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Abstract 

2D hybrid organic-inorganic perovskites (HOIPs) are commonly found under subcritical 

cyclic stress states and suffer from fatigue issues during device operation, significantly limiting 

their service lifetime. However, the fatigue properties of these materials remain unknown, 

which is crucial for mitigating fatigue failure and predicting the lifetime for scheduled 

maintenance. Here, we systematically investigate the fatigue behavior of (C4H9-

NH3)2(CH3NH3)2Pb3I10, the archetype 2D HOIP, by atomic force microscopy (AFM) dynamic 

stretching suspended 2D membranes. We find that 2D HOIPs are much more fatigue resilient 

than polymers and can survive over 1 billion cycles. The failure morphology indicates that the 

2D HOIPs tend to exhibit brittle failure at high mean stress levels but behave as ductile 

materials at low mean stress levels. Our results suggest the presence of a plastic deformation 

mechanism in these ionic hybrid organic-inorganic materials at low mean stress levels, which 
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may contribute to the long fatigue lifetime but is inhibited at higher mean stresses. The stiffness 

and strength of 2D HOIPs are gradually weakened under subcritical loading, potentially as a 

result of stress-induced defects accumulating and nucleating. The cyclic loading component 

can further accelerate this process. The fatigue lifetime of 2D HOIPs can be extended by 

reducing the mean stress, stress amplitude, or increasing the thickness. Our results can provide 

indispensable insights into designing and engineering 2D HOIPs and other hybrid organic-

inorganic materials for long-term mechanical durability.  
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Introduction 

The last decade has witnessed the rapid rise of hybrid organic-inorganic perovskites 

(HOIPs) as low-cost, high-performance semiconductor materials1-2 with tremendous 

application potential across numerous semiconductor fields, including photovoltaics,3-4 light-

emitting diodes,5 photo/radiation detectors6-7 and transistors.8 The relative softness of the 

lattice owing to the hybrid organic-inorganic nature,9 along with the great semiconductor 

performance, allows HOIPs to be incorporated into flexible and wearable electronics to greatly 

promote the advances in the internet of things.10-12 2D HOIPs can be structurally derived from 

their 3D counterparts,2, 13 which further improve the materials’ chemical stability13 and 

mechanical resilience,9, 14-17 and offer more tunability in the structure and chemistry for 

material properties engineering to meet various device application needs.9, 13  

 Mechanical strain is universally found in HOIP-based devices.9 Owing to their soft nature, 

HOIPs are highly susceptible to influences arising from the strain, such as electronic band 
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structure changes,18 ion migration,19 phase transition20 and cohesive/adhesive failure.21-22 

Hence, it is crucial to understand the mechanical behavior of these materials to mitigate the 

unwanted strain effects9 and/or to strain engineer HOIPs to achieve better functionality or 

stability.20, 23-24 As a result, the structure-property relationship of HOIPs (both in 3D and 2D 

forms) regarding their elastic and fracture properties have been widely explored over the past 

few years,9 where the materials are typically loaded under quasi-static conditions and 

simultaneous mechanical responses are recorded. However, in practical applications, HOIPs 

are more commonly found under subcritical (below the fracture strength, e.g., during strain 

engineering23-24) and cyclic loadings (e.g., during repeated bending in flexible electronics 

applications10-12 or thermal strain arising from temperature fluctuations21). Materials typically 

suffer from mechanical fatigue under such loading conditions25 over the long service life of the 

device (ideally 10 to 20 years26), and it is imperative to understand this behavior to evaluate 

the long-term mechanical reliability. Accurately predicting the lifetime of components is 

crucial to replace them before catastrophic failure occurs. However, the lack of critical fatigue 

information for HOIPs impedes the design of mechanically robust HOIP-based devices. 

Due to the common presence of cyclic strain in device and composite applications,27-29 the 

fatigue properties of many low dimensional materials have been reported, including 

graphene,30 transition metal dichalcogenides (TMDCs),31 carbon nanotube,32-34 Si nanowire,35 

and SrTiO3 thin films.36 Despite the significant advancements in understanding the fatigue 

behavior of inorganic materials, the fatigue properties of hybrid organic-inorganic materials 

with reduced dimensions have received limited attention. Due to their hybrid nature, these 

materials can exhibit mechanical behaviors that are substantially different from both pure 

inorganic and pure organic materials, as demonstrated in their quasi-static behaviors.9, 16 It 

would be fundamentally intriguing to see if, how and why 2D HOIP, a representative example 
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of hybrid materials, will be different from other inorganic low dimensional materials under 

fatigue loading.  

Here, we systematically investigate the fatigue behavior of 2D HOIPs membranes 

dynamically stretched by atomic force microscopy (AFM). We focus on a prototypical 

Ruddlesden-Popper 2D HOIPs, (C4H9-NH3)2(CH3NH3)2Pb3I10 (abbreviated as C4n3 below) as 

a model example, which has been widely used for device demonstrations.2, 13, 37 The quasi-

static mechanical behavior of C4n3 has been well understood,14, 38 which can be compared to 

the dynamic mechanical behavior studied here. We discover that 2D HOIPs can exhibit better 

fatigue resistance than polymeric materials and the fatigue lifetime can reach 1 billion cycles. 

An unexpected plastic deformation mechanism in this material is revealed, which is likely 

responsible for this fatigue resilience. We further measure the quasi-static mechanical 

properties after cyclic loading and uncover a progressive damage behavior. We find that cyclic 

loading can significantly accelerate the defect generation and accumulation in 2D HOIPs 

compared to static dwelling. We also unravel how the static and cyclic components of the 

loading, as well as the geometric factor (thickness) will affect the fatigue lifetime of the 

membrane. Our findings offer invaluable insights into the fatigue properties of HOIPs and can 

aid in designing HOIP-based devices with long-term mechanical durability. Furthermore, as 

the structure-property relationship of other hybrid organic-inorganic materials, such as metal-

organic framework materials, may share similarities, our study may provide valuable 

knowledge regarding the fatigue behavior of these materials as well.  

 

Results and Discussions 

Fatigue Test of Thin 2D HOIP Membranes.  

AFM-based fatigue test is employed here to investigate the fatigue behavior of thin 2D 

HOIP membranes (Figure 1a). The method slightly modifies the quasi-static in-plane stretching 
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test of 2D HOIPs membranes that was established in our group.14, 17, 38 Briefly, 2D HOIP C4n3 

(Support Information (SI) – Figure S1 for the structure schematic) thin membranes are 

mechanically exfoliated from solution-grown single crystals and transferred to hole-patterned 

silicon wafer using scotch tapes (see Materials and Methods section and SI – Section I for more 

details). The thin flakes are first identified by optical microscopy and then imaged by AFM in 

tapping mode (Figure 1b). The tapping mode images are used to measure the thickness of the 

membranes and to position the AFM tip to the center of the membrane for mechanical tests. 

For the fatigue test (Figure 1a, see SI – Fig. S3 for details), the AFM tip will oscillate around 

a mean force with a force amplitude. The mean force is controlled by the static deflection of 

the AFM cantilever, while the oscillation force amplitude is controlled by the shake piezo and 

monitored by a lock-in amplifier. We term the static and cyclic components of the forces as 

𝐹dc  and 𝐹ac , respectively, as an analogue to the direct/alternating current of electricity. 

Apparently, 𝐹dc and 𝐹ac will provide controls over the mean stress and stress amplitude applied 

to the membrane during the fatigue test. The maximum force during each cycle, i.e., 𝐹dc + 𝐹ac, 

are kept below the fracture force of the membrane. When the membranes fail under the 

dynamic loading, a sudden jump in the DC deflection, z-piezo, and the AC amplitude will 

appear (Figure 1c and S4) and the total number of fatigue cycles the membrane survives under 

the testing conditions can be derived. Similar AFM dynamic mechanical tests have been 

successfully utilized to uncover the fatigue behavior of other 2D materials and nanowires.30-31, 

35-36, 39-41  

To avoid the influences stemming from any frequency-dependent behavior of the materials 

(e.g., ion migration) on the tested results and the comparisons afterwards, we fix the dynamic 

loading frequency to 100 kHz for all fatigue tests here. This frequency is two orders of 

magnitude or more below the first fundamental resonance frequency of the C4n3 membranes 

(See SI – Section II.2 for detailed analysis), and the AFM tip oscillation amplitude (≤ 3 nm) is 
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also much lower than the DC loading-induced deformation of the membranes.14 Hence, the tip 

should continuously contact the 2D HOIP membranes during the oscillation.30 Here we also 

focus on the fatigue behavior of 2D HOIPs ≥ 3 layers, whose mechanical properties can 

represent that of bulk materials where the effects of sliding between the 2D layers at the van 

der Waals (vdW) interfaces on the mechanical behavior will be saturated.14 2D HOIPs are 

widely reported to be much more stable than their 3D analogs owing to the inclusion of 

hydrophobic organic spacer molecules in the crystal structure.9, 13, 42 We have previously 

demonstrated that molecularly thin 2D HOIPs are stable for 12 h under relative humidity (RH) 

of 20 ~ 30%,14 which should last much longer as RH further goes down.42 To ensure the 

membrane quality throughout the experimental window and to avoid potential damage of the 

membranes caused by the high humidity in our lab ambient environment (∼45%), the sample 

preparation (e.g., exfoliation and transfer of C4n3 membranes) are performed in a dry box (RH 

< 10%) and the AFM measurements are conducted in a controlled environment under dry air 

flow (RH < 3%). This is particularly important for the fatigue experiments at low 𝐹dc due to 

the extended experimental time.  

Fatigue Behavior under Cyclic Loading. We first monitor the number of fatigue life cycles 

that 4-layer (thickness ~ 10.4 ± 0.1 nm,14 Fig. 1b) of C4n3 membranes can survive under a 

constant 𝐹ac  as we vary 𝐹dc  (Figure 2a). To facilitate the comparison of the results from 

different samples, we have normalized 𝐹dc by the average fracture forces 𝐹̅fracture of the 2D 

HOIP membranes, similar to earlier studies of the fatigue behavior of other 2D materials.30-31, 

40-41 The oscillation amplitude of the AFM tip is first fixed to 750 pm, which corresponds to 

about 1.5 nN force amplitude, much lower than even the lowest 𝐹dc we apply during the test 

(~ 23 nN) to ensure the continuous contact of the tip-sample during the oscillation. The 

estimated strain amplitude of the oscillation is about 0.1% (see SI – Section II.3). The strain 

amplitude is equivalent to thermal strains induced by about 10 to 20 oC temperature fluctuations, 
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which 2D HOIP materials can commonly encounter during device operation21, 26, 43 (SI – 

Section II.3 for detailed analysis). The strain amplitude also falls in the range of strains that the 

materials will experience during flexible electronics applications (SI – Section II.3). Hence, 

the results reported here are quite technologically relevant and can provide indispensable 

guidance to mitigate mechanical failure issues for 2D HOIP-based device applications.  

When we load the membrane to its fracture force, it will immediately fail, resulting in zero 

cycles survival in the cyclic loading period (Figure 2a). At 𝐹dc = 80% 𝐹̅fracture, 4-layer C4n3 

membranes can survive up to 1.79 × 105  cycles. As we decrease 𝐹dc  to 70% 𝐹̅fracture , the 

membranes can survive (1.63 ± 0.84) × 107cycles (at 95% confidence), which is beyond the 

need of most practical engineering applications (> 106 cycles44). Further lowering 𝐹dc results 

in a rapid increase of the fatigue lifetime of the membrane (Fig. 2a). For instance, at 𝐹dc =

60% 𝐹̅fracture  and 50% 𝐹̅fracture , the membrane can survive (1.08 ± 0.41) × 108  and 

(2.12 ± 0.44) × 108 cycles, respectively. These results clearly demonstrate the strong mean 

stress effect on the fatigue lifetime of 2D HOIPs, which is consistent with the fatigue behavior 

of classical bulk materials.25 More interestingly, when the mean force is at 40% 𝐹̅fracture, no 

fatigue failure is observed even after 1 billion cycles, where the estimated mean stress and 

stress amplitude is around 220 MPa and 11 MPa, respectively (SI-Section II.3). The measured 

fatigue lifetime of C4n3 2D HOIPs are much longer than many plastics under similar or more 

mild loading conditions, including polystyrene, polyethylene, polypropylene, Nylon, 

polyethylene terephthalate, polymethyl methacrylate, etc.45-46 This demonstrates the 

extraordinary fatigue resistance of pristine C4n3 2D HOIP membranes and further endorses 

the great potential of 2D HOIP in flexible electronics applications.  

To uncover the effect of cyclic loading on the mechanical properties of 2D HOIPs and 

further gain insights into the fatigue failure mechanism, we measured the elastic moduli and 

fracture force of the membranes after 3 million cycles under 60% 𝐹̅fracture  following the 
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method we developed before14, 17, 38 (See SI – Section II.4 for details), and compared to the 

results obtained from the as-prepared C4n3 membranes with the same thickness. For 4-layer 

thick pristine 2D C4n3 membranes, the measured fracture force 𝐹fracture and elastic modulus 

𝐸 are 57.4 ± 9.8 nN and 7.94 ± 1.30 GPa, respectively (Fig. 2b and c). 𝐸 is close to what we 

measured under similar experimental conditions in a separate report,38 showing the high quality 

and reproducibility of the pristine C4n3 membranes. After being cyclic loaded, the membranes 

become much weaker and softer. 𝐹fracture and 𝐸 drop by 25% and 58%, respectively (Fig. 2b 

and c), which is consistent with the detrimental effect of cyclic bending on the fracture 

resistance found in polycrystalline HOIP thin films.47 However, this is in stark contrast to the 

insensitivity of the elastic and fracture properties found in brittle single-crystalline materials 

like graphene30 and SrTiO3
36 but closer to the behavior of ductile materials such as viscous 

plastic Al2O3 grown by atomic layer deposition (ALD)41 and graphene oxide (GO) with 

epoxide groups,30, 40 suggesting the presence of some plastic deformation mechanisms in 2D 

HOIPs.  

The negative effect of cyclic loading on 𝐸 is further confirmed by the decreasing trend of 

𝐸 as a function of survived cycles during the test (Fig. S7). Therefore, cyclic stress significantly 

deteriorates the quasi-static mechanical performance of 2D HOIPs, which eventually causes 

the material’s failure and is probably due to the accumulation of defects induced by cyclic 

stress (e.g., microvoids). Our results also demonstrate that 2D HOIPs exhibit cyclic softening 

behavior. Typically, ductile inorganic materials, e.g., metallic materials, show cyclic hardening 

and cyclic softening if they start at intrinsic state or strain hardened state, respectively.25, 46 In 

contrast, polymers only exhibit cyclic softening due to microstructure-packing rearrangement 

and generation of certain types of defects induced by cyclic loading.46 Although the inorganic 

PbI6
4- framework can be strain hardened,48 the applied load in the incipient stage of the fatigue 

tests here is well below the elastic limit.14 On the other hand, owing to the hybrid organic-
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inorganic nature, 2D HOIPs and their 3D counterparts do manifest mechanical behaviors that 

resemble those of polymers under quasi-static loading.9, 16 Our results suggest that such 

organic-like mechanical behaviors also exist in 2D HOIPs under cyclic loading conditions.  

To further understand the stochastic failure behavior of 2D HOIPs, we employ a two-

parameter Weibull distribution to analyze the survival probability of the tested C4n3 

membranes under fatigue loading for 100 million cycles and compare to the quasi-static failure 

case (Fig. S8). Such Weibull distribution has been widely used to understand the survival or 

failure of materials under both statical and cyclic loading conditions.30, 41, 49-51 The probability 

of survival as a function of force is given as 

P(F) = exp [− (
𝐹/𝐹fracture

𝜆
)

𝑚

]                                                                               (1) 

where 𝜆 is a characteristic scaling factor associated with the probability distribution, and 𝑚 is 

the Weibull modulus, which describes the breadth of the distribution. 𝑚 of C4n3 membranes 

is found to be 11.5 under quasi-static fracture. Such high 𝑚 is comparable to those from single 

crystalline graphene (13.9 to 16)30, 49 and SrTiO3 membranes,36 but much higher than the 𝑚 

values of nanotubes and nanowires,52-53 confirming the high quality of the C4n3 2D HOIP 

membranes. The 𝑚 values for C4n3 membranes to survive 100 million cycles is 10.5, only 

slightly lower than 𝑚 from the quasi-static failure case (Figure S8). In contrast, graphene 

shows a dramatic drop in 𝑚 for survival under cyclic loading compared to that under quasi-

static loading.30 This suggests that compared to graphene, 2D HOIPs are less sensitive to the 

pre-existing defects (chemically formed during growth or sample transfer/handling) in the 

materials under cyclic loading. The Weibull distribution result is also consistent with the fact 

that our fatigue failure data in C4n3 membranes is much less scattered than those from 

graphene. In addition, the result implies that the defects generated by cyclic loading are 

different from the pre-existing defects because the cyclic loading-induced defects cause 

significant deterioration of the mechanical properties of 2D HOIPs (Figure 2b to c, and Figure 
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S7) and shortens their fatigue lifetime (Figure 2a). The Weibull statistical analysis further 

corroborates that under cyclic loading, 2D HOIPs behaves quite differently from graphene and 

TMDCs.  

Owing to the ionic bonding nature, 3D HOIPs are widely recognized as brittle materials 

with little plastic deformation found in experiments, regardless of single crystalline or 

polycrystalline forms.9 Although the inclusion of organic spacer molecules and the presence of 

weak vdW interfaces in the 2D structured HOIPs can potentially enable plastic deformation 

through sliding at vdW interfaces,14 to achieve prominent plasticity through such interface 

sliding at few-layer thicknesses, it requires the individual constituent layer of 2D materials to 

be plastically deformable as well, as suggested by early studies of brittle graphene and ductile 

GO.54-60 Therefore, it is generally expected that 2D HOIPs should be similarly brittle 

considering the extreme resemblance between the PbI6
4- frameworks in 3D and 2D HOIPs13, 61 

(Figure S1) and the dominant effect of the PbI6
4- framework on the in-plane mechanical 

properties of 2D HOIPs.14, 17 Brittle 2D materials like graphene usually display global 

catastrophic failure of the membrane with long cracks30 while 2D materials with ductile 

features such as GO with epoxy functional groups30, 40 and viscous-plastic Al2O3
41 exhibit 

contained damage upon fatigue failure under AFM testing.  

Hence, we further examine the morphology of the C4n3 membranes after fatigue failure. 

Surprisingly, we notice both failure patterns in C4n3 membranes and the failure patterns 

depend on the mean force value (i.e., 𝐹dc) of the cyclic loading (Figure 3). Under high 𝐹dc, the 

membranes tend to fail catastrophically like a brittle 2D material30-31 (Figure 3a to c) while 

under low 𝐹dc, the damage tends to be contained locally with a small pinhole at the center of 

the membrane after failure (Figure 3d), which is more like the fatigue failure of ductile 

membranes.30, 40-41 In fact, snapshots of the topography of the C4n3 membranes after various 

cycles of fatigue loading (𝐹dc = 50% 𝐹̅fracture) before failure (Figure S9) clearly shows signs 



11 

 

of progressive plastic damage similar to ALD Al2O3 thin films.41 For membranes loaded at 

40% 𝐹̅fracture , even though they maintain structural integrity after 1 billion cycles, plastic 

deformations are also found with a damage pin in the center and a large plastically deformed 

zone (Figure 3e). Our results suggest that a plastic deformation mechanism can be activated 

under low mean stress levels that could sufficiently dissipate the mechanical energy put into 

the system and arrest the crack propagation. However, such plastic deformation mechanism 

cannot contain the damage under large mean stress levels, indicating that high mean stresses 

probably deactivate or impede this plastic deformation mechanism. Numerous prior studies, as 

summarized in our recent review,9 have revealed that the stability of the optoelectronic 

properties and performance of HOIPs is adversely impacted by tensile strain, with the negative 

effect proportional to the magnitude of the strain. This finding aligns with the trend observed 

in our investigation of the fatigue behavior of 2D HOIPs. The detrimental effect of the mean 

stress level on the plastic deformation in 2D HOIPs is probably responsible for the dramatic 

drop in the fatigue lifetime as we increase the applied mean forces (Figure 2a). The fact that 

no signatures of vdW interfacial failure defects (e.g., wrinkles or delamination) in these 4-layer 

C4n3 membranes (Figure 3 and Figure S9) as found in few-layer graphene30 implies that the 

plastic deformation mechanism might not mainly arises from the sliding at the vdW interface 

between the two organic spacer molecules but rather from the deformation within each 

repeating unit (e.g., ion migration, self-healing, or stress-induced amorphization9). The true 

nature of such plastic deformation mechanism and its dependence on the mean stress is 

currently under investigation in our group and is beyond the scope of this paper.  

 Failure Under Static Dwelling. To further understand the cyclic loading effect, we also 

perform long-term static dwelling of 4-layer C4n3 membranes and compared the lifetime to 

the results under cyclic loading. Under this loading condition, no active oscillation is applied 

to the tip but only thermal fluctuations cause an almost-zero (average ~ 15 pm, peak value ~ 
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40 pm) tip amplitude (Figure S10). Our results in Figure 2d show that subcritical static dwelling 

can indeed cause structure failure in 2D HOIPs after a sufficiently long time, particularly at 

high 𝐹dc , which is similar to graphene.30 The duration required for sufficient damage 

accumulation leading to failure decreases as mean stresses increase, providing additional 

evidence of the harmful impact of tensile strain on the long-term stability of these materials. 

However, unlike graphene where such failure is not observed below 76% 𝐹̅fracture,30 C4n3 

membranes continues to show static dwelling failure even at 50% 𝐹̅fracture. No failure is found 

when the membranes are dwelled at 40% 𝐹̅fracture for a time more than the longest equivalent 

lifetime tested under cyclic loading conditions. Furthermore, the time needed to induce failure 

under cyclic loading is always shorter than that under static dwelling, which is quite dramatic 

considering the small amplitude of the oscillatory component (~0.1% strain). Our results 

demonstrate that the kinetics that drives the structural failure under subcritical tensile stress 

can be accelerated by cyclic loading. However, the difference of the membranes’ lifetime under 

static dwelling vs. cyclic loading shrinks as the mean force increases (Figure 2d). These results 

also suggest that static strain-engineering of HOIPs for functional property/phase control 

should be kept at a low level to ensure long-term stability of the materials.  

We further characterize the morphology of the C4n3 membranes after static-dwelling 

failure (Figure 4). Similar to the cyclic loading case, high mean forces lead to brittle-like failure 

(Figure 4a and b) while failure under low mean forces is ductile-like (Fig. 4c). Progressive 

damage during the static dwelling is also revealed by the topographic snapshots during the 

dwell test (Figure S11). The accumulated progressive damage is found in 40% 𝐹̅fracture 

(Figure 4d) statically dwelled membranes as well. However, the damage size and plastically 

deformed zone is much smaller than those found under cyclic loading (Figure 3e) at the same 

mean force, suggesting a much longer dwelling lifetime than the tested time here. The results 

also confirm the higher damage accumulation rate under cyclic loading than under static 
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dwelling. Furthermore, we record 𝐸  as a function of static dwelling time (Figure S7) at 

60%𝐹̅fracture and compared to those from cyclic loading under the same mean force. Similar 

to cyclic loading, static dwelling also deteriorates 𝐸  but at a much lower rate, further 

confirming that cyclic loading can accelerate the damage nucleation and accumulation in 2D 

HOIPs.  

Modulate the Fatigue Lifetime. Besides the mean stress effect shown in Figure 2a, we 

further test the influence of the cyclic loading amplitude on the fatigue lifetime of 2D HOIPs 

by fixing 𝐹dc to 60%𝐹̅fracture and recording the fatigue lifetime of 4-layer C4n3 as a function 

of 𝐹ac. When the tip oscillation amplitude is doubled (1.5 nm), the average fatigue lifetime 

drops from (10.8 ± 4.1) × 107  to (5.54 ± 2.30) × 107  (Figure 5a). Further increasing the 

oscillation amplitude to 3 nm decreases the lifetime to (2.87 ± 1.40) × 107 . These results 

unambiguously confirm the negative effects of cyclic loading amplitude on the materials’ 

capability to resist fatigue failure. As discussed in the previous section, cyclic loading 

accelerates the damage accumulations in 2D HOIPs. Hence, larger cyclic loading amplitudes 

result in faster damage accumulations and thus shorter lifetime of 2D HOIP membranes. The 

observed trend of fatigue lifetime on the force amplitude is similar to those in other 2D 

materials. Our results suggest that besides the mean stress, the stress amplitude in 2D HOIPs 

should be kept low through device architecture design to avoid mechanical failures in the long 

term.  

Lastly, we vary the thickness of the C4n3 membranes from 3 layers to 5-layers (Figure S12) 

and measure their fatigue lifetime at 𝐹dc = 60%𝐹̅fracture and 0.75 nm tip oscillation amplitude. 

Other 2D materials such as graphene, GO and Graphene/Al2O3 composites, usually show 

shorter fatigue lifetime in thicker samples owing to higher defect densities in thicker samples 

(size effect). However, as shown in Figure 5b, thicker C4n3 membranes have longer fatigue 

lifetimes. Some 5-layer C4n3 membranes can survive nearly 1 billion cycles (Figure 5b) that 
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are comparable to the lifetime of 4-layer C4n3 membranes under 𝐹dc = 40%𝐹̅fracture and the 

same cyclic force amplitude (Figure 2a). The thickness-dependent fatigue lifetime here 

suggests that the density of fatigue-sensitive defects in these molecularly thin single crystals of 

C4n3 membranes does not significantly grow with the sample thickness, similar to the density 

of defects that can influence the quasi-static mechanical properties of 2D HOIPs.14 Although 

the defect density remains constant, thicker 2D HOIPs may facilitate more plastic deformations 

by incorporating additional layers capable of accommodating plastic deformation (as discussed 

earlier), thereby enhancing their resistance to fatigue failure. 

 

Summary and Conclusions 

In conclusion, we systematically studied the mechanical failure behavior of ultrathin 2D 

HOIP membranes under sub-critical (i.e., below the strength) cyclic and static dwelling loading 

conditions. When 𝐹dc = 70%𝐹̅fracture , the membranes can survive over 1 million cycles, 

sufficient for engineering applications from the fatigue perspective, yet the absolute time they 

can last is still relatively short, owing to the high mean stress. The lifetime of the membranes 

quickly increases as the applied mean force drops in both cyclic and static dwelling cases, 

showing strong mean stress effect on the fatigue and creep behaviors of these materials. At 

40%𝐹̅fracture , the membranes can survive over 1 billion cycles, which outperforms most 

polymer materials. The applied subcritical tensile stress continuously deteriorates the elastic 

modulus and fracture strength of the materials, and the cyclic component of the loading can 

amplify the detrimental effects of tensile stress and significantly accelerate the deterioration 

process. The failure morphology of the membranes indicates that they tend to exhibit brittle 

failure at higher mean stress levels, whereas they behave as ductile materials at lower mean 

stress levels. These observations suggest the presence of a plastic deformation mechanism in 

this ionic hybrid organic-inorganic material at low mean stress levels, which may contribute to 
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its extended lifetime but is inhibited at higher mean stress levels. Moreover, the fatigue lifetime 

of the membranes reduces with increasing cyclic load amplitude, while thicker 2D membranes 

exhibit a longer fatigue lifetime, in contrast to other low-dimensional materials.Our results 

suggest that 2D HOIPs can be mechanically robust under subcritical static and cyclic loadings 

in device applications, the device architecture must be designed such that the mean stress and 

cyclic stress will maintain at relatively low levels to ensure their long-term durability. The 

unique fatigue behaviors found in 2D HOIPs here might also exist in other low-dimensional 

materials with hybrid organic-inorganic nature, e.g., 2D MOFs, as suggested by the similarities 

of their mechanical behaviors,9, 38, 62 and call for further exploration into the structure-fatigue 

property relationship of materials with hybrid features.  

 

Materials & Methods 

Materials. C4n3 2D HOIP single crystals are directly grown from solution following the 

protocols we developed before15, 61 (details in SI-Section I.1). The synthesized 2D HOIP single 

crystals are characterized by powder X-ray Diffractometer. The obtained diffraction patterns 

are compared to the calculated pattern from the reported single crystal structure (SI-Section I.2) 

to confirm the phase purity. Extensive analysis of the single crystal structures of the 2D HOIPs 

has been reported elsewhere.61  

Preparation of suspended 2D HOIP membranes. The hole arrays on SiO2/Si are fabricated 

by photolithography as described in our earlier studies.14, 17, 38 Prior to the C4n3 thin membrane 

transfer, the hole-patterned silicon wafer is first sonicated with ethanol, and further washed 

with freshly prepared piranha solution (3:1 by volume for 98% H2SO4 and 35% H2O2). The 

wafer is then rinsed thoroughly with deionized water and dried with compressed dry air. The 

C4n3 membranes are then directly exfoliated from the as-grown single crystals to the hole-

patterned silicon wafer via the classical scotch tape method in a dry box (RH < 10 %, filled 
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with compressed dry air). The prepared silicon wafer with deposited membranes is transferred 

by a petri dish containing silica gel and secured under AFM head in AFM chamber filled with 

compressed dry air for AFM characterizations.  

AFM fatigue and static dwelling test. All AFM tests are conducted under constant dry air 

flow (RH < 3%) with an Asylum MFP-3D Infinity AFM (Asylum Research, an Oxford 

Instrument) enclosed by a plastic bag around the AFM head and sample stage. We observe no 

apparent changes in the surface morphology during experiments that lasts up to 15 hours, 

indicating high stability of 2D HOIP membranes in our experimental environment. To 

minimize tip wear during the extended experiments, we use diamond-like-carbon coated tips 

(AIODLC cantilever B, BudgetSensor) for all AFM tests here. We closely monitor the tip 

radius change before and after the fatigue tests by SEM, where the tip radius shows negligible 

change (<10%) (Figure S13). Prior to the AFM measurements, the deflection sensitivity of the 

AFM cantilever is calibrated by engaging the cantilever onto a clean silicon wafer. The spring 

constant of the cantilever is calibrated by measuring the power spectral density of the thermal 

noise fluctuations in the air via fitting the first free resonant peak to equations of a simple 

harmonic oscillator.63-64  

The average fracture force of C4n3 membranes for each thickness is measured by quasi-

statically loading the suspended membranes (from multiple exfoliated flakes) to fracture. These 

fracture tests can give us a good idea of the fracture force distribution for high quality samples. 

To avoid the influence of high-density pre-existing defects in the 2D HOIPs (e.g., due to aging 

of the surface layers of the 2D HOIP crystals or mishandling during the transfer), we pre-screen 

exfoliated 2D HOIP membrane quality by measuring the fracture forces of at least 3 

membranes on the same large C4n3 flakes (Figure 1b and S12) and comparing the results to 

the obtained fracture force distribution of C4n3 flakes with the same thickness before 

performing fatigue tests of a membrane on the same C4n3 flakes. The lateral drift level in our 
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AFM system (typically a few hundred pm/min, as measured by our AFM) is higher than that 

reported in fatigue studies of graphene,30 despite the long stabilization period (3 to 5 hours) 

before the experiments, owing to the requirement of continuous air flow for the 2D HOIP 

experiment. Hence, the fatigue and static dwell experiments are conducted in many short 

segments until the membrane fails or the total experiment time gets too long. Each segment 

lasts for a few minutes such that within this segment, the drift distance will be less than a 

quarter of the tip radius to avoid any drift-induced damage to the membranes. After each 

segment, we will reimage the membrane and reposition the tip to the membrane center to 

compensate the drift, which also allows us to keep track of the mechanical property change 

during the fatigue or the static dwelling experiments. This drift mitigation method has been 

employed in AFM-based fatigue studies of nanowires.35  

Statistics. Statistical data in all experiments is presented as mean ± 2× the standard error of 

the mean with all sample sizes mentioned in the corresponding figure captions. Microsoft Excel 

was used o perform the statistical analyses. Student t test was used to evaluate the statistical 

significance of different experimental conditions.  

 

Supporting Information 

The Supporting Information is available free of charge on the ACS Publications website:  

Details about crystal synthesis & characterization, fatigue testing set-up, stress estimation, 

Young’s modulus measurements, and additional characterizations and analysis of the materials 

and methods. 

 

Author Information 

* Corresponding author: 

  Dr. Qing Tu: qing.tu@tamu.edu 

mailto:qing.tu@tamu.edu


18 

 

 

Acknowledgment 

D.K. and Q.T. acknowledge the support through the startup funds from Texas A&M 

Engineering Experiment Station (TEES) and the Haythornthwaite Research Initiation Award 

from American Society of Mechanical Engineer – Applied Mechanics Division and the 

Haythornthwaite Foundation to Q. T. The work is partially supported by the National Science 

Foundation under the Award No. CMMI-2311573. M.G.K acknowledges support from the U. 

S. Department of Energy, Office of Science, Basic Energy Sciences, under the grant DE-SC-

0012541 (synthesis of HOIPs). I.S acknowledges support from USF startup funds. The authors 

thank Prof. George M. Pharr for providing free access to the SEM in his lab and thank Prof. 

Horacio Espinosa and Shiva P. Nathamgari for measuring the resonance frequency of the 

suspended C4n3 membranes.  

  



19 

 

References 

1. Stoumpos, C. C.; Kanatzidis, M. G., Halide Perovskites: Poor Man's High-Performance 

Semiconductors. Adv. Mater. 2016, 28 (28), 5778-5793. 

2. Blancon, J.-C.; Even, J.; Stoumpos, C. C.; Kanatzidis, M. G.; Mohite, A. D., 

Semiconductor Physics of Organic–Inorganic 2D Halide Perovskites. Nat. Nanotechnol. 2020, 

15 (12), 969-985. 

3. Natioanl Renewable Energy Laboratory Best Research-Cell Efficiencies 2023. 

4. Yoo, J. J.; Seo, G.; Chua, M. R.; Park, T. G.; Lu, Y.; Rotermund, F.; Kim, Y.-K.; Moon, 

C. S.; Jeon, N. J.; Correa-Baena, J.-P.; Bulović, V.; Shin, S. S.; Bawendi, M. G.; Seo, J., 

Efficient Perovskite Solar Cells via Improved Carrier Management. Nature 2021, 590 (7847), 

587-593. 

5. Yuan, M.; Quan, L. N.; Comin, R.; Walters, G.; Sabatini, R.; Voznyy, O.; Hoogland, 

S.; Zhao, Y.; Beauregard, E. M.; Kanjanaboos, P.; Lu, Z.; Kim, D. H.; Sargent, E. H., 

Perovskite Energy Funnels for Efficient Light-Emitting Diodes. Nat. Nanotechnol. 2016, 11 

(10), 872-877. 

6. He, X.; Deng, Y.; Ouyang, D.; Zhang, N.; Wang, J.; Murthy, A. A.; Spanopoulos, I.; 

Islam, S. M.; Tu, Q.; Xing, G.; Li, Y.; Dravid, V. P.; Zhai, T., Recent Development of Halide 

Perovskite Materials and Devices for Ionizing Radiation Detection. Chem. Rev. 2023, 123 (4), 

1207-1261. 

7. Tian, W.; Zhou, H.; Li, L., Hybrid Organic–Inorganic Perovskite Photodetectors. Small 

2017, 13 (41), 1702107. 

8. Kagan, C. R.; Mitzi, D. B.; Dimitrakopoulos, C. D., Organic-Inorganic Hybrid 

Materials as Semiconducting Channels in Thin-Film Field-Effect Transistors. Science 1999, 

286 (5441), 945. 

9. Tu, Q.; Kim, D.; Shyikh, M.; Kanatzidis, M. G., Mechanics-Coupled Stability of Metal-

Halide Perovskites. Matter 2021, 4 (9), 2765-2809. 

10. Ma, Y.; Lu, Z.; Su, X.; Zou, G.; Zhao, Q., Recent Progress Toward Commercialization 

of Flexible Perovskite Solar Cells: From Materials and Structures to Mechanical Stabilities. 

Adv. Energy Sustain. Res. 2023, 4 (1), 2200133. 

11. Tang, G.; Yan, F., Recent Progress of Flexible Perovskite Solar Cells. Nano Today 

2021, 39, 101155. 

12. Zhang, J.; Song, X.; Wang, L.; Huang, W., Ultrathin Two-Dimensional Hybrid 

Perovskites Toward Flexible Electronics and Optoelectronics. Natl. Sci. Rev. 2021, 9 (5). 

13. Mao, L.; Stoumpos, C. C.; Kanatzidis, M. G., Two-Dimensional Hybrid Halide 

Perovskites: Principles and Promises. J. Am. Chem. Soc. 2019, 141 (3), 1171-1190. 

14. Tu, Q.; Spanopoulos, I.; Yasaei, P.; Stoumpos, C. C.; Kanatzidis, M. G.; Shekhawat, G. 

S.; Dravid, V. P., Stretching and Breaking of Ultrathin 2D Hybrid Organic–Inorganic 

Perovskites. ACS Nano 2018, 12 (10), 10347-10354. 

15. Tu, Q.; Spanopoulos, I.; Hao, S.; Wolverton, C.; Kanatzidis, M. G.; Shekhawat, G. S.; 

Dravid, V. P., Out-of-Plane Mechanical Properties of 2D Hybrid Organic–Inorganic 

Perovskites by Nanoindentation. ACS Appl. Mater. Interfaces 2018, 10 (26), 22167-22173. 

16. Tu, Q.; Spanopoulos, I.; Vasileiadou, E. S.; Li, X.; Kanatzidis, M. G.; Shekhawat, G. 

S.; Dravid, V. P., Exploring the Factors Affecting the Mechanical Properties of 2D Hybrid 

Organic–Inorganic Perovskites. ACS Appl. Mater. Interfaces 2020, 12 (18), 20440-20447. 

17. Kim, D.; Vasileiadou, E. S.; Spanopoulos, I.; Kanatzidis, M. G.; Tu, Q., In-Plane 

Mechanical Properties of Two-Dimensional Hybrid Organic–Inorganic Perovskite Nanosheets: 

Structure–Property Relationships. ACS Appl. Mater. Interfaces 2021, 13 (27), 31642-31649. 

18. Tu, Q.; Spanopoulos, I.; Hao, S.; Wolverton, C.; Kanatzidis, M. G.; Shekhawat, G. S.; 

Dravid, V. P., Probing Strain-Induced Band Gap Modulation in 2D Hybrid Organic–Inorganic 

Perovskites. ACS Energy Lett. 2019, 4 (3), 796-802. 



20 

 

19. Zhao, J.; Deng, Y.; Wei, H.; Zheng, X.; Yu, Z.; Shao, Y.; Shield, J. E.; Huang, J., 

Strained Hybrid Perovskite Thin Films and Their Impact on the Intrinsic Stability of Perovskite 

Solar Cells. Sci. Adv. 2017, 3 (11), eaao5616. 

20. Chen, Y.; Lei, Y.; Li, Y.; Yu, Y.; Cai, J.; Chiu, M.-H.; Rao, R.; Gu, Y.; Wang, C.; Choi, 

W.; Hu, H.; Wang, C.; Li, Y.; Song, J.; Zhang, J.; Qi, B.; Lin, M.; Zhang, Z.; Islam, A. E.; 

Maruyama, B.; Dayeh, S.; Li, L.-J.; Yang, K.; Lo, Y.-H.; Xu, S., Strain Engineering and 

Epitaxial Stabilization of Halide Perovskites. Nature 2020, 577 (7789), 209-215. 

21. Ramirez, C.; Yadavalli, S. K.; Garces, H. F.; Zhou, Y.; Padture, N. P., Thermo-

Mechanical Behavior of Organic-Inorganic Halide Perovskites for Solar Cells. Scr. Mater. 

2018, 150, 36-41. 

22. Li, H.; Li, X.; Wang, W.; Huang, J.; Li, J.; Lu, Y.; Chang, J.; Fang, J.; Song, W., Highly 

Foldable and Efficient Paper‐Based Perovskite Solar Cells. Solar RRL 2019, 3, 1800317. 

23. Gu, L.; Li, D.; Chao, L.; Dong, H.; Hui, W.; Niu, T.; Ran, C.; Xia, Y.; Song, L.; Chen, 

Y.; Huang, W., Strain Engineering of Metal Halide Perovskites Towards Efficient 

Photovoltaics: Advances and Perspectives. Solar RRL 2020, 5 (3), 2000672. 

24. Moloney, E. G.; Yeddu, V.; Saidaminov, M. I., Strain Engineering in Halide 

Perovskites. ACS Mater. Lett. 2020, 2 (11), 1495-1508. 

25. Suresh, S., Fatigue of Materials. 2nd ed.; Cambridge University Press: Cambridge, 

New York, 1998. 

26. He, S.; Qiu, L.; Ono, L. K.; Qi, Y., How Far Are We from Attaining 10-Year Lifetime 

for Metal Halide Perovskite Solar Cells? Mater. Sci. Eng. R Rep. 2020, 140, 100545. 

27. Ramanathan, T.; Abdala, A. A.; Stankovich, S.; Dikin, D. A.; Herrera-Alonso, M.; 

Piner, R. D.; Adamson, D. H.; Schniepp, H. C.; Chen, X.; Ruoff, R. S.; Nguyen, S. T.; Aksay, 

I. A.; Prud'Homme, R. K.; Brinson, L. C., Functionalized Graphene Sheets for Polymer 

Nanocomposites. Nat. Nanotechnol. 2008, 3 (6), 327-331. 

28. Castellanos-Gomez, A.; van Leeuwen, R.; Buscema, M.; van der Zant, H. S. J.; Steele, 

G. A.; Venstra, W. J., Single-Layer MoS2 Mechanical Resonators. Adv. Mater. 2013, 25 (46), 

6719-6723. 

29. Yin, B.; Wen, Y.; Hong, T.; Xie, Z.; Yuan, G.; Ji, Q.; Jia, H., Highly Stretchable, 

Ultrasensitive, and Wearable Strain Sensors Based on Facilely Prepared Reduced Graphene 

Oxide Woven Fabrics in an Ethanol Flame. ACS Appl. Mater. Interfaces 2017, 9 (37), 32054-

32064. 

30. Cui, T.; Mukherjee, S.; Sudeep, P. M.; Colas, G.; Najafi, F.; Tam, J.; Ajayan, P. M.; 

Singh, C. V.; Sun, Y.; Filleter, T., Fatigue of Graphene. Nat. Mater. 2020, 19 (4), 405-411. 

31. Cui, T.; Mukherjee, S.; Onodera, M.; Wang, G.; Kumral, B.; Islam, A.; Shayegannia, 

M.; Krishnan, G.; Barri, N.; Serles, P.; Zhang, X.; Sassi, L. M.; Tam, J.; Bassim, N.; Kherani, 

N. P.; Ajayan, P. M.; Machida, T.; Singh, C. V.; Sun, Y.; Filleter, T., Mechanical Reliability 

of Monolayer MoS2 and WSe2. Matter 2022, 5 (9), 2975-2989. 

32. Gupta, N.; Penev, E. S.; Yakobson, B. I., Fatigue in Assemblies of Indefatigable Carbon 

Nanotubes. Sci. Adv. 2021, 7 (52), eabj6996. 

33. Bai, Y.; Yue, H.; Wang, J.; Shen, B.; Sun, S.; Wang, S.; Wang, H.; Li, X.; Xu, Z.; 

Zhang, R.; Wei, F., Super-Durable Ultralong Carbon Nanotubes. Science 2020, 369 (6507), 

1104-1106. 

34. Zhang, Z.; Xu, Z., Failure Life Prediction for Carbon Nanotubes. J. Mech. Phys. Solids 

2022, 164, 104907. 

35. Sundararajan, S.; Bhushan, B., Development of AFM-Based Techniques to Measure 

Mechanical Properties of Nanoscale Structures. Sens. Actuator A Phys. 2002, 101 (3), 338-351. 

36. Harbola, V.; Xu, R.; Crossley, S.; Singh, P.; Hwang, H. Y., Fracture and Fatigue of 

Thin Crystalline SrTiO3 Membranes. Appl. Phys. Lett. 2021, 119 (5), 053102. 



21 

 

37. Zhang, F.; Lu, H.; Tong, J.; Berry, J. J.; Beard, M. C.; Zhu, K., Advances in Two-

Dimensional Organic–Inorganic Hybrid Perovskites. Energy Environ. Sci. 2020, 13 (4), 1154-

1186. 

38. Kim, D.; Vasileiadou, E. S.; Spanopoulos, I.; Kanatzidis, M. G.; Tu, Q., Abnormal In-

Plane Thermomechanical Behavior of Two-Dimensional Hybrid Organic–Inorganic 

Perovskites. ACS Appl. Mater. Interfaces 2023, 15 (6), 7919-7927. 

39. Namazu, T.; Isono, Y., Fatigue Life Prediction Criterion for Micro–Nanoscale Single-

Crystal Silicon Structures. J. Microelectromech. Syst. 2009, 18 (1), 129-137. 

40. Najafi, F.; Wang, G.; Cui, T.; Anand, A.; Mukherjee, S.; Filleter, T.; Sain, M.; Singh, 

C. V., Fatigue Resistance of Atomically Thin Graphene Oxide. Carbon 2021, 183, 780-788. 

41. Amirmaleki, M.; Cui, T.; Zhao, Y.; Tam, J.; Goel, A.; Sun, Y.; Sun, X.; Filleter, T., 

Fracture and Fatigue of Al2O3-Graphene Nanolayers. Nano Lett. 2021, 21 (1), 437-444. 

42. Boyd, C. C.; Cheacharoen, R.; Leijtens, T.; McGehee, M. D., Understanding 

Degradation Mechanisms and Improving Stability of Perovskite Photovoltaics. Chem. Rev. 

2019, 119 (5), 3418-3451. 

43. Holzhey, P.; Saliba, M., A Full Overview of International Standards Assessing the 

Long-Term Stability of Perovskite Solar Cells. J. Mater. Chem. A 2018, 6 (44), 21794-21808. 

44. Kim, J.-H.; Lee, I.; Kim, T.-S.; Rolston, N.; Watson, B. L.; Dauskardt, R. H., 

Understanding Mechanical Behavior and Reliability of Organic Electronic Materials. MRS Bull. 

2017, 42 (2), 115-123. 

45. Pruitt, L. A., 4.15 - Fatigue of Polymers. In Comprehensive Structural Integrity, Milne, 

I.; Ritchie, R. O.; Karihaloo, B., Eds. Pergamon: Oxford, 2003; pp 389-403. 

46. Sauer, J. A.; Richardson, G. C., Fatigue of Polymers. Inter. J. Fract. 1980, 16 (6), 499-

532. 

47. Dai, Z.; Li, S.; Liu, X.; Chen, M.; Athanasiou, C. E.; Sheldon, B. W.; Gao, H.; Guo, P.; 

Padture, N. P., Dual-Interface-Reinforced Flexible Perovskite Solar Cells for Enhanced 

Performance and Mechanical Reliability. Adv. Mater. 2022, 34 (47), 2205301. 

48. Reyes-Martinez, M. A.; Abdelhady, A. L.; Saidaminov, M. I.; Chung, D. Y.; Bakr, O. 

M.; Kanatzidis, M. G.; Soboyejo, W. O.; Loo, Y.-L., Time-Dependent Mechanical Response 

of APbX3 (A = Cs, CH3NH3; X = I, Br) Single Crystals. Adv. Mater. 2017, 29, 1606556-n/a. 

49. Lee, C.; Wei, X.; Kysar Jeffrey, W.; Hone, J., Measurement of the Elastic Properties 

and Intrinsic Strength of Monolayer Graphene. Science 2008, 321 (5887), 385-388. 

50. Sakin, R.; Ay, İ., Statistical analysis of bending fatigue life data using Weibull 

distribution in glass-fiber reinforced polyester composites. Materials & Design 2008, 29 (6), 

1170-1181. 

51. Selmy, A. I.; Azab, N. A.; Abd El-baky, M. A., Flexural Fatigue Characteristics of Two 

Different Types of Glass Fiber/Epoxy Polymeric Composite Laminates with Statistical 

Analysis. Compos. B. Eng. 2013, 45 (1), 518-527. 

52. Pugno, N. M.; Ruoff, R. S., Nanoscale Weibull Statistics for Nanofibers and Nanotubes. 

J. Aerosp. Eng. 2007, 20 (2), 97-101. 

53. Roy, A.; Mead, J.; Wang, S.; Huang, H., Effects of Surface Defects on the Mechanical 

Properties of ZnO Nanowires. Sci. Rep. 2017, 7 (1), 9547. 

54. Falin, A.; Cai, Q.; Santos, E. J. G.; Scullion, D.; Qian, D.; Zhang, R.; Yang, Z.; Huang, 

S.; Watanabe, K.; Taniguchi, T.; Barnett, M. R.; Chen, Y.; Ruoff, R. S.; Li, L. H., Mechanical 

Properties of Atomically Thin Boron Nitride and the Role of Interlayer Interactions. Nat. 

Commun. 2017, 8 (1), 15815. 

55. Wei, X.; Xiao, S.; Li, F.; Tang, D.-M.; Chen, Q.; Bando, Y.; Golberg, D., Comparative 

Fracture Toughness of Multilayer Graphenes and Boronitrenes. Nano Lett. 2015, 15 (1), 689-

694. 



22 

 

56. Jang, B.; Mag-isa, A. E.; Kim, J.-H.; Kim, B.; Lee, H.-J.; Oh, C.-S.; Sumigawa, T.; 

Kitamura, T., Uniaxial Fracture Test of Freestanding Pristine Graphene Using in situ Tensile 

Tester under Scanning Electron Microscope. Extreme Mech. Lett. 2017, 14, 10-15. 

57. Li, P.; Cao, K.; Jiang, C.; Xu, S.; Gao, L.; Xiao, X.; Lu, Y., In situ Tensile Fracturing 

of Multilayer Graphene Nanosheets for Their In-Plane Mechanical Properties. Nanotechnology 

2019, 30 (47), 475708. 

58. Wei, X.; Mao, L.; Soler-Crespo, R. A.; Paci, J. T.; Huang, J.; Nguyen, S. T.; Espinosa, 

H. D., Plasticity and Ductility in Graphene Oxide through a Mechanochemically Induced 

Damage Tolerance Mechanism. Nat. Commun. 2015, 6 (1), 8029. 

59. Cui, T.; Mukherjee, S.; Cao, C.; Sudeep, P. M.; Tam, J.; Ajayan, P. M.; Singh, C. V.; 

Sun, Y.; Filleter, T., Effect of Lattice Stacking Orientation and Local Thickness Variation on 

the Mechanical Behavior of Few Layer Graphene Oxide. Carbon 2018, 136, 168-175. 

60. Cao, C.; Mukherjee, S.; Howe Jane, Y.; Perovic Doug, D.; Sun, Y.; Singh Chandra, V.; 

Filleter, T., Nonlinear Fracture Toughness Measurement and Crack Propagation Resistance of 

Functionalized Graphene Multilayers. Sci. Adv. 4 (4), eaao7202. 

61. Stoumpos, C. C.; Cao, D. H.; Clark, D. J.; Young, J.; Rondinelli, J. M.; Jang, J. I.; Hupp, 

J. T.; Kanatzidis, M. G., Ruddlesden–Popper Hybrid Lead Iodide Perovskite 2D Homologous 

Semiconductors. Chem. Mater. 2016, 28 (8), 2852-2867. 

62. Tan, J. C.; Cheetham, A. K., Mechanical Properties of Hybrid Inorganic–Organic 

Framework Materials: Establishing Fundamental Structure–Property Relationships. Chem. Soc. 

Rev. 2011, 40 (2), 1059-1080. 

63. Walters, D. A.; Cleveland, J. P.; Thomson, N. H.; Hansma, P. K.; Wendman, M. A.; 

Gurley, G.; Elings, V., Short Cantilevers for Atomic Force Microscopy. Rev. Sci. Instrum. 1996, 

67 (10), 3583-3590. 

64. Hutter, J. L.; Bechhoefer, J., Calibration of Atomic‐Force Microscope Tips. Rev. Sci. 

Instrum. 1993, 64 (7), 1868-1873. 

 

  



23 

 

Figures 

 

Figure 1. AFM-based fatigue test of 2D HOIPs: (a) Schematic of AFM based fatigue method 

used in this study. (b) 4-layer thin C4n3 membrane deposited on hole-patterned silicon oxide 

substrate. Inset: the measured height profile along the yellow dashed line showing the thickness 

of the flake. Scale bar: 4 µm. (c) Representative fatigue data showing static deflection and 

displacement change as a function of cycles, where the fatigue failure of the membrane is 

indicated by the sharp changes in recorded cantilever deflection and z-piezo displacement. 

Inset: AFM topographic images of the C4n3 membrane showing before (left) and after (right) 

fatigue failure. Scale bar: 400 nm 
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Figure 2. Fatigue and static-dwelling of 4-layer C4n3 2D HOIP membranes: (a) Number 

of fatigue cycles survived under various 𝐹𝑑𝑐/𝐹̅𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒  (~ 1 µm diameter, 0.75 nm tip 

amplitude) showing increasing lifetime at lower average force. Sample sizes are 23, 2, 6, 6, 7, 

and 5 for 𝐹𝑑𝑐 = 100%, 80%, 70%, 60%, 50% and 40% of 𝐹̅𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒, respectively. (b) and (c) 

are the fracture force and elastic modulus, respectively, of the membranes after 3 million cycles 

cyclic loaded at 𝐹𝑑𝑐 = 60%𝐹̅𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 compared to those from the pristine membranes. Sample 

sizes are 6 and 5 for (b) and (c), respectively. “*” and “***” indicate P ≤ 0.05 and < 0.001, 

respectively. (d) Lifetime of the membranes under static (red) and cyclic (black) loading under 

various 𝐹𝑑𝑐/𝐹̅𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒. Inset: Fatigue and static dwelling data of 70%𝐹̅𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 showing longer 

lifetime under static dwell. 
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Figure 3. Morphology of the C4n3 membranes after fatigue failure at various 𝑭𝒅𝒄: (a) 

80%, (b) 70%, (c) 60%, (d) 50%, and (e) 40% of 𝐹̅𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒. In (e), the membrane did not fail. 

Top and bottom rows are tapping mode AFM topographic and amplitude images, respectively. 

Scale bar: 300 nm. 
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Figure 4. Morphology of the C4n3 membranes after static dwelling at various 𝑭𝒅𝒄: (a) 

70%, (b) 60%, (c) 50%, and (d) 40% of 𝐹̅𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒. In (d), the membrane maintains structural 

integrity and the red dashed circle marks the sign of damage at the center. Left and right 

columns are tapping mode AFM topographic and amplitude images, respectively. Scale bar: 

300 nm. 
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Figure 5. Fatigue lifetime of C4n3 2D HOIP membranes under different cyclic amplitude 

(a) and at different thicknesses (b). In both cases, 𝐹dc = 60%𝐹̅fracture. Thickness in (a) is 4-

layer and the tip oscillation amplitude in (b) is 0.75 nm. The sample sizes for each thickness in 

(a) are 6. “ns” and “*” indicate not significant (P > 0.05) and P ≤ 0.05, respectively.  
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TOC 

 

Few-layer 2D hybrid organic-inorganic perovskites manifest better fatigue resilience than 

polymers under cyclic stresses. They tend to behave like ductile materials at low stress levels 

but brittlely at high stresses, probably owing to an unexpected plastic deformation. The 

fatigue lifetime can be extended by reducing the mean stress, stress amplitude, or increasing 

the thickness.  

  

 

 

 
 


