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S1. Bias-dependent apparent height of MoS2 nanobubbles

The heights measured by STM can differ from the real heights because the z-movement of the tip
is controlled by the tunneling current. This is a measurement of the density of states of the sample
(integrated from energy 0 to eVy;as, Where V46 1S the bias voltage applied and e is the electron
charge), and thus it depends on the local electronic properties of the surface in addition to the
topographic ones. As a result, not only the relative heights of different features on the measured
surface can be misrepresented (for instance, an adsorbate might appear lower than its surroundings;
see, e.g., Ref. [3]), but also the height of a single feature might differ at different bias voltages (as
is the case for the moiré pattern of MoS2/Au(111) [4]). This is because topographic scans are
typically acquired in constant current mode, and new (or fewer) tunneling channels might be
available with different V},;,5. FOr this reason, the height measured by STM is typically referred to
as apparent height and is usually verified by other measurements (e.g., AFM).

The apparent-height issue was relevant when assessing the aspect ratio of our MoS>
nanobubbles. To avoid misinterpretations, not only we have confirmed the h/R ratio by AFM
measurements (Fig. 1(d) of the main text), but also we have verified the bias dependency of the
height measured in our STM experiments. In this regard, Fig. S1(a) shows the bias-dependent
measurements of the height of two bubbles with different radii: Bubble 1 with R = 8.1 nm and
Bubble 2 with R = 14.0 nm. We found that the apparent height ranges between 0.7 and 1.1 nm for
Bubble 1 and between 2.8 and 3.2 nm for Bubble 2. Thus, a height difference of up to 50% can
arise on a bubble if the bias voltage is not constant. However, it is observed in this simple analysis
that when Vj,;,s ranges between 1 and 1.5 V the bubble’s height is constant within a maximum
error of 10%. To ensure consistency in our h/R measurements, we then selected this V.5 range
to acquire topographic scans of the MoS2 nanobubbles.

We note that also the measurement of the radius is V4,5 -dependent. Comparing scans at
positive and negative polarity (Figs. S1(c, d), respectively), we observe that a dip seems to appear
at the edge of nanobubbles when V},;,s < 0, whereas at positive bias the membrane falls smoothly
onto the terrace; see Fig. S1(b). This behavior might be caused by the presence of bound states at
the edge of nanobubbles, similar to those observed in WSez/MoSe: heterobilayers [4], which
results in different topographic appearances at different V},;,s. However, the concurrent decrease
of h and R at negative polarities with respect to positive ones results in the same h/R value (with
<1% error). Thus, the bias dependence of the h/R evolution with R appears to be negligible.
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Figure S1. Bias dependency in STM measurements of height and radius of nanobubbles. (a) Height
measurements as a function of the bias voltage, V.5 (b) Profiles of Bubble 1 (marked in (c) and (d)) as a
function of Vy;,5. A STM tip apex change is observed in the bottom of (d); however, the height measurement
was reproducible afterward. STM topographic scans of a bubble with R = 8.1 nm at (c) Vs = 1.0 V and
(d) Vpias = -1.25 V. The setpoint current was set to I; = 0.2 nA.

S2. Profile fitting of MoS2 nanobubbles

We approximate our MD and STM profiles of MoS> nanobubbles to the analytical model proposed
by Blundo et al. [20] by using the least squares approach. To this end, we adopt the fitting curve

z(x) =h [1 — (x ;xo)q] , (S1)

where h, x,, R, and q are the 4 free parameters; see Fig. S2.

The results given in Table S1 follow a decent agreement with those by Blundo et al. (cf.
Fig. 2(b) in Ref. [20]) in large MoS; bubbles with fixed h/R at =0.22 where q = 2.2. For smaller
MoS; bubbles (R < R.), we find in our fitting results a reduction in the exponent q, where q < 2.
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Figure S2. Fitting of the MoS; nanobubble profiles adopting Eq. (S1). (a) MD bubble of R = 13.4 nm and
(b) experimental bubble of R = 5.9 nm measured by STM.

Table S1. Values of the fitted exponent g from the STM and MD profiles of MoS; nanobubbles.

STM measurements

MD simulations

R (nm) h/R q R (nm) h/R q
2.1 0.13 1.83 6.7 0.13 1.65
3.4 0.16 2.0 7-3 0.14 1.66
5.9 0.20 1.88 8.9 0.14 1.88
6.6 0.16 2.26 11.6 0.16 1.93
7-3 0.20 1.91 13.4 0.19 2.07
9.6 0.20 2.26 21.0 0.21 2.16
24.4 0.23 2.32 26.4 0.20 2.19

S3. MD cells containing the MoS,/Au(111) system with trapped atoms

We construct the periodic MoS2/Au(111) system by placing a MoS, membrane on top of a flat,
(111)-oriented Au substrate comprised of two rigid atomic layers. The x-direction follows the
armchair orientation of the MoS, membrane. The atoms are initially located at their equilibrium
distance satisfying the lattice parameters predicated by the interatomic potentials. The initial
MoS,-substrate separation is defined in accord with the equilibrium interlayer distance prescribed
by the interlayer potentials (Section S6).

Then, we modify the z coordinates of the constituent atoms in the MoS, membrane using
the equation of a bell shape,
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Z=2y+ hg exp( (52)

B

where L, and 1, represent the dimensions of the MoSz/Au(111) system (Fig. S3(a)), h, is the height

(x — L/2)%+(y — ly/2)2>

of the bell (Fig. S3(b)), and B is a fitting parameter. The x and y coordinates remain unchanged.
This creates a space between the membrane and the substrate in which trapped N atoms are inserted
at random positions; see the red-marked region in Fig. S3(b).

The number of N atoms, Ny, to be introduced is approximated considering the ideal gas
law which stipulates that Ny = (Nay pn Vi,0)/Wn; Where Ny, is the Avogadro’s number, py
stands for the density of nitrogen gas (py = 1250.6 g/cm? at atmospheric pressure), V4, is the
initial bubble’s volume defined by a hemisphere of radius r (note that r < h; see Fig.S3(b)), and
Wy accounts for the standard atomic weight of N.

This computational method was envisioned to reproduce the experimental conditions that
allow trapped atoms—between the membrane and the substrate— to form nanosized bubbles during
exfoliation (see Experimental Methods in the main text). In Table S2, we provide the details of all
the as-built MD cells considered for this investigation, including the parameters that define the
initial bell-shaped MoS, membranes and V}, 4.

Table S2. Details of the (16) MoS2/Au(111) systems with trapped N atoms simulated for this study.

MoS:/Au(111) size | # MoS.atoms  # Au atoms  # N atoms hy (nm) r(nm) p(nm?) | R (nm)
10X10 nm 3,456 2,499 66 1.3 1.05 6 2.4
15X15nm 7,776 5,624 362 2.0 1.8 13 3.9
20X20 nm 13,392 9,506 788 2.5 2.25 25 5.4
25X25 nm 21,060 14,884 1,112 2.8 2.5 35 5.8
25X25 nm 21,060 14,884 1,602 3.1 2.8 35 6.3
25X25 Nnm 21,060 14,884 1,993 3.3 3.0 35 6.7
30X30 Nnm 30,456 21,756 1,594 3.1 2.8 50 7-3
40X40 Nnm 54,432 38,808 3,685 4.0 3.6 100 8.9
50X50 nm 84,240 59,536 9,349 5.1 4.8 150 11.6
70X70 nm 167,640 118,680 19,116 6.4 6.0 180 13.4
70X70 nm 167,640 118,680 19,120 7.0 6.7 200 14.0
85%85 nm 245,784 173,888 34,285 7.6 7.2 225 16.6
100X100 Nm 341,004 241,572 40,688 8.0 7.6 250 17.2
115X115nm 449,280 317,532 79,521 9.8 9.4 400 21.0
130X130 nm 575,280 407,043 112,543 11.0 10.5 500 26.4
140X140 nm 664,884 469,910 199,110 13.0 12.6 800 31.8

S5



Figures S3(a, b) show the as-built 20-by-20-nm MoS>/Au(111) system containing trapped
atoms between the bell-shaped MoS; and the Au substrate. The relaxed MoS2/Au(111) system
containing a thermodynamically stable nanobubble is given in Fig. S3(e). The time evolution of
the bubble’s temperature (T,,) and pressure (P) during the relaxation run are plotted in Figs. S3(c,
d), respectively. Note that thermodynamical equilibrium is attained when dTy/dt and dP/dt
fluctuates around 0.
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Figure S3. The computational domain with periodic boundary conditions (PBCs). (a) Top view and front
(cut marked with the purple line) view of the as-built 20x20-nm MD cell comprised of a top, bell-shaped
MoS; and a bottom, (111)-oriented Au substrate between which N atoms are introduced (inside V4, o, cf.
part (b)). The yellow arrows denote the crystalline orientation of the main axes in the Au substrate. (b)
Schematic representation of the as-built MD configuration. (c, d): Time evolution of temperature, T}, and
hydrostatic pressure, P, of the trapped atoms during the relaxation of the MoS2/Au(111) heterosystem. (e)
Cross-sectional cut of the relaxed system containing a MoS; nanobubble of radius R=5.4 nm.

S4. MoS; nanobubbles formed on substrate steps

While the MD simulations discussed in the main text consider MoS> bubbles formed on perfectly
flat Au(111) substrates (Section S3), a considerable number of the experimental nanobubbles
evaluated in this investigation were formed at the rim of Au terraces characterized by monoatomic
and biatomic steps. Bearing this in mind, we discuss in the following the general influence that
such Au steps have on the relaxed shape of MoS2 nanobubbles. To do so, we present a comparative
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analysis of MoS> bubbles with R = 17 nm formed at the edge of Au steps against those formed on
a flat Au(111) substrate. Note that R > R..

We separately create two periodic Au (111) substrates that contain a longitudinal step along
x characterized by a monoatomic and biatomic step height (note that, in an Au crystal, one atomic
spacing along the [111] direction has magnitude av/3/3 = 0.23 nm; cf. Fig. S6(a)). The MoS;
bubbles are then relaxed following the computational method described in the main text and in
Section S3 using 100x100-nm periodic cells. The location of the steps in our MD cells ensures that
the rim of the relaxed bubbles marginally overpasses the Au terrace, as illustrated in Figs. S4(b,
c). Such a configuration of MoS; nanobubbles formed at terrace edges aims to mimic those found
in our STM topographies from our MoS2/Au(111) experiments; compare, e.g., Fig.1(b) in the main
text with Fig. S5(a, b).

The profiles plotted in Fig.S4(d) show that MoS, nanobubbles formed at the edge of Au
terraces tend to marginally increase R and decrease h as compared to those formed on perfectly
flat Au (111) substrates. Because R is measured along the major axis, the h/R value consequently
varies from h/R ~ 0.22 (flat Au substrate) to h/R ~ 0.20 when biatomic steps are incorporated
into the MD cells. Table S3 provides the characteristic sizes measured in relaxed MoS;
nanobubbles obtained under the three distinct substrate configurations; see Figs. S4(a-c). Notice
in these figures that the Au substrates (under the MoS; bubble) are composed of two (111)-oriented
Au planes so that the adhesion energy between the MoS; and the Au substrate remains roughly the
same under all of the substrate configurations.

The MoS: topographies shown in Figs. S5(a-c) illustrate the effect of Au steps on the
relaxed nanobubble shapes. It is found that MoS; nanobubbles located at the rim of substrate steps
tend to develop topographies with a lenticular shape (in top view)—compare Figs. S5(a, ¢). On this
note, we calculate the projected aspect ratio of the relaxed nanobubbles (that is the ratio between
the minor axis and the major axis as measured in the projected bubble’s area), which varies from
~ 0.98 (flat Au substrate) to ~ 0.82 under Au terraces with a biatomic step. These results quantify
the effective variation in the relaxed bubble shapes obtained under these different conditions.

On the other hand, the local strain maps shown in Figs. S5(d-f) display the role that the
presence of terrace steps has in the resulting local strain distributions of MoSz nanobubbles.
Interestingly, the bubble’s volume takes similar values under the three distinct substrate
configurations (V4, ~ 1,100 nmq), thus indicating that the evolution from circular- to lenticular-
shaped MoSz nanobubbles (see Figs. S5(a-c), respectively) relates to an overall built-up in atomic-
level stresses. This, in turn, provokes an additional increase in the pressure (P) inside the
nanobubbles; see Table S3. By contrast, the MoS; bubbles exhibit a mild reduction in the average
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local strains (epupbie) When it comes to nanobubbles formed at the edge of Au steps; see also Table
S3.
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Figure S4. Cross-section cuts of relaxed MoS; nanobubbles (R = 17 nm) in 100x100-nm periodic MD
cells with a flat Au (111) substrate (a), a substrate with a monoatomic step (b), and a substrate with a
biatomic step (c). The respective bubble profiles are given in (d). The h and 2R distances marked in (c)
refer to the MoS; bubble formed on a substrate with a biatomic step. The profile cuts are marked in green
in the MoS; topographies from Figs. S5(a-c).

Table S3. Bubble properties obtained from 100x100-nm MD cells as a function of substrate topography.

substrate configuration h (nm) R (nm) h/R P (MPa)  &pyppie (%)
flat 3.7 16.8 0.22 335 6.65
monoatomic step 3.6 16.9 0.21 350 6.43
biatomic step 3.5 17.3 0.20 370 6.34
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Figure S5. Topography and &,c5 maps of relaxed MoS,; membranes containing nanobubbles of R = 17
nm obtained in 100x100-nm? MD cells with perfectly flat Au (111) substrate (a, d); Au substrate with a
monoatomic step (b, e); and Au substrate with a biatomic step (c, f).

S5. The Lennard-Jones potentials

The pair-wise 12-6 Lennard-Jones (LJ) model estimates the potential energy between two atoms
separated by a distance ;; through

12 6

12 6
rij Tij

Here, € is the depth of the potential well and o is the distance at which V(rij) = 0. The energy
minimum of the potential well-satisfying dV(ri j) /dr;; = O-attains at a distance r, = 2160, With
1;; > Ty, the potential energy smoothly vanishes towards 0, where the potential is strictly 0 after a
cutoff radius [7].

We adopt the LJ values for both Mo-Mo and S-S interactions from Ref. [8]. The author in
Ref. [8] which were used to reproduce DFT results of the elastic properties of monolayer MoS..
The LJ coefficients for Au-Au and N-N interactions were taken from Refs. [9, 10], respectively.
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In our MD simulations, we approximate the interaction energies between dissimilar atoms
by means of the Waldman-Hadler mixing rules, which establish that the crossed LJ parameters
between element 1 and element 2 follow

1
6 6\G
o7 +0;\°
- =< i ) , (s4)
and
51—2016—2 = (5101652026)1/2- (S5)

It is important to mention that the above relations for mixed LJ parameters provide much better
results than the widely used Lorentz-Berthelot rules, which may result in larger deviations from
experimental data; see Ref. [11]. The LJ parameters used for the present simulations are given in
Table S4.

Table S4. LJ coefficients used for the MoS,/Au simulations.

LJ parameter N-N Mo-N S-N Au-N Au-S Au-Mo
o (A) 3.31 3.878 3.226 3.15 3.04 3.842
€ (meV) 3.214 1.084 6.581 10.501 22.818%* 2.014%

*The MoS; bubbles discussed in the main text are those obtained in the simulations using e = 3¢* for the
Au-S and Au-Mo pairs, see the following Section S6 for further details about the role of € in the resulting
MD bubble profiles.

S6. The MoS,/Au(111) coupling in the MD simulations

Van der Waals (vdW) forces fundamentally govern the relatively weak interlayer bonding between
multilayer systems. We adopt the above LJ model to describe the vdW coupling between the MoS>
layer and the Au(111) substrate (with the LJ parameters describing Au-Mo and Au-S interaction
pairs given in Table S4). The LJ potential has been largely employed to prescribe the adhesion
between single layers using MD simulations [12, 13, 14].

To assess the moireé patterns forming in flat MoS2/Au(111) systems, we run complementary
MD simulations that perform an NVT relaxation run over 100 ps. The results from these
simulations show that the relaxed state of the heterosystem is characterized by a minimum
interlayer spacing of d ~ 2.85 A, see Fig. S6(b). Note that this value is slightly lower than that
predicted from LJ pair-wise potential (15 (s—ay) = 3.412 A). In addition, the moiré periodicity, h,
observed in our MoS2/Au(111) MD system (Fig. S6(c)) is in good agreement with experimental
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observations [15], where h = 3.3 nm. Additionally, the resulting in-plane strain map from the
moiré patterns of MoS; on Au(111) are given in Fig. S6(c, d), respectively.
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Figure S6. Relaxed MoS,/Au(111) periodic system of size 40x40 nm using € = 3€*. (a) Schematic
representation of the MD cell. (b) Separation between flat MoS; and rigid Au (111), d, as a function of the
relaxation time, t. (c) Moiré patterns in flat MoS2/Au(111) predicted by MD. (d) Map of in-plane lattice
strains. The in-plane strains are obtained from the computations of Mo-Mo bond distances using atom
coordinates averaged over 5 ps.

S7. The role of the coupling with Au (111) in the MoS: bubble profiles

To investigate the role that the adhesion plays in the bubble topographies obtained in our
MoS2/Au(111) systems, we analyze the resulting shape of MoS2 nanobubbles formed under
distinct values of the LJ parameter e from Eq.(S4). We define the e values for Au-S and Au-Mo
given in Table S4 as the reference values for the potential wells; hereafter referred as to e*=
23.2495 meV for Au-S and €*= 4.78038 meV for Au-Mo LJ interactions.
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Following the semi-continuum formulation described by Zhu et al. [12], the cohesive
energy between two flat layers, ®,,_, is defined in terms of the coupling LJ parameters and the
corresponding area densities of the layers through the expression

12 6
Om-=-s Om-s >

5d0, " 2df_,

b, = 4em_spmpsn< (S6)
Here, o,,_s and €,,,_ are the crossed LJ parameters between membrane (m) atoms and the substrate
(s) atoms. d,_s is the interlayer distance, whereas p,, and pg are the area densities of the
membrane and the substrate, respectively. Note that the MoS> membrane is composed of three
layers of S up, Mo, and S down atoms (Fig.S6(a)) with a characteristic area density of p,, =
2/(3a%), and MoS; lattice parameters a, = 3.19032 A and ¢ = 3.1298 A as predicated by the
employed REBO potential [16]. A (111)-oriented FCC atomic layer is characterized by an area
density of ps = 4/(3v2a?), where the Au lattice parameter is ag = 4.08 A [17].

In our (flat) MoS2/Au(111) MD system, the total cohesive energy, @, is then computed
as the sum of all of the layer-by-layer contributions, namely

Dor = Ps up-Au1 T DPpmo-au1 T Psdown-au1 T
CDS up—Au2 + CDMO—AuZ + (DS down—-Auz2 - (87)

Note in Eq. (S6) that the cohesive energy scales linearly with €. This allows us to tune the
vdW-type interactions between the MoS; and the Au substrate by simply varying the parameter €.
In this framework, we carry on several MD simulations under distinct values of € (from € = 1¢*
to € = 10€*) using 40x40- and 100x100-nm? MoS2/Au(111) MD cells (Table S2) in order to
assess the influence of the cohesive energy on MoS; bubble profiles.

Figures S7(a, b) show the resulting profiles of MoS2 nanobubbles under varying values of
parameter e formed in 40x40- and 100x100-nm? cells, respectively. It is found that with
increasing e values, the larger cohesive energy between the MoS; and the substrate favors the
formation of prominent nanobubbles characterized by a large h/R ratio, where h/R = 0.35 when
€ = 10€*. The results from these simulations also suggest that the hydrostatic pressure measured
inside relaxed MoS; nanobubbles markedly increases in prominent bubble profiles. For instance,
a sixfold raise in P is observed in MoS; nanobubbles formed in 100x100-nm cells when the LJ
coupling energy is increased tenfold (from € = 1€* to € = 10€*). The same trends hold in the
smaller bubbles from the 40x40-nm cells, where the h/R ratio varies from =0.075 (¢ = 1€*) to
~0.275 (e = 10€™); see Figs. S7(c, d).
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Figure S7. Properties of relaxed MoS; nanobubbles as a function of LJ parameter . (a, b): Bubble profiles
formed in 40x40- and 100x100-nm, respectively. The evolution of the h/R ratio and the hydrostatic
pressure with increasing LJ coupling is given in (c, d), respectively.

On the basis of our experimental results for MoS; bubbles with R > R. = 10 nm (see
Fig.1(d) in the main text)—which follow universal scaling in MoS2/Au(111) systems with constant
h/R =~ 0.21 (observation supported by other investigations; see, e.g, Ref. [18]), the analysis and
discussion given in the main text feature simulations using the LJ values of e = 3e*for the Au-Mo
and Au-S interactions. Under these adhesion conditions, we estimate the cohesive energy between
the MoS2 and Au(111) substrate by means of Egs. (S6, S7), and we obtain a value of ®,,; = -335
m]J/m?2. This cohesive energy accounts for a 2D layer-substrate interaction with roughly similar
adhesion levels to those measured in experiments of MoS> monolayers deposited on highly
adhesive substrates [2].
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S8. Computation of the hydrostatic pressure inside MD nanobubbles

The hydrostatic pressure inside the bubble, P, is related to the principal components of the 3-by-3
stress tensor, o, and the volume, V;,, of the trapped atoms through the equation [5]

p=_ (011 + 0 + 033>
3 '

(58)

We systematically estimate 1/, by means of the “Construct surface mesh” modifier featured
in the OVITO visualization software [6]. The modifier constructs a surface representation of the
instantaneous three-dimensional bubble shape composed of trapped atoms. It thus generates a
geometric description of the outer and inner boundaries of the bubble in terms of a triangulated
surface mesh, which allows for qualitative measurements of V/;,.

S9. Computation of atomic-level strains in MoS; membranes

Atomic-level strain tensors in the top MoS; layers are calculated using the “atomic strain” modifier

featured in OVITO. For the strain calculations, we assume plain strain in the MoS, membrane,
where &y, = &y, and &,, = &, = €, = 0. Then, the atomic Green-Lagrangian strain tensor is

fully defined through

E= (:;y Egj) (S9)

This algorithm allows us to obtain the strain tensor, E, at all the atomic sites in the MoS, membrane
upon relaxation.

We calculate the local intralayer strains, &,ca1, Via the squared sum of the eigenvalues of
the strain tensor, E, [19]

Elocal = /lf + 13 with Ay, = Eig(E) . (510)

Alternatively, we also assess in the MoS,; membranes the value of atomic-level maximum
strains, e€n.x, Whose analytical relationship with the components of tensor E from Eq.(S9)-
assuming plain strain conditions—is fully defined by

.+ € &+ e0\2 Evn 2
nm S5 (225 () 1)
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https://www.ovito.org/docs/current/reference/pipelines/data_objects/surface_mesh.html#scene-objects-surface-mesh

Figure S8 shows the topography and the corresponding €;oca; @nd &2 Maps of 15x15-
nm (Fig. S8(a)) and 70x70-nm (Fig. S8(b)) MoS> membranes. To obtain an optimal definition in
the strain maps of the MoS, membranes, the atomic-level deformations are computed taking an
initial state (atom coordinates of unstrained, flat membranes) and the final relaxed MoS>
membranes containing a nanobubble. We obtain the atom coordinates in the relaxed MoS;
membranes using the final atom positions averaged over 5 ps. This leads to a smooth deformation
field computed by means of the OVITO’s modifier. The modifier cutoff value is set to 10 A.

(a) 15%x15 nm MoS,/Au(111)

OSHE_]7 (zinA) O M7 (Emaxin%) O W7 (fiocalin %)
(b) 70x70 nm MoS,/Au(111)

o)
o/

SHE__127 (zinA) ONE_MS8 (émaxin%) O 8 (ciocal iN %)

Figure S8. Topography and strain maps of relaxed, 15x15- and 70x70-nm? periodic MoS, membranes are
given in (a, b), respectively.

S10. Strain states in MoS, nanobubbles

Further MD analyses of the atom-level strain components in the MoS, membranes unveil the
development of a complex distribution of strain states during bubble the relaxation of MD bubbles.
Figure S9 provides evidence of the attainment of a strain state in MoS; bubbles with a major biaxial
contribution combined with uniaxial and shear states. A schematic of the strain states found in our
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MD nanobubbles is provided in Fig. S9(b). We find that such a strain pattern develops
irrespectively of the bubble’s size (for the sake of brevity, we show in Fig. S9 only the results for
R=6.7).
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Figure S9. Strain states in relaxed 25x25-nm periodic MoS; membrane obtained from MD. (a) Topography
map. (b) Schematic of the strain states found in our MD nanobubbles. The ¢, and &, maps of the membrane
are given in (c, d), respectively. (g, f): £, /¢, and &,, /e, maps, respectively. Note in these maps that uniaxial
states become manifest for (¢, /e,) - £ and (g, /&,) = Foo. (g-i): Distribution of strain ratios inside
the MD nanobubble, where bubble’s edges are marked in (a, c, d).

S11. STM measurements of strain in MoS; nanobubbles

Resolving the atomic lattice in STM requires a sharp tip and a small tip-sample separation.
Additionally, the number of points in the image must be sufficiently large to resolve the position
of the atoms precisely, and the scan time must be sufficiently low to limit drift and distortions. A
compromise is required, resulting in a limitation in the scanned area. Therefore, to measure the
strain in MoS> nanobubbles as precisely as possible, in our STM experiments the lateral scan size
was limited to ~20 nm and the radii of the bubbles to =7 nm.
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The strain, &, was then measured by comparing the interatomic distance across the MoS,
bubbles (dpybbie) to that measured on flat MoS; (dy,s,) using the definition

_Ad _ dpubble — dmos,
d dMOSz

£ , (S12)

expressed as a percentage (%).

To measure dpypple: We acquired images of MoS. nanobubbles with atomic resolution
(with the aforementioned limitations) and extracted their profiles in the radial direction. However,
a few parallel profiles needed to be measured (Fig.S10(a)) in order to extract average
measurements, thus departing from a truly radial direction. Additionally, to reduce the effect of
drift, only the lattice direction nearest to the fast-scan direction was considered.

The atoms were identified as the peaks that modulate the bubble profiles (Fig.S10(b)). To
ensure the correct identification of the positions of the peaks (i.e., the position of the atoms), a
background was subtracted; see the blue line in Fig.S10(b). The distance between the atomic
positions identified after this was defined as dy,pp1e- The background subtraction is especially
important for the largest bubbles measured in this analysis, as these have heights of the order of
the nm, which is 3 orders of magnitude larger than the height of the atomic protrusions (pm). The
background was identified by means of a Gaussian function that approximates the expected
profiles for bubbles in the bending-dominated regime [1].

Figure S10(c) shows the local € values in various MoS; nanobubbles calculated using Eq.
(S12). The error in our STM measurements of nanobubbles (=10 pm) is notably larger than the
error in the measurements of interatomic distances on nearly flat surfaces (such as the moiré-
characterized regions of our samples), which is usually ~1 pm. Although the procedure we employ
to identify the position of the atoms in MoS, nanobubble profiles might contribute to the former
error, we believe that the main contribution comes from tip-sample interactions on top of the
bubbles. Most notably, the reduced interaction of MoS> with Au in the center of the bubble, which
is pinned at the edge [2], allows for displacements of the MoS, membrane. Even though the tip
was carefully prepared before each scan, the relatively high bias voltage (Vs > 1 V) required to
tunnel through MoS: in conjunction with the high current (I, > 1 nA) needed for atomic resolution
lead to an electric field that can locally deform the bubble’s profile, displacing its atoms. Especially
at room temperature, such tip-sample interactions are difficult to avoid. Additionally, lateral
interactions of the tip on the curved surface of the bubble cannot be excluded. Even for small z
displacements (of ~1 A), the interatomic distances between S atoms in the nanobubbles are of ~3
A so that the atomic forces acting on non-apex atoms of the tip are likely finite in magnitude.
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However, the correspondence between the average strains measured by STM and those
extracted from MD simulations (cf. Fig. 3(d) in the main text) suggests that such measurement
errors are overall compensated along each bubble profile.
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Figure S10. Strain measurement in MoS, nanobubbles. (a) STM topographic scan of a bubble with R =
1.9 nm. The black lines mark the profiles extracted for the strain measurements, spreading in radial direction
from the center. (b) Measurement of the interatomic distance, dy,,pp1e- The profiles marked in (a) are fitted
by a Gaussian function (green line), which is used as background. Extracting the difference between the
two curves (blue line) facilitates the identification of the in-plane position of the atoms (open blue circles).
This is translated to the bubble profile (solid red circles) to measure the distances. (¢) Local strains measured
on 5 bubbles (averaged for various profiles). Note that the zero on the x-axis corresponds to the center of
the bubble.

S12. STS spectra of MoS2/Au(111)

The dI/dV spectra acquired on top of MoSz nanobubbles cannot be directly compared to those
acquired on flat MoS; on the adjacent Au(111) terraces. This is because the contact with Au leads
to a strong renormalization of the band structure of MoS, [21]. The hybridization of MoS; and
Au(111) most clearly manifests as a finite dI/dV signal within the bandgap of MoSz2. The
topographic scan of a MoS nanobubble at the edge of an Au(111) terrace is displayed in Fig.
S11(a). In this figure, the two crosses mark the position of the STS spectra given in Fig. S11(b),
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as acquired on top of the bubble and on the terrace. Both spectra exhibit a bandgap. However,
weak conduction is detected on the terrace. Additionally, the onsets of the valence and conduction
bands appear broader because of the MoSz2-Au hybridization [21].
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Figure S11. Comparison of STS spectra of MaoS; on top of a bubble and on an Au terrace. (a) STM
topographic scan of a bubble. The position of the spectra is marked by crosses. I, = 0.5 nA, Vs =0.98 V.
(b) Spectra on the bubble and on the terrace. Setpoint: Iy = 0.5 NA, Vpias = 0.98 V.

S13. Computation of the Raman spectrum of MoS; nanobubbles

The effect of strain on the Raman spectrum can be decomposed into its fundamental components;
i.e., the frequency shift and the frequency splitting. Thus, the strain tensors computed in the MD
MoS; bubbles (Section S8) are converted into Raman shifts of the E®) (wi) and EC) (wg) modes
through the phonon shift rates, [22]

1 2
AwE = —w ve(exx + &yy) £ > —w? B J(exx +eyy) +4eZ, (S13)

where w? is the phonon frequency in the absence of strain (taken as 385.5 cm™ for MoS;), yg the
Gruneisen parameter, and Sy the shear-strain phonon deformation potential. We adopt yg = 1.1
and Bg = 0.78, which were obtained in a 4-point bending (i.e., uniaxial deformation) experiment
by Conley et al. [23].

The “Raman spectrum” is numerically simulated by calculating the Aw{ and Awg values
(Eq. (S13)) for every Mo atom contained in the membrane area of interest. The individual Raman
shift contributions are summed up by means of the full-width-at-half-maximum criterion [22]—set
to 2 cm *—for each calculated individual peak. The overall normalized intensity distributions of

S19



the simulated MoS> spectra are plotted in Figs. S12(a, b) for distinct areas. For comparison, the
associated distribution of an unstrained MoS, membrane is also drawn in Fig. S12(a) with a dashed

line.
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Figure S12. Simulated Raman spectra using MD analyses of the strain tensor, E. (a) Raman shifts of
different MoS; periodic membranes containing a bubble (of radius R) at the center. (b) Raman shifts of
different MoS; bubbles. Note in (b) that the Mo atoms used to compute the E-mode Raman shifts are those
strictly contained in the MoS; bubbles.
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