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Abstract

Understanding the kinetics of nanobubbles encapsulated by ultrathin two-dimensional (2D)
layered van der Waals crystal membranes on atomically flat substrates is important to the
applications of 2D materials and the pursuit of 2D nanobubble technologies. Here, we investigate
the controlled motion of monolayer molybdenum disulfide (MoS;) encapsulated nanobubbles on
flat hexagonal boron nitride (hBN) substrates using atomic force microscopy (AFM). Our study
reveals a distinct transition from standstill bubble deformations to stable, stepwise bubble
translations on flat substrates. The membrane tension-dominated 2D nanobubble behaves like an
elastic soft body in its collision interaction with the AFM tip. This delicate motion-control

technique enables neighboring 2D nanobubbles to move closer and eventually coalesce into larger
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nanobubbles. These findings pave the way for high-precision manipulation of nanobubbles and

facilitate the exploration of their emerging applications.
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The extraordinary physical and chemical properties of two-dimensional (2D) layered crystal
materials-based electronics and sensors' often critically rely on an intimate van der Waals
interface’ ® with either a traditional substrate (e.g., silicon dioxide) or a substrate made of 2D
materials (either homo- or heterogeneous types’ ). Nanobubbles reportedly form between the 2D
membrane and the substrate, particularly during the 2D transfer process by encapsulating the
ambient moisture, gas, and/or absorbed surface contaminants. The spontaneously formed
nanobubbles, which are reportedly hard to avoid,!®!! can lead to significant charge inhomogeneity
and reduced carrier mobility,'? negatively impacting the performance of 2D electronics. On the
other hand, the formation of nanobubbles indicates decent adhesion between the 2D membrane

and the substrate'*!*. This can be utilized as a strategy for self-cleaning the substrate!>-1¢

and tuning
the mechanical strain in the 2D membrane (i.e., strain engineering).!”!8 The interface-confined
small volume between the 2D membrane and the substrate, in the order of femto- to yoctoliters,
opens a pathway as emerging carriers of minuscule amounts of mass, drug, and biomolecules.!”!
From a structural perspective, the formation of the 2D membrane-encapsulated nanobubble
involves a complex interplay of adhesion, internal pressure, and membrane straining, which has
been extensively studied in recent years.?>?* Understanding and ultimately controlling the motion

of the 2D nanobubble will create opportunities for the optimal design and performance of 2D

devices by eliminating nanobubbles and pursuing emerging applications of 2D nanobubbles (e.g.,



drug delivery).?® However, the kinetics of 2D nanobubbles, particularly those encapsulated
between ultrathin (mono- or few-layer) 2D membranes on atomically flat substrates, remain
elusive. In this letter, we investigate the controlled motion of monolayer molybdenum disulfide
(MoS>) encapsulated nanobubbles on atomically flat hexagonal boron nitride (hBN) substrates
using atomic force microscopy (AFM). MoS; is a type of semiconductive transition metal
dichalcogenide (TMD) with superior mechanical properties®’ and electron mobilities,?® and is a
promising building block for next-generation nanoelectronics and optoelectronics, while hBN is
an excellent insulator for 2D electronics, including those made of MoS,.2%2° The bending stiffness
of MoS; scales approximately with the square of its thickness (or the number of layers),?” while
its tensile modulus scales linearly with its thickness. Therefore, the low bending stiffness of
monolayer MoS; enables it to conform well to the flat substrate and the trapped medium, and the
in-plane stretching effect in the ultrathin bubble membrane plays a most dominant role in bubble
formation. Our AFM measurements of MoS;-encapsulated nanobubbles on flat hBN substrates
reveal a distinct transition from standstill bubble deformations to stable, stepwise bubble
translations and the complex AFM tip-bubble interactions in bubble deformation and motion.
Figure 1(a) shows MoS>/hBN-encapsulated nanobubbles formed during an all-dry transfer
process®! under ambient environments (~23°C; relative humidity ~20%) (see the Supplementary
Material for materials and methods). The exhibited MoS; flake possesses two thickness domains:
monolayer and bilayer (1L and 2L), which are determined based on AFM height and Raman
measurements®? (Fig. S1 in the Supplementary Material). The measured thickness of 1L MoS
(~0.634 nm) on the hBN surface is close to its theoretical value (~0.615 nm),** which indicates a
clean surface that is free of polymer residues or other surface contaminants. The nanobubbles are

circular with a dispersed size distribution. Topography measurements of nanobubbles



encapsulated by monolayer MoS,, using non-contact mode AFM with a silicon cantilever of 10
nm nominal tip radius, show bubble radii (a) in the range of 95 to 362 nm and bubble heights (/)
in the range of 14 to 54 nm, yielding a bubble height-to-radius ratio (4/a) of 0.12 to 0.15. Fig. 1(b)
illustrates the nanobubble manipulation inside a Park System XE-70 AFM that operates in the
lateral force mode. The AFM measurements were conducted using CSG 10 AFM cantilevers (NT-
MDT) with a nominal tip radius ~10 nm and individually calibrated normal spring constant ~0.2-
0.6 N/m using the Sader Method.** The lateral force applied to the AFM tip is calculated based on
the torsional sensitivity coefficient of the AFM cantilever, which is found within the range of
0.039-0.110 nN/mV using a two-slope wedge method.*> During the bubble manipulation
experiment, the AFM tip is controlled to scan unidirectionally through the bubble centerline to
characterize the bubble deformation and the AFM tip-bubble interaction force under each scan.
The blue-dashed curve in Fig. 1(c) shows the topography profile of a representative 1L-
MoS2/hBN encapsulated nanobubble with a height of ~37 nm obtained via non-contact mode AFM
imaging. A lateral-mode AFM scan with a normal load of 1 nN and a scan rate of 500 nm/s reduced
the bubble height to ~31 nm (black-solid curve in Fig. 1(c)). The bubble remained at a standstill
on the substrate during the AFM scan, and its deformation was fully reversible. Fig. 1(d) shows
the corresponding lateral force interaction as the AFM tip slid over the 2D bubble surface, which
can be categorized into three stages: climbing, plateau, and descending. Once in lateral collision
contact with the bubble, the AFM tip indents and slides up along the bubble surface, which is
exhibited as a sharp increase in the lateral interaction force. The measured lateral force when the
AFM tip reaches the top of the bubble membrane indicates the frictional force between the AFM
tip and the bubble membrane (~5 nN), which more than doubles the friction force (~2.3 nN) in the

flat MoS2/hBN contact region. Our AFM measurements show that the MoS; surface on top of the



nanobubble possesses a much lower surface roughness (0.22 = 0.03 nm) than that in the flat
MoS2/hBN contact region (0.29+0.04 nm). The stretching-induced smoother 2D membrane
surface is expected to result in a lower frictional force.*® Therefore, the observed higher friction
force between the AFM tip and the bubble membrane can be attributed to the partial sink-in of the
AFM tip onto the bubble membrane, which increases the resistance to the motion of the AFM tip.
The descending trace of the AFM tip squeezes the bubble membrane to form puckered structures.®’
The puckered structures act as roadblocks to the moving AFM tip, which increases the lateral
interaction force as the AFM tip slides down the bubble surface. AFM imaging shows that the
nanobubble's geometry (shape and size) and position remain intact after the AFM scan. The
observed reversibility of the substantial bubble deformation indicates that the 2D bubble behaves
like an elastic soft body.

Figs. 2(a, b) and 2(c) show the selected AFM topographic and lateral force measurements,
respectively, of the bubble in Fig. 1(c) under normal loads of up to 30 nN. The measurements
reveal that the bubble remains at a standstill on the substrate with the applied normal load reaching
up to 20 nN. The bubble starts to move in a unidirectional forward translation mode (i.e., along
the scan direction of the AFM tip) under a normal load of 25 nN (Fig. 2(a)), as indicated by the
shift of the bubble’s center position. Here, the bubble’s center position is considered to coincide
with the position of its peak height (h) in the measured topography profile, which is determined
by a quadratic curve fitting (see Fig. S2). The forward translation of the bubble continues for the
first three scans under a normal load of 30 nN, and then the bubble is observed to move in both
forward and transverse directions for the last two scans (Fig. 2(b) and the insert AFM image). The
peak lateral collision force is found to vary linearly with the normal load (blue curve in Fig.

2(d)).*®* Additionally, the bubble’s transverse size (diameter) and height remain intact after all



these AFM measurements. Fig. 2(d) shows the center position of the nanobubble under each AFM
scan (black curve in Fig. 2(d)). The bubble moves, in a rather uniform and stepwise manner, by a
distance of 14 to 18 nm for scans under a normal load of 25 nN. The translation distance increases
to the range of 19 to 50 nm under a normal load of 30 nN. The results show a general trend that
the bubble travels a longer distance on the flat substrate under a higher normal load, which can be
attributed to the resulting higher lateral collision force. Meanwhile, it also leads to a greater
deviation in the moving step size. The observed scattering of the moving step size for scans even
under the same normal load (30 nN) can be attributed to the variation in the AFM scan pathway
due to the thermal shift of the AFM scanning stages.* This is evidenced by the observed transverse
motions of the bubble during the fourth and fifth scans under a load of 30 nN (Fig. 2(b)), which
indicates that the scan pathway of the AFM tip deviates from the bubble’s centerline. The detailed
topographic and lateral force evolution for the bubble under normal loads of 25 nN and 30 nN are
shown in Fig. S3.

The bubble’s movability on a flat substrate is governed by the interplay of several factors,
including the applied normal load and the resulting AFM tip-bubble lateral and frictional forces,
the AFM tip scan speed, and the geometry of the bubble. Fig. 3(a) shows the correlation between
the applied normal load and the resulting lateral collision force that was recorded on the same
bubble in Fig. 1(c) for varying AFM tip scan speeds within the range of 50-2000 nm/s. The shaded
region in Fig. 3(a) indicates the bubble’s movable region. The data show that an increasing AFM
tip scan speed results in a higher lateral collision force under the same normal load. The normal
load threshold that initiates the bubble motion increases with the AFM tip scan velocity. Fig. 3(b)
shows that the average moving distance of the bubble under each AFM scan increases with the

applied normal load but decreases with an increase in the AFM tip scan speed. The results



consistently show that, under a certain applied normal load, the bubble is prone to move by using
a slow-moving AFM tip. Fig. 3(c) shows the dependence of the AFM tip-bubble friction force that
was recorded when the AFM tip slides atop the bubble surface. The friction force increases with
the applied normal load and the AFM tip scan speed, which is consistent with previous reports on
the frictional behavior of monolayer and bulk MoS; surface.*! The frictional force data could be
well-fitted using a power function given by f = C X (P + Ap)?/3, in which 4, is the adhesion
force between the AFM tip and the MoS; bubble, P is the applied normal load, and C is a fitting
parameter. For the tested MoS; bubbles, the adhesion force A;; was measured to be about 7.09 +
0.54 nN from the force-distance spectroscopy measurement (Fig. S4). The measured AFM tip-
bubble frictional force is noticeably higher than the friction force in the flat MoS2/hBN region (Fig.
S5), which indicates that the deformability of the MoS> membrane helps engage the
lateral/frictional interaction with the AFM tip. We conducted AFM measurements on nine
monolayer MoS>/hBN-encapsulated nanobubbles with a varying bubble radius, ranging from 95
to 362 nm, while maintaining a consistent aspect ratio (h/a) of ~0.14. Fig. 3(d) shows the lateral
collision force threshold to initiate the bubble motion follows a linearly proportional dependence
on the bubble radius. The results show that the required normal and lateral collision forces to move
the bubble scale with the bubble size.

The AFM-based 2D nanobubble manipulation approach reported here enables the merging of
neighboring 2D bubbles to form a larger bubble. The selected AFM images in Fig. 4(a) show the
process of merging two 1L-MoS; bubbles about 1 um apart by moving one of the bubbles to
approach and eventually coalesce with the other bubble. The AFM topographic profiles in Fig.
4(b) show that the two bubbles in Fig. 4(a) are of radius (height) ~139.8 nm (19.7nm) and ~144.5

nm (20.5 nm), respectively. The newly formed bubble has a radius of ~175.5 nm and a height of



~26.6 nm. The h/a ratio of the newly formed bubble (~0.152) noticeably increases compared to
that of the original bubbles (~0.141-0.142). Here, we examine the potential impact of the change
in the A/a ratio on the confinement pressure inside the bubble and the mechanical strain inside the

2 R% [ref 23]

, where E, t and v
1-v a*

bubble membrane. The confinement pressure is given as Ap = Et

are the Young’s modulus, thickness, and Poisson’s ratio of the bubble membrane (E = 330 GPa,*?
t=0.615 nm?®* and v = 0.25* for monolayer MoS;), respectively. Our analysis shows that the
pressure inside the newly formed bubble (~10.7 MPa) remains almost unchanged as compared to
that in the original bubbles (~10.7 MPa and ~10.8 MPa). The low bending stiffness of 1L MoS:
and the tension-dominated MoS; bubble membrane help the bubble maintain its structural stability.

The mechanical strain inside the bubble membrane can be estimated using the Foppl-von
Karman equation.** If the edge of the bubble is assumed to be fully clamped at the bubble-substrate
interface, the radial (¢,-) and circumferential (€g) strains inside the bubble membrane are given as

r r

2 _ 2 2 2
c, = %(3 —v) [1 _ 1-3v (E) ] and €5 = ‘37(3 ) [1 — (—) ], respectively, where v is the

3-v a
Poisson’s ratio of the bubble membrane and r is the radial coordinate. The maximum strain occurs

at the top position of the bubble (r = 0), in which the corresponding strain is given as €,(r = 0) =

2
€g(r=0) = :7 (3 — v). For the bubbles exhibited in Fig. 4(a), the maximum strain in the newly

formed bubble (~1.58%) is about 13.5-15.6% higher than that in the original bubbles (~1.36-
1.39%). The findings suggest that the bubble merging process presents a plausible approach for
strain-engineering of 2D materials.

In summary, we investigated the precisely controlled motion of ultrathin MoS>-encapsulated
nanobubbles on flat hBN substrates. Our study reveals the distinct transition from standstill bubble

deformations to stable stepwise bubble translation and how the deformation and motion of the 2D



bubble are governed by the complex AFM tip-bubble collision interactions. The bubble behaves
like an elastic soft body and can maintain its size and shape after the controlled motion. The
controlled merging of neighboring bubbles to form a larger bubble was demonstrated, which is
accompanied by changes in the mechanical strain inside the 2D membrane. These findings pave
the way for high-precision manipulation of nanobubbles and the exploration of their emerging

applications.

Supplementary Material
See supplementary material for additional details about the experimental methods, and additional
figures about the AFM and Raman measurements of the 2D materials, adhesion, bubble motion

experiments, and friction.
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Figures and Figure Captions
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Figure 1: AFM-based nanobubble manipulation: (a) AFM image of a MoS; flake (with 1L and 2L
domains) on a 130-nm thick hBN substrate with simultaneously formed nanobubbles during the
dry transfer process. Scale bar: 2 um. The blue dashbox highlights the bubble used for the bubble
manipulation experiment. Insert: optical microscopy image of the stacked MoS>/hBN
heterostructure. Scale bar: 5 pm. (b) Schematic of the 2D bubble manipulation on a flat h BN
substrate using lateral force AFM. (¢) The original height profile of the bubble inside the dashbox
in (a) (dashed blue curve) using non-contact mode AFM imaging. The contact-mode AFM
topographic profile (black curve) under an applied normal load of 1 nN. (d) The corresponding
AFM lateral force under an applied normal load of 1 nN. /nset: schematics of the AFM tip-bubble
interaction at different positions. The red and green shaded areas in (c¢) and (d) indicate the starting

and ending stages in the AFM tip-bubble contact, respectively.
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Figure 2: Nanobubble manipulation under varying compressive loads: (a) Selected AFM line-scan
height profiles of the chosen MoS; bubble under each applied normal load (1 nN to 25 nN). The
insert AFM images show the bubble’s shape and position before and after the first AFM tip scan
under a normal load of 25 nN (green dashed circle indicates the original bubble shape/position).
(b) AFM line-scan height profiles during the five scans under a normal load of 30 nN. The insert
AFM image displays the bubble’s initial (blue dashed circle) and final shape/positions after the
scan cycles under a normal load of 30 nN. The color bar represents the scan sequence. (¢) Selected
lateral collision force profiles for the selected bubbles from 1 nN to 30 nN. (d) Evolution of the
bubble’s central position after each AFM scan and the peak collision lateral force under an
increasing normal load at a scan speed of 500 nm/s. Error bars were calculated as the standard

deviation of the measured peak lateral forces. Scale bars in (a) and (b): 500 nm.
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Figure 3: The movability of nanobubbles under varying normal load and AFM tip scan speed: (a)
The dependency of the peak lateral collision force on the normal load for varying AFM scan speeds.
(b) Bubble moving distance per scan under applied normal force that ranges from 1 nN to 25 nN
at varying scan speeds. (¢) The dependence of the frictional force on the scan velocity and the
applied normal load. (d) The measured initial lateral driving force enables the motion of bubbles
of varying radii at a scan speed of 500 nm/s. The insert plot shows the aspect ratios of those
measured bubbles. Error bars were calculated as the standard deviations of the measured

parameters. The red shaded areas in (a) and (c) indicate the bubble’s movable domains.
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Figure 4: AFM-based nanobubble merging experiments: (a) selected AFM snapshots that show
the process of merging two nanobubbles into a larger nanobubble. The red dashed circle indicates
the original position of the bubble being pushed by the AFM tip. Scale bar: 1 pm. (b) Height

profiles of bubbles before (red line) and after (blue line) the merging process.
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