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The ease of processing hybrid organic-inorganic perovskite (HOIPs) films, belonging to 

a material class with composition ABX3, from solution and at mild temperatures 

promises the use of their unique optoelectronic properties in deformable technologies, 

including flexible photovoltaic devices, sensors, and displays. To successfully apply these 
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materials in deformable devices, knowledge of their mechanical response to dynamic 

strain is necessary. We elucidate the time- and rate-dependent mechanical properties of 

HOIPs and an inorganic perovskite (IP) single crystal by measuring nanoindentation 

creep and stress relaxation. The observation of pop-in events and slip bands on the 

surface of the indented crystals demonstrate dislocation-mediated plastic deformation. 

The magnitudes of creep and relaxation of both HOIPs and IPs are similar, negating 

prior hypothesis that the presence of organic A-site cations alters the mechanical 

response of these materials. Moreover, these samples exhibit a pronounced increase in 

creep, and stress relaxation as a function of indentation rate whose magnitudes reflect 

differences in the rates of nucleation and propagation of dislocations within the crystal 

structures of HOIPs and IP. This contribution provides understanding that is critical for 

designing perovskite devices capable of withstanding mechanical deformations. 

 

Hybrid organic-inorganic perovskites (HOIPs) are a class of materials that continue to 

revolutionize the field of photovoltaics with devices now exhibiting power-conversion 

efficiencies in excess of 20%.
[1–3]

 HOIPs belong to a wider class of materials with 

composition ABX3 where, the A cation is caged inside of a B-X framework. Most of the work 

on perovskite materials for potential photovoltaic applications has focused on materials with 

A = CH3NH3
+
 or Cs

+
; B = Pb

2+
; X = I

-
 or Br

-
,
[4–9]

 with devices having CH3NH3PbI3 active 

layers holding record-breaking photovoltaic device performances.
[3]

 The ease of processing of 

HOIPs from solution brings the promise of their application in thin-film devices beyond 

photovoltaics for deformable electronic technologies, including flexible electronics and other 

strain-intensive applications.
[10]

 Researchers hypothesize that the rotational degrees of 

freedom of organic cations inside the Pb-X cage impart a “soft” character to HOIPs.
[11]

 

Nevertheless, the reported Young’s modulus and hardness, which quantify the resistance to 

plastic deformation for MAPbBr3 and CsPbBr3, are similar in magnitude.
[12]

 Therefore, it is 
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important to understand under what conditions the presence of an organic cation affects the 

mechanical behavior of HOIPs.  

A few recent studies have characterized the static mechanical properties of lead-halide 

perovskites. Cheetham and coworkers
[13]

 used nanoindentation to measure the Young’s 

moduli and hardness of CH3NH3PbX3 (X = I, Br and Cl) single crystals. They attributed 

differences in elastic properties to differences in Pb-X framework. Cahen and coworkers
[12]

 

also conducted nanoindentation studies on single crystals of CH3NH3PbX3 (X = I and Br), 

with the addition of the all-inorganic CsPbBr3, and reached similar conclusions as Cheetham. 

Feng
[14]

 used DFT to calculate the elastic constants of CH3NH3BX3 where B = Sn, Pb and X = 

Br. I.  The computed Young’s moduli (uniaxial deformation), shear moduli (shearing or 

torsional deformation), and bulk moduli (uniform compression) are in qualitative agreement 

with experimental measurements. The ductility index (bulk-to-shear modulus ratio, B/G) for 

the cubic, tetragonal and orthorhombic phases of each material, were uniformly greater than 

1.75; suggesting that these materials are all highly ductile.  

Although the ability of HOIPs to deform plastically has been predicted by their low bulk-

to-shear modulus ratio
[14]

 and low hardness,
[12,13]

 the dynamics of plastic deformation have not 

been characterized. Time-dependent mechanical measurements, such as creep and stress 

relaxation, lend insights to strain hardening and response time of these materials under 

constant mechanical load/deformations and their response with different rates of deformation. 

Such dynamic mechanical response is crucial to the design of device architectures for strain-

intensive applications and sheds light on the limitations they will have in large-scale 

processing where varying degrees of deformation might be experienced (i.e., roll-to-roll). 

Also, knowledge of both static and dynamic mechanical properties will allow for new 

structure-property correlations to be established.  

Here we utilize nanoindentation creep and stress relaxation measurements to demonstrate 

pronounced rate-dependent inelastic mechanical behavior (viscoplasticity) in bulk single 
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crystals of lead-halide perovskites with both organic and inorganic cations. We focused our 

study on single crystals of three perovskite compositions: methylammonium lead bromide 

(MAPbBr3), methylammonium lead iodide (MAPbI3), and an all-inorganic perovskite of 

cesium lead bromide (CsPbBr3). As a reference material for comparison, we measured the 

mechanical response of an ionic single crystal, potassium bromide (KBr). KBr was chosen 

since it is a well-known, commercially available ionic crystal, with a crystal structure 

different from that of ABX3 and has well characterized mechanical properties,
[15]

 including 

low hardness (H = 0.15 GPa). Contrary to conventional wisdom, our measurements suggest 

that the time-dependent mechanical response of the inorganic-organic perovskite is 

independent of the chemical character of the A-site cation. We utilize the discontinuities in 

load-penetration curves, also known as pop-in events, to characterize differences of elastic-to-

plastic transitions in MAPbBr3, MAPbI3, CsPbBr3 and KBr single crystals. The differences 

between the creep and load relaxation curves (obtained from the materials tested in this study) 

are attributed to dislocations phenomena that occur during the nanoindentation experiments. 

Finally, we use a viscoplastic constitutive equation derived from a rheological model to fit the 

experimental data. The implications of the results are discussed for potential application of 

perovskites in flexible electronic devices.  

In all experiments, we indented one facet of each crystal. MAPbBr3, MAPbI3, and KBr 

were indented on their (100) planes. Due to the preparation of the CsPbBr3 crystal,
[16]

 we were 

only able to indent in the direction normal to a face preferentially oriented on the (200) plane. 

X-ray diffraction pattern for CsPbBr3 crystal is shown in Figure S1. Unit cell and structural 

parameters, as well as photographs of the crystals tested are shown in Table S1.  

We conducted nanoindentation experiments in load-controlled (Figure 1a) and 

displacement-controlled (Figure 1b) modes. These were used, respectively, to study creep and 

stress relaxation.  Holding the load fixed during nanoindentation for a period of time allows 

us to record the displacement into the sample. Similarly, holding the displacement fixed 
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allows us to monitor the load relaxation. From these experiments, we compared the time-

dependent mechanical response of HOIPs and inorganic perovskites to obtain new insights 

about the dynamic mechanical behaviors of these materials. Figure 1c shows a plot of creep 

against time. All the curves display a steep initial creep followed by a reduction in the rate of 

penetration. Interestingly, both hybrid and inorganic perovskite materials exhibit large creep 

displacements compared to KBr. Figure 1d shows plots of load relaxation versus time, for all 

the materials that were tested. Similar to the creep displacement plots, KBr shows the least 

load relaxation over time. Moreover, the magnitude of the relaxation by the hybrid and 

inorganic perovskites is similar, suggesting that the organic cation is not unique in affecting 

the dynamic mechanical response of the indented single crystals.  Previous work in Pb-based 

HOIPs showed that the strength of the Pb-X bond dominates the elastic response of the 

material.
[12-14]

 Our results imply that the Pb-X framework may also dominate the viscoplastic 

behavior. 

It is well known that nanoindentation nucleates and propagates dislocations in crystalline 

samples,
[17–19]

 causing plastic deformation. Quantitative evidence of plastic deformation is 

observed in discontinuities in displacement, known as pop-in events (Figure2a). Pop-in events 

occur when the stresses under the indenter tip reach critical levels that are sufficient for the 

nucleation and propagation of slip dislocations. Scanning electron micrographs of indents 

offer evidence for slip-mediated plastic deformation through the presence of shear bands 

(Figure 2b) on the surface of the crystal.
[20,21]

 To characterize the differences in slip activation 

in the single crystals, we analyzed how the pop-in displacement depends on pop-in load in 

Figure 2c. The change in indentation depth as a function of load during pop-in events is 

attributed to the nucleation of dislocations.
[22]

 We observed that the inverse of individual 

slopes (pop-in load/pop-in extension) scale with hardness, indicating that the hardness of the 

crystals tested is directly proportional to the critical condition for dislocation nucleation 

(Figure 2d). Interestingly, the hardness alone does not give any insight to the large differences 
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in creep and relaxation characteristics between KBr and the materials with perovskite 

structure. Hence, to explain the large differences between the time-dependent behavior of 

perovskite materials and KBr, we explore the differences in the dynamics of plastic 

deformation.  

Since the deformation that occurs in the crystals during nanoindentation can nucleate 

dislocations, the slowdown in the rate of penetration observed in Figure 1c is consistent with 

strain hardening. Strain hardening is the increased resistance to plastic deformation that 

occurs as a consequence of the interactions of dislocations.
[23,24]

 To further explore, we 

performed two consecutive creep experiments on the same area of MAPbI3 single crystals 

(Figure S3). When comparing the creep behavior of the first and second measurements, a 

significant reduction of displacement is observed on the subsequent creep experiment. The 

reduced displacement is evidence for higher resistance to plastic deformation, quantified by 

an increase in hardness (𝐻 = 𝑃𝑚𝑎𝑥 𝐴⁄ ) from 0.25 to 7.0 GPa.  

We thus hypothesize that the differences between the creep and stress relaxation behavior 

are closely associated with the crystal structure of the material, the corresponding available 

slip systems and the interactions between dislocations during nanoindentation. MAPbBr3 at 

room temperature has a body-centered cubic (BCC) structure. It also has 48 possible slip 

systems (16 accessible during nanoindentation), which is the most out of all the materials that 

were tested. In comparison, KBr is also cubic but adopts a face-centered cubic (FCC) with 

only 12 possible slip systems. In addition to the number of slip systems available, the crystal 

structure dictates how dislocations will propagate during a nanoindentation experiment. 

Figure 2e-f show the activated planes for representative FCC and a BCC crystals indented 

on the (100) plane. After nucleation in FCC crystals, the dislocations tend to move towards 

the central axis under the indenter, where the slip planes interact and become tangled, 

preventing their further propagation (Figure 2e).
[25]

 This is consistent with our observations of 

KBr displaying the lowest creep and relaxation despite the low activation energy for slip. 
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During loading, multiple dislocations nucleate simultaneously in KBr; these dislocations are 

tangled early on and consequently their motion halted during subsequent creep or stress 

relaxation. The opposite is true for BCC cubic crystals (Figure 2f), where the dislocations are 

driven away from the indenter axis, making tangling of dislocations less probable.
[25]

 These 

dislocations thus continue to propagate during creep and stress relaxation. It follows that, the 

stress relaxation data shown Figure 1d suggest that dislocation entanglement is more probable 

in the orthorhombic structure (CsPbBr3) than in the tetragonal structure (MAPbI3). Two-

dimensional representations of slip propagation in both FCC and BCC crystal are shown in 

Figures S2c and S2d, respectively.  

 Figure 1c shows that MAPbI3 and CsPbBr3 exhibit very similar creep displacements. 

Although they adopt tetragonal and orthorhombic structures respectively, their lattice 

parameters are very similar (see Table S1). Both the tetragonal and orthorhombic structures 

can be thought of as elongated cubic structures; this elongation breaks the symmetry of the 

BCC unit cell and reduces the number of possible available slip systems. Although we do not 

know which slip systems are activated in the tetragonal and orthorhombic perovskite 

structures, we postulate that, due to their resemblance to the cubic phase, the dislocations are 

similar to that of the BCC cubic crystal. However, not all systems are activated because of the 

reduced symmetry.   

The underlying mechanism for load relaxation is the same as creep. However, there is a 

delayed response from the material to the applied stress resulting from displacing the 

nanoindenter tip into the sample. While the displacement is kept constant, the material 

continues to deform, and as this deformation happens, the load decreases. From the previous 

discussion, we conclude that the onset of plasticity is governed by the onset of dislocation 

motion, while the creep and stress relaxation behavior is governed by the probability of the 

nucleated dislocations to propagate. 
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To understand the influence of deformation time scales on the plastic deformation, we 

performed creep and relaxation tests while loading at different rates across three orders of 

magnitude. We summarize the rate dependence of each material by plotting the total 

measured creep displacement and stress relaxation after 30 seconds in Figures 3a-b, 

respectively. Individual plots, corresponding to all the single crystals tested, are shown in 

Figure S4. All three perovskite single crystals exhibit a pronounced rate dependence, while 

the rate dependence of KBr is negligible in comparison.  

All the samples exhibited an increased creep displacement, and stress relaxation as a 

function of increased loading or displacement rate, respectively. For creep tests at high 

loading rates, the strain gradient in the direction perpendicular to the surface tested is greater 

than that at low loading rates. The large strain gradient causes more dislocations to be 

nucleated during the loading step.  These propagate and interact in the constant 

load/displacement regime. At low loading rates the strain gradient is lower, allowing for 

dislocations to nucleate, propagate and tangle with one another. The tangling of dislocations 

results in strain hardening during loading and small creep displacements/stress relaxation 

phenomena that occur during the constant load/displacement period.
[19]

 MAPbBr3 shows the 

largest rate-dependence of all materials, while KBr exhibits the lowest. This is consistent with 

the availability of slip systems in each crystal and the tendency of dislocations to move away 

or towards the indenter axis. 

To better describe the viscoplastic properties of the tested materials and to quantify the 

differences between their time-dependent response, the creep and relaxation curves were 

fitted to an analytical expression extracted from a rheological model composed of springs and 

dashpots (Figure 1c-d).
 [26, 27]

 The fit of our model captures the behavior of all materials tested 

in both creep and stress relaxation experiments, allowing us to extract Young’s and shear 

moduli values in addition to relaxation times (Table S2-S3).  A detailed description of the 

model can be found in the Supporting Information. 
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In summary, we demonstrated that both HOIPs and IPs show large creep deformation, 

load relaxation, and a pronounced rate-dependent mechanical behavior relative to a model 

ionic crystal of KBr. We interpret this viscoplastic behavior for HOIPs and the inorganic 

CsPbBr3, to indicate that the organic cation plays little role in time- and rate-dependent plastic 

deformation, and that the Pb-X frame work is more important. By modeling the creep and 

relaxation behavior using rheological components we have the advantage of determining both 

the elastic and viscous characteristics of the specific perovskite single crystals in this study. It 

is expected for materials with crystals of low hardness to creep under the conditions utilized 

in the current study. During nanoindentation experiments, FCC crystals will creep less due to 

the dislocation movement towards the axis of the indenter tip and the reduced number of 

available slip systems. The present study has implications in the future study of the 

mechanical properties of perovskite single crystals, both hybrid and inorganic. The results 

provided will help the effective design of flexible perovskite devices since the low hardness 

and the viscoplastic properties demonstrated are not conducive to flexible applications. 

Moreover, the pronounced rate-dependent mechanical properties can significantly impact how 

these materials are processed in large scale. A comprehensive understanding of the impact of 

plastic deformation on the performance of HOIP-based photovoltaic devices is needed for 

their effective application in flexible structures. 

 

Experimental Section  

Crystal growth. MAPbBr3 and MAPbI3 single crystals were grown by inverse 

temperature crystallization as reported by Saidaminov et al.
[28]

 CsPbBr3 crystals were 

synthesized by vertical Bridgman crystallization method published by Stoumpos et al.
[16]

  

Sample preparation. All single crystals were glued (Loctite 495) to stainless steel 

atomic force microscopy specimen discs before nanoindentation experiments. No polishing 
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was performed on HOIPs samples. Polished and unpolished CsPbBr3 crystals were tested and 

no significant difference in their mechanical response was observed. 

Equipment and settings. Indentation experiments were performed using a 

TriboScope® Nanomechanical Testing System (Hysitron Inc., Minneapolis, MN). For creep 

and stress relaxation measurements a Berkovich indenter (three-sided pyramid shape tip) was 

used. A 3 m-diameter cono-spherical tip was used to detect pop-in events. Creep 

experiments were conducted under load displacement with a maximum load of 2000 N and 

loading rates of 10, 100 and 1000 N s
-1

. Stress relaxation experiments were conducted under 

displacement control with a maximum displacement of 600 nm and displacement rates of 3, 

30 and 300 nm s
-1

.  

 

Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. a) Representative load-indentation depth curve for load-controlled nanoindentation 

experiment on a MAPbI3 single crystal. The load function in the inset displays loading, 

constant-load (creep) and unloading with time. The ramp time to maximum load was 𝑡𝑅 = 20 s 

and the maximum load was held at 𝑃𝑚𝑎𝑥 = 2000 𝜇𝑁 for 30 s in all creep experiments. b) 

Representative load-indentation depth curve for displacement-controlled nanoindentation 

experiment on the same MAPbI3 single crystal. The displacement function in the inset 

displays loading, constant displacement holding (stress relaxation) and unloading with time. 

The ramp time to maximum displacement was 𝑡𝑅 = 20 s and the maximum displacement was 

held at 𝑑𝑚𝑎𝑥 = 600 𝑛𝑚 for 30 s in all stress relaxation experiments. c) Creep displacement 

curves and d) Load relaxation curves for the four single crystals tested.  Bands represent the 
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standard error extracted from three independent measurements on each single crystal.  The fit 

of our viscoplastic model (dotted line) captures the behavior of all the single crystals tested in 

both creep and stress relaxation experiments. 

 
 

Figure 2. a) A pop-in event is captured during loading on a MAPbI3 single crystal. The first 

pop-in event indicates the elastic-to-plastic transition. b) Scanning electron micrograph 

revealing slip-shear bands (highlighted with arrows) on the surface of MAPbBr3 crystal as a 

result of plastic deformation during a nanoindentation experiment using a Berkovich indenter. 

Slip-shear bands are expected from the activation of slip systems in a BCC crystal. c) 

Measured pop-in displacement as a function of pop-in load for all single crystals tested. The 

inverse slope for each single crystal is related to the energy released during the initiation of 

slip dislocation. d) Relation between the hardness and the energy released as quantified by 

inverse of slopes in (c). Schemes illustrating slip-plane propagation under the indenter in e) 

FCC and f) BCC crystals. Of the slip planes available in BCC crystals, only the family of the 

most atomically dense planes, {110}, is shown. Indentation load (P) is on the (100) plane in 
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both cases. The slip planes in FCC (e) converge under the indenter axis. Slip planes in BCC 

(f) diverge from the indenter axis. 

 

 
 

Figure 3. a) Measured loading rate dependence of creep and b) displacement rate dependence 

of stress relaxation. Each data point corresponds to the (a) creep displacement and (b) relaxed 

load at 𝑡 = 30 𝑠 during the constant load and displacement segments respectively. In both 

experiments the perovskite single crystals display a higher rate-dependence of creep and 

stress relaxation compared to the KBr single crystal. The solid lines are visual guides. 
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Dynamic mechanical response of hybrid organic-inorganic and inorganic perovskite 

crystals suggests that the time-dependent mechanical properties of lead-halide perovskites are 

independent of the chemical character of the A-site cation. Moreover, significant viscoplastic 

behavior is revealed through creep and stress relaxation measurements. These phenomena are 

interpreted as direct results of the crystal structures and how dislocations propagate within 

them. 
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Time-dependent Elasto-plastic Behavior of Lead Halide Perovskite Single Crystals 
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Time-dependent elasto-plastic behavior of lead halide perovskite single crystals 
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Chung, Osman M. Bakr, Mercouri G. Kanatzidis, Wole O. Soboyejo and Yueh-Lin Loo* 

 

I. Structural parameters of single crystals tested 

 

Table S1. Photographs, structural parameters and measured hardness for each single crystal 

tested. 

Material Structure 
No. of slip 

systems 

Lattice Constants 

[Å] 

Hardness 

[GPa] 

CH3NH3PbBr3 

P1 

 
 
 

Cubic (BCC) 48 a = 6.59 0.36 ± 0.03 

KBr 
Fm-3m 

 
 
 

Cubic (FCC) 12 a = 5.93 0.15 ± 0.5 

CH3NH3PbI3 
(Pnma) 

 
 
 

Tetragonal (BCC) <48 a = 8.85, c = 12.66 0.55 ± 0.12 

CsPbBr3 

(Pnma) 

 

Orthorhombic (BCC) <48 a = 8.24, c = 11.73 0.34 ± 0.02 
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II. CsPbBr3 XRD 

 

 

Figure S1. X-ray diffraction pattern of CsPbBr3 crystal indicating preferential orientation 

normal to the (h00) plane. 

 

III. Slip systems and their interactions 

 

Face-centered-cubic (FCC) crystals, such as KBr, have slip planes of the type {111} that slip 

in the <110> direction. Body-centered-cubic (BCC) crystals, such MAPbBr3, have three 

families of slip systems with planes of the type {110} with two <111> directions, {112} and 

{123} each with one <111> direction. Schemes illustrating these different slip systems in 

FCC and BCC crystals are shown in Figures S2a and S2b, respectively. Given the direction of 

the load applied by the nanoindenter tip and the crystal plane that we indented, we speculate 

that in KBr, with an FCC structure, its {111} planes and 〈1̅10〉  directions are activated 

(Figure S2c).
[1]

 For materials with BCC structure, slip systems with {110} planes and two 

〈1̅11〉 directions are mostly activated (Figure S2d). The BCC structure has other families of 

planes, but given that they are less atomically dense, they are less likely to be activated during 

nanoindentation. 
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Figure S2. Slip planes and directions in a) FCC and b) BCC crystals. FCC crystals have 4 slip 

planes of the type {111}, each with 3 slip directions of the 〈1̅10〉 type, totaling 12 slip systems. 

Of the 48 slip systems accessible in the BCC structure, 4 slip planes of the type {110} with 

two 〈1̅11〉 directions, 4 slip planes of the type {112} and 4 slip planes of the type {123} each 

with one 〈111〉 direction, totaling 16 systems, are accessible during nanoindentation. A two-

dimensional representation of slip-plane propagation during nanoindentation in c) FCC 

crystals and d) BCC crystal.  
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IV. Evidence of strain hardening 

 

Figure S3. The MAPbI3 single crystal underwent the same experiment twice on the same 

indentation area with a) loading history and b) the corresponding load-displacement curves. 

The second measurement (red) was shifted to the origin in (b) for ease of comparison. 

Corresponding hardness values (H) is indicated in b). c) Creep displacements from the first 

cycle (black) and second cycle (red). A significant reduction in creep displacement is 

observed for the second measurement, indicating an increased resistance to plastic 

deformation. This observation is consistent with strain hardening.   
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V. Load/displacement rate dependence prediction of creep and stress relaxation curves 

 

 

Figure S4. Experimental creep (left column) and stress relaxation (right column) curves 

corresponding to a) MAPbBr3, b) MAPbI3, c) MAPbI3 and d) KBr at ramp times 𝑡𝑅 = 2, 20 

and 200 s. Bands represent the standard error extracted from three independent measurements 

on each single crystal. Dotted lines represent the fits for each individual 𝑡𝑅 . The fitted 

characteristic times 𝜏𝑗 for each experiment is shown.  
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VI. Modeling of creep, stress-relaxation and rate dependence using rheological elements 

 

The rheological model used (Scheme 1) includes a spring to capture the instantaneous elastic 

behavior in series with a dashpot to capture plastic slip. The spring connected in series to a 

dashpot, also known as a Maxwell element, captures stress relaxation. In addition, two 

Kelvin-Voigt components are also connected in series to capture creep.
[2]

 The utilization of 

two Kelvin-Voigt components is empirical, based on the components providing the closest fit 

for all creep and relaxation data acquired in this study. Therefore, we do not attribute any 

correlation between rheological components in our model and physical components in the 

corresponding crystal structures.  

 

Scheme S1. Rheological model that describes the viscoplastic behavior of the single crystals 

tested. The model includes an instantaneous elastic contribution, E0, a viscous component v, 

and two Kelvin-Voigt components, composed of moduli E1 , E2 and characteristic relaxation 

times 1 and 2 connected in series.   

 

First, we approach stress relaxation experiments with the goal of obtaining an expression 

connecting load to time for a fixed displacement. An analytical expression corresponding to 

the rheological model in Scheme 1 can be written by considering the elastic relation between 

load (P) and displacement (h) from classical contact mechanics:
[3]

 

 

𝑃 = 𝐾
𝐸

1−𝑣2 ℎ𝑚,  (1) 
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where E is the Young’s modulus,  is the Poisson’s ratio and K and m are geometric factors 

corresponding the shape of the indenter. For the pyramidal Berkovich indenter 𝐾 = 2𝑡𝑎𝑛𝛽/𝜋, 

where 𝛽 is half the angle of the indenter tip and m =2. The Poisson’s ratios for MAPbBr3 and 

MAPbI3 were reported by Feng
[4]

 to be 0.29 and 0.33, while Cahen and coworkers
[5]

 estimated 

it to be 0.33 for CsPbBr3. Therefore, for simplicity we utilize 𝜈 = 1/3 in our calculations. 

Using the relation 𝐸 = 2𝐺 (1 + 𝜈),  Equation 1 is simplified to 

 

𝑃 = 𝐾ℎ23𝐺.       (2) 

 

For KBr,  we utilize a Poisson’s ratio of 0.138 from the literature.
[6]

 To include the effects of 

ramp time (loading or displacement rate) we substitute the shear modulus 𝐺 in Equation 2 by 

an integral operator equivalent to the stress relaxation function 𝐺(𝑡) corresponding to our 

rheological model (additional details are provided in Supplementary Information):  

 

𝑃(𝑡) = 𝐾 ∫ 𝐺(𝑡 − 𝑡′) (
𝑑{ℎ(𝑡′)}2

𝑑𝑡′
) 𝑑𝑡′

𝑡

0
      (3) 

 

Solving this integral for the appropriate time boundaries for the ramp and hold periods we 

obtain the final expression for 𝑃(𝑡) during stress relaxation: 

 

𝑃(𝑡) = 𝐾ℎ𝑚𝑎𝑥
2 [∑ 𝐶𝑗𝜌𝑗𝑒𝑥𝑝 (−

𝑡

𝜏𝑗
) ],       (4) 

 

where ℎ𝑚𝑎𝑥 is the maximum displacement, held constant during stress relaxation period.  𝐶𝑗 

and 𝜏𝑗are the compliance and characteristic relaxation times for the springs and the dashpots 
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in the rheological model, respectively. 𝜌𝑗 =
2𝜏𝑗

𝑡𝑅
2 [𝑒𝑥 𝑝 (

𝑡𝑅

𝜏𝑗
) (𝑡𝑅 − 𝜏𝑗) + 𝜏𝑗] is the ramp correction 

factor,
[7]

 where 𝑡𝑅is the ramp time, defined as the time period to reach ℎ𝑚𝑎𝑥. 

For creep experiments, the analysis is analogous to the one outlined for stress 

relaxation. First we re-write Equation 2 with the goal of extracting an expression connecting 

displacement (h) to time (t) while holding the load (P) fixed. 

 

ℎ2 =
1

𝐾3𝐺 
 𝑃.     (5) 

 

We substitute the shear modulus in Equation 5 by an integral operator equivalent to the creep 

displacement function 𝐽(𝑡) corresponding to our rheological model (additional details are 

provided in Supplementary Information). After solving the integral for the appropriate time 

boundaries for the ramp and hold periods we obtain the final expression: 

 

ℎ2(𝑡) =
𝑃𝑚𝑎𝑥

𝐾
{𝐶0 + 𝐶𝑣 (𝑡 −

𝑡𝑅

2
) + ∑ 𝐶𝑗 [1 − 𝜌𝑗𝑒−𝑡 𝜏𝑗⁄ ]} , (6)  

 

where 𝐶0 is the instantaneous compliance, 𝐶𝑣 = 1 𝜂⁄  is the viscous compliance and 𝐶𝑗 is the 

instantaneous compliance of Kelvin-Voigt elements.  𝜌𝑗 =
𝜏𝑗

𝑡𝑅
[𝑒𝑥 𝑝 (

𝑡𝑅

𝜏𝑗
) − 1] is the ramp 

correction factor,
[2,7]

 and 𝑡𝑅is the ramp time, defined as the time period the nanoindenter tip 

takes to reach ℎ𝑚𝑎𝑥. Equations 4 and 6 can be used to fit the experimental data obtained from 

stress relaxation and creep, respectively. As can be seen from the fits (dotted lines) in Figures 

2c and 2d, they capture the behavior of experimentally measured creep and load relaxation. 

From the fits, we can extract static mechanical properties, such as elastic, and shear moduli, in 

addition to the dynamic mechanical properties in the form of characteristic time constants, 𝜏𝑗. 

A summary of the values obtained in this study with those found in the literature is presented 
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in Table S2. Values of static properties are in qualitative agreement with the measured and 

estimated values of elastic modulus and shear modulus. In addition, the values obtained from 

fitting the creep data are like those obtained from fitting the load relaxation data, 

demonstrating the self-consistency of the model. Characteristic time constants corresponding 

to  𝑡𝑅 = 20 𝑠 are shown in Table S3. 

 

Table S2. Young’s modulus (E) and shear modulus (G) obtained from the Olive and Pharr 

nanoindentation method, from fits to the creep and stress relaxation experiments, compared to 

DFT calculations from the literature.  

E (100)  

[GPa] 

G  

[GPa] 

Material Olive and Pharr Creep Relax DFT* Creep Relax DFT* 

CH3NH3PbBr3 (100) 21.4 ± 4.0 28.0 23.7 22.6 10.5 8.9 10.4 

KBr (100) 33.0 ± 4.1 30.4 31.6 - 13.3 13.9 - 

CH3NH3PbI3 (100) 10.8 ± 2.7 10.9 9.5 12.2 4.1 3.6 3.7 

CsPbBr3 (200) 11.3 ± 3.2 13.1 17.5 - 4.9 6.6 - 

*Values extracted from Ref. 14. 

We utilized our model to fit all the experiments at all ramp times, 

𝑡𝑅 = 2, 20 and 200 𝑠  (Figure S4). We observe that the characteristic time constants, 𝜏𝑗, 

change with loading rate. This observation is consistent with the qualitative change in the 

shape observed in both creep and relaxation curves as a function of rate. The behavior of the 

curve over time is captured by a change in the dynamic compliance which is related to 

viscosity through the expression 𝜏𝑗 = 𝐶𝑗𝜂𝑗 . Our results indicate that the flow of material 

during plastic deformation is higher at higher rates, displaying lower viscosity. This behavior 

is phenomenologically analogous to the shear thinning in polymeric materials.  Characteristic 

times can be used to quantify the differences in the relaxation behavior between CsPbBr3 and 

MAPbI3 (Figure 1d). For CsPbBr3, 𝜏1 and 𝜏2 have values of 0.5 and 4.9 s while for MAPbI3 

the values are and 1.7 and 8.6 s. The lower 𝜏𝑗  values for CsPbBr3 are evidence of an earlier 

shift in the flow dynamics during nanoindentation that prevent it from relaxing further after 

4.9 s.  
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Table S3. Characteristic relaxation times extracted from fits to the experimental creep and 

relaxation data at  𝑡𝑅 = 20 𝑠. 

 Creep  
[s] 

Relaxation  
[s] 

Material 1 2 1 2 

CH3NH3PbBr3 (100) 0.8 10.3 1.0 9.5 

KBr (100) 0.4 2.5 0.7 2.3 

CH3NH3PbI3  (100) 1.9 10.8 1.7 8.6 

CsPbBr3 (220) 0.9 3.8 0.5 4.9 
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