoS, sur-
face, we simulate the distribution of charge density on the MoS, surface
proximate to the tip apex. In light of the experiment configuration, a ran-
dom distribution of free point charges — electrons — at the tip apex was
assumed, taking into consideration the tip radius of 20 nm. The point
charges were fixed at a distance of d = 20 nm as exemplified in the ex-
periments. The surface charge density induced by each point charge was
calculated using the method of image charges.[”] Following the Coulomb
attractive force between the tip apex and sample surface, the distribu-
tion of in-plane force was simulated on a 2D hexagon grid as in the lat-
tice arrangement of the MoS,. Assuming a force pulling at a point on
the grid, the in-plane forces directed toward the point was resolved on
the “bonds” between points on the hexagonal grid. More details of the
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calculations and simulations can be found in Section S4 (Supporting
Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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