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ABSTRACT: The piezoelectric properties of two-dimensional
semiconductor nanobubbles present remarkable potential for
application in flexible optoelectronic devices, and the piezoelectric
field has emerged as an efficacious pathway for both the separation
and migration of photogenerated electron−hole pairs, along with
inhibition of recombination. However, the comprehension and
control of photogenerated carrier dynamics within nanobubbles still remain inadequate. Hence, this study is dedicated to underscore
the importance of in situ detection and detailed characterization of photogenerated electron−hole pairs in nanobubbles to enrich
understanding and strategic manipulation in two-dimensional semiconductor materials. Utilizing frequency modulation kelvin probe
force microscopy (FM-KPFM) and strain gradient distribution techniques, the existence of a piezoelectric field in monolayer WS2
nanobubbles was confirmed. Combining w/o and with illumination FM-KPFM, second-order capacitance gradient technique and in
situ nanoscale tip-enhanced photoluminescence characterization techniques, the interrelationships among the piezoelectric effect,
interlayer carrier transfer, and the funneling effect for photocarrier dynamics process across various nanobubble sizes were revealed.
Notably, for a WS2/graphene bubble height of 15.45 nm, a 0 mV surface potential difference was recorded in the bubble region w/o
and with illumination, indicating a mutual offset of piezoelectric effect, interlayer carrier transfer, and the funneling effect. This
phenomenon is prevalent in transition metal dichalcogenides materials exhibiting inversion symmetry breaking. The implication of
our study is profound for advancing the understanding of the dynamics of photogenerated electron−hole pair in nonuniform strain
piezoelectric systems, and offers a reliable framework for the separation and modulation of photogenerated electron−hole pair in
flexible optoelectronic devices and photocatalytic applications.
KEYWORDS: WS2 Nanobubbles, FM-KPFM, TEPL, Photogenerated electron−hole separation, Piezoelectric field, Funneling effect, in situ

■ INTRODUCTION
Transition metal dichalcogenides (TMDCs), with the chemical
formula MX2 (M = transition metals and X = S, Se, Te),
possess tunable bandgap structures, excellent light absorption
rates, relatively high carrier mobility,1 strong light−matter
interaction, broadband light absorption and high on/off ratios,
making them ideal for ultrathin flexible optoelectronic
applications including light-emitting diodes,2−4 photodetec-
tors,5−8 solar cells,9−11 and photocatalysis.12,13 The carrier
dynamics of TMDCs, encompassing processes like generation,
separation, recombination, and transport,14 exerts a pivotal
influence on the operation of ultrathin flexible optoelectronic
devices. However, in TMDCs, carriers are primarily confined
to a two-dimensional (2D) plane, resulting in enhanced
Coulomb interaction and reduced dielectric screening, leading
to the recombination of photogenerated electron−hole pairs,
thus inhibiting the generation of photocurrent. Therefore,
there is an immediate and compelling necessity to effectively
separate photogenerated electron−hole pairs to improve the
photoelectric characteristics of the TMDCs device. Various

approaches have been tried by researchers, for example,
heterostructure engineering,15,16 defect engineering17−19 and
strain engineering.20,21

Notably, the remarkable mechanical flexibility (strain up to
10%) of 2D materials opens up intriguing possibilities for
conveniently modulating the electronic and optical properties
by strain engineering. Numerous interesting effects have been
predicted and observed through the bending and stretching of
2D materials.22−25 In particular, nanobubbles have sparked
intense research interest because of facile fabrication, strong
strain adjustability, and persistent mechanical strain without
applying external forces. Nanobubbles can spontaneously
manifest, encapsulating air, liquids, or hydrocarbons in the
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pockets squeezed between adjacent layers owing to the
competition between van der Waals (vdW) forces and elastic
energy. Recent experiments and simulations have revealed that
enormous local strain occurring in and around bubbles can
induce a unique piezoelectric field distribution in the bubble
region of 2D crystals that lack symmetric inversion especially
for hexagonal boron nitride (hBN) and TMDCs with odd
numbers of layers.26,27 Similarly, flexoelectric effects can be
prominent in atomically thin TMDCs due to the large and
highly inhomogeneous strain fields that can be present.28,29

The existence of piezoelectric and/or flexoelectric polarization
fields provides an intriguing possibility for the efficient
separation of the photogenerated electron−hole pair in
TMDCs nanobubbles.
In situ nanoscale characterization of photogenerated

electron−hole pairs is imperative to enhance the comprehen-
sion and facilitate efficient regulation of charge carrier
separation in TMDCs nanobubbles. The frequency modu-
lation kelvin probe force microscope (FM-KPFM) technique
has been employed to visualize and quantitatively detect the
surface potential (SP), or the localized potential variation, in
TMDCs materials along the strain direction due to the
piezoelectric effect.30 However, within the TMDCs bubble
system, the strain-induced band narrowing causes the photo-
generated electrons and holes to move toward the top of the
bubble since tensile strain reaches a maximum at that point,
that is, the funneling effect,31−34 which has a significant
influence on the overall distribution of photogenerated
electron−hole pairs and the SP results detected by FM-
KPFM. Experiments to date, however, have yet to distinctly
delineate these two regulation mechanisms or to yield
quantitative results of piezoelectric potential and strain-
induced funneling effect on photogenerated carrier dynamics
within the nanobubble system at the desired nanoscale
resolution. Therefore, a comprehensive technique that can
obtain localized strain, piezoelectric potential, and in situ
illuminance mapping signals is needed to obtain a more precise
understanding of photogenerated carrier dynamics within
nanoscale TMDCs bubble systems or other analogous strain

systems to help design specific structures that effectively
regulate photogenerated carrier dynamic processes.

In this study, a nonuniform strain system was engineered
with monolayer WS2 nanobubbles on Si/SiO2 and graphene.
Utilizing FM-KPFM combined with a strain gradient
distribution, the piezoelectric coefficient of monolayer WS2
was determined. Meanwhile, the SP difference between the w/
o and with illumination were visualized. Nanoscale in situ
characterization techniques including FM-KPFM and tip-
enhanced photoluminescence (TEPL) were harnessed to
compare the results at various bubble heights for investigating
the correlation between nanoscale photogeneration electron−
hole pairs separation and bubble sizes. Moreover, the
complementary gain and competitive effects deduced by the
piezoelectric effect, the interlayer carrier transfer35−38 and the
funneling effect for photocarrier dynamics process at diverse
nanobubbles heights were elucidated. We basically separate the
regulation rules of piezoelectric potential and the strain-
induced funneling effect on photogenerated carriers and the
relative quantitative results under the nanobubble system. This
research holds substantial importance for the enhanced
understanding on the photoexcited carrier dynamics of
nonuniform strain piezoelectric systems and provides a reliable
method for the segregation and control of photogenerated
electron−hole pairs, aiming to bolster the efficacy of 2D
flexible optoelectronic devices.

■ RESULTS AND DISCUSSION
For hexagonal structures that belong to the D6h point group,
such as WS2 and WSe2, a reduction in symmetry to the D3h
group is observed for monolayers, in which the inversion
symmetry of bulk crystals is broken.39 To substantiate this
concept, we verified the existence of the piezoelectric field in
the monolayer WS2 bubble region. We transferred monolayer
WS2 on the Si/SiO2 substrate by a dry-transfer technique, and
bubbles spontaneously shape randomly due to the filling of
hydrocarbons or gases between the WS2 and Si/SiO2 (see the
Methods). Since SiO2 is not a lipophilic surface and does not
have a self-cleaning effect, the distribution of WS2 bubbles is

Figure 1. Topography and electrical characterization of monolayer WS2 bubbles on Si/SiO2 substrate. (a) AFM topography measurements on
monolayer WS2 bubbles. (b) FM-KPFM measurements on monolayer WS2 bubbles. (c) Capacitance gradient measurements on monolayer WS2
bubbles. (d) Height, relative SP and ∂2C/∂z2 profiles along the white dashed lines in (a), (b), and (c) panels. The red-dashed squares highlight a
sharp increase of the SP value around the bubble edge. All scale bars, 200 nm. The pixel size is 3.89 × 3.89 nm2.
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usually dense. In order to avoid the influence of surrounding
bubbles on the intrinsic bubble properties, we chose the typical
bubbles with relatively flat surroundings for exploration. h/R
(where h is the maximum height and R is the radius of the
bubble) is a parameter used to define the morphology of the
bubbles. According to previous reports, it is worth mentioning
that the h/R value of bubbles is basically constant under the
same 2D crystal/substrate combination, independent of the
bubble size.40−42 There are only two characteristic variables
that determine the h/R value of the heterostructure bubbles:
in-plane stiffness (Young’s modulus Y) of the upper monolayer
and its adhesion energy γ to the substrate. The theory leads to
the following general formula h/R = (πγ/5c1Y)1/4, where the
numerical coefficient c1 ≈ 0.7.40−42

Figure 1a shows the topography of the WS2 bubble, as
characterized by atomic force microscopy (AFM) operating in
the tapping mode. The bubbles’ height, SP and second-order
capacitance gradient (CG) curve along the white dotted line
are shown in Figure 1d, with a maximum bubble height of 13.1
nm. Due to the irregular shape of bubbles, we perform a
normative processing according to the circular model and
choose four directions to obtain the equivalent average value;
the radius is 187.1 nm, and the h/R value of the WS2 bubble is
approximately equal to 0.07. The corresponding SP and
second-order CG images (Figure 1b, c) exhibit high contrast
over the bubble region. In Figure 1b, the SP value is defined as
(φS − φtip)/e in the flat region (φS and φtip represent the work
functions of the sample and the FM-KPFM tip), with more
measurement details provided in Methods. In the bubble
region, consistent with previous reports,26,27,43 we observed
evidence of a strain-induced piezoelectric field that exists from
the edge to the center of bubbles, revealing the halo-like
feature around the bubble edge region. The experimental
statistics show that the SP of the bubble edge region is
significantly higher than that of the bubble top region; this is
due to the breaking of inversion symmetry in the intrinsic
monolayer WS2 and the presence of radial tensile stress in the
bubble; the W−S dipole exhibits a nonzero polarization,
leading to a redistribution of surface charge density and the

corresponding built-in electric field along the radial direction
of the bubbles, termed the piezoelectric field. Electrons were
accumulated at the bubble top region, making the SP of the
bubble top region to be lower than that of the bubble edge
region. Here, for the bubble region, altering SP is described as
VSP = (φS − φtip)/e + EpdR, where Ep denotes the polarization
field and dR represents the differentiation of radial coordinates
on bubble positions. It is worth noting that in Figure 1d, an SP
deviation near the bubble edge region can be observed. In
order to obtain more effective evidence on the electrical
properties of the bubble and to rule out the influence of the
dielectric environment on SP distribution, we chose to use a
capacitive microscopy to measure the capacitance between the
metallic tip and back electrode by a capacitance sensor
connected to a built-in LCR meter.44,45 The second derivative
of capacitance (C) with respect to the tip−sample distance (z),
i.e., ∂2C/∂z2, referred as second-order CG mentioned above, is
used to qualitatively monitor the spatial variation of
capacitance which is proportional to the dielectric coefficient
(see Supporting Note1 in Supporting Information (SI) for
details). We measured the second-order CG on the WS2
bubble which was shown in Figure 1c and found that the
contrast characteristics were akin to those of the SP
distribution. However, the second-order CG cross-sectional
profile shows the region with the largest dielectric coefficient
does not coincide with the position of halo-like in SP mapping
in Figure 1d. The evidence effectively demonstrates that the
halo-like feature in the SP mapping is not caused by the
dielectric environment but rather by the presence of a
piezoelectric field within the bubble. Moreover, the existence
of the piezoelectric field is also verified by quantization
calculation. When the stress field σ11 was subjected, piezo-
electric field E was generated in monolayer WS2. According to
the piezoelectric tensor formula:

e
E11

11

1
=

(1)

the obtained piezoelectric coefficient is about 2.82 × 10−10 C
m−1, which accords well with that from theoretical calculations

Figure 2. Comparison of surface potential variations w/oand with illumination of the monolayer WS2 bubbles on monolayer graphene. (a, b) AFM
topography measurements of the large WS2 bubbles on monolayer graphene (a), and the pocket ones (b), respectively. (c, d) FM-KPFM
measurements of the large WS2 bubbles on monolayer graphene (a) for (c) and the pocket ones (b) for (d), respectively. Profile of height, relative
potential w/o, and with illumination along the white dashed lines in (a, b) and in the left and middle panels of (c, d), respectively. All scale bars,
200 nm. The pixel size is 3.89 × 3.89 nm2 for the large WS2/graphene bubbles (a) and 11.68 × 11.68 nm2 for the pocket ones (b). The laser power
is 0.2 mW.
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(2.2 × 10−10 C m−1).39 The deviation between the
experimental value and the theoretical value may be due to
the nonuniform strain on the bubble in the experiment, while
the theory usually assumes uniform strain.

Above, we demonstrated the strain-induced characteristic
piezoelectricity in monolayer WS2. Owing to the existence of
the piezoelectric potential of monolayer WS2, the maximum
potential difference between the bubble region and the flat
region is approximately 150 mV with illumination (see Figure
S1), indicating a relatively narrow photogenerated voltage
window that falls short of practical requirements for
optoelectronic device. To align more with the practical
application of optoelectronic devices, two fundamental issues
must be addressed. First, it is crucial to enlarge the
photoinduced voltage window, i.e., to maximize the potential
difference between the bubble region and the flat region in our
system as much as possible. Second, the bubble morphology
could serve as a novel parameter, ensuring a deeper
comprehension and effective control of the separation of the
photogenerated electron−hole pair.

For this intent, monolayer graphene was integrated between
the monolayer WS2 and SiO2/Si, forming a WS2/graphene
vdW heterojunction (see the Methods). In our WS2/graphene
heterostructures bubble system, the majority of bubbles
present h/R values around 0.14. A subset of bubbles displays
lower values, which could be due to the strain release of the
one-dimensional structure, the probe convolution effect, or
statistical errors caused by irregular shape. To confirm the
precise localization of the bubbles, we deliberately avoided the
formation of bubbles under the graphene layer during the dry-
transfer process. The selection of graphene as the substrate in
our study is motivated by its high lipophilicity and self-cleaning
properties, which support the formation of relatively stable
regular bubbles.35−38 Figure 2 presents the results obtained for
the monolayer WS2 bubbles on monolayer graphene observed
by FM-KPFM with or without illumination. Here, this study
selects two representative bubbles with h/R values of 0.14 but
varying h for comparative analysis. Figure 2a, b showed the

AFM topography of the large bubble and the pocket bubble
(see Figure S2 for 3D images of the two bubbles). 0.139 and
0.136 were obtained for the large bubbles and the pocket
bubbles, respectively (Figure S3). First, it should be clarified
that both bubble topographies remained relatively unchanged
w/o and with illumination, maintaining a Gaussian distribution
throughout,46 and thus eliminating any topography changes
induced by illumination or potential alterations in SP
distribution. We present the SP distribution mappings and
the corresponding cross-sectional SP profiles of the large and
pocket bubbles without and with illumination (Figure 2c, d). It
is worth noting that the changes in the flat region around the
WS2 bubbles tend to be consistent with illumination, and the
potential decreases by nearly 200 mV. The decrease in
potential within the flat region can be readily understood due
to the graphene substrate beneath WS2, as the self-cleaning
effect prevents any doping for monolayer WS2 by trapping
gases or organic substances, thereby highlighting the
pronounced influence of graphene. And to avert the WS2/
graphene interlayer charge transfer effect to the intrinsic
piezoelectric properties of WS2 nanobubbles, we constructed a
contrast experiment of WS2 nanobubbles on hBN, consistent
with our experiment results (Figure S10). Meanwhile, more
significantly, previous reports35−38 have indicated that the
relative alignment of WS2 and graphene bands results in
variations in the scattering phase space for electrons and holes.
As a result, resonating with the A-exciton in WS2 after
photoexcitation, photogenerated holes are swiftly transferred
to the graphene layer while photogenerated electrons remain in
the WS2 layer, which leads to a decrease in potential of the
WS2 layer (Figure S4). Interestingly, different from the
relatively similar SP changes in the flat region, the two bubbles
show opposite phenomena in the bubble region. The SP
distribution mapping of the large bubble exhibits a distinct
halo-like feature; meanwhile, the SP profile explicitly reveals
the mutation region induced by the piezoelectric field, along
with a prominent peak around the edge of the bubble.
Incorporating with the mappings and profiles of the SP

Figure 3. Comparison of second-order CG variations w/o and with illumination of the monolayer WS2 bubbles on monolayer graphene. (a, b)
Capacitance gradient measurements of the large WS2 bubbles (a) and the pocket ones (b) on monolayer graphene, respectively. Profile of height,
∂2C/∂z2 w/o and with illumination along the white dashed lines in Figure 2a, b, in the left and middle panels of (a, b), respectively. (c, d)
Schematic diagram of the charge transfer and induced Fermi energy level shift of the bubble’s top and edge area with illumination of large
monolayer WS2 bubbles for (c) and pocket ones for (d) on monolayer graphene. The orange Ef dashed line and green Ef dashed line represent the
Fermi level without and with illumination, respectively. All scale bars, 200 nm. The pixel size is 3.89 × 3.89 nm2 for the large WS2/graphene
bubbles (a) and 11.68 × 11.68 nm2 for the pocket ones (b). The laser power is 0.2 mW.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c00092
ACS Appl. Mater. Interfaces 2024, 16, 36735−36744

36738

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c00092/suppl_file/am4c00092_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c00092/suppl_file/am4c00092_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c00092/suppl_file/am4c00092_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c00092/suppl_file/am4c00092_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c00092/suppl_file/am4c00092_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c00092/suppl_file/am4c00092_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00092?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00092?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00092?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00092?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c00092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


distribution, we observed that SP of the large bubble region
increased overall almost 90 mV with illumination (Figure 2c).
Compared with the large bubbles, the halo-like feature of the
pocket bubble is not readily discernible due to resolution
limitations; however, piezoelectric-inductive inflection points
in the SP profile can still be observed near the bubble edge
region. The overall potential of the pocket bubble region
decreased almost 70 mV (Figure 2d).

A significant augmentation in second-order CG values for
both bubbles with illumination above our noise level have been
recorded within the bubble zone in the corresponding second-
order CG mappings, indicating charge accumulation within the
bubble region (Figure 3a, b).47−49 By analyzing the SP and
second-order CG values variation within both bubble top
regions (Figure S5), it is feasible to efficaciously discriminate
different gathered carriers’ categories with the complementary
mixing of the two technologies.50,51 According to the
theoretical model deliberated previously, the piezoelectric
field in the WS2 bubble exhibits a directional orientation, from
bubble edge toward top. The photogenerated electron−hole
pair in the bubble region is separated by piezoelectric
potentials with illumination, inciting carriers to migrate and
accumulate along the potential gradient. Promoted by the
piezoelectric field, the photogenerated holes should converge
to the top region of the bubble, engendering the overall
increase of SP, and the disparity between the maximum and
minimum potentials in the bubble region diminishes.
Associating with the experiments, the observation reveals
that the large bubbles’ phenomenon, which hole aggregation is
the predominant photocarrier type within the bubble region
with illumination, aligns with the proposition that carrier
regulation is governed by the piezoelectric field, while the
phenomenon in the pocket bubble regions exhibits a distinct

contrast, manifested by electron accumulation unlike large
bubbles, leading to an overall reduction in electric potential.
Therefore, the electron−hole pairs separation dynamics
process in the pocket bubble regions is believed to differ
from the large bubble regions. We drew the schematic
diagrams to graphically describe these two different photo-
carrier dynamic process in Figure 3c, d, respectively.35−38 The
green and yellow arrows represent different directions of
carrier movement, while the thickness of the electric field
arrows represents different sizes of the piezoelectric field
strengths. The introduction of monolayer graphene substrate
in our experiment successfully broadened the voltage window
for the WS2 bubbles, enabling a potential difference of
approximately 500 mV between the bubble region and the
surrounding flat region to gratify the effective voltage range for
practical optoelectronic device applications.52−54

Although our WS2/graphene bubble system overcomes the
previous limitation of a narrow voltage window in simple WS2
bubbles, we still encounter perplexity regarding the photo-
generated carrier dynamics in bubbles with varying heights,
particularly the phenomenon of electron aggregation within
small bubbles remains unexplained by the piezoelectric field
theoretical model.27 With previous reports,31−34 the existence
of strain leads to the WS2 bubble bending the energy band.
Consequently, the valence band and conduction band of the
bubble region are shifted to the higher energy level and the
lower energy level respectively, known as the funneling
effect.31−34 The influence of the funneling effect on the
photogenerated electron−hole cannot be neglected, as it
induced a migration of photogenerated electrons and holes
toward bubble central region, contributing to the SP. It should
be emphasized that FM-KPFM attains the molecular average
SP information but not reflects the relative shift of the valence

Figure 4. TEPL imaging of monolayer WS2 /monolayer graphene system. (a, b) TEPL peak intensity images of a large (a) and pocket (b) bubble,
integrated over the spectral range between 1.77 and 1.90 eV for (a) and between 1.83 and 1.93 eV for (b). Inset: Strain distribution images are for
selected lined bubbles. The dashed lines in a, b represent the position and direction of the selected points. (c and d) TEPL spectra along the white
dashed line in (a) panel a for (c) and in (b) panel for (d). The dashed lines in (c, d) correspond to the dashed lines in (a, b), respectively. (e, f)
Strain and TEPL peak position along the black dashed line and white dashed line, respectively, in (a) for (e) and in (b) for (f). The dashed lines in
(e, f) are the Gaussian fit for the relevant data. All scale bars are 100 nm. The pixel size is 10 × 10 nm2 for the large WS2/graphene bubbles (a) and
20 × 20 nm2 for the pocket ones (b). The laser power is 0.2 mW.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c00092
ACS Appl. Mater. Interfaces 2024, 16, 36735−36744

36739

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c00092/suppl_file/am4c00092_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00092?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00092?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00092?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c00092?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c00092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


band and conduction band, rendering it unpractical to divide
the respective effects of funneling and piezoelectric fields on
carrier motion. To solve this issue, FM-KPFM and TEPL
spectroscopy were merged to obtain piezoelectric potential and
illuminance mapping signals simultaneously in situ.55−58 TEPL
provokes a localized electromagnetic field boost by leveraging
the plasmonic resonance on the gold metal tip and the
lightning rod effect at the tiny tip-based junction.59 In contrast
to far-field (FF) PL, TEPL upholds exceptional sensitivity and
spatial resolution down to 20 nm, enabling nanoscale
detection.60 The high-resolution TEPL mappings were both
harvested by the full emission range, which are shown in Figure
4a, b, for the large bubble and the pocket bubble, respectively.
More spatial mapping of the TEPL peak intensity of the two
bubbles is shown in Figure S6 and S7. All mapping images
were corrected by subtracting FF to exclude invalid stray
signals (near-field PL (NF)-FF = TEPL), thereby landing more
precise localized information (see the measurement details in
the Methods). The insets of Figure 4a, b display the trace of
the strain tensor for the two bubbles, which was calculated
using the Föppl−von Kaŕmań equation (see Supporting Note
2 in SI).61 The strain distribution simulation clarifies that the
maximum strains in bubbles are chiefly located at their centers,
owing to slight irregularities in shape, there may be a minor
deflection away from the center. However, the strain
maximums and strain distributions of the two bubbles are
coincident, corresponding to the neighboring h/R values in the
identical system by previous studies.42 To inspect the PL peak
position variations, the PL spectrum along the white dashed
lines across the bubble is depicted in Figure 4c, d, respectively.
The characteristic peaks are discovered to exhibit a steady
redshift from the bubble edge toward center. But in the flat
region, on account of the interlayer carrier transfer, the
excitons are quenched, so the PL signal cannot be probed.62−64

The enormous strain of nanobubbles critically alters the optical
bandgap and exciton PL energies by several tens of
millielectronvolts. The band shift established by the strain-
induced exciton funneling effect causes the overall carriers to
tend to move toward the bubble top region, which is universal
in our bubbles, regardless of bubble height. Figure 4e, f,
demonstrates the strain and emission energy of the large
bubble and pocket bubble versus the position, respectively.

Through contrasting each other, the spatial variation of PL
peak energy is accordant with the estimated maximum strain,
both obeying Gaussian distribution.

Furthermore, we counted the maximum strain value and unit
energy shift corresponding to the WS2/graphene bubbles with
various heights (Figure 5a). It is evident that these two
parameters exhibit minimal variation for diverse bubble
heights, near a stationary value. Specifically, the strain and
the unit energy shift are approximately 2.05%, and 2.62 × 10−4

eV nm−1, respectively. Therefore, through intuitive graphic
presentation and comprehensive data statistics, we can
essentially derive the following conclusions: the bubble heights
in the identical system do not impact the disparity in band
bending aroused by the funneling effect, as they possess
coincident shapes and approximate strain distributions, i.e., h/
R. Then deducing legitimately, when subjected to laser
excitation, the aggregation of excitons in the bobble top
region on account of the funneling effect also exhibits a similar
phenomenon, echoing with a consistent energy displacement
per unit length. For the funneling effect, the discrepancy of the
valence band shift and conduction band shift under strain may
evoke the imbalance of photocarrier aggregation in the bubble
top region, more photoelectrons gathering, diminishing the SP
ultimately. Related to earlier discussion, the SP distribution in
the bubble region of large and pocket bubbles shows an
opposite trend w/o and with illumination, and there may be a
competitive relationship between the funneling effect and the
piezoelectric field for the contribution to SP variation with
illumination. Due to the funneling effect and the interlayer
diffusion of WS2/graphene heterojunction, the photogenerated
electrons display a tendency to migrate toward the bubble top
region, lowering the SP. This hypothesis aligns faultlessly with
the unusual observation of SP distribution within the pocket
bubble regions. Considering coexistence of the piezoelectric
field, funneling filed and graphene diffusion, it is postulated
that the larger bubble would possess a greater piezoelectric
field compared to the pocket bubble, the overall SP of the
larger bubble region is raised with illumination, surpassing the
potential reduction caused by the funneling effect and the
interlayer carrier transfer. As a corroboration, piezoelectric field
strength of several bubbles was counted (Figure 5b), A linear
augment was visualized, as denoted by E = 0.01093H, thereby

Figure 5. Effective manipulation of the localized properties by the monolayer WS2 bubble’s height on monolayer graphene system. (a) Correlation
between the TEPL peak energy shift, the maximum strain and the height of the monolayer WS2 bubbles on monolayer graphene. Blue- and gray
dashed lines represent the fitting curve. The value of strain and TEPL energy shift values with different bubble’s heights only fluctuate slightly
within the fixed range. (b) Correlation between the strength of piezoelectric field and the height of the monolayer WS2 bubbles on monolayer
graphene. The blue dashed line is the linear fitting curve. (c) Correlation between the SP difference w/o and with illumination and the height of the
monolayer WS2 bubble on monolayer graphene, at the flat area (ΔVflat), the bubble top (ΔVbubble_top), and the total difference (ΔVtotal = ΔVbubble_top
− ΔVflat). The tan, blue, and purple dashed lines are the linear fitting curve. For the bubble top, (15.45, 0) is observed as a symbolic critical
threshold point of ΔVbubble_top.
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corroborating our initial hypothesis, see Supporting Note 3 in
SI for details, and then, the piezoelectric field distribution
curve of the two bubbles were also obtained (Figure S8).
Taking into account the laser power, we derived the correlation
between the photoresponse and the different bubble heights
(Figure S9). Then we can observe a nearly linear increase in
photoresponse as the height of the bubble increases.

Finally, we calculate the SP variations in the bubble top
region (average SP), flat region, and the total difference
(subtracting the former two values from each other) of WS2/
graphene bubbles with different heights w/o and with
illumination (Figure 5c). Upon observing a linear increase in
all three variables, it was noted that the potential difference in
the bubble region exhibited an upward trend with increasing
bubble height w/o and with illumination. However, compared
to the changes in the bubble region, the alterations in the flat
region were relatively inconspicuous, likely due to the
determined interlayer carrier transfer behavior. With the
increase of the bubble’s height, the electron diffusion effect
caused by the interlayer carrier transfer also decreases. This
reduction might be associated with the tiny range of winkles
that appear at the edge of the large bubble. When the bubble
height is about 15.45 nm, the potential of the bubble region
changes to 0 mV w/o and with illumination, illustrating that
15.45 nm is a critical threshold.

■ CONCLUSIONS
In summary, combining unique in situ techniques, we have
revealed the synergistic enhancement and competitive inter-
play of the piezoelectric effect, funneling effect, and interlayer
carrier transfer on photogenerated electron−hole pairs
dynamics in monolayer WS2/monolayer graphene nano-
bubbles with varying heights. The piezoelectric field in the
monolayer WS2 nonheterojunction bubble system was
visualized using FM-KPFM, verified by the representative
halo-like features and the piezoelectric coefficient 2.82 × 10−10

C m−1 of the monolayer WS2 obtained from the experiments,
which accord well with that from theoretical calculations. By
constructing monolayer WS2/monolayer graphene heterojunc-
tion system, an exhilarating 3-fold enhancement was achieved
in the photogenerated voltage window compared with the
monolayer WS2 bubble system with illumination. In addition,
contrary to the large bubble region, the SP of the pocket
bubble region diminished, and the electrons gathered with
illumination, inexplicable by the conventional piezoelectric
field theory. Utilizing in situ nanoscale TEPL technology, we
found that the height of bubbles within the same system does
not affect the band curvature per unit length caused by the
funneling effect, however, the strain-induced piezoelectric field
decreases linearly with reducing bubble height. When the
bubble height is 15.45 nm, the piezoelectric effect, the
interlayer carrier transfer, and the funneling effect cancel
each other to achieve a balance. Combined with this discovery,
different bubble sizes can be customized at specific locations
on different substrates according to the application demands.
Furthermore, considering its universality in TMDCs materials
with inversion symmetry breaking, it is prosperous to assemble
diverse categories of TMDCs materials for solar light
harvesting and optical quantum information processing.
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