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The fascinating realm of strain engineering and wetting transitions in two-dimensional (2D) materials takes

place when placed on a two-dimensional array of nanopillars or one-dimensional rectangular grated

substrates. Our investigation encompasses a diverse set of atomically thin 2D materials, including

transition metal dichalcogenides, hexagonal boron nitride, and graphene, with a keen focus on the

impact of van der Waals adhesion energies to the substrate on the wetting/dewetting behavior on

nanopatterned substrates. We find a critical aspect ratio of the nanopillar or grating heights to the period

of the pattern when the wetting/dewetting transition occurs. Furthermore, energy hysteresis analysis

reveals dynamic detachment and re-engagement events during height adjustments, shedding light on

energy barriers of 2D monolayer transferred on patterned substrates. Our findings offer avenues for

strain engineering in 2D materials, leading to promising prospects for future technological applications.
1 Introduction

Two-dimensional (2D) materials have garnered immense
attention due to their exceptional electronic,1–3 optical,4,5 and
mechanical6,7 properties. These atomically thin materials
exhibit remarkable promise for various applications, from high-
performance electronics to advanced photonics.8,9 Particularly
fascinating is their ability to function as single-photon emitters
(SPEs), a role that holds great promise in the eld of quantum
information science and technology.10–12

In the realm of quantum technology, the quest for SPEs has
been ongoing, and 2D materials, such as transition metal
dichalcogenides (TMD) and hexagonal boron nitride (hBN),
have emerged as promising candidates to fulll this role.13–16

Localization of excitons within 2D materials, induced by strain
or defects, has been identied as the primary source of such
photon emission.13,16–19 Several articles have reported local
strain-induced SPEs, providing valuable insight into their
behavior.20–22

In fact, it is of paramount importance to highlight that the
intricate microscopic mechanisms that govern the formation of
strain-induced SPEs in 2D materials remain a topic of ongoing
investigation.23 Further elucidation of these mechanisms is vital
to advance our understanding of SPEs in 2D materials, with
direct implications for the development of reliable and efficient
SPEs integrated into quantum technologies.22,24–26
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The mechanical properties of 2D materials have been exten-
sively explored.27 These properties play an important role in
shaping the electronic and optoelectronic performance of 2D
materials.28–33 The adhesion energies of 2Dmaterials to substrates,
for example, have been reported in various materials: 6 to 28 meV
Å−2 for graphene on silicon oxide,6,34–37 9.4 meV Å−2 for graphene
on silicon,38,39 1.12 meV Å−2 for MoS2 on PMDS,40 6.3 meV Å−2 for
MoS2 on Al2O3,41 and 5meV Å−2 for MoS2 on SiO2.41 Studies on the
folding behavior of 2D materials,42 and investigations of hetero-
structures involving 2D materials,43 provide valuable information
on their mechanical characteristics. Furthermore, specic struc-
tural arrangements have been examined, such as a graphene
membrane stacked on triangular nanopillars,44,45 sinusoidally
corrugated surfaces,46 and bubble structures.47–53 However, it is
essential to note that while several studies have addressed the
mechanical behavior of 2D materials, there is still a gap in our
understanding regarding factors such as geometrical congura-
tion, interfacial adhesion energy, and the period of the patterned
structure, which warrants further investigation.

In this study, we offer a signicant step towards advancing our
ability to precisely manipulate local strain in 2D materials by
gaining a profound understanding of their mechanical behavior
when interfaced with various substrates. The rst conguration
that we consider involves an intricate examination of the
geometric variations of 2D materials, incorporating a two-
dimensional array of hard-wall rounded nanopillars (as depic-
ted in Fig. 1(a)). The intricate surface prole of each pillar,
characterized by a half-semicircular structure with height equal
to the radius, that is, h = r (as depicted in Fig. 1(c)), is expertly
captured. The second conguration features a rectangular one-
dimensional substrate grating overlaid with a 2D material
lling in the formed trenches, as visualized in Fig. 1(b).
Nanoscale Adv., 2024, 6, 2823–2829 | 2823
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Fig. 1 Schematic representations of two structural configurations: (a) a two-dimensional array of rounded nanopillars and (b) a rectangular one-
dimensional substrate grating. Both nanopatterned substrates are coated with a monolayer of 2D material. (c) and (d) Provide the vertical cross-
sectional view of the 2D material when placed on nanopillars and rectangular grating, respectively. The key parameters include the period 2a of
the patterned substrate, h for the height of the nanostructure, 2r representing the diameter of the nanopillar or the width of the grating, and ha
denoting the height of the 2D material at the edge of the unit cell at x = a.
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Remarkably, the inherent complexity of these congurations is
elegantly distilled into a concise 1D formulation, as illustrated in
both Fig. 1(c) and (d). Through this research, we provide a deeper
understanding of the mechanical response of 2D materials,
opening up new avenues for precision engineering applications.

2 Theoretical framework

In this investigation, we present a rigorous theoretical frame-
work to quantify the total energy per unit cell area of the
patterned structure. This energy is expressed as follows:

E = Estrain + Ebending + Eadhesion (1)

where each component Estrain, Ebending, and Eadhesion, represents
a distinct contribution originating from essential mechanical
phenomena: strain, bending, and van der Waals adhesion
energies, respectively. Detailed expressions for these distinct
components can be found in the ESI.†54

To assess the strain experienced by the 2D material, we
utilize the following equation:

3ðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ y

0 ðxÞ2
q

� 1: (2)

We assumed here that the area of 2Dmaterial equals the unit
cell area of 2a × 2a and no sliding is allowed, such that any tilt
of 2D material results in the local strain given by eqn (2).

3 Results and discussion

Fig. 2 illustrates the mechanical response of MoSe2, which
serves as a representative example of 2D materials when
2824 | Nanoscale Adv., 2024, 6, 2823–2829
strategically placed on a two-dimensional array of nanopillars
or on a rectangular one-dimensional substrate grating. Since
the adhesion energy can be engineered by choosing a 2D
material and substrate, we present our results for an experi-
mentally accessible range of adhesion energies g. Note that the
mechanical properties of the materials under consideration
here are independent of the orientation, i.e., the armchair or
zigzag.

In Fig. 2(a), we observe the precise tailoring of MoSe2
behavior when placed on a nanopillar array. This gure
provides visual evidence of van der Waals interactions that
govern the material's positioning atop the nanopillars. Manip-
ulation of the MoSe2 geometry on one-dimensional substrate
grating with varying values g is demonstrated in Fig. 2(b). This
highlights the versatility of MoSe2 in adapting to different
interfacial adhesion energies.

Fig. 2(c) provides an in-depth exploration of the strain
distribution within the MoSe2 structures on nanopillars. It
becomes evident that the strained area of the 2Dmaterial can be
manipulated by varying the interfacial adhesion energy. As g

increases or decreases, the extent of the strain within the
material adjusts accordingly, leading to a controlled modula-
tion of the strained area. This tunability is of paramount
importance in tailoring the mechanical response of 2D mate-
rials for specic applications, particularly in SPEs applications.

In Fig. 2(d), we extend a similar analysis to MoSe2 structures
within grating congurations, providing a detailed view of its
response to varying g values. Interestingly, a distinct behavior is
observed in grated structures: the strain in the strained area
remains relatively constant until the 2D material fully contacts
the substrate in the trenches. This phenomenon suggests that
grating congurations exhibit a unique mechanical response
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Engineering MoSe2 structure on two-dimensional nanopillar array and one-dimensional grating configurations. (a) Demonstrates the
customized behavior of MoSe2 on nanopillar array, while (b) illustrates the controlled modulation of the MoSe2 structure on grated substrate with
varying interfacial adhesion energy (g). (c) Unveils the intricate strain distribution within the MoSe2 structures on nanopillars, and (d) presents the
comprehensive strain distribution in the MoSe2 structures in the grated substrates over a range of g levels. These figures collectively highlight the
profound impact of the interfacial adhesion energy (g) on MoSe2 positioning and the distribution of strain. A constant values of a of 200 nm is
maintained in all configurations to ensure a consistent basis for comparison. The gray area in (a) and (b) represents the nanostructured substrate.
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characterized by a sudden change in strain behavior upon
contact, distinct from the gradual modulation observed in
nanopillar arrays.

To dig deeper into the response of 2D materials placed in
nanopillar arrays and patterned substrates, we introduce the
concept of a critical distance, denoted rc. This critical distance
represents the point at which the strain levels approach near-
zero values. Fig. 3 presents the ratio of the critical distance rc
to h, together with the maximum and average strain values as
functions of g.

Fig. 3(a) and (d) depict the ratio of rc/h versus interfacial
adhesion energy for the case of the nanopillar array and the
patterned substrate, respectively. In particular, as g increases,
this ratio decreases consistently. Importantly, this trend
remains consistent over varying periods. Furthermore, the ratio
exhibits variations between different materials, primarily due to
differences in their Young modulus and bending stiffness, as
detailed in Table S1 in ESI.†54

The evolution of maximum strain as a function of g is
depicted in Fig. 3(b) and (e) for nanopillar array and the
patterned substrate, respectively. It becomes evident that as g

increases, the maximum strain exhibits a corresponding
increase, due to the changes in the shape of the 2D material
induced by stronger adhesion between its layers. Additionally, it
should be noted that the maximum strain for 2D materials on
© 2024 The Author(s). Published by the Royal Society of Chemistry
the nanopillar arrays is approximately twice that observed for
2D materials atop one-dimensional patterned substrates. It is
worth mentioning that prior studies have reported strains
exceeding 10% in materials such as MoS2,27,55 graphene,56,57 and
hBN.58,59 Therefore, the majority of our results remain within
the elastic limit.

Since exciton emission can occur from different locations in
2D material, we introduce the concept of average strain as
follows:

3ave ¼ 1

rc

ðrc
0

3ðxÞdx; for 1D grating

3ave ¼ 2

rc2

ðrc
0

x3ðxÞdx; for 2D array

(3)

and illustrate it as a function of g for different materials in
Fig. 3(c) and (f) for nanopillar array and rectangular grating of
the substrate, respectively. Evidently, the average strain exhibits
an upward trajectory with increasing interfacial adhesion
energy. However, it should be noted that, in contrast to the
differences in maximum strain, the average strain values for
nanopillar arrays and grating congurations are observed to be
in close proximity to each other.

Fig. 4 presents a detailed analysis of the energy variations
within the sample structures. Specically, Fig. 4(a) and (b)
provide information on the energy hysteresis observed with
Nanoscale Adv., 2024, 6, 2823–2829 | 2825

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D3NA01079A


Fig. 3 The evolution of the critical distance ratio (rc) relative to the heights of the nanopillars and the depths of the grating in response to the
variations g between different 2D materials and substrates is presented in (a) and (d), respectively. The maximum strain within the 2D material is
analyzed in (b) for nanopillar array configurations and (e) for grating configurations as a function of the interfacial adhesion energy. The average
strain within the 2D material is illustrated in (c) for the nanopillar array and in (f) for grating scenarios.

Fig. 4 Energy hysteresis and analysis of the activation energy. (a) and (b) Show the energy hysteresis for the nanopillar array configuration and the
grated substrate, respectively, as a function of ha for different lengths of the period. (c) and (d) Show the activated energy for the nanopillar array
configuration and the grated substrate configuration, respectively, as a function of periods across diversematerials. The adhesion energy is set to
1 meV A−2 and h = 5 nm in both cases. These comprehensive analyses provide deep insight into the energy behavior of these structures across
various parameters.

2826 | Nanoscale Adv., 2024, 6, 2823–2829 © 2024 The Author(s). Published by the Royal Society of Chemistry
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respect to changes in ha. In particular, as the parameter ha
increases, an intriguing phenomenon unfolds: the 2D material
gradually disengages from the substrate, leading to a gradual
increase in overall energy. However, a critical threshold of ha is
reached, beyond which a remarkable event occurs, the complete
detachment of the 2D material from the substrate. This
detachment event is characterized by a sharp and pronounced
drop in total energy. Beyond this critical threshold, further
increases in ha no longer signicantly impact the energy of the
system as it stabilizes in a detached state. Conversely, when
reducing ha, the energy landscape exhibits a distinct behavior.
Initially, as ha decreases, the energy remains relatively constant
until it reaches a lower value. Subsequently, a departure from
this equilibrium occurs, resulting in an increase in energy.
Ultimately, the energy reaches the activation energy, denoted Ea,
signifying the point at which the 2D material re-establishes
contact with the substrate. This reengagement prompts
a swi and substantial drop in energy as the structure strives to
achieve its optimized conguration. It is noteworthy that as the
adhesion energy increases, larger values of ha are required to
detach the 2D material from the substrate. This is attributed to
the higher attraction energy between the substrate and the 2D
layer.

Turning our attention to Fig. 4(c) and (d), these plots provide
a detailed analysis of the activation energy as a function of the
period in a range of materials. A clear and consistent trend
emerges: as the period increases, the activation energy exhibits
a consistent decrease. This observation underscores the
intriguing relationship between the period and the energy
required for structural relaxation. Specically, longer periods
are associated with a reduced demand for energy during the
relaxation process, a phenomenon of signicance in the study
of material behavior.

4 Conclusion

In summary, our advanced theoretical framework provides
a comprehensive understanding of the mechanics of 2D mate-
rial membranes when transferred to different patterned
substrates, such as nanopillar array and grating structures. It
elucidates the critical role of the interfacial adhesion energy (g)
in the governing behavior of these materials. As g increases,
signicant alterations are observed in the strain, critical period,
and energy proles, highlighting the sensitivity of 2D materials
to this parameter and offering the prospect of precise engi-
neering for customized nanoscale applications. A notable
outcome of this study is the concept of a critical aspect ratio of
the height of the nanostructure to the period (rc), which
emerges as a key metric that characterizes the response of the
system. rc varies with both g and the specic material, providing
valuable information on how 2D materials adapt and interact
with different substrate environments.

The analysis of energy hysteresis reveals intriguing detach-
ment and reengagement events as the height of the 2D material
on the substrate changes. These events are reected in sharp
uctuations in energy proles, emphasizing the dynamic nature
of these systems and the energy barriers associated with
© 2024 The Author(s). Published by the Royal Society of Chemistry
structural rearrangements. Furthermore, the investigation of
activation energy demonstrates that it decreases with a larger
period, shedding light on the role of the pattern period in
shaping material behavior. This advanced framework not only
enhances our understanding of 2D material mechanics but also
presents opportunities for precision engineering, paving the
way for tailored nanoscale materials and devices with specic
mechanical properties, thus contributing to the evolving eld of
2D materials and their potential technological applications.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

We gratefully acknowledge John Schaibley for useful discus-
sions. We acknowledge the support of the Air Force Office of
Scientic Research under award number FA9550-22-1-0312 and
the computational facilities of the Center for Computational
Research at the University of Buffalo (https://hdl.handle.net/
10477/79221). J. R. H. acknowledges support from the Air
Force Office of Scientic Research (Program Manager, Dr
Gernot Pomrenke) under award number FA9550-20RYCOR059.

References

1 G. Wang, A. Chernikov, M. M. Glazov, T. F. Heinz, X. Marie,
T. Amand and B. Urbaszek, Rev. Mod. Phys., 2018, 90, 021001.

2 Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman and
M. S. Strano, Nat. Nanotechnol., 2012, 7, 699–712.

3 P. Avouris, Z. Chen and V. Perebeinos, Nat. Nanotechnol.,
2007, 2, 605–615.

4 Q. Ma, G. Ren, K. Xu and J. Z. Ou, Adv. Opt. Mater., 2021, 9,
2001313.

5 J. You, S. Bongu, Q. Bao and N. Panoiu, Nanophotonics, 2019,
8, 63–97.

6 D. Akinwande, C. J. Brennan, J. S. Bunch, P. Egberts,
J. R. Felts, H. Gao, R. Huang, J.-S. Kim, T. Li, Y. Li,
K. M. Liechti, N. Lu, H. S. Park, E. J. Reed, P. Wang,
B. I. Yakobson, T. Zhang, Y.-W. Zhang, Y. Zhou and Y. Zhu,
Extreme Mechanics Letters, 2017, 13, 42–77.

7 C. Androulidakis, K. Zhang, M. Robertson and S. Tawck, 2D
Materials, 2018, 5, 032005.

8 M. C. Lemme, D. Akinwande, C. Huyghebaert and
C. Stampfer, Nat. Commun., 2022, 13, 1392.

9 M. Ponnusamy, K. Ramya, V. Sivasankaran, H. Farmani and
A. Farmani, J. Mater. Res., 2022, 1–14.

10 I. Aharonovich, D. Englund and M. Toth, Nat. Photonics,
2016, 10, 631–641.
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