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Recent advances in the fundamentals and in situ
characterizations for mechanics in 2D materials

Hangkuan Ji, Zichen Song, An Wu, Yi-Chao Zou ) * and Guowei Yang

The growing need for integrating two-dimensional materials in electronic and functional devices requires
the flexibility of the material. This necessitates the in situ characterization of their mechanical properties
to understand their structure under stress loading in working devices. However, it is still challenging to
directly characterize the mechanical behaviours of two-dimensional materials due to difficulties in hand-
ling these naturally fragile materials. In this review, we summarize the recent studies of mechanical pro-
perties in two-dimensional materials and their characterization using various microscopy techniques. This
involves advances in fundamentals including the measurements of elastic properties, and the basic under-
standing of how structural parameters like defects and interfaces influence the deformation and failure
process of two-dimensional materials. We also discuss the developed handling techniques for transferring
two-dimensional materials to the characterization platforms, with the recent advances in in situ charac-
terization studies based on atomic force microscopy and scanning/transmission electron microscopy.
The above developments allowed the direct observation of unconventional mechanisms behind the
deformation behaviour of two-dimensional materials, including plastic deformation, interlayer slip, phase
transition and nanosized cracking. We then discuss the applications related to the mechanics of two-
dimensional materials, including structural materials, electronic and optoelectronic properties, and further
conclude with the opportunities and challenges in this field.

1 Introduction

The isolation and identification of graphene in 2004" led to an
explosion of interest in high-performance electronic and func-
tional devices based on two-dimensional (2D) materials.
Graphene itself is a strong and flexible conductor, and we now
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have 2D materials beyond graphene, with variable and tunable
electronic and phonon structures.>™ For example, hexagonal
boron nitride (ABN) is an insulator which can act as a dielec-
tric,® and many materials in transition metal dichalcogenides
(TMDs) are semiconductors that can be used as transistors,*
optical absorbers,” and light emitters.® Because of the high
mechanical flexibility,” chemical stability,"® high mobility,°®
high transmittance,’* strong light-material interactions,’
electrochemical activity,'>"? and large-scale processability,'*™”
2D materials have nowadays been applied to flexible and wear-
able devices,'®*° including electronic skin,>! wearable heath
monitors,?*** foldable screens®® and phones,* and thermo-
electric devices.?®

During the applications, the intrinsic properties of 2D
materials determine their device stability. Therefore, it is
important to understand their intrinsic elastic properties,
deformation and fracture mechanisms. To date, the number of
reports on the mechanics of 2D materials has been increasing
annually.”’®° The corresponding characterization methods
and instruments have made significant progress in determin-
ing mechanical properties that were not able to be measured
experimentally before, such as the instability under stress
loading,*! the fatigue life*> and the bending stiffness of hetero-
structures with complex 2D components.”® Meanwhile, recent
developments in the fundamentals of mechanics and the fab-
rication techniques of materials have allowed more controll-
ability over the transfer, stacking and assembling of 2D
materials.**® This enables accessibility to a quantitative
understanding of the mechanics of those thin samples that
were too challenging to be handled before,** the construction
of regularly aligned 2D composites with high flexibility and
high stiffness,*®*° as well as the unravelling of unusual defor-
mation mechanisms®® and new functionalities in 2D
materials.>*3® Therefore, a state-of-the-art review of the charac-
terization and applications of 2D materials’ mechanics will be
greatly helpful for readers to understand the research status,
outline the new challenges and establish potential research
directions for future.

In this review, we summarize the mechanical properties
and related characterization approaches for 2D materials, and
discuss how these properties influence their real device appli-
cations. In section 2, we discuss the intrinsic mechanical pro-
perties of 2D materials, including elastic moduli, fracture
strength and bending stiffness. In section 3, we emphasize the
recent development in instruments for -characterization
studies of deformation behaviours, where the understanding
of the material’s response to dynamic stress is new for 2D
materials. The inaccuracies that may occur during measure-
ments shall also be proposed, which may lie in the sample
preparations themselves (defects and contamination from
sample transfers etc.) or in the mechanical loading and
measuring approaches (model simplification, local stress or
global stress, imaging resolution etc.), In section 4, we discuss
materials parameters that influence the fracture mechanisms
of 2D materials, including layer thickness, grain boundaries,
defects and interfaces. Section 5 reviews the applications
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based on the mechanics of 2D materials. Starting with the
rational design of structural materials consisting of 2D
materials, we introduce the electronic properties that are
related to the strain engineering of 2D materials, including the
electronic, optoelectronics, and ferroelectric properties.*®*!
We then conclude with our prospects on the remaining chal-
lenges and opportunities that are potentially exciting for
researchers.

2 Intrinsic mechanics of 2D materials

Elastic properties such as in-plane and out-of-plane elastic
moduli describe the stretchability and reversibility of defor-
mation of 2D materials, critical for their application in flexible
devices. This section summarizes the mechanical properties of
2D materials that have been measured experimentally, includ-
ing elastic modulus and fracture strength. The recent develop-
ment in approaches for measuring bending stiffness is also
reviewed.

2.1 Elastic modulus and fracture strength

The two-dimensional Young’s modulus (E*) is one of the ear-
liest reported mechanical properties of 2D materials measured
by experiments. The mechanical properties of graphene were
first measured by Lee et al. through nanoindentation using
atomic force microscopy (AFM)."*> They revealed an E*® of 340
N m™" in graphene, which is then transformed to the standard
(three-dimensional) 3D in-plane elastic modulus (effective
Young’s modulus) with the value of 1 TPa.** In fact, graphene
is so tough that it shattered the standard silicon AFM tips,
necessitating diamond tips.** Theoretically, the elastic defor-
mation of graphene can reach ~20%,** giving a facture
strength/Young’s modulus ratio (¢¢/E) of ~10~", this being the
largest among the current materials suitable for bendable
devices (Fig. 1 and Table 1).*}

Beginning with graphene, the fundamental elastic pro-
perties of many other 2D materials have been subsequently
revealed. Specifically, the deformability of ZBN and TMDs has
been extensively studied.**™*” This is because 2D electronic
devices have aroused much research interest in recent
decades, where ABN often acts as a dielectric layer and TMDs
work as an active layer. It was found that, among the TMDs,
MoS, exhibits a comparatively high value of the elastic
modulus, which remains one of the most important com-
ponents for flexible electronics.?® For other types of metal chal-
cogenide, it was interesting to see that there are a few reported
as highly deformable, where unexpected plasticity behaviour
was observed,*® including InSe, GaTe and MoTe,.>* Also, it
should be noted that the phase structure of the crystals can
lead to variable mechanical performance. For example, in
MoTe,, the breaking strengths of distorted 1T’ and T4 phases
are only half the value of 2H-MoTe, phase due to the uneven
distribution of bonding strengths.*’

The high fracture strength measured from 2D materials
requires high-quality samples, e.g. mechanical exfoliated
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Fig. 1 (a) A material design plot comparing the failure strength with Young's moduli. Materials that maximize o¢/E indicate that they can sustain a

large elastic strain before fracture. Materials with o¢/E smaller than graphene suggest that they are suitable for being integrated into graphene-based
devices, as graphene cannot fracture during deformation.*® (b) Comparison of the elastic modulus and failure strength of various 2D

crysta ls. 28,29,34,42,44-47,49-83

single crystals. Therefore, there is a discrepancy between the
value from single crystals for fundamental studies and their
nanobulk counterparts for scalable devices, where the large
elasticity is no longer preserved. Demonstrated approaches to
increase the deformability and strength of 2D materials shall
be discussed further in the following sections.

2.2 Bending stiffness

The bending stiffness B governs the 3D deformation beha-
viours of 2D materials and directly describes their
flexibility.®*®> When the total bending stiffness reaches a
theoretical minimum, the extreme deformability of 2D
materials can be achieved. Recently, the bending stiffness of
graphene and related heterostructures has been measured
through characterizing the deformation geometry of pressur-
ized bubbles™ by atomic force microscopy (AFM), or curved 2D
samples using cross-sectional scanning transmission electron
microscopy (STEM) imaging.*>®” Through using atomic-resolu-
tion STEM imaging, Zande et al. studied the bending stiffness
of graphene flakes as a function of layer number N, using the
deformed geometry of the graphene that was transferred onto
the BN step edge. This generates a local region subjected to
bending stress (Fig. 2a-d), where the curvature of the bent gra-
phene and the step height of the #ABN edges can be measured
from the cross-sectional STEM images. They further calculate
the bending stiffness using:
H —2R(1—cos 0
B=RI (—2) (1)
sin” 0

where B is the bending stiffness, I is the interfacial adhesion
energy (126 mJ m™2 for graphene/hBN), 6 is the bending angle,
R is the radius of curvature, and H is the step height.®” Note
that this equation is based on the assumption of superlubri-
city at a misaligned graphene-#BN interface (to be discussed
in section 4.3).
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Through varying the step height of the BN edges (H), the
influence of the deformation condition was investigated
(Fig. 2c and d). It was found that the experimentally measured
B-N curves can be described by a power law dependence
(Fig. 2e). Beyond a certain bending angle (>40°), the B-N
curves exhibit a nearly linear relationship, characteristic of a
stack of frictionless plates, indicating the onset of superlubri-
city between the graphene atomic layers (Fig. 2f). The reduced
bending stiffness at high bending angles can be explained as a
result of an increased contribution from an interlayer slip,
which can accommodate the large strain at high angles
(Fig. 2g).%” It was also found that the bending stiffness of the
graphene reaches a minimum when the thickness of the
sample is reduced to a monolayer (Fig. 2e). Thus, the thickness
of the 2D materials has an important impact on the flexibility
of the sample that shall be discussed further in section 4.

3 Microscopy test methods

The size of single-crystal 2D materials is generally limited
within a centimetre scale,** > depending on the fabrication
methods. Taking graphene as an example, the single crystal
size is up to 500 pm when prepared by mechanical exfolia-
tion,” or up to 1 cm size when synthesized by chemical
vapour deposition (CVD)."* Therefore, it requires microscopy
techniques to reveal the intrinsic mechanical properties of 2D
materials, such as nanoindentation experiments under
AFM,**%%9293 probe push tests under SEM/TEM, and tensile
tests conducted based on a micro-electro-mechanical system
(MEMS) under SEM/TEM.>"**

3.1 AFM nanoindentation

The AFM nanoindentation test has been widely applied to
examine the intrinsic mechanical properties of 2D materials,*?

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr05171h

View Article Online

Review

Nanoscale

99 UONEIUSPUIOUBU NIV TOTF2T06 €0TV6 £9¢T wu §T (uonerjogxe [edTUBRYDAW) “SFH
99 uoneIUIPUIOURU NIV L'EFEST 70F8S €66 wu 7'z (uomnerjoyxa [eorueydaw) *SyH
<9 UOIRIUSPUIOURU NAY 0L€ 06¥¥ wu g1 (a@an) Nm
9 uoneIUSPUIOURY NIV 00% $08T wu ¢y E> ) NM
59 uoneIUapUIOUBU NIV 092 ¥92 wu ¢ (@Ad) N
79 1aa 0ST-SET ST 1T 9, ts
$9 uoneIUIPUIOURU NIV 18T F L°LTT 8€ T TLT ¢ (uomrer0JXa [EOTURYDAW) TOLM
$9 uoneIUIpUIOURU NAY 76 F 1°6V1 CEFV9 9'9 ¥ 90T 11 (uoneroyxa [edrUEYIIW) “OIM
8¢ Zurpurim 2oeJINS G9 F 9¢T T18-¢ (uonerjojxa [esruRYIIW) ‘SM
9g uoneuUapUIoOURU NIV TLT LLT 11 (@ad) “sm
¥9 UOLBIUSPUIOURU NIV L'€EF 1°€9T 09 ¥ 6'0% LT F 7'68Y 1€ (uomer[oyxa [edIUBYIIWL) TSM
¥9 UOeIUIPUIOURU AV 1V ¥9°20€ 9'8 TL¥ 67T FS'L8T 11 (uorIBI[OJXa [BOTUBYIIUL) TSAA
8¢ Zurp[urim 2oeJINS 6€ F €91 16—V (uonyerjojxa [edTURYIIW) OSM
$9 uoneIUIPUIOURU NIV 7°6T F 6'8€T S ¥9¢ €9 T 68% T¢ (uomeI[0JXa [EdTURYIIW) OGN
$9 uoneIUIPUIOURU NIV €8¢ F9°8SC 9 F 8¢ 6T F 89T 1T (uomner[ojxa [esrueYdAU) “OSM
€9 uoneIUIpUIOURU NAY L'S T 89T ST91 THL (uoneI[0JXa [EdTURYIIW) CaSA
€9 uoNeIUIPUIOULU NIV TLF6°L9T II¥T T¢CT (uomer[oyxa [esrueydAU) “OSM
€9 uoneIUIPUIOURU NIV 1°9F €99T 069 19 (uomeI[0JXa [EdTURYIIW) COSA
€9 uoneIUIPUIOURU NIV L'9F €0LT e 965 16 (uomner[ojxa [esrueYIAU) “OSM
79 14a STT-S/1 €T-C1 11 SN
8¢ Zurp[urim 2oeJINS ¥ F¥2¢C T0T-S (31odsuen 1odea 1eorsdyd) asoN
19 Sunraneds Jy31[ unoyug €Tl 8€°/ST 17 (uoryer[oyxas [eSTUBYDOW) “OSON-HT
09 1593 9[ISUa) SWHIN INAS €6FTLLT £€F9 €1 ¥ 8¥C 1¢ (a@AD) “esom
09 159 9[ISU2) SIAIN NS €6FTLL 17¢ S9FITI 11 (@an) “esom
6 UONEIUSPUIOUBU NIV 9T ¥ 20T 6'0FST 00T F 00TT wu $T-50T (uoner[oFxa [EdTURYIAW) OLON-PL,
6% uoneIUIPUIOURU NIV ST 766 T0F97C 09 ¥ 0TOT wu 11-6 (uomner[oyxa [esrueydAW) COLO0N-. LT
6% uoneIUIPUIOURU NIV 9T FOIT STF9C S F0.9 wu £'9-9 (uomnerjoyxa [esrueydaW) “OLO0N-HT
6% uoneIUIpUIOURU NAY 9T FOIT CTF9C 91¢ wu9'g (uoner[oyxa [edIUEYIOW) QI ON-HT
6S WAV €T F 59T TLT 11 (uomer[OFXa [EdTURYIIW) “SON
86 Buip[urim aoeying SE T OFC T1I-€ (uoner[o§Xa [EOTURYIIW) “SON
S 1593 Suidng 78T CHIE T0L-0T (uomer[oyxa [esrueYIIW) “SON
/S 1593 Suidng T'CS F9°€8¢T SEF 06T 11 (uonyerjogxe TeOTURYIIW ‘AAD) “SON
96 UOTIBIUSPUIOUBU NIV 8T ¥ $9¢ TIF9TLT 11 (@aDd) ‘sonw
e uoneIUIPUIOURU NIV 09 ¥ 00T 9F 1T 0L ¥ 09T 17T (uonrerjoyxs ﬁmoamaouﬁu TGOIN
[ UuoneIUIPUIOURU NIV 00T ¥ 04T ¥ FCC 09 ¥ 08T 1T (uomer[oJxa [edTURYIIW) “SON
¥S 1593 Suidng €I F0LL T0.-0T (uonerjoyxa [edrueydawW) NGy
47 159) 9[ISU) SINAIN NAS 6¢F 6L /8P 1T (@ad) Ngy
€5 1591 9[ISU) SINAN INAL + WAS 109 00¢ 11 (aad) Nay
0S uoneIUIPUIOURU NIV 968 sel 08S¢ 16 (uomyerjoyxs TesTURYIIW) NY
0S uoneIUIpUIOURU NAY 908 /L 778 T¢ (uonyerjoyxe [edTUBYDIW) NY
0S UoNBIUIPUIOULRU NIV 188 89 06S 17T (uoryerjoyxs TedTURYDIW) NY
0S uoneIUIPUIOURU NIV 598 0z 687¢ 11 (uoryerjoyxas [edTUBYDIW) NY
zSs 1593 Suidng VAans 06¢ 11 (uomnerjozxa resrueyaw) susydern
15 159] J[ISU2) SINAIN INAS 026 09-05 60€ 11 (aap) suaydern
0S uoneIudIpuUIoUBU NIV € FTV6 7'CF €¢G8 8 F GTST 18 (uonyerjojxa [eorueydaw) susaydern
0S uoneIUIPUIOURU NIV 6'6 T 1086 09 F9°S0T 0T ¥ 586 1€ (uomnerjogxa resrueydow) susydern
0S uoneIUIPUIOURU NIV 6°€T F L796 €V T LLOT 9T ¥ 6F9 &4 (uomnerjoyxa resrueyaw) susydern
0S uoneIUIPUIOURU NAY 7C F 9201 0F0°SCT 8 F T¥E 11 (uomnerjozxa [esrueydow) susydern
ka4 uonejuspuIouEu WAV 000T OTT-0€T ove 11 (uonyerjojxa [eorueydowW) susaydern
PEN| SPOYIaW JUSWAINSBIN (edD) e (edp) %o (_WN) g4 SSOWOIYL (spoyrow uonesLIqe)) STeLINBIA

p3uamns arnjoelq

Koayy

Jeuonouny AJsusp sa30UdP | {d PUe ‘WISAS |BIIURYDIDW-041D3]3-04DIW SDI0USP SWIW ‘AdODSOIDIW UOIIDID)S UoISSILSUeRL} S9I0UDP WL ‘Adodsoudiw uoiydale Buluueds sayouap WIS ‘Adossosdiw
9210} DIWOje Saj0UdP W4V ‘49AR] S210USP T BISYM ‘SUOIEINDIED |BDIIRI0dY) WO pue (eyuswILIRdXS WOl paulwllap se sjeyshkid gz o sansadoid jediueydsw ayy jo uosuedwod T djgel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INV SE'0€'S G202/62/0T U0 papeojumod "G20g Areniged 0z UO paus!idnd 9101y ss800y uadO

Nanoscale, 2025,17, 7574-7599 | 7577

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr05171h

View Article Online

Nanoscale

SIXe 2 10 6°L F T LV

€8 uonejuapuIourU WAV ‘SIXe » 10 T°0T ¥ T°6Z wu S7-6 ?o_umzoucs EoEmsooEv £gtsy
SIXe 0 10} S'F F 0°SF SIXe 2 10J2°0 F ' T
8T 1593 9[ISU SINAIN INAS ‘SIXe D 10} 7°6 F 6°9S ‘SIXe D 10§ 8°0 F ¥'C wu 8¢ (uomreroyxa [esruRYdAW) SASTINEL
8 UoNeIUIPUIOURU NIV TIF8ST 700 F9°T 00T 16 (uomner[oyxa [earueydaw) 11D
8 UONEIUSIPUIOUBU NIV AR aY S0FCTT 19 1¢ (uonrer[oyxs [edTURYDIW) £11D
78 uoneIUIpUIOURU NAY STFTILC T0FTT 0€T 10T (uomnerjogxa [earueydW) [DID
78 uoneIUIPUIOURU NIV 8FF1C9 70F9€ 90T ¢ (uoner[ogxa [edTUBYdSIW) £1D1D
18 uoneIUIPUIOURU WAV 0L 0002 TT¥ (uoryerjoyxa [eoTUBYIIW) 231 FDEID
18 uoneIUdpUIOURU NAV €g \izaAr T1¥E ?oﬁm:o%a RoEmsooEv 9L%n%)
18 uoneIUIpUIOURU NAY el 0L 102 (uoryeroyxa [eorUBYIAW) 231 FDEID
18 uonejudIpuIourU WAV 7'8 ¥ T'9S SIS 1%L ?oﬁm:o%a RoEmsooEV 9L%n%)
08 UONBIUSPUIOURU NIV A AAL T €781 89/ 1S1 (aad) astoaig
08 uoneIuUdpUIOUBU WAV VP F L88 €781 L0S 10T (aad) ssto%d
08 UOTJEIUIPUIOUBU WAV V'V T L'88 €7-81 L0€ 16 (aap) sstoug
6L UONBIUIPUIOURU NIV /S 9¢'0 09 1% (uomrer[ogxa [eorueYdAW) (FUPD)AINSA0IA
6L uonNeIUIPUIOURU NAV 1°G 9¢°0 154 T¢ (uonreroyxa reorueydawW) (FUPH)oIN[SAOIN
6L UONBIUIPUIOUBU NIV 60FTL 50 6% FILE 4 (uomrerozxa [eorUERYDAW) (FUPD)IINSAOIN
6L uoneIUIpPUIOURU NAY VIFCTIT 80°0F L0 9'¢ F ¥'6¢ 11 (uonrerogxa resrueydaw) (FUPDH)oIN[SA0INT
8L UO[EIUIPUIOURY NIV €T 0€7 wu 01 (uonrerjopxa pinbry) (bagnp)IO0N
627 UOIEIUIPUIOUBU NIV V'LFL9S T0F98°T GTE F V6V wyy aurreIskrofjod wu £ F v (s1saypuds pauyuod) 10D
LL uonejuspuIouBU WAV 9°0 ¥6°SC €F6IT wu £'F (s1sotpuAs pauguod) VIHAVLLIOn
9/ uoneIUIpUIOURU NAY 7T F 20T 6-¥ T1¥H1-¢ (uonrer0§Xa [EOIULBYDIW) BOTIA
Sz uoneIUSPUIOURY NIV €T F 98¢ 9'TF9¢C 81 ¥ 98% wu 9z7°1 (uoneropxs pinbiy) *LEOYN
23 159] 9[ISU2) SINAIN INAS €T F 78% ¥'ST 6'SLY 11 (uonerjogxa pinbry) *1ZDELL
vL uonejuapuIouRU WAV 0€ F g€¢€ 9TFELL 6¢C ¥ 9C¢ 1T (uoneroyxs pinbiy) LD
L uoneIUIpPUIOURU NAY 79T F L°68 wu $£-0¢ (uonerjoyxa reosrueydow) snioydsoyd yoerg
(74 uoneIUIPUIOURU NIV 9°90T 01T TIT (uonerjojxa [esrueyaur) snoroydsoyd yoerg
L uoneIUIPUIOURU WAV ¥'CE F 94T ST wu ¢y (uonerjoyxa reorueydow) snioydsoyd yoerg
172 uoEIUIpUIOURU NIV 8'€ ¥99'1¢ TCI-L (and) fastia
0L UOTJEIUIPUTOUBU WAV LFL8T 80°0 T 0%°0 0L F /8T 101 (aao) fara1g
69 uoneIUIpPUIOURU NIV ST T 9%¢ wu 0T (uomyer[oyxe [EdIURYIIW) ALBD
69 uoneIUIPUIOURU AV 78 % 618 wu 01 (uomnerjoyxas pinbiy) asen
69 uonejuUdpUIOUEU WAV €LT 8 TELT wu 0T (uoneroyxs pmbiy) sen
89 uoneIUIPUIOURY NAY 08T ¥ S6 70T T 8901 191 (uoryerjoyxa [eorUBYdSW) ISUT
89 uoneIUIPUIOURU NIV 9T ¥ 66 STT F0TZ 16 (uomyerjoyxa [esrURYIIW) ASUT
89 UOTIBIUDPUTOURU NIV 0°0T T 10T 89°8 6CT F 979 18 (uomerjoyxa [esruRYdOW) ASUT
89 UONEIUSIPUIOUBU NIV £TC F 10T STT T 78S 1L (uoneroyxs [esrueydaW) I5UT
89 uoneIUIpUIOURU NAY 7'ET FOTT ¥9 ¥ 8TS 19 (uoryerjoyxa [eorUBYOSW) ISUT
19 UOTRIUIPUIOURU NIV SEFVIY TOFOF 60F wu z'6 (@Ad) sa
99 uoneIUIPUIOURU NAV 8SFI¥C T0FV'C 0LE wu ST (uoner[oyxa resrueYdIW) “OSJH
99 UONEIUIPUIOUBU NIV 6'8 T £'6¢€ VITOV 9Ts wu g7 (uonerogxs [edTURYDAW) “ASIH
BEN| SPOYIaW JUSUIAINSEBIN (edD) e (edD) %o (_WN) g4 SSOWOIYL (spoyrowr uonedLIqe)) STRLINBIA

p3uans arnjoelq

Review

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)

"INV GE0€:S G202/62/0T U0 papeo jumod 'GZ0e Afenige- 0Z Uo paus!idnd 801l Ss300y uado

(‘pauocD) T elqeL

This journal is © The Royal Society of Chemistry 2025

7578 | Nanoscale, 2025,17, 7574-7599


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr05171h

Open Access Article. Published on 20 February 2025. Downloaded on 10/29/2025 5:30:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Review

a

Gr
e o
POBDDAAAuh-nt
ccecee

e ]

enseree e OOt mmceets h BN
SRR DR e )
e e e e
e f
— B~N? @ Experiment o g _§ 1.5 @ Outer chain
25+ X 3 ~ @ Inner chain
125 | —B~N O Simulation Angle £
s # Experiment _ (deg) €8
@ S 20 50 8 g
o 100 - 2 50 10
3 2 8 £
4 2 aE
£ T5F ‘ £ 15 B
= 2 = ga
I o e
£ £
2 s50f t 20} 350'5
° (o) N
c 3] =
@ © o
a L £
25 5! €
0 2
y " 0
1 5 10 15 b .
1 2 3 i
No. of layers NG oF iy Bending angle (deg)

Fig. 2 Measuring bending stiffness through imaging the geometry of curved 2D materials. (a) Schematic showing the heterostructure used for
measuring the bending stiffness of graphene. Bilayer graphene was transferred onto the top of an hBN edge step.®” (b—d) Annular dark-field scan-
ning transmission electron microscopy (ADF-STEM) images showing the cross-sectional samples prepared from N-layer graphene samples over
H-layer hBN steps. For each designed N and H, a bending profile was measured containing a radius of curvature R, step height H and bending angle
6, indicated in d.®” (e) Plots showing the bending stiffness measured as a function of the thickness of graphene from experiments. Power law
relationships are denoted by the red and blue lines just for comparison.?” (f) The experimentally measured (filled symbols) and calculated (open
symbols) bending stiffnesses as a function of thickness for few-layer graphene. The blue and red colouring is to show the various bending angles
where the data are measured from.®’ (g) Calculated contribution to bending stiffness from interfacial interaction, as a function of bending angle,
based on simplified Frenkel-Kontorova model. The inset shows that the curvature is accommodated entirely by slip between the layers. Reproduced

from ref. 87 with permissions from Springer Nature Limited Copyright 2019.5”

as well as effects from defects®® and grain boundaries.’” For a
typical indentation test set-up, 2D materials were transferred
onto a holey substrate (e.g. SiO,/Si) with micro-sized wells.
Outside the wells, the continuous graphene membrane is
firmly fixed through van der Waals (vdW) attraction to the sub-
strate.’® Inside those wells, 2D materials are suspended as a
membrane, where the indentation tests are conducted until
fracture happens. From the experiments, the curves of applied
force-indentation depth can be directly measured, and most
2D materials show a brittle fracture behaviour. By fitting those
curves, E°P can be deduced by the non-linear F6ppl membrane
theory. Namely,

F = o?°(xa) (g) +EP(ga) (g>3

in which F is the applied force, o2° is the membrane pre-
tension, ¢ is the deflection depth at the centre point, a is the
radius of the membrane, E*® is the two-dimensional Young’s
modulus, and ¢ = 1/(1.049-0.15v-0.16v%).

The failure mechanism of 2D materials in response to
cyclic and impact loading has been a recent research interest.
Fatigue behaviour and damage mechanisms are critical to eval-
uating the long-term reliability of devices made from 2D
materials, because fatigue can cause material failure at stress
levels significantly lower than that under static loading. A
modified AFM instrument was developed recently to enable
applications of both static and cyclic loading to suspended 2D
materials. Through adding alternating current inputs using a

(2)

This journal is © The Royal Society of Chemistry 2025

‘shake’ piezo (Fig. 3a-c), Cui et al. conducted a fatigue test on
graphene and found that it exhibits a fatigue life of more than
10° cycles under a mean stress of 71 GPa, higher than any
material reported so far.>” Unlike metals, there is no progress-
ive damage during the fatigue loading of graphene, and its
failure is global and catastrophic (see bottom inserts, Fig. 3b).
Furthermore, this study illustrates the difference between the
morphological changes of bilayer and monolayer graphene
during fatigue. Bilayer samples exhibit obvious interlayer
shearing and wrinkling after failure, whereas no such behav-
iour was observed for monolayers after one billion cyclic load-
ings (Fig. 3c and d). The fatigue behaviour of graphene and
graphene oxide (GO) was also compared. In contrast to the cat-
astrophic failure behaviour in graphene, monolayer GO films
exhibited localized failure. This could be attributed to the
enriched oxygen functional groups in graphene oxide, where
epoxide-to-ether transformation can happen during stress
loading, which provides trapping sites for cracking arresting,
leading to the occurrence of unusual plasticity in graphene
oxide.

However, nanoindentation tests have their own limitations.
For example, they can only measure a small sample area
underneath the indenter tip (tip radii < 50 nm), which does
not necessarily represent the properties for the whole
membrane.”’®®  Also, nanoindentation cannot directly
measure fracture strength ¢*°. It gives an estimated value of
inferred from E*” and 6, using theoretical stress-strain
E2D\ 2
relationships, e.g. ¢*° = (4 R) with R being the indenter
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tip radius, assuming a clamped, linear elastic, circular mem-
brane, or ¢ ~ § curves that requires combination with theore-
tical predictions from density functional theory (DFT) and
finite elemental analysis (FEM).*”

3.2 In situ probe SEM/TEM bending tests

In the recent two decades, the probe measurements conducted
under SEM and TEM, through using in situ pushing set-ups
like AFM-TEM and the STM-TEM holders, have been widely
used, in particular for understanding the bending behaviour
of one-dimensional and three-dimensional samples. For 2D
metal chalcogenides, in situ probe tests have been mostly con-
ducted on their bulk counterparts, such as MoS, and InSe
single crystals. For example, combining the experiments with
high-throughput calculation, Shi et al. revealed tens of poten-
tial 2D metal chalcogenide crystals with plastic deformability,
as shown in Fig. 4. Such plasticity is unexpected, as most vdW
semiconductors are believed to be brittle because of their
weak interlayer forces. Fig. 4c shows a stress-strain curve of
InSe taken by SEM compression tests, clearly showing slip-
induced strain bursts, similar to those of metals.>® The inter-
layer slipping energy barrier of InSe is as low as 0.058 eV per
atom. In contrast, the cleavage energy is as high as 0.084 eV,

7580 | Nanoscale, 2025,17, 7574-7599

such that the constituent layers can maintain integrity during
slip, making plastic deformation possible.*

The in situ probe test can also be used to illustrate the
detailed structural evolution process of the 2D metal chalco-
genides during deformation, through utilizing the resolution
advantages of TEM imaging, i.e. high temporary and spatial
resolution. Recently, Zhao et al. directly observed the atomic-
scale plasticity mechanism in 2D InSe flakes using an in situ
TEM bending test (Fig. 5), with complementary high-resolu-
tion STEM imaging.’® It was interesting to see that a phase
transition from 2H to 3R occurred in InSe crystals during the
deformation (Fig. 5a-c). The in situ characterization studies
found that InSe exhibits an unusual plastic deformability,
where not only do the interlayer gliding and formation of
high-density dislocation networks play a role, but the appear-
ance of numerous discontinuous nanoscale cracks also has an
impact, which helps release the increased local elastic energy
due to deformation (Fig. 5d-i). Such behaviour distinguishes
InSe from other materials such as MoS,, and MoTe,, where
large cracks across the whole crystal were observed.*® To illus-
trate the different deformation behaviour between the
materials, further DFT calculations were conducted and indi-
cated that the bonding strength of In-Se (3.855 eV per bond) is

This journal is © The Royal Society of Chemistry 2025
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(d—g) SEM images taken from an in situ SEM compression test on InSe micropillars along (d and e) and perpendicular (f and g) to the (001) axis.
Reproduced from ref. 26 with permissions from The American Association for the Advancement of Science Copyright 2020.26

weaker than Mo-S (4.368 eV per bond). Therefore, it is relatively
easier to break the intralayer In-Se bond, so that the occurrence
of cracks is energetically permitted.>* DFT results also explained
how phase transition initiates during the deformation of InSe,
which suggests that the transition from 2H to 3R in InSe is more
energetically favourable compared with those phase transitions
in other materials systems such as MoS, and MoTe,. The above
work demonstrates the important role of in situ TEM tests in
mechanistic studies for deformation.*®

However, the application of in situ probe tests for 2D
samples is still limited, especially for those atomically-thin
ones. The mechanical loading onto a sample is based on a tip
with nanometre-scale contact size (see Fig. 5), which is much
smaller than the lateral size of most 2D samples while much
larger than their thickness, leading to a deformation geometry

This journal is © The Royal Society of Chemistry 2025

limited to quasi-1D nanoscrolls. It is therefore remotely poss-
ible to use this approach to achieve a controllable and even
stress loading, or a quantitative understanding of mechanics
in 2D materials. This necessitates the development in micro-
electro-mechanical system (MEMS) devices for quantitative
experiments, which shall be discussed in the following
section.

3.3 Tensile test using MEMS in SEM and TEM

Tensile tests are the most fundamental method to directly
measure the fracture strength of bulk materials.”* However, for
2D materials, there are a limited number of research groups
doing the in situ tensile tests, due to the technical challenges
in the micro-scale sample handling process. The MEMS
specific for conducting tensile tests on 2D materials has devel-

Nanoscale, 2025,17, 7574-7599 | 7581
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Fig. 5 (a) Digital photos taken from a InSe crystal, before (left panel) and after (right panel) the ex situ compression test.>° (b) High-angle angular
dark field-scanning transmission electron microscopy (HAADF-STEM) images taken from InSe crystals, before (left panel) and after (right panel) the
ex situ compression test, showing the pristine sample has a 2H phase, while the compressed sample has a 3R phase.®° (c) Schematic showing the
experimental set up for the in situ TEM deformation tests. Reproduced from ref. 100 with permissions from The American Association for the
Advancement of Science Copyright 2022.1°° (d-g) Time-series TEM snapshots, selected from the recorded video taken during the in situ bending
experiment, which included TEM images taken before the fracture happens (d), with a corresponding magnified TEM image (e and f) and a rotated
and high-resolution TEM image shown in g.3° (h) Corresponding HAADF-STEM images taken before (left panel) and after the in situ experiment.>° (i)
Corresponding high-resolution TEM image. The fracture and nanoscale cracks formed at the edge of the sample were marked by a green line and a
green box respectively. Reproduced from ref. 30 with permissions from Springer Nature Limited Copyright 2024.%°

oped significantly within the recent few years. Such in situ
tensile instruments mainly contain a push-to-pull (PTP) micro-
mechanical platform,'®" where a push from a pico-indenter
generates the force to pull the two ends of a micro-sized 2D
sample (Fig. 6). Unlike the nanoindentation tests described in
the previous section, MEMS tests apply a uniform uniaxial
stress onto the sample and thus enable quantitative measure-
ments of mechanical properties. However, the MEMS-based

7582 | Nanoscale, 2025, 17, 7574-7599

tests require comparatively complex sample transfer pro-
cedures, including the isolation and transfer of suspended 2D
materials, and sample shaping using techniques like the
focused ion beam (FIB), as illustrated in Fig. 6. The MEMS
device is quite similar to other types of suspended 2D device,
e.g. acoustic devices, and so are the transfer methods."*?
Transfer methods of 2D materials can be classified as wet
transfer and dry transfer. Choosing which method is depend-

This journal is © The Royal Society of Chemistry 2025
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shaping of sample under FIB.28

ing on the original substrate of the source 2D materials. Wet
transfer is suitable for most source materials regardless of
their adhesion to the substrate, as it directly removes or dis-
solves the original substrate so that the materials can be sus-
pended over a solution. For example, the widely used etchants
for dissolving substrates are FeCl; for copper-supported CVD
graphene and KOH for SiO,-supported graphene.'®® This
suggests both sides of the 2D materials contact and contami-
nated with a considerable amount of solution, which is not
ideal if the purpose is to measure intrinsic mechanical pro-
perties by using clean samples. To obtain contamination-free
samples, dry transfer has been a major research direction. The
dry transfer results in only one side of the 2D materials’
surface being in contact with the solutions or carrying layers,
so that the other surface remains intact and clean. Dry transfer
is achieved through two approaches: one is adding a water-
soluble sacrificing layer, e.g. the widely used a composite layer
made by stacking polyvinyl alcohol (PVA) on polymethyl meth-
acrylate (PMMA), and the other is using the ‘dry-stamp’
method, which only applies to those materials that are not
strongly adherent to the original substrate e.g. mechanically
exfoliated ones. The dry stamp is conducted by removing and

This journal is © The Royal Society of Chemistry 2025

transferring the 2D materials from the original substrate to the
target substrate, using a carrier layer mostly composed of poly-
mers like poly-dimethylsiloxane (PDMS) and PMMA."** To
further improve the sample cleanliness, a polymer-free transfer
would be ideal, for which the composition of the carrying layer
has to be changed to non-polymer ones, e.g. metal and ultra-
flat SiN, membranes with improved adhesion to the 2D
materials.'®* However, the dry-stamp methods have rarely been
applied to the mechanical test devices of 2D materials, since
the stamping force might destroy the MEMS chips, which are
mechanically fragile due to the cavity structures. Also, the
adhesion between the 2D materials and the MEMS device can
be smaller compared with the adhesion to the carrying layer,
which makes the success rate of transfer limited. Therefore, it
is still challenging to apply dry transfer in the fabrication of
MEMS devices'® with contamination-free 2D materials.
Nevertheless, through using MEMS in combination with the
advances in electron microscopy instruments, quantitative
tensile tests have been conducted in a few types of 2D material
under TEM and SEM, including #BN,** graphene,”
TMDs,°*!% transition metal nitrides and carbides,** and
covalent organic frameworks (COFs).'%”
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The sample quality control is highly important for realizing
a reliable and quantitative tensile test on 2D materials.”
Fig. 7a shows a schematic of a shaped graphene flake on a
tensile testing MEMS chip. By improving sample quality using
a modified transfer method, Lu et al measured a Young’s
modulus E*® ~ 900-1000 GPa from a CVD-grown graphene,
fairly close to the theoretical value of a pristine monolayer gra-
phene.?® This work approached an elastic strain limit of ~6%
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(Fig. 7b), higher than previously reported experimental values.
It should be noted that this value ~6% is still lower compared
with the theoretical strain limit of ~20%, with the representa-
tive tensile fracture strength of ~50-60 GPa measured as being
smaller than the ideal strength of monolayer graphene
(~100-130 GPa). This could result from the presence of defects
when preparing shaped samples for tensile tests.”® It is well-
documented that point defects, line defects, pre-cracks at the

2Z/arb.units

27 instability

5 6

Fig. 7 Experimental in situ tensile techniques for measuring elastic properties. (a) Schematic showing a single-crystalline graphene sample sus-
pended over the push-to-pull (PTP) micromechanical device. Left top is an SEM image showing an overview of the PTP device actuated by an exter-
nal pico-indenter. Right top, zoom-in SEM image taken from the region marked by a rectangle in the left-top inset. The yellow arrows indicate the
indentation or stress loading direction. Left-bottom inset showing a Raman spectrum taken from the graphene sample. Right-bottom inset showing
a TEM bright-field image taken from the sample edge, where an amorphous edge can be observed.®! (b) SEM images taken before and after an
in situ tensile test conducted on the suspended graphene.®! (c) Stress—strain curves recorded during the loading and unloading process, in which
the arrows denote the emergences and disappearances of the instabilities. The inset is a schematic showing the push-to-shear experimental setup
for introducing shearing strain into the 2D materials.>! (d) Time-sequence SEM images taken from the in situ shear test conducted from the mono-
layer graphene, and the corresponding models describing the sample morphologies during deformation. The top inset is a schematic showing the
geometrical parameters of the wrinkling structure.® (e) Curves present the theoretical normalized wrinkling wavelengths as a function of the shear
strains during different stages of instability, in which the solid balls are experimental data points.**
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sample edge or the sample clamping sites, and oxidized impu-
rities, can be introduced simply due to sample preparation,
which leads to considerably reduced strength in 2D
materials.*>>"%*%*1% The current shaping methods are gener-
ally based on FIB ion milling,'°® where ion implantation can
lead to surface damage and edge defects in the specimen.>
On the other hand, the transfer of 2D materials with an atom-
ically-thin thickness, especially monolayers, is still challenging
due to the low accessibility of the source materials, and the
high adhesion of these samples to their original substrates.
Very recently, Rong et al. developed a copper mesh-assisted
transfer technique, which uses the thin flakes that attached
locally to a mesh edge as the source materials.>® The limited
attaching area leads to limited adhesion to the substrates,
therefore allowing the subsequent transfer of the flakes by FIB
nanomanipulation.®® This increases the accessibility to the
intrinsic mechanics of monolayer samples. Therefore, to fully
understand the fundamental factors that govern the intrinsic
mechanical performance of 2D materials, there is much room
for improving sample preparation and testing methods.

Meanwhile, there are tensile tests finding that flaw insensi-
tivity exists in 2D materials.>*'%” Insensitivity to the pre-exist-
ing flaw, such as voids®® and pre-cracks, was observed in ABN
and 2D COF.’*'%” For example, Han et al. found that the
maximum tensile strain of ABN monolayers reaches ~6%, even
though some pre-existing voids were present in the testing
samples.>® They found that the naturally occurring voids are
not detrimental to the mechanical resistance of ABN. Instead,
those defects introduced by FIB to the sample clamped region
and the sample edge are responsible for the maximum strain
loss of the monolayer. This indicates that the contribution
from defects depends on the specific type of the defect and
the materials.

For applications especially in resonator and acoustic
devices, it is important to know how the morphology and
structure of the 2D materials evolve in real working conditions.
Recently, a mechanical push-to-shear approach was developed
to illustrate the dynamic wrinkling-splitting-smoothing
process of suspended 2D materials (Fig. 7c-e). Shear stress—
strain curves of single-layer graphene are shown in Fig. 7c,
from which the in-plane shear modulus of the monolayer gra-
phene was determined as ~70 GPa based on the initial linear
stage, slightly larger than the previously measured result, poss-
ibly due to the initial corrugations in the sample.''® As illus-
trated in Fig. 7c and d, during stress loading, the first appear-
ance of wrinkling is marked as the 1* instability. As the shear
strain increases beyond a certain threshold, wrinklons are
observed with a reducing wavelength of the wrinkles, marked
as the 2™ instability, where the wrinkling-splitting happens at
a halving of the wavelength, while for the unloading process,
the smoothing happens mainly as a result of the reduced
amplitude instead of wavelength changing or merging of the
wrinkles. Such a difference in stability between the formation
and recovery processes can be explained by the redistribution
of local compressive stain. The function between D ~
S(Eepre,y)2* was also summarized for the initial instability

This journal is © The Royal Society of Chemistry 2025
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stage, where D denotes the bending stiffness, E denotes the
Young’s modulus, &, denotes the pre-tension strain applied
on the film, y denotes the strains, and 1 denotes the observed
wrinkling wavelength (Fig. 7d and e). The wrinkling wave-
length possesses positive correlations with bending stiffness
and pre-tension and a negative correlation with Young’s
modulus and shear strain. Thus, the MEMS in situ tensile test
provides a direct pathway to observe and understand the
wrinkling behaviour of suspended 2D materials under
dynamic stress loading.**

Compared with other in situ methods, the tensile test under
TEM has such advantages that it combines the sub-angstrom
spatial resolution imaging capability of TEM during the experi-
ments. Fig. 8 shows such a case study conducted by Zhang
et al., where the atomic structure at the crack edge was charac-
terized using HRTEM, in combination with the in situ SEM
tensile test. It was revealed that the Young’s modulus and frac-
ture strength of 2D Ta,NiSe; (TNS) along the a-axis were
measured to be 56.9 + 9.2 GPa and 2.4 + 0.8 GPa, respectively,
both higher than those along the c-axis (45.0 + 4.5 GPa and 1.2
+ 0.2 GPa). The correlated high-resolution TEM imaging con-
firms the crack paths of 2D TNS along different orientations.
As shown in Fig. 8a and c, for a TNS sample stretched along
the a-axis, the crack edge is sharply formed at an angle of 30°
related to the c-axis, and a similar crack structure was observed
from the other samples subjected to a 45° counterclockwise
rotation (Fig. 8e). In contrast, when the loading direction is
parallel to the c-axis (Fig. 8d), a straight crack with an angle of
90° is observed, confirmed by the atomic resolution imaging
using TEM. The high-resolution imaging confirms the accu-
racy of the atomic models used by the subsequent DFT calcu-
lation, so that the energetic reasons behind the observed
cracking behaviour can be well explained (Fig. 8f).

Despite the as-mentioned developments, there remain few
concerns regarding the accuracies of the above microscopy
methods, which are often related to sample preparations and
displacement measurements. Take the widely used AFM
method as an example; since the cantilever is perpendicular to
the basal plane of the 2D materials, the atomic layer that con-
tacts the AFM probe may deviate and slip from the normally
aligned atomic structure, resulting in a serious mis-arrange-
ment of the atoms and inhomogeneity in the stress field.**
The other controversy still lies in the uncertainty of the sample
quality, ie. the crystal defects and the contamination intro-
duced during sample preparation, e.g. the polymer adsorbent
from polymer-assisted 2D sample transfer, the Pt contami-
nation and Ga ion implantation during Pt deposition in the
FIB, and the amorphization and artificial cracking due to ion
beam damage on 2D samples in the FIB. On the other hand,
the data processing for quantitative measurement needs extra
care. For instance, the sample thickness is difficult to precisely
measure, either on the SiN, membrane device used for AFM
nanoindentation, or on the MEMS chips for electron
microscopy. These inaccuracies can arise from the contami-
nation added on the top of the sample surface, or simply due
to the fact that the substrate has limited flatness, where ang-
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strom-scale inaccuracies can lead to errors when determining
the number of atomic layers in the sample. Also, the sample
thickness may change before and after the test, and therefore
nominal thickness, calculated from an assumed number of
atomic layers based on the measurement before testing, is
often used, leading to inaccuracies in the calculation of E°.
Besides, the imaging quality during tests is influencing the
accuracy of the final results. Take the in situ MEMS SEM/TEM
test as an example; the elastic strain of most 2D materials is
within 10%, which means the deformation is on a nanometre
scale. However, the recording of the in situ test requires a low
magnification imaging for the whole sample area. This causes
a limitation in pixel resolution and may not satisfy the accu-
racy required for the measuring the elastic deformation.
Therefore, improvements in measurements are still required,
especially on sample preparation and imaging techniques
such as polymer-free sample transfer'® and correlated
imaging. 303111

4 Effects of structure
4.1 Thickness

Failure mechanism under tensile stress. For monolayer
specimens (Fig. 9a), fracture failure is triggered by critical
bond breakages in strained atomic rings,"'* originating from
the defects that are intrinsic or introduced by sample prepa-
ration, or developed during deformation, e.g. vacancies®® and
Stone-Thrower-Wales defects."'®> Note that the bonding
stretching and breaking process varies with the type of
material, as demonstrated in previous sections. Within the
same material, such a process can be anisotropic, which
changes with the force loading direction, for example the zig-

7586 | Nanoscale, 2025,17, 7574-7599

zag or armchair crystallographic directions in hexagonal struc-
ture materials,'' as mentioned in Table 1 and shown in
Fig. 8. For few-layer and multi-layer specimens, the interlayer
interaction plays an important role during the deformation
process,’>>” with an increased importance with an increasing
number of layers, where interlayer shearing caused stacking
faults, local wrinkling and delamination (Fig. 9). In a defor-
mation process in a multi-layer sample, the local shear defor-
mation accumulated from an external applied force would
eventually overcome the energy barrier for the adjacent layers
gliding to find their next stable state (i.e. another favourable
interlayer registry). For example, such a deformation behaviour
was observed in a trilayer graphene embedded in polymer.'"®
Application of tensile strains to the top and bottom atomic
layers changes the balance of the elastic and interlayer inter-
action energies. Upon increasing the strain, it becomes favour-
able to release the excessive elastic energy by the formation of
dislocations. The density of dislocations increases upon con-
tinuously increasing the strain above a certain critical value,
and the second-order phase transition from the commensurate
to incommensurate phase occurs, characterized by a high
density of dislocations and stacking faults."'® This further
initiates interlayer and intralayer slippage, leading to atomic
bonding breaks and the final delamination.""”

Failure mechanism under bending. Compared with tensile
stretching, it is more difficult to cause the fracture by bending
in thin 2D materials, since thin 2D materials should be highly
bendable with an incommensurate interlayer registry achiev-
able under high curvatures, in analogy to their nanotube’s
form, e.g. carbon nanotubes and MoS, nanotubes (Fig. 10). For
multilayer specimens, the deformation and fracture mecha-
nisms are more complex, which depends on the external force
conditions, e.g. the loading application methods,*>***” and

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Fracture and deformation mechanisms under tensile stress. (a) Molecular dynamics (MD) modelling of the failure process of a monolayer gra-
phene with a single-vacancy defect, under a strain rate of 10° s™%, showing bond-stretching failure mode.*? (b) MD modelling of the uniaxial tensile
fracture processes of a monolayer MoS; under a strain rate of 10° s™%, loading along zig zag directions, with the left panel showing the result from
elastic strain ¢ = 0.2735, the middle panel showing ¢ = 0.3297, and the right panel showing ¢ = 0.3312. Reproduced from ref. 120 with permissions
from IOP Publishing Ltd Copyright 2020.'2° (c) Schematic illustration of atomic structure evolution during shear deformation of trilayer graphene,
with left panel: initial ABA Bernal structure; middle panel: deformed structure with a rigid lattice with the shear process taking place at the top and

bottom layers; right panel: relaxed deformation structure, with the formation of partial dislocations as a result of the low stacking fault energy.

the bending angle.''® The process involves the formation of
kink bands'"® and twinning (Fig. 10c), which are weak points
for oxygen attack and local delamination (Fig. 10d), followed
by edge peeling and fracture failure.**>%%87-111

4.2 Defects and grain boundaries

The strength and stretchability of 2D materials are limited by
the presence of point and line defects,””'**'*® pre-existing
cracks or voids®>™""** and impurities at the grain boundaries
(GBs). Point defects in 2D materials include vacancies where
an atom is missing (Fig. 11a), impurities where foreign atoms
reside in a substitutional or interstitial site,'>> and paired
point defects that occurred solely due to local bonding rotation
and reconfiguration, such as Stone-Thrower-Wales defects
(Fig. 11b), pentagon-heptagon defects'> and pentagon-
octagon-pentagon defects.'*® Note that those defects can be
aligned and extended to constitute topological line defects and
grain boundaries.'*® Line defects in 2D materials include edge
dislocations (Fig. 11d), and screw dislocations (material thick-

This journal is © The Royal Society of Chemistry 2025

115

ness > bilayer, Fig. 11e and f) that have been observed as a
domain wall for phase transition,'?” or as a nucleation site for
‘spiral’ 2D materials growth.">%'>°

There are two pathways to enhance the strength of the
materials: one is to design the arrangement of defects to inhibit
dislocation motion or cancel defect effects;"*° the other is to go
from the opposite: eliminating the defect in crystals using high-
quality single-crystal 2D materials. Since it is challenging to
prepare large-size single crystal 2D materials for device appli-
cations, a wusage of polycrystalline 2D crystals is often
necessary,”>''** and therefore understanding the role of defects
and GBs in mechanical performance is important. There have
been theoretical works demonstrating that the detailed arrange-
ment of defects, e.g. the pentagon-heptagon defects associated
with graphene GBs, can increase the strength (Fig. 11h),"*''%
although it is highly challenging to achieve such a precise defect
engineering in materials for real applications.

In contrast to much research interest in theoretical works,
the related experimental works on the effects of defect and
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Fewlayer

Fig. 10 Deformation mechanisms under bending. (a) Bending in graphene that is subjected to various interlayer interactions. The left top panel
shows a model where bending is accommodated by in-plane strain. The left bottom panel shows a model where bending is accommodated through
interlayer shear and slip. Experimental STEM image taken from a 12-layer graphene bent to 12° (right panel).®” (o—d) Cross-sectional STEM images
demonstrating the different ways for 2D materials to accommodate the strain induced by bending. Scale bars, 5 nm. (b) BF STEM image taken from
bilayer graphene, with a 95° bend angle. (c) HAADF STEM image showing the formation of a twin structure in multilayer graphite subjected to
bending. (d) HAADF STEM image taken from multilayer graphite subjected to a large bending deformation, constituting areas of discrete twin bound-
aries (orange) and areas of nanotube-like curvature (green).'?*
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Fig. 11 Theoretical understanding of a defect’s impact on mechanical performance. (a) Schematic atomic model of the vacancies in graphene.'?®
(b) Schematic atomic model of Stone—Thrower—Wales defects in graphene.!?® (c) Tensile strength of graphene at failure, as a function of point
vacancy, bivacancy and Stone—Wales defects concentrations in graphene, calculated by MD. Reproduced from ref. 123 with permissions from
Elsevier Ltd. Copyright 2013.1%* (d) Atomic model showing a pair of edge dislocations observed in graphene by TEM. Reproduced from ref. 135 with
permissions from The American Association for the Advancement of Science Copyright 2012.1%° (e) Atomic model of screw dislocations with a
Burgers vector parallel to a zigzag direction, acting as a 2H|2H domain wall in twisted bilayer TMDs, observed by STEM.!?’ (f) Atomic model of screw
dislocation with a Burgers vector parallel to the out-of-plane direction,**® likely to exist in faulty and disordered graphite. Reproduced from ref. 136
with permissions from American Chemical Society Copyright Copyright 2016.23671%8 (g) Atomic models of zigzag-oriented grain boundaries (GBs) in
graphene with a tilt angle of 5.5° (left panel), 13.2° (middle panel), and 21.7° (right panel).**! (h) Corresponding MD calculated stress—strain curves of
zigzag-oriented graphene sheets pulled perpendicular to the GBs. Reproduced from ref. 131 with permissions from The American Association for

the Advancement of Science Copyright 2010.1%*

grain boundaries are of limited quantity. Previous experiments
show that presence of GBs provides weak points for oxygen
attack''' and impurity segregation, leading to a reduced
strength of 2D materials,""" even though careful sample prepa-
ration may achieve materials with a strength close to the pris-
tine ones.”> From the perspective of defect types, there are
in situ characterization results showing the insensitivity of 2D
materials’ stretchability to specific types of defect, as demon-
strated in previous sections.”® Regarding the effect of defect
density, counter-intuitively, results reported by Ldpez-Polin
et al. showed that the 2D Young’s modulus of graphene
increases with an increased density of vacancies created by ion
implantation, up to almost twice the initial value when the
vacancy content reaches ~0.2%, as shown in Fig. 12.*
Therefore, controversies still exist regarding the impact of
defects on the strength of 2D materials, and more detailed and
quantitative studies into defect impacts are needed.

This journal is © The Royal Society of Chemistry 2025

4.3 Interfaces

Extensive interest has been put into exploring vdW hetero-
structures and homostructures, which are a unique class of
artificial solids that can be stacked like ‘Lego’, allowing con-
trollable material components, stacking order and relative
twist angle between adjacent atomic layers. Significant break-
throughs have been achieved in vdW heterostructures, includ-
ing the observation of low-temperature superconductivity in
twisted bilayer graphene, and localization of excitons in
twisted bilayer TMDs.">” This makes mechanics studies of
vdW heterostructures timely and important.

However, fracture mechanics of vdW heterostructures have
been quite limited.*>**'3%° The E*" of the bilayer hetero-
structure is lower than the sum of the E*” of each layer but
comparable to the corresponding bilayers, when a strong inter-
layer interaction is achieved (Fig. 13). Nevertheless, the inter-
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Fig. 13 Elastic properties and fracture failure mechanism in vdW heterostructures. (a—d) Experimentally measured elastic properties for CVD-grown
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Reproduced from ref. 56 with permissions from American Chemical Society Copyright 2014.%¢ (e) MD calculated tensile deformation process for a
graphene—MoS,—graphene heterostructure, which shows buckling at the ultimate strain ¢ = 0.26 at 1.0 K. From top to bottom, the tension in the x
direction increases. Reproduced from ref. 139 with permissions from AIP Publishing Copyright 2014.13°

layer interaction varies with the material components (e.g. In fact, the interlayer interaction between the stacked com-
MoS,-WS, interaction > MoS,-graphene), and can only be as  ponents varies with the stacking method and the twist angle.”®
strong as a homo-bilayer when the interface is clean or coher- In a twisted heterostructure, for a twist angle close to 0° (iden-
ent (lattice matching). The MD calculation reported showed tical to n x 60° with n being an integer, in hexagonal-symmetry
that local delamination/buckling can happen when the hetero- 2D materials), lattice matching induces commensurate lattices
structure is loaded with a large tensile strain (Fig. 13e). at the interface, where the interlayer interaction is stronger'*!
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compared with the incommensurate interface formed at twist
angles deviating from n x 60°. Friction experiments prove that
superlubricity exists at graphene-ABN heterostructure inter-
faces for specific twist angles (e.g. 30°, 90°, 150°) where the
interface is incommensurate (Fig. 14). This used the other
mechanical loading mode of AFM, which is nanofriction with
the tip moving parallel to the material surface, and meanwhile
the horizontal change caused by the frictional force is
recorded by the piezoelectric ceramic transducer, suitable for
studying the interface characteristics of 2D materials. In con-
trast, for those twist angles retaining high symmetry (0°, 60°,

a
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/
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120° etc.), the interface structure can be commensurate and
the friction is found to be much higher (Fig. 14).**>

Taking advantage of the superlubricity between hetero-
structures, Huang et al. investigated how the bending stiffness
of 2D heterostructures evolves with the composition of the
stack,> following the bending stiffness measurement work
shown in section 2. They fabricated four-layer graphene/MoS,
heterostructures with varied component sequences, including
Gr/MoS,/Gr/MoS, (denoted as GMGM here) and Gr/Gr/MoS,/
MoS, (GGMM) heterostructures (Fig. 15). MGGM, GMMG, and
MMGG show a strong bending angle dependence in bending
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Fig. 14 Measuring the friction at the interface of a graphite/hBN heterostructure. (a) Schematic diagram of the experimental set-up to measure the
friction in graphite/hBN junctions.’*? (b) Schematic atomic model shows the stress loading onto the graphite/hBN heterostructures during the fric-
tion experiments.'*? (c) Dependence of the frictional stress on the relative interfacial orientation between monocrystalline graphite and hBN

measured under ambient conditions. Reproduced from ref. 142 with permissions from Springer Nature Limited Copyright 201,
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structure draped over an atomically sharp step of hBN.** (b—e) Cross-sectional ADF-STEM images of four different 2D heterostructures (GMGM,
MGGM, GMMG, and MMGG) with an identical composition but different stacking orders. Scale bars: 2 nm.*® (f) Plot of bending stiffness for each
heterostructure, coloured by bending angle. Reproduced from ref. 33 with permissions from Wiley-VCH GmbH Copyright 2021.%
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stiffness. In contrast, the bending stiffness of GMGM exhibits
no dependence on the bending angle. At high bending angles,
the bending stiffnesses of all four structures converge to
approximately 20-25 eV. At low bending angles, the measured
bending stiffness is much higher for structures with more
aligned interfaces, i.e. those containing MM or GG (Fig. 15d).
The interfacial friction can be further reduced by large-angle
twisting, and the bending stiffness of the resulted hetero-
structures is largely lower by over several hundred percent
compared with other heterostructures. This demonstrates the

View Article Online

Nanoscale

importance of interfacial engineering in achieving a flexible
2D multilayer, where a minimum bending stiffness can be
achieved through misaligning heterointerfaces.

5 Applications

The properties of 2D materials can be changed by strain engin-
eering. To prepare deformed 2D materials, a wide range of
approaches has been reported. Besides the direct strain
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Fig. 16 (a) Rationally constructed high-strength and thermally conductive graphene oxide fibre. The top panel is a schematic showing the sheet-
order in the spinning tube under the unidirectional flow field (denoted as Plane I) and the aligned graphene oxide sheets under the multiple flow
fields (Planes Il and Ill). The middle panel displays the cross-sectional views of the velocity distributions, calculated under unidirectional tubular
shear-flow field (left), and under multiple shear flow with moderate (middle) and overhigh (right) rotating angular velocities. The bottom left panel
displays the velocity distribution across the spinning tube calculated under multiple shear-flow with a rotating angular velocity of 100 rad s™* (left)
and 1000 rad s (right). The bottom middle panel shows the experimentally measured density and orientation order of the graphene fibres. The
bottom right panel shows the stress—strain curve measured from the graphene fibres.>® (b) The top left panel is a digital photo taken from the
flexible substrate integrated with hundreds of WS, devices. The top right panel is a schematic showing the strain distribution within the WS, device
under a biaxial strain. The bottom left panel shows the increased mobility as a function of the strain applied to WS,. Bottom right is a DFT calculation
of conduction bands from monolayer WS, structures built without strain (black line), with 1% uniaxial strain (dashed blue line), and 1% biaxial strain
(dashed orange line) relative to the lowest band edge. The inset is a schematic of the unit cell structure used for the simulation with applied strain
vectors. Reproduced from ref. 167 with permissions from American Chemical Society Copyright 2024.1%7 (c) Quantum photon emitters fabricated
from strain-engineered monolayer and bilayer WSe,. The left panel is an optical image taken after transfer onto the nanopillars. The right panel is a
spatial mapping showing the intensity integrated from the as-measured photoluminescence spectrum between 700—-860 nm. Reproduced from ref.
157 with permissions from Springer Nature Limited Copyright 2022.25717° (d) Ferroelectricity due to strain in CulnP,Se. The top left panel shows a
schematic of the device structure. The top right panel presents an amplitude map showing the domain wall structure imaged by band excitation
piezo-response force microscopy. The bottom panel displays a schematic for the bent nanoflake on the patterned substrate. Reproduced from ref.
172 with permissions from American Chemical Society Copyright 2023.172

7592 | Nanoscale, 2025, 17, 7574-7599 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr05171h

Open Access Article. Published on 20 February 2025. Downloaded on 10/29/2025 5:30:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

loading methods described in sections 2 and 3, one can
induce the in-plane deformation using the lattice mismatch at
an interface of a heterostructure,”® or at the interface with a
substrate."**'** Artificial stress can also be applied through
force transfer from the supporting substrate or polymer
matrix."*®> The out-of-plane deformation can be induced by
coherent epitaxy growth,'*> using a substrate with patterned
3D features,'*®'"” or a stretchable substrate processed with
tension."*®'*® Besides, the strain applied to the 2D materials
can be utilized to fabricate crystals with unusual atomic stack-
ings. For example, rhombohedral stacked graphite can be
accessed through applying additional shear force during
exfoliation"*>™" or during CVD growth on a curved sub-
strate.'® TMDs with a large-area 3R stacking that is normally
thermodynamically metastable can be achieved by internal

Transfer

Mechanics of 2D materials

View Article Online
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strain relaxation occurring during the twisting of 2D
heterostructures."?”

To achieve 2D material composites with enhanced flexi-
bility, recent developments on aligning strategy have enabled
the rational design of the spatial alignhment of 2D materials.
Taking graphene fibre as an instance, previous reports have
proved the importance of the alignment of graphene sheets to
enhance the mechanical properties. This has been achieved
through modifying liquid processing parameters, such as
shear flow and enlarged crystal concentration in liquid crystal
precursors.'>® However, the assembly of sheets remains loose
in the transverse direction of the fibre. To improve the order in
transverse directions, Gao et al realized the concentric
arrangement of graphene oxide nanosheets instead of a
random structure through applying a multiple shear flow field.

Dynamic

1,
Q
?S‘

4

Quantitative

Q
3
®
2
—
7))

; fa
High resolution

Mechanisms

Interlayer interaction

Fig. 17 Strategies and prospects for characterization studies of mechanics in 2D materials. Reproduced from ref. 118 with permissions from

American Chemical Society Copyright 2023,30-32-3%.38.51.67.104.118,123
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An increased assembly order is achieved through introducing
a rotating angular velocity imposed by rotational shear flow
(Fig. 16a).%® Please note that such an angular velocity-assem-
bly order relationship is non-monotonic. Theoretical model-
ling indicates that when the angular velocity is too high, the
excessive centrifugal force makes the radial pressure gradient
and viscous force unable to suppress the disturbance in the
flow, resulting in a secondary vortex velocity field and a spiral
arrangement with defects.*® Indeed, experiments show that a
higher or lower angular velocity results in the formation of
helical disorder or random disorder, which can be character-
ized by the Hermans orientation function, accounting for the
lower thermal conductivity and Young’s modulus.*® Through
optimizing the angular velocity, combined with tuning of
polymer components in the composites, they achieved an
enhanced assembly order in both the longitudinal and trans-
verse directions, and thus synergistically improved and extra-
ordinary mechanical and thermal properties.®® The above
study indicates that it is necessary to correlate the theoretical
mechanics with the assembly techniques of 2D flakes for
rationally designed structural 2D materials with enhanced
mechanical and functional properties.

Deformation has been demonstrated as an established
approach to tune the electronic and optical properties of 2D
materials, including mobility, photon emitting and
ferroelectricity.’>* ™% Quite a few theories and experiments
have found that strain engineering can be utilized to increase
the electron mobility of 2D semiconductors, which allows their
applications in flexible electronics and sensors.'>”71%¢
Recently, Yang et al. developed a force loading approach that
enables a biaxial tensile strain in 2D MoS, and WS,.'%”
Compared with the case of uniaxial tensile strain, the mobility
of WS, can be much higher in biaxial strain status
(Fig. 16b)."®” DFT calculations reveal that this resulted from a
reduced bandgap as well as a reduced intervalley electron—
phonon scattering.'®” For optoelectronic applications, single-
photon emitters (SPEs) created by strained 2D materials,
including BN, WSe,, WS,, and MoTe,, have attracted much
interest in the recent decade.'®”***'%¥717% Thig was achieved by
suspending 2D semiconductors over arrays of nano-pillars.*>’
For example, WSe, SPEs were created through transferring a
WSe, flake on top of lithographically defined nanopillars,
where point-like defect or strain perturbations locally change
the bandgap and lead to quantum confinement of excitons
(Fig. 16c¢). The performance of the 2D semiconductor SPEs can
be modulated by changing the strain applied to the 2D semi-
conductors. For example, Ferrari et al. show that quantum-light
emitters with deterministic positions surpass their randomly
distributed counterparts, in which case the spectral wanderings
were reduced by an order of magnitude.'*® Recently, Chen et al.
reported that a large local strain of up to 5% in WSe, can
increase the brightness of the resulting SPEs."®® They further
improved the emitting stability through tightly attaching the 2D
semiconductor to the surface of the pillar with enhanced
fitting."®® On the other hand, curvature and strain effects are
also important for ferroelectric 2D materials, such as In,Ses,
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CulnP,Ss, and Bi,TeOs, and various twisted hetero/
homostructures.'*®**%171177 gnhanced polarization is expected
under a large curvature.'”"'”® Taking CuInP,S; as an example, it
was observed that ferroelectric domain boundaries tend to form
near or move towards the high-curvature areas, and the polariz-
ation-voltage hysteresis loops in the bending regions differ from
the non-bending regions (Fig. 16d)."”> The above studies all
indicate that achieving precise strain modulation in 2D
materials is a crucial strategy for enhancing their performance
in electronic and optical devices,'>”"167172178

6 Conclusions

In spite of the above progress, studies in the characterization
of bendable 2D materials are still in their infancy, with many
opportunities and challenges ahead, as summarized in Fig. 17.
From the materials’ perspective, the limited success in the
high-quality transfer of 2D materials onto target substrates,
especially onto their characterization platforms like MEMS
chips, hinders the investigation into the mechanics of a wider
range of 2D materials. The development of handling of 2D
materials for experimental mechanics study needs combi-
nation with the polymerfree and site-specific transfer
methods recently developed for 2D electronics, so that the
experiments can reflect the intrinsic properties of the thin
materials. Nevertheless, benefiting from the new techniques
for the assembly of 2D materials, either vertically or axially,
accessibility to materials and devices with high flexibility and
enhanced device performances is enlarged nowadays. This
allowed the design of the bending stiffness of 2D hetero-
structures or composites based on a controllable stacking
order. Developments in theoretical mechanics are also impor-
tant for achieving the rational assembly of 2D composites and
thus devices with new functionalities. Microscopic studies on
characterization methods for mechanics in 2D materials,
especially on their response to dynamic stress loading, are
necessary in order to understand the mechanical stability of
2D materials for application in resonators and acoustic
devices. This further opens the prospects for the development
of instruments for quantitative stress loading. Furthermore,
correlated imaging is highly needed so that the advantages of
various microscopy techniques, such as electron microscopy
and optical imaging, can be combined to achieve in situ
studies with both high spatial and temporal resolutions. It
should be noted that the in situ imaging protocols specific for
2D materials are not well-established, compared with those for
one-dimensional or three-dimensional materials. Mechanisms
behind the deformation of 2D materials are not studied sys-
tematically considering the controversies and complex effects
from defects and interlayer interactions, and have only been
investigated for limited types of 2D material. Finally, since
those 2D materials with plasticity have their irreplaceability in
flexible electronics, the route of integrating them into devices
with maintained flexibility and the mechanisms behind the
plastic deformation still need exploration.

This journal is © The Royal Society of Chemistry 2025
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