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Abstract 

Wide ranging mechanical properties — elasticity, plasticity, fracture, and creep — most 

relevant to the mechanical reliability of perovskite solar cells (PSCs) are systematically 

investigated. High quality bulk single-crystals of the commonly studied metal halide perovskites 

(MHPs) relevant to PSCs are fabricated and studied: CH3NH3PbBr3 (MAPbBr3) and CH3NH3PbI3 

(MAPbI3). The first direct measurement of MHP Young’s modulus (E) using uniaxial compression 

reveals E<100> of 13.1±1.3 and 10.6±1.0 GPa for MAPbBr3 and MAPbI3, respectively. The Vickers 

micro-hardness H(100) of MAPbBr3 and MAPbI3 is 0.54±0.02 GPa and 0.76±0.05 GPa, 

respectively. The Vickers micro-indentation fracture toughness KIC of MAPbBr3 and MAPbI3 is 

estimated at 0.20±0.03 MPam0.5 and 0.18±0.03 MPam0.5, respectively. The stress-exponent, n, 

extracted from nanoindentation creep data is ~8 and ~10 for MAPbBr3 and MAPbI3, respectively. 

The trends in these properties are discussed. These properties are best estimates and are 

recommended for use in future mechanical behavior and reliability analyses of MHPs and PSCs.  
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Graphical Abstract 

 
 

 The promise of low cost and high power-conversion efficiency (PCE) has been driving the 

worldwide effort in the new perovskite solar cells (PSCs) incorporating metal halide perovskite 

(MHP) light-absorbers.[1, 2] Also, tandem photovoltaics (PVs) incorporating PSCs with even 

higher efficiencies hold great promise.[3, 4] Thus, PSCs research has focused not only on 

increasing PCE and upscaling,[5] but also improving stability.[6-8] However, PSCs will also need 

to be mechanically reliable if they are to operate efficiently for decades,[7, 9-15] but there is a 

dearth of research in this area. In this context, historically, most commercial devices, including 

PVs, have gone through a typical research/development trajectory — increasing performance, 

upscaling, improving stability, and enhancing reliability — before making it to the marketplace 

successfully; PSCs are likely to be no exception.[16]. In fact, enhancing the mechanical reliability 

of PSCs is particularly important and challenging because the low formation energies of MHPs 

render them inherently poor in mechanical properties, relative to their inorganic counterparts such 

as Si and CdTe, in commercial PVs.[11, 15] Furthermore, PSCs are expected to experience 

significant mechanical stresses that drive damage accumulation and failure over their lifetime.[11, 

15, 17, 18] 

In this context, we have investigated here some basic mechanical properties of MHPs most 

relevant to mechanical reliability: (i) elastic modulus (resistance to elastic deformation), (ii) 

hardness (resistance to local plastic deformation), (iii) fracture toughness (resistance to crack 

propagation), and (iv) creep (time-dependent permanent deformation). High quality bulk single-

crystals of the commonly studied MHPs relevant to PSCs are fabricated and studied: 
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methylammonium lead tribromide (CH3NH3PbBr3 or MAPbBr3) and methylammonium lead 

triiodide (CH3NH3PbI3 or MAPbI3). 

Elasticity. Quasi-static Young’s modulus (E) is perhaps the most basic of the mechanical 

properties needed for analyzing the mechanical reliability of PSCs, and, therefore, it is critically 

important to measure it accurately. For example, it is needed to estimate the damage-/failure-

driving residual stresses and applied stresses (such as in bending) in the MHP thin film within 

PSCs, but this property has not been measured directly in MHPs. All the reported experimental E 

values for MHP bulk single-crystals have been measured using model-dependent indirect methods, 

with the most popular method being nanoindentation. Table 1 lists single-crystal Young’s modulus 

(E) values for MAPbBr3 and MAPbI3 (100) surfaces. These values are in the ranges 17.7-30.2 GPa 

for MAPbBr3 and 10.4-23.92 GPa for MAPbI3. These wide variations in the E values using the 

nanoindentation method are attributed to its sensitivity to the following: synthesis method, quality, 

and orientation of the single-crystals; preparation of the indentation surfaces; geometry and quality 

of the indenter tip; instrumental effects; indentation parameters used; models and methodologies, 

used to extract the E values, etc. Also, although nanoindentation is performed on (100) surfaces of 

bulk single-crystals, that does not imply that the measured E is in <100> direction due to the 

complex three-dimensional (3D) geometry of the elastic recovery process in this method. Note that 

the E<100> values calculated using density functional theory (DFT) are in the range 20.3-29.1 GPa 

and 17.2-22.8 GPa for MAPbBr3 and MAPbI3, respectively.[19, 20] The reasons for the 

overestimation of the E<100> values in Table 1 using high-frequency methods, and also DFT, are 

not clear. To circumvent all these issues, here we have directly measured the E<100> of MAPbBr3 

and MAPbI3 bulk single-crystals using uniaxial compression. High quality cm-sized bulk single-

crystals of MAPbBr3 [21] and MAPbI3 [22] were grown using processes described in the 

Supplementary Material (SM); photographs of examples are shown in Figs. 1a and 1b (insets). 

They were cut to size and polished, and then tested in uniaxial compression (Fig. 1a inset) with 

the engineering stress and strain measured continuously (see SM for details). The measurement 

protocol was calibrated using a material with a known E value in this range relevant to MHPs; see 

SM and Fig. S1. Figures 1a and 1b present the engineering stress-strain curves from <100> 

MAPbBr3 and MAPbI3 bulk single-crystals, respectively. (The test ended because the crystals 

broke, with no evidence of yielding). From the linear fits to these curves the average E<100> (= /) 

for MAPbBr3 and MAPbI3 are estimated to be 13.1 ± 1.3 GPa and 10.6 ± 1.0 GPa, respectively, 
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indicating that these materials are quite compliant. (By comparison, average E of Si and CdTe is 

~160 GPa [23] and ~50 GPa, [24] respectively.) The trend in E, MAPbBr3 > MAPbI3, is consistent 

with what has been measured using indirect methods, and it is attributed to the same trend in bond 

strength: Pb-Br > Pb-I.[25] However, this measured MAPbBr3 E<100> is overall much lower than 

that measured using indirect methods, whereas that for MAPbI3 is similar to the one measured 

using nanoindentation by Sun, et al.[26] Since a calibrated direct method is used here to measure 

the E<100>, we recommend that these values be used in the future as the best estimates. This direct 

E measurement method could be extended to other orientations and other MHPs if high-quality 

cm-scale bulk single-crystal specimens can be synthesized and fabricated. 

 

Table 1. Summary of experimentally measured E of MAPbBr3 and MAPbI3 single-crystals. 
 

MHP E (GPa) Method Remarks Ref. 

MAPbBr3 

17.7 ± 0.6 Nanoindentation (100); CSM [26] 
19.6 ± 0.3 Nanoindentation (100); CSM [27] 
21.4 ± 4.0 Nanoindentation (100); dwell time 30 s [28] 
28.3(4) Ultrasonic <100>; from C11 and C12 [29] 
30.2 Brillouin Scattering <100>; from C11 and C12 [30] 
21.6 Neutron Scattering <100>; from C11 and C12 [31] 
28.2 Brillouin Scattering <100>; from C11 and C12 [31] 
26.3 Photoacoustic <100>; from C11 and C12 [32] 
13.1 ± 1.3 Uniaxial Compression <100>; direct measurement This work 

MAPbI3 

10.4 ± 0.8 Nanoindentation (100); CSM [26] 
14.3 ± 1.7 Nanoindentation (100); CSM [27] 
10.8 ± 2.7 Nanoindentation (100); dwell time 30 s [28] 
20.0 ± 1.5 Nanoindentation (100) [33] 
17.8 Nanoindentation (100); dwell time 0.5 s [11] 
12.7 Nanoindentation (100); dwell time 20 s [11] 
23.92 ± 3.63 Nanoindentation (100); dwell time 30 s [34] 
14.1 Neutron Scattering <100>; from C11 and C12 [31] 
10.6 ± 1.0 Uniaxial Compression <100>; direct measurement This work 
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Figure 1. Engineering - responses from uniaxial compression of single-crystals (<100> direction): (a) 

MAPbBr3 and (b) MAPbI3. E<100> values estimated by linear-fitting; average and standard deviation of six 

measurements. Insets: schematic illustration of the mechanical testing apparatus (a), and photographs of 

cm-sized bulk single-crystal of MAPbBr3 (a) and MAPbI3 (b). 

 

Plasticity. Plastic deformation of ‘soft’ semiconductors such as MHPs generates line (dislocations) 

and surface (stacking faults, twins) defects, which can adversely affect their optoelectronic 

properties.[15] Since the propensity for local plastic deformation in a material is quantified by its 

hardness (H), it is critically important to measure it accurately. To that end, systematic Vickers 

micro-indentation experiments were performed on (100) surfaces of the MAPbBr3 and MAPbI3 

single-crystals to measure the H values; see SM for the experimental details. Figures 2a and 2b 

present H(100) for MAPbBr3 and MAPbI3, respectively, which are independent of the applied 

indentation load (PM) in the range studied. The following relation was used to calculate the H, 

which uses the projected area of the indentation impression:[35] 

𝐻 =
𝑃M

2𝑎2
 ,    (1) 

where 2a is the length of the square impression diagonal. The average H(100) of MAPbBr3 and 

MAPbI3 is 0.54 ± 0.02 GPa and 0.76 ± 0.05 GPa, respectively, indicating that these materials are 

quite soft. (By comparison, average H of Si and CdTe is ~14 GPa [36] and ~0.4 GPa,[37] 



 6 

respectively.) The MAPbBr3 < MAPbI3 trend is consistent with what has been reported in the 

literature for H(100) using the nanoindentation method (Table 2): 0.30-0.36 GPa for MAPbBr3 and 

0.42-1.05 GPa for MAPbI3. Vickers indentation is generally more reliable for bulk materials as it 

samples larger depth/area, and minimizes any undesirable surface and/or indentation-size effects 

common among nanoindentation methods. Also, both MAPbBr3 and MAPbI3 are known to be 

viscoplastic materials as they undergo significant nanoindentation creep at room temperature.[28] 

As such, the measured nanoindentation H depends on the dwell time (tD) at PM.[11, 26, 28] If the 

Continuous Stiffness Measurement (CSM) mode is used in the nanoindentation tests, tD may not 

be relevant, but a correction for the effective nanoindentation load is needed for accurate H 

measurement.[38] Figure 2c shows a decreasing trend in Vickers H(100) of MAPbBr3 with tD, 

whereas this trend in MAPbI3 is not readily apparent. Therefore, shortest dwell time (tD ~0.5 s) 

after the full load is applied results in the best estimate of average H(100) values, as reported in Fig. 

2a. Consistent with what has been reported in the literature (Tables 1 and 2), MAPbBr3 is found to 

be stiffer than MAPbI3, but MAPbI3 is harder than MAPbBr3. In this context, Sun, et al.[26] have 

suggested that the higher hardness of MAPbI3 may be due to its lower symmetry (tetragonal), 

compared to MAPbBr3 (cubic) at room temperature, where, generally, dislocation slip is relatively 

more difficult. 

 

Table 2. Summary of experimentally measured H of MAPbBr3 and MAPbI3 bulk single-crystals on (100) 
surface. 

 
MHP H(100) (GPa) Method Remarks Ref. 

MAPbBr3 

0.31 ± 0.02 Nanoindentation tD 30 s [26] 
0.36 ± 0.01 Nanoindentation - [27] 
0.36 ± 0.03 Nanoindentation tD 30 s [28] 
0.54 ± 0.02 Vickers Micro-indentation PM 3.924 N; tD ~0.5 s This work 

MAPbI3 

0.42 ± 0.04 Nanoindentation tD 30 s [26] 
0.55 ± 0.12 Nanoindentation tD 30 s [28] 
0.57 ± 0.11 Nanoindentation - [27] 
0.58 Nanoindentation tD 0.5 s [11] 
0.48 Nanoindentation tD 20 s [11] 
1.0 ± 0.1 Nanoindentation - [33] 
1.05 ± 0.18 Nanoindentation tD 30 s [34] 
0.76 ± 0.05 Vickers Micro-indentation PM 3.924 N; tD ~0.5 s This work 
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Figure 2. Micro-indentation (Vickers) H(100) and KIC as a function of PM of single-crystals ((100) surface):  

(a) MAPbBr3 and (b) MAPbI3. (c) H(100) of MAPbBr3 and MAPbI3 as a function of tD. Average and standard 

deviation of 6-10 measurements; dashed lines are linear fits (a, b) or guide to the eye (c). 

 

Fracture. The brittleness of MHPs is a major issue with regards to the mechanical reliability of 

PSCs. Cracking in MHP thin films not only blocks photocarriers and compromises the mechanical 

integrity of the device, but it also allows easy ingression of environmental species that contribute 

to the rapid degradation of the device. In this context, accurate measurement of the fracture 

toughness (KIC), which quantifies the brittleness of the MHPs, is critically important for analyzing 

the mechanical reliability of PSCs. Here, Vickers micro-indentation can also be used to estimate 

the KIC of brittle solids.[35] The average indentation KIC of MAPbBr3 and MAPbI3 is estimated at 

0.20 ± 0.03 MPam0.5 and 0.18 ± 0.03 MPam0.5, respectively, which is independent of PM (Fig. 

2a). While anisotropy in the cracks emanating from the indentation were observed, these values 
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are for fracture along planes close to {110}. The above measured E/H ratios are used to calculate 

the KIC using the following:[35] 

𝐾IC = 0.016(
𝐸

𝐻
)
0.5
𝑃𝑐−1.5,    (2) 

where 2c is the tip-to-tip length of the indentation-crack surface traces. While KIC of MAPbBr3 has 

not been reported in the literature, the reported indentation KIC of MAPbI3 bulk single-crystals are 

in the range 0.145-0.22 MPam0.5.[11, 39] Considering that incorrect E/H ratios may have been 

used in the earlier calculations of KIC, we recommend that the KIC values reported here be used in 

the future as the best estimates. (By comparison, average KIC of Si and CdTe is ~1 MPam0.5 [40] 

and ~0.20 MPam0.5,[41] respectively.) Clearly these MHPs are very brittle, as evinced by the 

facile edge-chipping of the single-crystals when handling them in the laboratory, where the critical 

chipping load scales with KIC.[42] The toughness can also be expressed in terms of energy (plane 

stress), GC=KIC2/E, which for MAPbBr3 and MAPbI3 is identical:  ~3 Jm-2 (cohesion). Since the 

fracture of these highly brittle materials, which lack any intrinsic or extrinsic toughening 

mechanisms as defined by Ritchie,[43] is entirely governed by surface energies, it appears that the 

specific surface energies (S=GC/2) of both MAPbBr3 and MAPbI3 are about the same: ~1.5 Jm-2. 

(Note that, although these MHPs show extensive plasticity under the intense pressure of the 

indenter in a hardness test (low H), it has little relevance to the mode I fracture toughness, as is the 

case in highly brittle materials.[44])   

Creep. As mentioned earlier, room-temperature nanoindentation creep (viscoplasticity) in 

MAPbBr3 and MAPbI3 single-crystals has been observed previously.[28] This has implications for 

time-dependent damage-accumulation and permanent shape-change of MHPs within PSCs, which 

is relevant to mechanical reliability of PSCs. Creep deformation also has implications on the E and 

H measurements using the popular nanoindentation method. Thus, systematic nanoindentation 

creep experiments were performed on (100) surfaces of MAPbBr3 and MAPbI3 bulk single-

crystals using a nanoindenter unit that is not equipped with a CSM module. Figures 3a and 3b plot 

representative nanoindentation load (P)-displacement (h) loading-unloading curves for MAPbBr3 

and MAPbI3, respectively, for peak-load (PM = 12 mN) and tD in the range 0.5-100 s (same loading 

and unloading rates of 2.4 mNs-1), confirming the creep effect. Only in the case of MAPbBr3 and 

the shortest dwell time (tD = 0.5 s) the ‘bowing’ effect is observed in the unloading part of the P-

h curve. Thus, those data cannot be used to extract E using the Oliver-Pharr model, which relies 
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on the proper fitting of the unloading part (elastic recovery) of the P-h curve.[45] The remainder 

of the unloading P-h data in Figs. 3a and 3b were used to extract E values, and are plotted in Fig. 

3e, where the horizontal dashed lines represent the directly measured E<100> values from Figs. 1a 

and 1b. It is clear that the shortest dwell times result in more reliable E measurements using 

nanoindentation when the CSM module is not available. This may not be relevant when the CSM 

mode is used, where the E values are extracted from the material’s response during loading with a 

superimposed small oscillatory load.[46] 

 The displacement (h) data in Figs. 3a and 3b are replotted as a function of time (t) in Figs. 

3c and 3d, respectively. A comparison of the creep data, between onset of dwell at peak load 

(vertical dashed line) to onset of unloading (arrows), shows that MAPbBr3 creeps significantly 

more than MAPbI3, consistent with what has been observed before.[28] To analyze this further, 

the h(t) data were used to extract ‘equivalent’ steady-state strain-rate (ε̇i) and applied stress (pM) 

plots using a procedure described by Ginder, et al.,[47] and are shown in Fig. 4. Here, ε̇i = 0.36 

ℎ̇/h and pM = 0.04PM/h2. Although the ε̇i range is relatively small (~1.5 decade), the extracted 

steady-state ε̇ i-pM data can be fitted to the conventional creep relation at a constant 

temperature:[47] 

ε𝑖̇ = 𝐴𝑝M
𝑛 ,    (3) 

where A is a constant, and n is the stress exponent, which is ~8 and ~10 for MAPbBr3 and MAPbI3, 

respectively. Reyes-Martinez, et al.[28] have extracted n values of 3.78 and 4.71 for MAPbBr3 

and MAPbI3, respectively, from their nanoindentation creep data, but using a different method. 

Once again, Fig. 4 confirms that MAPbI3 is more creep-resistant than MAPbBr3, and yields better 

estimates of n. In general, such high n values imply that dislocation glide and climb (power law) 

creep mechanism is dominant in the material, where the ‘glide’ part is controlled by plasticity (H) 

and the ‘climb’ part is controlled by atomic/ionic diffusion.[48] Since room-temperature ion-

migration in MHPs is facile,[49] it is reasonable to conclude that nanoindentation creep in 

MAPbBr3 and MAPbI3 occurs via dislocation glide and climb. However, room-temperature ion-

migration in MAPbI3 is more facile than MAPbBr3, which has been used to explain the generally 

observed better environmental stability of the latter.[50] The fact that MAPbI3 is more creep-

resistant despite more facile diffusion suggests that its higher H (glide) plays a more dominant role 

compared with diffusion-assisted climb, under the combination of conditions in room-temperature 

nanoindentation creep: relatively high stress and low temperature. (By comparison, Si does not 
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exhibit nanoindentation creep at room temperature,[51] whereas CdTe shows modest 

nanoindentation creep.[52]) Further elucidation of creep deformation mechanisms in MHPs under 

different stress-temperature combinations await creep experiments performed in uniaxial 

compression of bulk MHPs.  

 
Figure 3. Nanoindentation (Berkovich) loading-unloading (indicated by arrows) P-h responses of single-

crystals ((100) surface) as a function of tD: (a) MAPbBr3 and (b) MAPbI3. Corresponding h-t responses as 
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a function of tD: (c) MAPbBr3 and (d) MAPbI3. Vertical dashed lines and arrows mark dwell-onset and 

unloading-onset, respectively. (e) E<100> of MAPbBr3 and MAPbI3 extracted from the unloading part of the 

P-h curves in (a) and (b) as a function of tD. Solid lines connect the data points; horizontal dashed lines are 

corresponding directly measured E<100> of MAPbBr3 and MAPbI3 in Figs. 1a and 1b, respectively. 

 

 

Figure 4. The ‘equivalent’ steady-state ε̇i-pM response extracted from the nanoindentation creep data for 

MAPbBr3 and MAPbI3 in Figs. 3c and 3d, respectively. The n values are estimated from linear fits to the 

data (dashed lines). 

 

In summary, accurate measurements of relevant mechanical properties of MHPs are 

critically important for analyzing mechanical reliability of PSCs in the future. To that end, 

elasticity, plasticity, fracture, and creep behaviors in MAPbBr3 and MAPbI3 bulk single-crystals 

are systematically studied. We have directly measured the Young’s modulus E<100> of MAPbBr3 

and MAPbI3 using bulk uniaxial compression, which is 13.1 ± 1.3 and 10.6 ± 1.0 GPa, respectively. 

The Vickers microhardness H(100) of MAPbBr3 and MAPbI3 is 0.54 ± 0.02 GPa and 0.76 ± 0.05 

GPa, respectively. The Vickers micro-indentation fracture toughness KIC of MAPbBr3 and MAPbI3 

is estimated at 0.20 ± 0.03 MPam0.5 and 0.18 ± 0.03 MPam0.5, respectively. The stress-exponent, 

n, extracted from nanoindentation creep data is ~8 and ~10 for MAPbBr3 and MAPbI3, 

respectively. All these properties are best estimates and are recommended for use in future 

mechanical reliability analyses of MHPs and PSCs. 
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