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We report an experimental study of the mechanical properties of the organic-inorganic halide perovskites, CH3NH3PbX3 

(X=I, Br and Cl). Nanoidentation on single crystals was used to obtain Young’s moduli (E) and hardnesses (H) of this class of 

hybrid materials, which have attracted considerable attention for photovoltaic applications. The measured Young’s moduli 

of this family lie in the range 10-20 GPa and a trend of ECl > EBr > EI is observed. The physical properties are consistent with 

the underlying crystal structure. In particular, the results are in reasonable agreement with recent calculations using 

density functional theory and align with expectations based upon bond energy, packing, and hydrogen-bonding 

considerations. The anisotropy in these systems is quite small, with E100 > E110 for the cubic bromide and chloride cases and 

E112 ≈ E100 for the tetragonal iodide perovskites. Interestingly, CH3NH3PbI3 is harder than the Br- and Cl-based perovskites. 

 

Introduction 

As a new class of promising photovoltaic materials, organic-

inorganic halide perovskites have recently led to a remarkable 

breakthrough in the field of solar cell research. The solar-to-

electrical power conversion efficiencies of CH3NH3PbX3 (X=I, Br 

and Cl) has soared from 3.8% in 20091 to exceed 20% now 

under laboratory conditions.2 Current research focuses on the 

controlled tuning of materials composition, film morphology 

and device design, in order to understand the mechanism of 

charge transport and further enhance the turn-over 

efficiencies of these perovskite-based solar cells.3–13 The 

extraordinary performance of this family of hybrid perovskites 

has been attributed to their large absorption coefficients, long-

range electron-hole transport lengths, as well as their high 

charge carrier mobilities.3,5,9 The materials benefit further 

from scalable solution processing methods and have also 

shown promising potential in areas such as light emitting 

diodes, field effect transistors and solar thermoelectric 

applications.8,11,14 As the investigations of perovskite thin film 

technology continue, single crystals have attracted increasing 

attention due to their high diffusion lengths compared with 

polycrystalline thin films, which is critical for achieving high 

efficiencies.15,16 

    There has been rapid progress in the study of the physical 

properties and electronic structures of these hybrid 

perovskites,3,12,17–19 but no experimental investigations of their 

mechanical properties have been reported. There is concern 

that their application in devices may be limited by their lack of 

robusteness, thermal stability and low electrical conductivity 

compared to inorganic materials.20 In particular, the stress 

state and the crystallinity of the perovskite-layer have a strong 

impact on the absorption performance. Feng et al. reported 

first-principles calculations on the structural, elastic and 

anisotropic properties of the lead and tin based bromide and 

iodide systems.21 However, the measurement of the elastic 

and plastic responses of organic-inorganic hybrid materials is 

challenging since high sample quality and novel 

characterization techniques are required. Recent 

developments of the nanoindentation technique, wherein load 

and depth of penetration can be measured with resolution of 1 

nN and 0.2 nm, respectively, have facilitated the quantitative 

characterization of the mechanical properties of a range of 

crystalline hybrid frameworks.22 For example, recent work on 

the structurally related amine formate perovskites, 

[AmineH+][M(HCOO)3], where M is a divalent transition metal, 

include studies of mechanical properties by single crystal 

nanoindentation techniques.23,24 In this family, the hydrogen-

bonding interactions between the protonated amine and the 

formate framework crucially influence the elastic responses. 

    In the present study we report the mechanical properties of 

single crystals of the halide perovskites, CH3NH3PbX3 (X=I, Br 

and Cl), using nanoindentation techniques. The elastic and 
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plastic responses are measured along different 

crystallographic directions and the anisotropy of the 

properties is investigated.  The study yields insight into the 

intrinsic properties of these hybrid lead halides materials and 

their underlying structure-property relationships. 

Experimental 

Synthesis 

Single crystals of CH3NH3PbX3 (X=I, Br and Cl) were prepared by 

precipitation from hydrochloric, hydrodrobromic and 

hydroiodic acid solutions after the method of Poglitsch et. al.25 

In this procedure, 2.5 g lead(II) acetate (Chemical Reagents, 

Sigma-Aldrich) was dissolved in 10 ml of concentrated aqueous 

HCl (37 wt%)/HBr (48 wt%)/HI (57 wt%) and heated to above 

90°C. To this solution, 2 ml of concentrated HX (X = Cl, Br and I) 

was added together with 0.597 g of CH3NH2 (40wt% aqueous 

solution, Merck). Crystals about 2 mm in dimension were 

obtained by cooling the solutions from ~ 90°C to 25°C over 72 

hours. The products were colourless for the chloride, orange 

for the bromide and black for the iodide (Fig. 1). For 

CH3NH3PbI3, the crystals were separated at above 40°C to 

avoid the formation of yellow crystalline (CH3NH3)4PbI6·2H2O.26 
 

 
Fig. 1 Representative single crystals of CH3NH3PbI3, CH3NH3PbBr3, and CH3NH3PbCl3 

(from left to right). 

Nanoindentation 

In a first step, face indexing was carried out by single crystal X-

ray diffraction using an Oxford Diffraction Gemini E Ultra 

diffractometer with Mo Kα radiation, λ=0.7093 Å, at 297 K (see 

Fig.S1). Favourable facets of the crystals, in particular the {100} 

and {110} planes from cubic Br and Cl-based perovskites and 

{100} and {112} planes from the tetragonal I-based 

perovskites, were identified. In terms of surface area 

requirements for sample preparation,22-24 these were the only 

high symmetry facets suitable for nanoindentation. Crystals 

were then selected and cold-mounted in Epofix resin (Struers 

Ltd.). Each individually indexed crystal surface was carefully 

polished with increasingly fine diamond suspensions to 

minimize surface roughness and nanoindentation experiments 

were conducted immediately after polishing to avoid sample 

degradation over time. Nanoindentation was performed at 

room temperature with the indenter aligned normal to the 

indexed facets using an MTS NanoIndenter® XP (MTS Corp., 

Eden Prairie, MN).23,27 Thermal instability and acoustic 

interference were minimized by keeping the instrument in an 

isolation cabinet. In the continuous stiffness measurement 

(CSM) mode, where indentation is controlled by displacement, 

the Young’s modulus (E) and hardness (H) were measured 

using a three-sided, sharp pyramidal Berkovich diamond tip 

(tip radius ~ 100 nm).28,29 Mechanical responses were deduced 

from load-displacement (P-h) data according to the method of 

Oliver and Pharr.30,31 

Results and Discussion 

Nanoindentation provides a reliable way of probing the 

anisotropic mechanical behaviour since the measured stiffness 

is strongly dependent on the elastic response along the 

indenter axis and only weakly affected transversely.27,32 

Young’s moduli and hardness values of the methylammonium 

lead halide crystals averaged from surface penetration depths 

between 200 nm and 1000 nm are presented in Table 1 

(further details are given in the S.I.). The overall results reveal 

that, at room temperature, the elastic moduli of CH3NH3PbX3 

(X=I, Br and Cl) single crystals vary in the range 10-20 GPa and 

a general trend of ECl > EBr > EI is observed. In addition, E100 is 

greater than E110 for the cubic bromide and chloride cases.   
 

 

Fig. 2 (a) Idealised representation of the perovskite crystal structure of CH3NH3PbX3 

(X=I, Br and Cl), (b) Illustration of nanoindentation along <100> (yellow arrows) and 

<110> (green arrows) directions in a cubic phase crystal. The grey spheres represent 

lead ions, purple spheres represent halogen ions and blue spheres represent the 

methylammonium ions. 

As shown in Fig. 2, the measured mechanical anisotropy within 

each halide system can be linked to the underlying crystal 

structure. Along <100> directions of the cubic perovskite 

crystals, the indentation was aligned with the Pb-X-Pb 

inorganic direction, hence there is a strong resistance from the 

inorganic bonds. When the stress pushes along the <110> 

direction in the cubic system, the indenter moves against the 

face diagonal of the inorganic lattice, which is less rigid and 

generates more displacement, in agreement with the 

experimental results of lower moduli. At room temperature, 

the Br- and Cl-based perovskites are cubic whereas the I-based 

perovskite adopts tetragonal symmetry with a phase transition 

from tetragonal to cubic at around 57oC.33 For the I-based 

perovskites, nanoindentation on the {100} and {112} facets 

reveal similar values for the Young’s modulus since these are 

equivalent to {101} and {110} in a cubic cell. No other facets 

were found suitable for the nanoindentation experiment. In 

the tetragonal structure, a tilting of the PbI6 octahedra of 16.4° 

at 293K, as well as a ferroelectric off-centring along the c-axis,   
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Table 1 Experimental and theoretical values of the elastic modulus and hardness anisotropy of the CH3NH3PbX3 (X=I, Br and Cl) perovskites.

*The {100} and {112} planes in a tetragonal lattice are parallel to {110} and {101} planes, respectively, in the case of a cubic lattice.

 

Fig. 3 Typical load-displacement curves of different facets of CH3NH3PbX3 (X=I, Br and 

Cl). 

have been observed.34 The tilting of the polyhedra might lead 

us to expect less anisotropy in the Young’s modulus than for 

the chloride and bromide because the Pb-I-Pb chains are no 

longer linear. Unfortunately, we were unable to observe this 

effect due to the absence of suitable crystal facets. 

    Typical load-displacement (P-h) curves are presented to 

show the stress states of CH3NH3PbX3 (X = Cl, Br, I) as the 

indenter penetrates the sample surfaces (Fig. 3). The gradient 

of the initial unloading sections of the P-h curves provides an 

indication of the elastic moduli. During unloading, an 

elastically strained material relaxes back to its original shape; 

however, the presence of the plastic zone leads to a residual 

impression on the sample surface after the load is completely 

removed.24,35 All the P-h plots, especially for the Br and Cl-

based perovskites, exhibit large residual depths from 

unloading, indicating that significant plastic deformation 

occurred underneath the Berkovich tip. The organic-inorganic 

halide perovskites may therefore potentially be able to 

facilitate applications in compliant devices that demand plastic 

deformations. The I-based perovskites, however, show better 

elastic recovery, indicated by the smaller residue displacement 

after unloading. The loading segments of the P-h curves 

obtained from all crystals are smooth, and the absence of 

discontinuities (“pop-in” events) indicates that there were no 

heterogeneous deformations during indentation. Nor were any 

stress-induced phase transformations observed.27 

The elastic moduli averaged over 10-20 indentations on 

each crystal (variations are due to differences in crystal sizes) 

are plotted as a function of indentation depth for each facet in 

Fig. 4. The experimental results are in reasonable agreement 

with the theoretical calculations on the mechanical properties 

(Table 1).21 I-based perovskites show very good consistency 

with calculations for the tetragonal system. For Br-based 

perovskite, however, although the crystals were cubic, the 

measured Young’s Modulus is closer to the theoretical 

predictions for the tetragonal phase. In addition, our results 

for the Young’s modulus are consistent with the theoretical 

calculations of the bulk modulus by Giorgi et. al., where a 

trend of Cl > Br > I was also observed.36    

 
Fig. 4 Elastic moduli averaged over at least 10 indents on each crystal as a function of 

the indentation depth. 

In order to understand the trend in mechanical response in 

terms of the bonding within the different structures, we now 

discuss three chemical factors that might influence the 

mechanical behaviour of these hybrid perovskites: (i) the Pb-X 

bond strengths, (ii) the packing density, and (iii) hydrogen-

bonding between the CH3NH3
+ cations and the halide anions. 

The Pb-X chemical bonding is believed to be an important 

factor in determining the physical properties of the lead 

halides.37 As shown in Fig. 5 (a),38 the increasing Pb-X bond 

Composition Phase Orientation Young's Modulus (E) /GPa Theoretical Modulus (E) /GPa
21

 Hardness (H) /GPa 

CH3NH3PbI3 Tetragonal {100}* 10.4(8) Tetragonal Phase -12.8 GPa 

Cubic Phase - 22.2 GPa 

0.42(4) 

 Tetragonal {112}* 10.7(5) 0.46(6) 

CH3NH3PbBr3 Cubic {100} 17.7(6) Tetragonal Phase - 15.1 GPa 

Cubic Phase - 29.1 GPa 

0.31(2) 

 Cubic {110} 15.6(6) 0.26(2) 

CH3NH3PbCl3 Cubic {100} 19.8(7) No values reported 0.29(2) 

 Cubic {110} 17.4(7) 0.25(2) 
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strengths in the sequence EI < EBr < E Cl correlates well with the 

increasing Young’s moduli. Secondly, the relative packing 

densities should also influence the mechanical properties, and 

here we use the Goldschmidt’s tolerance factor � �
���,���. 
 ��� √2��� 
 ���⁄  , where ��  is the radius of the ion of 

the i site of  perovskite structure, with i = A, B and X, 

respectively, to reflect the trend in packing densities.39,40 In 

this approach, protonated amines are treated as spheres with 

a semi-empirical radius, ��,���..
41 The effective radius of the 

methylammonium ion at the A site has been estimated as 

��,���. � 217	��. The tolerance factors for CH3NH3PbX3 (X = Cl, 

Br, I) are hence calculated as Cl: 0.94, Br: 0.93, and I: 0.91, 

respectively.41 Fig. 5(b) reveals that the packing densities, as 

represented by the tolerance factors, correlate nicely with the 

Young’s moduli, suggesting that the more densely packed 

structures are more resilient to elastic deformation.  

Hydrogen-bonding interactions between the A-site cation 

and the framework are known to have a strong influence on 

the mechanical properties of metal-organic formate 

perovskites,23,24 and recent DFT calculations on the 

orthorhombic phase of MAPbI3 emphasised the effect of the 

strength of the hydrogen-bonding on the octahedral tilting.42 

Since it is well known that strong hydrogen bonding correlates 

with greater electronegativity of the acceptor atom, it is not 

surprising to find that the Young’s modulus increases with 

anion electronegativity in the sequence EI < EBr < E Cl (Fig. 5 

(c)).43  

It is pleasing to find that the trend in the Young’s moduli of 

the MAPbX3 phases correlates well with all the chemical 

factors that are expected to influence it. At the same time, 

however, this leads to an ambiguity because we are unable to 

ascertain which of the three factors has the greatest effect on 

the stiffness of the system. The three factors are to some 

extent interrelated (for example, they are all influenced by the 

anion size), but they are nevertheless distinct, and 

computational work will be necessary in order to shed light on 

their relative importance.  

    In addition to the elastic response, plastic deformation plays 

an important part in understanding the behaviour of materials 

under stress. We have therefore investigated another physical 

property, hardness, which is crucial for any industrial 

applications that might involve the MAPbX3 perovskites. The 

hardness results from the combination of elastic and plastic 

deformations taking place in the vicinity of the nanoindenter 

tip.27 Based on the Oliver and Pharr method, the hardness 

value was calculated by dividing the applied load (P) by the 

surface contact area developed under that load (Ac) (Fig. S2). It 

can clearly be seen in Fig. 3 that I-based perovskites require a 

much higher load to achieve the same displacement as their Br 

and Cl counterparts. Rather surprisingly, then, a trend of HI > 

HBr > HCl has been observed, as shown in Table 1, with the Br- 

and Cl-based perovskites showing rather similar values. Since 

hardness is a measure of the dislocation interactions in the 

plastic zone in response to the induced pressure from the tip, 

I-based perovskites may show a higher hardness as a result of 

the lower symmetry of the structure. Multiple slip systems can 

be activated simultaneously to accommodate plastic flow for  

(a)  

(b) 

(c) 

Fig. 5 Young’s Modulus as a function of (a) Bond Strength38 (b) Electronegativity43 (c) 

Calculated tolerance factors41. All the three chemical factors point to the same 

direction, although it is challenging to estimate their relative importance (the red 

dotted lines are a guide to the eye to show the general trend). 

high-symmetry cubic crystals, whereas fewer dislocation 

systems may be active in tetragonal systems.22 The high 

hardness and low elastic modulus of the I-based perovskites 

mean that, although it is the least resistant to elastic 

deformation, it is superior to its Br- and Cl-based counterparts 

in resisting plastic deformation. Regarding the hardness 

anisotropy between different crystallographic orientations of 
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the Cl and Br systems, it is less significant than the elastic 

anisotropy. However, it was observed that the facets having 

higher stiffness also tend to show greater hardness, reflecting 

the stronger bonding along particular crystallographic 

orientations.  

Conclusions 

In summary, we have used nanoindentation to investigate the 

mechanical properties of the amine halide perovskites 

CH3NH3PbX3 (X = Cl, Br, I). The Elastic Moduli of CH3NH3PbX3 

decreases along the series ECl>EBr>EI and we identified three 

chemical factors that influence this trend: (i) the strength of 

Pb-X bonds, (ii) the relative packing density and (iii) hydrogen 

bonding interactions. At this stage it is not clear which, if any, 

of these factors is more dominant, since they all show the 

anticipated trends with stiffness.  

The hardness of CH3NH3PbX3 single crystals show that iodide 

based lead perovskites are more resistant to permanent 

deformation and exhibit better elastic recovery. In particular, 

the superior elastic recovery facilitates application in devices 

that require a return to the original shape after stresses are 

removed. On the other hand the lower hardness of bromide 

and chloride based systems is interesting for flexible devices, 

for instance as soft absorption layer in thin film solar cells.  

In the context of solar cell research, a knowledge of 

mechanical properties is of crucial importance and has 

significant influence on manufacturing processes, the design of 

the cells, and their specific applications. The study of the 

intrinsic mechanical properties of the CH3NH3PbX3 perovskites 

therefore gives a unique insight into underlying structure-

property relations and contributes to the future design of 

devices with tailored properties. 
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